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a  b  s  t  r  a  c  t

There  is  growing  urgency  for  integration  and  coordination  of  global  environmental  and  ecological  data
and indicators  required  to  respond  to  the ‘grand  challenges’  the  planet  is facing,  including  climate  change
and biodiversity  decline.  A consistent  stratification  of land  into  relatively  homogenous  strata  provides  a
valuable  spatial  framework  for comparison  and  analysis  of ecological  and  environmental  data  across  large
heterogeneous  areas.  We  discuss  how  statistical  stratification  can  be  used  to design  national,  European
and global  biodiversity  observation  networks.  The  value  of  strategic  ecological  survey  based  on  stratified
samples  is  first illustrated  using  the  United  Kingdom  (UK)  Countryside  Survey,  a national  monitoring
programme  that  has  measured  ecological  change  in  the  UK  countryside  for  the last  35  years.  We  then
present  a design  for  a European-wide  sampling  design  for  monitoring  common  habitats,  and  discuss

ways  of  extending  these  approaches  globally,  supported  by the  recently  developed  Global  Environmental
Stratification.  The  latter  provides  a robust  spatial  analytical  framework  for the  identification  of  gaps
in current  monitoring  efforts,  and  systematic  design  of  new  complementary  monitoring  and  research.
Examples  from  Portugal  and the  transboundary  Kailash  Sacred  Landscape  in the  Himalayas  illustrate  the
potential  use  of  this  stratification,  which  has  been  identified  as  a focal geospatial  dataset  within  the  Group
on  Earth  Observation  Biodiversity  Observation  Network  (GEO  BON).
. Introduction

There is growing urgency for integration and coordination of
lobal environmental and biodiversity data required to respond
o the ‘grand challenges’ the planet is facing, including climate
hange and biodiversity decline (Parr et al., 2003; MA,  2005;
ereira and Cooper, 2006; Scholes et al., 2008, 2012; Mooney et al.,
009; Metzger et al., 2010, in press; Pereira et al., 2010). On-going
nd new programmes are gathering valuable data through a
rofusion of projects at regional, national and international scales,
Please cite this article in press as: Metzger, M.J., et al., Environment
ecological monitoring. Ecol. Indicat. (2012), http://dx.doi.org/10.1016

.g. the Long Term Ecological Research (LTER) programmes (Parr
t al., 2003), and activities related to the Global Earth Observation
ystem of Systems (GEOSS; e.g. Muchoney, 2008). Nevertheless,
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E-mail address: marc.metzger@ed.ac.uk (M.J. Metzger).

470-160X/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.ecolind.2012.11.009
© 2012  Elsevier  Ltd.  All  rights  reserved.

major challenges remain, including data aggregation across scales,
consistent monitoring of global biodiversity change, and linking
in situ and earth observations (Bunce et al., 2008; Scholes et al.,
2008, 2012; GEO BON, 2010). Progress in these fields is essential
to improve future assessments and the evaluation of policy targets
relating to the stock and change of global ecosystem resources and
biodiversity (Scholes et al., 2008, 2012), including efforts to support
the recently launched Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services (IPBES; Larigauderie and
Mooney, 2010) and the United Nations Convention on Biological
al stratifications as the basis for national, European and global
/j.ecolind.2012.11.009

Diversity (CBD) Aichi targets (Nayar, 2010).
Consistent classification, or stratification1, of land into rela-

tively homogenous strata provides a valuable spatial framework for

1 When classes are not meant as descriptive units, but specifically designed to
divide gradients into relatively homogeneous subpopulations we prefer to use the
statistical term stratification.

dx.doi.org/10.1016/j.ecolind.2012.11.009
dx.doi.org/10.1016/j.ecolind.2012.11.009
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
mailto:marc.metzger@ed.ac.uk
dx.doi.org/10.1016/j.ecolind.2012.11.009
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design is referred to as a static-synchronous design (De Gruijter
et al., 2006) or pure panel. Serially alternating designs, where samp-
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omparison and analysis of ecological and environmental data
cross large heterogeneous areas (Paruelo et al., 1995; Lugo et al.,
999; McMahon et al., 2001; Leathwick et al., 2003; Metzger et al.,
005). Stratifications can be used for targeting research and moni-
oring efforts (cf Metzger et al., 2010), aggregating observations (cf
irbank et al., 2003), and for the comparison of trends within similar
nvironments (cf Mooney, 1977). This paper will discuss their role
s the basis for monitoring ecological indicators across large areas
ith major environmental gradients. In these cases it is important

hat sample units are geographically spread across the domain and
hat representivity of the diversity of environmental conditions is
nsured. The value of strategic ecological survey based on stratified
amples is first illustrated using the United Kingdom (UK) Country-
ide Survey, a national monitoring programme that has measured
cological change in the UK countryside for the last 35 years (Sheail
nd Bunce, 2003; Norton et al., 2012). This is followed by presenting
he recent development of a European-wide sampling design for
tatistical monitoring of common habitats. Finally, the potential of
eveloping a global biodiversity observation network is discussed,
long with initial applications of a new global stratification. The
aper concludes with a vision of the way forward for global moni-
oring of ecological indicators.

