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areas for biodiversity conservation
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Most attempts to identify important areas for biodiversity have sought to represent valued features from
what is known of their current distribution, and have treated all included records as equivalent. We
develop the idea that a more direct way of planning for conservation success is to consider the probability
of persistence for the valued features. Probabilities also provide a consistent basis for integrating the
many pattern and process factors affecting conservation success. To apply the approach, we describe a
method for seeking networks of conservation areas that maximize probabilities of persistence across
species. With data for European trees, this method requires less than half as many areas as an earlier
method to represent all species with a probability of at least 0.95 (where possible). Alternatively, for trials
choosing any number of areas between one and 50, the method increases the mean probability among
species by more than 10%. This improvement benefits the least-widespread species the most and results in
greater connectivity among selected areas. The proposed method can accommodate local differences in
viability, vulnerability, threats, costs, or other social and political constraints, and is applicable in prin-
ciple to any surrogate measure for biodiversity value.
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1. INTRODUCTION

Many statutory obligations now require networks of
protected areas to be established for the conservation of
biodiversity. But because competing interests limit the
opportunities for conservation, great emphasis has been
placed on the efficiency with which networks represent
numbers of species (e.g. Pressey & Nicholls 1989; Rebelo
& Siegfried 1992; Pressey et al. 1993; Pressey & Tully
1994; Rodrigues et al. 1999; Williams et al. 2000). None-
theless, all of these authors appreciated that ultimately it
is not how many species have been recorded within a set
of areas that is important for conservation, but how many
will persist there for the future. This idea of persistence
has been discussed before as an ideal (e.g. Margules et al.
1994; Faith & Walker 19964; Williams 1998; Cowling ef al.
1999; Virolainen et al. 1999), although so far no area-
selection studies have taken a consistently probabilistic
approach to persistence. We address directly the over-
arching idea of longer-term conservation success by
describing a quantitative method for selecting networks of
conservation areas using species’ probabilities of persis-
tence.

This paper is concerned not with how to estimate
probabilities of persistence, but with how to use this infor-
mation. This is not to say that these estimates are easy to
obtain. For most species, the best information that can be
expected is presence data (Van Jaarsveld e/ al. 1998). In
this case, one starting point is species’ local probabilities
of occurrence, which can be estimated by modelling
habitat suitability and species’ dispersal (Arago &
Williams 2000). Converting occurrence probabilities into
estimates of persistence probabilities depends upon
including the time dimension (for probability of occur-
rence at a particular time horizon in the future) and upon
considering the added risk from the combination of local
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threats and each species’ vulnerabilities. Some of these
aspects can also be estimated or modelled (e.g. Burgman
et al. 1993; Menges 2000). Expressing the consequences of
these different pattern and process factors in terms of
their effect on probabilities of persistence would allow
them to be integrated in a consistent way (Williams &
Aratjo 2000). There are undoubtedly many difficulties
with this approach (Ludwig 1999), although as long as it
allows the areas with the worst persistence prognoses to
be avoided, then there is still a useful role for the approx-
imate estimates that can be obtained.

When information related to the species’ differing local
probabilities of persistence is available, area-selection
methods have almost always dealt with it by resorting to
crude thresholds to exclude areas where species have a
poor prognosis (e.g. Bedward et al. 1992; Kershaw et al.
1994; Polasky et al. 2000). In effect, this converts prob-
abilities to presence—absence data, losing much of the
information. In contrast, Margules & Nicholls (1987)
proposed an area-selection method for vegetation classes
that uses directly probabilities of occurrence. Their
method could be applied to probabilities of persistence
but, as we show, it is even less efficient in terms of prob-
ability than using the original presence data from which
the probabilities were modelled. This is important,
because inefficiency means lost opportunities for
protecting more of valued biodiversity. In this paper, we
demonstrate a new method for handling probabilities,
using simple rules that seek to maximize the expected
success for conservation.

2. DATA AND METHODS

Our analysis starts with records of species’ presence from a
distribution atlas. We use 54 427 records for the current distribu-
tion of 148 species and subspecies of European trees, which
include most of the important timber species. These are a subset
of the Atlas Florae Eurgpacae (AFE) data, mapped on the
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50x 50km cells of the universal transverse mercator (UTM)
grid (Jalas & Suominen 1972-1994) The area covered spans
2203 grid cells in Western Europe, excluding most of the former
Soviet Union, but including the Baltic States, because sampling
effort within this region has been relatively intensive and
uniform (Lahti & Lampinen 1999). From these data, Aragjo &
Williams (2000) used niche-based regression models to estimate
species’ local probabilities of occurrence. Information on threat
and vulnerability is in preparation. For the present, if we
assume that appropriate conservation management could
largely ameliorate these added risks within the selected areas,
then we might expect probabilities of persistence to be corre-
lated with probabilities of occurrence. This would allow these
probabilities to be used as first-approximation surrogates for the
purposes of illustrating the principles of the area-selection
method at the next step. Probability estimates are included in
the area-selection data only for those areas where presence
records occur in the original atlas data, and any estimates of less
than 0.05 are set to zero, as an arbitrary threshold for ‘quasi-
extinction’ (Ginzburg et al. 1982). At the scale of 50x 50 km
cells, probabilities for the different areas are assumed initially to
be effectively independent of one another when selecting areas
(but see §4). Because these data are used purely as an example
to compare the consequences of using species’ local probability
estimates in area selection, the results should not be interpreted
as an attempt to propose a new protected area network for
Europe.