. Countryside Survey: 35 years of strategic ecological
urvey in the UK

.1. Background

Countryside Survey (CS) provides scientifically reliable evidence
bout the state or ‘health’ of the UK countryside. The most recent
urvey was carried out in 2007 and the findings can be compared
gainst the findings of previous surveys from 1998, 1990, 1984 and
978, allowing changes (and the relative rate of change) in eco-

ogical indicators to be quantified. This evidence is used to inform
nd develop policies that influence management of the country-
ide, both now and in the future (Norton et al., 2012; Maskell et al.,
010; Chamberlain et al., 2010; Smart et al., 2005).

A unique strength of CS has been that data have been col-
ected from permanently sited vegetation plots with integrated
andscape scale habitat mapping, soil samples, and freshwater
ampling from the same 1 × 1 km square at the same time. This
andscape scale approach allowed groundbreaking linkages to be

ade between the causes of change over a 35 year period in
and-use, vegetation, soil and freshwater (Sheail and Bunce, 2003).
S has become a programme with multiple government funders
nd has had to adapt to the needs of users whilst maintaining
ts scientific integrity. This has been achieved by having a rigid
ackbone of information that is collected at each survey date, to
hich other elements have been added when financial resources
ere available. Details of the methods of data collection are avail-

ble at www.countrysidesurvey.co.uk from where all reports can
e downloaded.

Importantly, CS uses a stratified random sample of the whole
ountry, and does not target areas of conservation importance and
an therefore be considered to be a census of the countryside as

 whole. However, areas of conservation interest are found within
he sample and ecological surveys following CS protocols have been
Please cite this article in press as: Metzger, M.J., et al., Environment
ecological monitoring. Ecol. Indicat. (2012), http://dx.doi.org/10.1016

sed in other projects to target areas of conservation interest and
gri-environment schemes, which have then been compared to the
ountryside as a whole (e.g. Carey et al., 2002)2.

2 Because these studies were designed to assess particular conservation actions,
he ability to compare with CS was a side-effect. Should a project be required to
ompare a conservation action to the countryside as a whole from the beginning, it
hould be designed accordingly with appropriate levels of sampling.
 PRESS
icators xxx (2012) xxx–xxx

CS findings are used to:

• contribute to Government’s reporting of biodiversity through
several key biodiversity indicators

• assess progress against target indicators in Biodiversity Strategies
for the UK and the devolved countries (England, Wales, Scotland,
Northern Ireland)

• improve scientific understanding of the countryside’s landscape,
vegetation, freshwater and soils

• assess changes in the area and distribution of habitats and some
habitat features of special interest (e.g. hedgerows, arable field
margins and upland heath)

• examine how the countryside’s natural resources respond to
changes in land use, climate change and government policy

2.2. UK stratification and network design

The guiding principle underpinning CS is the policy need for
reliable statistical estimates of indicators of stock and change in
the countryside. This required a statistical sampling design that
provides reliable national statistics and also, crucially, ensures that
the sample was  representative of the range of different environ-
ments found in Great Britain (and later Northern Ireland). The
spatial sampling design was therefore based on an environmental
stratification of Great Britain that divides the major environmental
gradients across the country (Bunce et al., 1996). A similar approach
was used to create the sample for Northern Ireland. The stratifica-
tion was  initially developed using multivariate TWINSPAN analysis
(Hill, 1979) of environmental variables. Climatic, topographic, geo-
logical and anthropogenic data were recorded from 1200 out of the
240,000 161 km squares of the National Grid of Great Britain (GB)
laid out at the intersections of a 15 km square grid. Logistic regres-
sion and discriminant functions were subsequently used to assign
all the remaining squares to the original strata but also to reas-
sign the squares from the initial grid sample. The full procedure is
described in Bunce et al. (1996).

Once the stratification had been constructed a probability
sample3 of 1 km squares (the sample units) was selected from each
of the 32 strata. The first survey was  carried out in 1978 and 8 sam-
ple units from each stratum were visited, giving a total of 256. In
1984, 12 squares from each stratum were surveyed, and in 1990 16
squares. Resource availability determined the number of sample
units initially. In subsequent surveys the need for greater replica-
tion was  noted but again, ultimately it was financial resources that
limited the sample size. By 1998, devolution had begun to take place
in the UK and the Scottish government wished to report results
separately. To achieve this, further strata had to be created to allow
Scotland to be split from England and Wales and by 2007, Wales
also wished to report separately from England and again further
strata were required. In 2007 there were 40 strata and the aim was
to survey 16 sample units from each.

In statistical terms, a monitoring network is a spatial and tem-
poral collection of sampling units from the full population. In CS
the same locations are resurveyed whenever possible to obtain
the most reliable (precise) estimates of change. Such a space-time
al stratifications as the basis for national, European and global
/j.ecolind.2012.11.009

ling effort is spread over a number of years, were discussed as this
would have operational benefits because survey effort and project

3 We use the term probability sampling instead of random sampling, because
the latter tem is also used to describe the arbitrary selection of sampling units.
Only probability sampling allows for design-based estimation of target parameters,
resulting into model-free, unbiased and valid estimates of the target parameters and
their standard errors (De Gruijter and Ter Braak, 1990; Brus and De Gruijter, 2011).

dx.doi.org/10.1016/j.ecolind.2012.11.009
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anagement could then be spread over time. However, at the time,
tatistical methods for analysis were not developed for such a pro-
edure and the ad hoc funding of the programme meant that a
tatic-synchronous design was most suited design.

.3. Lessons for large scale monitoring

CS illustrates the value of statistically designed monitoring
o provide reliable indicators to support policy. A good example
re the observed trends in hedgerow decline that were observed
etween 1984 and 1990, leading to legislation to halt the destruc-
ion of these important landscape features. The immediate policy
ffect was subsequently noted in the 1998 survey. CS was a pioneer-
ng endeavor that has inspired other large scale monitoring projects
e.g. in Spain (Elena-Rossello et al., 2005) and Sweden (Ståhl et al.,
011) and has had to adapt to new advances in technology and
hanges in policy interest. However, the general underlying prin-
iples have proved extremely successful and provide the basis for
he following five lessons for designing large-scale ecological mon-
toring programmes:

. Environmental stratification is essential to ensure represen-
tivity. Without environmental stratification the biogeography of
the UK would not have been adequately covered with over rep-
resentation of the arable lowlands and under representation of
the hyper-oceanic and oceanic north-west.

. Probability sampling is needed to provide robust statistical
estimates of change. The statistical rigor of the CS indicators for
hedgerow decline was crucial to convince the UK government to
adopt protective legislature. Without probability sampling sta-
tistical inference extremely challenging, as discussed for Europe
below.

. A flexible and simple sampling design is important. Over time
additional samples were added, separate reporting for Scot-
land and Wales became a requirement, and some sample units
could no longer be recorded. The relatively simple sample design
allowed for these changes to be accommodated, despite chal-
lenges, e.g. because the initial stratification and sampling design
were based on a systematic grid.

. Collect disaggregated data. By collecting disaggregated data for
all elements (e.g. vegetation, invertebrates, habitats, soils and
water) it had been possible to construct aggregated indicators
tailored to the most recent policy questions, and provide his-
toric time series for these indicators. For example, in the 1998
it was possible to report on the newly developed Broad Habi-
tats (Firbank et al., 2003), and in 2007 survey it was  possible to
include an analysis of ecosystem services (Norton et al., 2011).

. Collect species level data. Although time consuming to collect,
vegetation plots with species level data are required to address
quality change within the landscape. For example, although the
extent of heathland and bog has not changed drastically, the
species richness has declined considerably (Norton et al., 2012).

. Towards a European-wide sampling design for
onitoring of common habitats

.1. Background

Biodiversity assessments to underpin EU policy and report to
he CBD, as well as European ecological research concerning global
hange impacts on ecological resources, are both hindered by the
Please cite this article in press as: Metzger, M.J., et al., Environment
ecological monitoring. Ecol. Indicat. (2012), http://dx.doi.org/10.1016

ack of coherent data and institutional barriers to data availability
Bunce et al., in press-a; Jongman, in press). Currently, the Natura
000 network of protected sites is the EU’s main mechanism to
rotect biodiversity, with legal protection for rare and threatened
 PRESS
icators xxx (2012) xxx–xxx 3

species and habitats. However, monitoring, and therefore data col-
lection, is not collected using standardised methods or indicators,
and data is stored nationally and not generally available for sci-
entific use (Jongman, in press). Outside Natura 2000, there are no
reporting requirements to the EU and national efforts vary greatly.
Status and trends reporting (e.g. EEA, 2010) and scientific ecological
research therefore currently rely on coarse and indirect biodiver-
sity indicators, for example based on the EU Corine land cover map
or coarse species distribution maps.

In recent years new field protocols and harmonized indica-
tors have been developed based on the General Habitat Categories
(GHCs) described by Bunce et al. (2008).  An updated field protocol,
relying heavily on experience in CS, has been developed to con-
sistently map  European habitats within 1 km square sample units
to assess habitat change (Bunce et al., 2011). Habitats are impor-
tant indicators of biodiversity in their own right, but they are also
linked to species and assemblages both of plans and other taxa, as
discussed in detail by Bunce et al. (in press-a). Examples include the
relation between patterns of animal occurrence in different forms
of tree cover in agricultural landscapes (Harvey et al., 2006) and
butterfly abundance that can be influenced by vegetation struc-
ture (Hinsley and Bellamy (2000).  Recent work has shown how the
GHCs can be combined with ancillary information to consistently
record Habitats Directive Annex 1 habitats in the field (Bunce et al.,
in press-b).