We consider both of the common forms of area-selection
problems (Camm et al. 1996). First is the minimum-set problem,
such as ‘What is the minimum set of areas required to represent
all species with a probability of at least 0.95?° Second is the
maximum-coverage problem, such as ‘Which set of 50 areas can
represent all species with the maximum probability across all
species?’ To simplify comparisons, we treat the near-equal-area
grid cells as being of equal ‘cost’, so the optimization is applied
to the number of areas. However, when cost data for individual
areas are available (using ‘cost’ in the broadest sense, not just for
monetary costs), area-selection methods can be used to optimize
against cost rather than area constraints (see table 1, step 2d).

This helps selection methods to deal appropriately with areas of

any shape and size, not just with equal-area cells within a
regular grid. We compare three quantitative area-selection
methods for both minimum-set and maximum-coverage
problems.

The first method, applied to the original presence data (the
‘presence method’) treats all records for a species as equivalent,
and uses a popular technique based on selecting those areas
richest in the rarest species at each step (Margules et al. 1988).
Checks to exclude redundant areas have been added to improve
efficiency. Re-ordering of selected areas by complementary rich-
ness may then be used to give approximate solutions to
maximum-coverage problems (Williams 1998), as demonstrated
in Csuti et al. (1997, algorithm 8). For the European trees, the
first 50 areas from a re-ordered near-minimum set provide a
near-maximum coverage solution. Once these areas have been
selected using the presence data, the probability data for the

selected areas can be used to calculate probabilities (p;) for each

species (¢) combined among these areas. Local probabilities of

persistence (p;) for species ¢ in arca j are combined among n
areas using the product of probabilities of local non-persistence
(extirpation):
ﬁizl_njzl,,,n(l_ﬁzj)' (1)
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The second method was proposed by Margules & Nicholls
(1987) to represent mallee vegetation using probabilities of
occurrence (the ‘mallee method’). Initially, it selects those areas
with the highest individual probabilities for each of the species
to be represented. The second set of area choices depends on
which areas would give the greatest incremental increases in
probability for each species. Species are ignored once they have
reached their representation goal, otherwise selection continues
for the remaining species. If ties occur at any step, then the first
area encountered is selected. For the maximum-coverage
problem, the first 50 areas from the original order of selection
are used.

The third method is described in detail in table 1 (the ‘new
method’ or goal-gap method), and a worked example is given in
Appendix A. In outline, the method begins by selecting all of
the ‘irreplaceable’ areas (table 1, step 1). These include all of the
areas for any species with total combined probabilities among
areas (from equation (1)) of less than the representation goal.
The method then chooses one area at each iteration (table I,
step 2), by examining by how much choosing each area would
contribute incrementally to reaching the representation goal for
each species, and choosing the area that contributes the most
across all species. If ties occur for any choice, then the area with
the highest sum of probabilities across all species is selected. For
addressing maximum-coverage problems, there are two options.
First, the probability goal can be adjusted until an approxima-
tion to the required number of areas is obtained (for 50 areas
for European trees, this goal would be p, > 0.79, resulting in a
mean combined probability among species of 0.95, lower quar-
tile 0.96). Alternatively, a set of areas selected for a higher goal
(¢.g 44 >0.95) can be re-ordered using the same selection
procedure that was used to select them, but without choosing
irreplaceable areas first. This brings the areas with the greatest
incremental contribution to the goal to the top of the list, and
then the first 50 of these areas are used. Here we use the second
approach (table 1, steps 3—4) which, while it may give lower
probabilities for a few of the rarer species, is quicker and gives a
higher mean probability among all species (50 areas from
within a minimum set of 79 areas for a goal of p,; = 0.95 results
in a mean combined probability among species of 0.97, lower
quartile 0.99).

To assess the success of the three area-selection methods,
areas are chosen by random draws without replacement 1000
times for each number of areas required, and the mean of the
combined probabilities for the tree species represented in these
area sets is calculated. All area-selection methods were auto-
mated using the WORLDMAP software (Williams 1999).