Ultimately, a full scale European Biodiversity Observation Net-
work (Euro BON) could be developed in which existing monitoring
and Long Term Ecosystem Research (LTER) activities (Parr et al.,
2003; Metzger et al., 2010) are complemented by a statistical moni-
toring programme that can provide estimates of stock and change in
GHCs and other major ecological indicators. The following section
explore the statistical network design, which would fit within the
wider Group on Earth Observation Biodiveristy Observation Net-
work (GEO BON) initiative to collate comprehensive information
about the world’s biological resources to support the efforts of pol-
icymakers and managers to set priorities, elaborate strategies and
assess the effectiveness of their actions (Scholes et al., 2008, 2012).

3.2. European stratification and network design

The specific aim in this example is to develop a provisional
sampling design to monitor the size (spatial extent) and quality
indicators of common, widespread habitats in EU27 supplemented
by Norway and Switzerland (EU27+), and report at the EU level to
assist in the evaluation of the EU biodiversity targets. The design
was developed following the structured approach of De Gruijter
et al. (2006).  Although it is unlikely to be adopted in the immedi-
ate future, it illustrates the considerations and plausibility of such
a monitoring network. Full details of the proposed sampling design
are described by Brus et al. (2011).

Similar to CS, the sampling units are 1 km squares, within which
GHCs and vegetation plots are recorded based on in situ observa-
tions, following the procedures described by Bunce et al. (2011).
Reporting units are the target area in its entirety (EU27+) and
the twelve Environmental Zones (EnZs) defined by Metzger et al.
(2005; see Appendix A). This implies that sufficient samples will
be needed to obtain separate estimates of stock and change for the
twelve EnZs, but reliable estimates for the separate environmental
strata (EnS, subdivisions of the environmental zones), or for indi-
vidual countries are not foreseen for the core design described here.
However, the proposed sample could be combined with additional
national data to obtain more reliable estimates of habitat properties
al stratifications as the basis for national, European and global
/j.ecolind.2012.11.009

at the national level.
A first choice in designing a space-time sample is on the pattern

of revisits of 1 km squares. For instance, CS adopted a static-
synchronous or pure-panel design (described in Section 2.2) where

dx.doi.org/10.1016/j.ecolind.2012.11.009


ARTICLE IN PRESSG Model
ECOIND-1376; No. of Pages 10

4 M.J. Metzger et al. / Ecological Indicators xxx (2012) xxx–xxx

a
d
a
(
h
r
T
d
y
o
c
S
s
s
n
e
t
a
v

s
b
m
o
o
a
f
b
e
q
s
c
q

D
d
t
s
r
(
c
t
k
1
t
c

Fig. 2. Compact geographical substratification of EnS 2 with five (one per year) 1 km
Fig. 1. Serially alternating space-time design with a periodicity of five years.

ll sample units are revisited in each survey, while in an indepen-
ent synchronous design no squares are revisited. Here, a serially
lternating design is proposed, with a periodicity of five years
Fig. 1). In simulation experiments this type of space-time design
as shown to be relatively efficient for estimating a linear tempo-
al trend of spatial means (i.e. totals) (Urquhart and Kincaid, 1999;
er Braak et al., 2008; Brus and De Gruijter, 2011). The proposed
esign implies that the sets of 1 km squares observed in the first five
ears differ between the years. In the sixth year the 1 km squares
f the first year are revisited et cetera (Fig. 1). This design was also
hosen for the National Inventory of Landscapes in Sweden (NILS;
tåhl et al., 2011), in part because of the operational convenience of
preading monitoring activities over time. It is important that the
ample units of a given year are selected from the entire study area,
ot from a part of it (for instance from a subset of the strata). This
nables unbiased estimation every year of the statistical parame-
ers (area of habitat types et cetera) of the study area in its entirety,
llowing for the detection and analysis of inter and intra annual
ariability in the target parameters.

As with CS, the spatial sampling units are selected by probability
ampling. This allows for design-based or hybrid design and model-
ased estimates of space-time parameters, such as the temporal
ean of the area of GHCs or the linear temporal trend of the area

f GHCs (Brus and De Gruijter, 2012). To make statistical estimates
f the target parameters with non-probability sampling in space,

 statistical model of the variation in space and time is required
or the target properties. Calibrating such model for the EU would
e demanding and involve assumptions on stationarity, isotropy
t cetera that will affect the quality of the monitoring result. Valid
uantification of the uncertainty of the monitoring result, e.g. in
tandard error or confidence intervals, is important to avoid dis-
ussions on the statistical significance of estimated time trends in
uality indicators and other target parameters.

Stratified simple random sampling (Brus and De Gruijter, 1997;
e Gruijter and Ter Braak, 1990) is proposed as the spatial sampling
esign. The 78 EnS strata (see Appendix A) in the target popula-
ion (EU27+) served as the primary stratification, but are further
ubdivided into compact geographical substrata, hereafter shortly
eferred to as geostrata, using the method proposed by Brus et al.
1999). This geographical substratification ensures good spatial
overage of the EnS by the km squares observed in a given year. In
his method all 1 km squares within a given EnS are clustered by the
Please cite this article in press as: Metzger, M.J., et al., Environment
ecological monitoring. Ecol. Indicat. (2012), http://dx.doi.org/10.1016

-means algorithm into LEnS = nEnS/5 clusters (nEnS is the number of
 km squares to be selected from environmental stratum EnS). The
wo spatial coordinates of the centre of the 1 km squares are used as
lassification variables in k-means clustering. The R-package spcosa
squares per geostratum. Numbers indicate the year of observation. Coordinates are
from the EU INSPIRE coordinate reference system.

was used to construct the geostrata (Walvoort et al., 2010a,b). With
LEnS = 5, within each geostratum five 1 km squares are selected by
simple random sampling without replacement (Fig. 2). The order of
selection of the 1 km squares is registered. The set of 1 km squares
of the same order are sampled in the same year. The size (area) of
the geostrata within a given EnS is not constant. The reason for not
restricting the geostrata to equal area is that many environmen-
tal strata are not contiguous areas, but consist of several isolated
polygons. Constraining the geostrata to equal area may  lead to non-
contiguous geostrata, which is clearly suboptimal. The differences
in size (area) of the geostrata must be accounted for in the statistical
estimation of target parameters.

The proposed sampling is design flexible and relatively simple.
Additional samples can be added if greater accuracy is required, or
national estimates are desired. Furthermore, the existing national
programmes NILS (Ståhl et al., 2011) and CS (Norton et al., 2012) can
be integrated into the suggested design (Brus et al., 2011). Calcula-
tions of the required sample size (number of locations per sampling
time) can be calculated based on prior estimates of the spatial vari-
ance (population variance) of the target parameters (i.e. the habitat
indicators) within the main strata and geostrata known (Brus et al.,
2011). However, computation of these spatial variances of the indi-
cators from currently available data is not straightforward because
they need to be representative for the target area.

As an initial suggestion, based on experience in CS, a total sam-
ple size of 10,000 samples was used to provide an indication of
the division of samples among European countries and approxi-
mate the total personnel time to carry out the survey based on
al stratifications as the basis for national, European and global
/j.ecolind.2012.11.009

the 10 person days per sample unit experienced during the testing
of the protocol. The median number of sample units to be vis-
ited in each country is 43 per year, equaling around 0.5 Full-Time

dx.doi.org/10.1016/j.ecolind.2012.11.009


 ING Model
E

al Ind

E
s
s
c
p
s

3

p
m
t
m
w
i
p
f

t
i
E
d
c
H
i
p
r
t
p
t
n
v
o

m
r
v
a
p
i
d
m
p
n
i

r
m
g
d
n
i
a
w
e
e
d
g
T
(
t

ARTICLECOIND-1376; No. of Pages 10

M.J. Metzger et al. / Ecologic

quivalent (FTE; 200 work days). Small countries have a smaller
ampling effort (1 sample unit per year for Luxemburg and Malta, 21
ample units per year for The Netherlands), while large and diverse
ountries have a larger sampling effort (e.g. 347 samples/1.7 FTE
er year for France). The total European effort of recording 2500
ample units per year would equate to 12.5 FTE.

.3. Discussion and challenges ahead

The presented sampling design, in combination with the field
rotocol for the GHCs, form a robust of strategy for monitoring com-
on  and widespread habitats in Europe. Before implementation

he design will need to be aligned further with funders’ require-
ents and expectations, and the required accuracy of the estimates
ill need to be agreed (and sampling intensity adjusted accord-

ngly). Nevertheless, over recent years the sample design and field
rotocols have been developed to a level where these are now ready
or implementation.

The proposed observation network, based on monitoring habi-
at indicators, would provide data on biodiversity trends in Europe
n far greater detail than current land cover based approaches (e.g.
EA, 2010). Habitats are seen here as an aggregated level of bio-
iversity, consisting of mixtures of vegetation types that in turn
omprise of species assemblages and taxa (Bunce et al., in press-a).
owever, rare habitats and species, or those with specific ecolog-

cal niches requirements, will not be recorded accurately with a
robability sample (Bunce et al., 2008; Brus et al., 2011), and will
equire a targeted and tailored monitoring approach designed for
he habitat or species of interest (see also Section 4.4). For exam-
le, to assess the distribution of Ramonda pyrenaica would require
argeted surveying of 1 km squares containing canyons in the Pyre-
ees. In addition, vegetation or species that show great inter annual
ariability (e.g. annuals in xeric environments) will require meth-
ds that are targeted in time (Bunce et al., 2011).