3. RESULTS

The species representation achieved when seeking
minimum-area sets by the three area-selection methods is
shown in table 2. In seeking a representation target expli-
citly in terms of probability (p,; > 0.95), the two prob-
ability methods succeed in achieving a higher probability
across all species than the presence method, but they also
require more than three times as many areas. The new
method requires less than half as many areas to reach the
target as the mallee method.

Any method that selects more areas would be expected
to result in higher probabilities for this reason alone.
Maximum-coverage solutions can provide comparisons
on a per-unit-area basis, thereby controlling for this
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Table 1. A4 ‘goal-gap’ method to select areas using probability
data (see Appendix A for an example)

(Probabilities are combined as shown in equation (1). Rules I-
2 are used to select a near-minimum cost-set of areas to
represent all species with a combined probability of at least
by)» using probability data (p;;) for species ¢ in area j (see
Appendix A). Rules 3—4 are added to select a near-maximum
coverage set for a given number of areas or budget.)

step rule

1  For gapanalysis, begin with the set of adequately protected
areas, find the corresponding combined species
probabilities, then select all irreplaceable areas:

a  select all areas with species that have a total combined
probability (p;) less than the representationgoal (p,;);

b calculate the combined representation probability of all
species among selected areas (p;);

c alldata (p;;) for any species that have reached their
realizable representationgoal, and all data for any
selected areas, are set to zero (to ensure comple-
mentarity).

2 The following rules are then applied repeatedly until all
species are represented:

a  calculate the potential contribution of each record in the
matrix to increasing the combined representation
probability above the current combined representation
probability;

b calculate the part of the potential contribution of each
record in the matrix to filling the gap between the
current combined representation probability and the
representationgoal;

¢ sum these goal-gap contributions for all species yet to be
fully represented for each area;

d select the area with the highest summed goal-gap contri-
bution or, if cost data are available, choose the area with
the highest (summed contribution)/cost ratio;

e ifthere are ties (areas with equal scores), select the area
with the largest sum of probabilities across all species
without complementarity (totalp,);

f  calculate the combined representation probability of
species among selected areas (p;);

g alldata (p,;) for the species that have reached their repre-
sentation goal, and all data for any selected areas, are set
to zero (to ensure complementarity).

(Repeat steps 2a-g until all species meet the representation goal.)

3  For maximum-coverage problems, the set of selected areas
from steps 1-2 may be re-ordered by re-applying the
rulesin step 2 a-g to produce a series of approximate
solutions for maximizing mean probability across all
species.

4 For maximum-coverage problems, choose the required
number (or cumulative cost) of areas starting from the
beginning of the re-ordered area list.

5 For prioritizing selected areas for urgency of management
action, they may be re-ordered by their degrees of risk
(threatand vulnerability).

factor. The species representation achieved when seeking
maximum-coverage sets of from one to 50 areas is shown
in figure 1. All three methods represent species with a
significantly higher mean probability (among all 148
species and subspecies) than would be expected from
selecting areas at random (except for the first area choice
by the mallee method). Within this range of numbers of
areas selected, the relative performance of the three
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Table 2. Species-representation results for near-minimum-area
sets

number mean probability
area-selection of areas among all species
method selected  within areas selected
presence method (based on 25 0.78
Margules etal. 1988)
mallee method (Margules & 182 0.97
Nicholls 1987)
new method (table 1) 79 0.97
(all areas) 2203 0.97

methods in terms of mean probability is consistently:
new method > presence method (mean increase 10.1%)
> mallee method (mean increase 6.3%).

By comparing the spatial consequences of selecting a
maximum-coverage set of 50 areas, we find that all three
methods select areas that are widely scattered among all
regions of Europe. However, the areas selected by the two
probability methods from these data are more clustered
into local groups (mean number among the eight nearest
neighbours of selected areas that are themselves selected
areas: presence method, 6.5%; mallee method, 8.25%;
new method, 8.5%).

Switching from using presence data to using the new
probability method increases the combined probability
between the 50-area sets for most of the species with
lower probabilities. This is shown in figure 2a by most of
the points being displaced above the diagonal (solid line).
Indeed, an additional 11% of species reach the representa-
tion goal with the new method (133 species above upper
dashed line in figure 2a forp,; > 0.95) compared with the
presence method (116 species beyond the dashed line to
the right of figure 2a for p,; > 0.95). Ignoring the small
changes for species that exceed the goal by both methods
(upper right dashed quadrant of figure 2a), then 25
species show an increase in probability (mean increase
0.33), whereas only one species shows a small decrease in
probability (—0.06). Figure 26 shows that the 25 species
with increased probabilities are among the species with
the most restricted distribution ranges within Europe.