The sampling design presented here focused on providing esti-
ates for the EU as a whole, and will only be able to provide reliable

egional results at the EnZ level (see Appendix 1). However, biodi-
ersity reporting is currently a national responsibility, and historic
nd current national differences in nature conservation, land use
lanning et cetera mean that national trends can deviate signif-

cantly from the European trends. To be able to quantify these
istinctions, and to be able to support national policy, the described
ethod can be easily adapted by adding additional probability sam-

les in individual countries. Countries with an existing monitoring
etwork based on probability samples, e.g. the UK and Sweden, can

ntegrate these surveys into the proposed design (Brus et al., 2011).
The need for reliable and consistent ecological data is widely

eported, but the significant costs associated with data collection
ake it extremely challenging to initiate new monitoring pro-

rammes. The EU has invested in major research programmes to
evelop the science needed to implement a European monitoring
etwork (e.g. BioHab, EuMON, AlterNet, EBONE), and is continuing

nvestments in the Group on Earth Observations (GEO) initiative4

nd the development of a European Biodiversity Observation Net-
ork (Euro BON). It is especially important that Euro BON fits within

xisting institutional frameworks, making optimal use of exiting
ffort and funding (Parr et al., 2003). It should provide meaningful
ata and statistics, whilst linking to ongoing activities conducted by
Please cite this article in press as: Metzger, M.J., et al., Environment
ecological monitoring. Ecol. Indicat. (2012), http://dx.doi.org/10.1016

overnmental agencies and NGOs at EU, national and regional level.
he sampling design presented here, along with the field protocol
Bunce et al., 2011) form a solid basis that demonstrates the poten-
ial for strategic ecological survey to produce statistical estimates

4 www.earthobservations.org
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of stock and chance in key ecological indicators related to common
habitats and their associated biodiversity. However, ultimately, the
final implementation will be a matter of political will.

4. Stratification to support a global biodiversity
observation network

4.1. Background

A global stratification system would provide a flexible instru-
ment for the coordination and analysis of global biodiversity
observation efforts (Paruelo et al., 1995; Lugo et al., 1999;
Leathwick et al., 2003; Pereira and Cooper, 2006). Furthermore, a
robust global stratification into ecologically representative areas
will be crucial under the CBD Aichi targets to increase terrestrial
nature reserves from 13% to 17% of the world’s land area by 2020
(Nayar, 2010) and would provide a valuable tool for environmen-
tal assessments, such as those required by IPBES (Larigauderie and
Mooney, 2010).

The GEO BON vision is to support these needs by initiating a
coordinated, global network that gathers and shares information
on biodiversity, provides tools for data integration and analysis, and
contributes to improving environmental management and human
well-being (Scholes et al., 2012). A first task will be to establish
a global community of practice that will facilitate collaboration,
harmonization and integration of existing time series of ecological
indicators (including those for genetic diversity, species diversity
and habitat extent) that are collected around the world. To sup-
port these activities, the GEO BON implementation plan (GEO  BON,
2010) explicitly refers to the need for a global stratification to sup-
port gap analysis in exiting biodiversity observations, and target
additional observation effort and research.

Although many global climate or biome maps exist, and they
have been used as summarising units for biodiversity change (e.g.
global biomes in the Millennium Assessment), these maps are gen-
erally coarse, distinguishing no more than 10–30 classes. More
detailed approaches to describe global ecoregions (Olson et al.,
2001) rely heavily on expert judgement for interpreting class divi-
sions, making it difficult to ensure reliability across the world and
limiting their use in scientific analysis (Lugo et al., 1999). A new
global stratification and its potential contribution to GEO BON is
summarised below, followed by two  examples of its application.

4.2. Global stratification and potential network design

The construction of the recently developed Global Environ-
mental Stratification (GEnS; Metzger et al., in press) is based on
the tested statistical methods used to develop the EnS (Metzger
et al., 2005; Appendix A) to make subjective choices explicit, their
implications understood and the strata representative in the global
context. Statistical screening produced a subset of relevant biocli-
mate variables, which were compacted in uncorrelated dimensions
using principal components analysis. Statistical clustering was
subsequently used to classify the principal bioclimate gradients
in temperature, aridity and seasonality into relatively similar
biophysical environments. To provide structure and support a
consistent nomenclature these strata were aggregated into global
environmental zones based on the attribute distances between
strata (Fig. 3). The GEnS delineates of 125 strata, which have been
aggregated into 18 global environmental zones and has a 30 arcsec
resolution (0.93 × 0.93 = 0.86 km2 at the equator). Added value
of the GEnS compared to existing global classifications include
al stratifications as the basis for national, European and global
/j.ecolind.2012.11.009

the rigorous statistical methods used to delineate strata, the high
spatial resolution which allows for the identification of regional
gradients, and the increased number of strata (e.g. in major
mountain systems where altitudinal gradients are subdivided, as

dx.doi.org/10.1016/j.ecolind.2012.11.009
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Fig. 3. Recently developed Global Environ

emonstrated in Section 4.3). Comparison with existing global
ontinental, and national stratifications confirms that it success-
ully partitions important environmental gradients (as discussed
n more detail in Section 4.4).

Developing a global biodiversity observation network that inte-
rates existing activitis is not straightforward. Ecological data is
ollected in many different ways. Statistical surveys like CS are
are and much of the current data used to calculate global ecologi-
al indicators (e.g. the Living Planet indicator (Collen et al., 2009))
s collected in site based LTER stations (cf Parr et al., 2003). But
here is also an increasing availability of ecologically interpreted
atellite imagery (Muchoney, 2008), and citizen science is proving

 promising and cost effective way to gather data (e.g. Thackeray
t al., 2010). It is therefore important to find ways to collate and
armonise these diverse sources of data and develop appropriate
tatistical methods of data analysis to make optimal use of exist-
ng data. Furthermore, there is likely to be significant bias in the
ypes of ecological indicators that are monitored, and in the spa-
ial coverage or representativeness of these observations (Pereira
t al., 2010). A spatial and thematic gap analysis will therefore
e essential to establish the coverage of the existing biodiversity
bservation effort, and target future monitoring and research effort.

Environmental stratification helps in the comparison between
ites across large heterogeneous areas (Jongman et al., 2006;
etzger et al., in press), and the GEnS has therefore been identified

s a crucial dataset to support the assessment of spatial repre-
entiviy of existing monitoring activity (GEO BON, 2010). Specific
ethods for these analyses will need to be developed, and will

epend on the level of desired detail and accuracy. However, even
imple analyses assessing the number of sites providing observa-
ions for selected groups of indicators (e.g. birds, plants or habitats)
an support decisions to add further observation to existing sites
r to decide on locations for observations in those regions that are
urrently poorly represented.
Please cite this article in press as: Metzger, M.J., et al., Environment
ecological monitoring. Ecol. Indicat. (2012), http://dx.doi.org/10.1016

In addition to these global analyses, the GEnS also provides
ufficient detail to support the design of regional monitoring pro-
rammes that can be nested within the global network. Two  such
pplications of the GEnS are discussed below.
l Stratification (after Metzger et al., 2013).

4.3. Ecological monitoring in the Kailash Sacred Landscape

The Kailash Sacred Landscape Conservation Initiative (KSLCI) is
the first cooperation of its kind among China, India, and Nepal.
It seeks to conserve the unique, highly diverse and ecologically
fragile Kailash Sacred Landscape (KSL) through the application
of transboundary ecosystem management and enhanced regional
cooperation. The transboundary KSL region is comprised of remote
portions of the south-western Tibetan Autonomous Republic of
China, and adjacent portions of northern India and north-western
Nepal and covers over 31,000 km2. The KSL harbours high levels
of natural and agricultural biodiversity, and provides a broad array
of ecosystem services to the more than one million people living
within it boundaries (Zomer and Oli, 2011). Due to steep altitudinal
gradients and extreme variations in topography, the ecosystems of
the region vary widely from moist subtropical to temperate, alpine,
and cold high altitude desert types.

The KSLCI, initiated in 2008 and envisioned as a long-term
conservation initiative, has a priority focus on knowledge gener-
ation and capacity building for community based conservation and
sustainable development. Long-term ecological monitoring and
ecological research will create a regional knowledge–base and help
develop a regional expertise. A comprehensive monitoring plan
(KSL-CEMSP) has been developed as one of the core framework doc-
uments (ICIMOD, 2011a)  supporting the KSL Conservation Strategy
(ICIMOD, 2011b).  The KSL-CEMSP outlines a common approach and
transboundary framework for ecological monitoring and a broad
range of ecological, socio-ecological, and socio-economic research,
with an emphasis on biodiversity conservation and management,
as well as local livelihoods and adaptation to climate change. It out-
lines and provides the framework for coordination among the three
KSL countries, regional harmonization of monitoring and envi-
ronmental research efforts, and the sharing and analysis of data,
information, and knowledge. As this framework builds a common
al stratifications as the basis for national, European and global
/j.ecolind.2012.11.009

approach based upon standardized protocols, it creates the foun-
dation for, and facilitates knowledge dissemination at all levels,
and knowledge sharing between regional partners and with the
international global science community.

dx.doi.org/10.1016/j.ecolind.2012.11.009
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ig. 4. The KSL-EnS stratified the KSL into ten zones and 34 strata (a). Twelve majo

In support of the implementation of the KSL-CEMSP, the GEnS
as applied within the KSL region (Zomer et al., in press) to provide

n environmental stratification (KSL-EnS) that would allow for and
acilitate comparative approaches amongst the three countries,
s well as providing a globally comparative context. The KSL-EnS
tratified the KSL into nine zones and 33 strata (Fig. 4a). The var-
ous parameters and biophysical characteristics of the KSL-EnS
ioclimatic zones and strata were characterized by their existing
rimary land cover or land use, vegetation type, and “ecosystem”
lassification. Twelve major ecosystem types (or ecotopes) were
istinguished and used to aggregate the strata (Fig. 4b), which
ere then labeled based on their “ecoregion” designation (Olson,

001). The KSL-EnS was also used for the analysis of projected
mpact of climate change on terrestrial ecosystems (Zomer et al.,
n press), which indicates that, by the year 2050, a significant and
ubstantial change in the distribution, extent, and productivity of
hese strata can be expected. The results of KSL study show that
he GEnS approach can be applied regionally across the Hindu
ush–Himalaya region to develop a stratified frame for comparing
limate change impacts, and that adopting this approach more gen-
rally can provide the structure for comparative ecosystems studies
hroughout the Asian Highland mountain region.

.4. Combining the GEnS and Species Distribution Models to
mprove the design of monitoring networks

Whilst stratification ensures an adequate spatial dispersion
f sampling units to support the monitoring of diversity indica-
ors and common species and habitat types, it is less suited for
are or ecologically specialized species and habitat types with
cattered occurrences. This is of particular relevance when design-
ng observation networks to report on the condition and trends
f rare species and habitat types of high conservation inter-
st, such as many of those listed under EU’s Habitats Directive
Alexandridis et al., 2009; Mücher et al., 2009; Velázquez et al.,
010).

In northern Portugal, a regional biodiversity observation net-
Please cite this article in press as: Metzger, M.J., et al., Environment
ecological monitoring. Ecol. Indicat. (2012), http://dx.doi.org/10.1016

ork (SIMBioN) is being developed to support the management
f natural parks and the reporting on international conservation
oals and biodiversity indicators. Designing an efficient sampling
etwork for rare species and habitat types forms a key objective
ystem types (or ecotopes) were distinguished and used to aggregate the strata (b).

of the SIMBioN network, which will collect field data to obtain
robust estimates for predefined reporting indicators (e.g. range and
abundance of rare species, range and area of rare habitat types).

Following Guisan et al. (2006) and Singh et al. (2009),  a combi-
nation of Species Distribution Models (SDMs) and environmental
stratifications was used to design the SIMBioN monitoring network.
In a first step, SDMs were used to reduce the spatial population
of sampling units to a set of units that enhances detectability of
species or habitat types, and in a second step a stratified ran-
dom sampling was  applied on those previously selected units.
This way, estimates are obtained for the subpopulation selected
in the first step only, i.e. all sampling units above an occurrence
probability threshold in SDMs, therefore demanding that these are
robust and representative. If statistical estimates for the entire
population are required, then a design or model-based estimate
would also have to be obtained for the non-sampled part of the
population.

To develop a regional monitoring network for riparian forests
(priority habitat type 91E0*: “Alluvial forests with Alnus glutinosa
and Fraxinus excelsior”; Annex I of the Habitats Directive) a predic-
tive distribution model was  developed for this habitat type using
the maximum-entropy species habitat modeling software Maxent
(Phillips and Dudík, 2008; Elith et al., 2011). Maxent calculates a
statistical model of the potential range of the habitat from their
current observed locations and a set of environmental variables for
the whole region. The GEnS strata (Metzger et al., in press) were
used for the stratified sampling performed in the second step, in
this case only in the subpopulation above the probability threshold
provided by the SDM (Fig. 5).

Results from field campaigns suggest that the proposed samp-
ling design has led to an increase in habitat detectability (attained
through the use of SDMs) while simultaneously allowing samples
to be dispersed along robust climatic gradients, thus maximizing
the diversity of environmental conditions in the samples. Comple-
mentary simulation analyses also confirmed that using the GEnS
as the stratification layer increased the accuracy of the estima-
tion of the areal extent of forest and agro-forestry land cover
al stratifications as the basis for national, European and global
/j.ecolind.2012.11.009

types (Corine Land Cover categories 243–“agriculture with natu-
ral and semi-natural habitats”, and 313–“mixed coniferous/broadleaf
forests”) in the region, further highlighting its potential value for
ecological assessment and monitoring.

dx.doi.org/10.1016/j.ecolind.2012.11.009
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Fig. 5. Designing a monitoring network for the 91E0* priority habitat (Annex I of the Habitats Directive) in northern Portugal: (a) representation of units selected with an
SDM  in the first step; (b) the final monitoring network with sampling units selected in the second step (stratified random sample on the sub-population selected by the SDM).
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. The way  foreword

International collaboration is crucial to develop consistent data
o develop reliable ecological indicators to assess progress towards
iodiversity targets, including the CBD Aichi targets and support
ssessments under IPBES. With continued support, GEO BON can
orm an international community of practice that supports this
rocess by providing the infrastructure and supporting the devel-
pment of tools and methods to make optimal use of current
bservation effort (Scholes et al., 2012). This integration and com-
ination of existing in situ observations, from site based LTER and
tatistical ecological surveys, remote sensing imagery and citizen
cience approaches forms a major challenge, and environmental
tratification will be essential to ensure representivity of observa-
ions. In addition, stratification will also provide a valuable spatial
ramework for the further statistical design of monitoring networks
Please cite this article in press as: Metzger, M.J., et al., Environment
ecological monitoring. Ecol. Indicat. (2012), http://dx.doi.org/10.1016

nd the analysis of the status and trends in ecological indica-
ors across large and environmentally heterogeneous regions. The
EnS provides a promising tool to support the coordination and
nalysis of global biodiversity observations under GEO BON
and can also provide support for nested national or regional
networks.
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ppendix A. European environmental stratification

The European Environmental Stratification (after Metzger et al.,
005) delineates 84 strata, which are aggregated to 13 Environ-
ental Zones (EnZs). Where the size of the stratum permits, the

ndividual strata are labeled within the EnZs.
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