4. DISCUSSION

We show that the advantage of using probability data
rather than presence data for area selection is a greater
expectation of conservation success. The expected prob-
abilities of persistence are higher among the species. For
these data, the selected areas are also more clumped
locally, reducing the ‘Noah’s Ark’ effect of selecting small
isolated patches (Pimm & Lawton 1998). A particular
strength of the approach is that it gives the greatest bene-
fits for the species with lowest persistence probabilities
(figure 2a) and most restricted distributions (figure 2b).

The new selection method provides an approximation
to truly optimal area sets. Area-selection problems of this
form are ‘not polynomial complete’, in that the exact size
of the problem cannot be calculated simply from the
amount of data. For representing I species at least once
from presence—absence data, the solution lies in a combi-
nation of between one and I areas, whereas for achieving
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Figure 1. Mean of the combined probabilities among all 148 species and subspecies of trees when between one and 50 areas are
selected using three methods: a representation method for use with presence data (based on Margules et al. 1988); the mallee
probability method (Margules & Nicholls 1987); and a new probability method (table 1). Scores below the dashed line are
within the range expected when choosing areas at random. Areas are 50 x 50km cells of the Atlas Florae Europaeae grid.

a probability goal, the solution lies in a combination of
between one and all () areas. Most area-selection
problems are too large to allow an exhaustive search for
the solution (e.g. Polasky et al. 2000). Branch and bound
methods can reduce the size of the problem, but these are
more complex to implement and slower to run (Cocks &
Baird 1989). The degree of sub-optimality in our heuristic
approximation has not been assessed here, although by
analogy with the results of using presence data (Pressey et
al. 1996, 1997, Csuti et al. 1997), it is expected to be small
relative to uncertainties in the data and the constraints of
turning results into conservation action. At the least, the
new method offers a substantial improvement in efficiency
over widely accepted earlier methods (table 2, figure 1).
This comes in part from choosing areas that contribute
most across all species to filling the gaps between current
representation and their representation goals. The mallee
method is also less efficient because it chooses many areas
at each iteration, without taking into account comple-
mentarity among their biota.

The principal challenge for the probability approach is
whether useful (rather than necessarily very precise) esti-
mates of the probability of local persistence for the species
can be obtained (Ludwig 1999). We often lack knowledge
as to precisely which factors govern the probabilities for
the species at any particular time and place, as well as
lacking good data for these factors. Furthermore, not all
aspects of the external threat or the internal dynamics of
populations will be inherently predictable. However, this
should not prevent efforts to try to reach useful predic-
tions, particularly when enough is known at least to
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exclude the worst options. Consequently, it should be
possible to reach estimates of probability of persistence
that improve upon treating all species’ presence records
as equivalent (Aragjo & Williams 2000). This should
reduce the need for relying on simple ‘rules of thumb’,
which may not always have the same value (e.g. the single
large or several small (SLOSS) debate). For example, our
suitability models imply that species are more likely to
persist (if threats were uniformly distributed) near the
cores of their environmental-niche space (which may
correspond broadly to their geographical range centres).
In apparent contrast, Channel & Lomolino (2000) have
shown that populations in the cores of species’ geogra-
phical ranges were often extirpated historically before
populations in the periphery, which they suggest was
caused by patterns of threat. These two patterns do not
contradict one another, but relate to different components
of the conservation problem (suitability and threat),
which need to be integrated if we are to achieve realistic
estimates of persistence probabilities before areas are
selected. Aragjo & Williams (2000) describe a framework
and some simple models.

A major concern for conservation is the effect of climate
change. This could be incorporated by modelling future
habitat suitability in the estimation of probabilities of
persistence. With changing suitability, areas of high present
and future suitability will need to be in close proximity
relative to species’ dispersal abilities if they are to persist
(Huntley 1998). There is considerable potential for
expanding these models to include interdependencies of
local probabilities, both among species within areas, and
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Figure 2. Change in probabilities for each species between the presence method and the new probability method. (¢) Combined
probabilities ( p;) for all 148 species and subspecies of trees when a set of 50 areas is selected for maximum coverage using a new
method (table 1) for use with estimated probabilities of persistence ( py), plotted against combined probabilities from a set of 50
areas selected for maximum coverage using a method for use with presence data (based on Margules et al. 1988) ( pp). The
dashed lines show the probability goal (p,; > 0.95). (5) Difference between the new method and the presence method (px—pp)
in the combined probabilities for the 148 species and subspecies of trees when a set of 50 areas is selected for maximum coverage,
plotted against range size within Western Europe. Species that reach the goal by both methods are not included and range size is
measured as the number of areas with records. For both plots, the diagonal line follows equal probabilities from the two methods.

Areas are 50 km x 50 km cells of the Atlas Florae Europacae grid.

for each species among areas (Menges 2000). This could be
used for a more inclusive treatment of processes, including
interspecies interactions, the effects of dispersal among
areas, and dependencies of species on more distant feeding,
migration, and overwintering areas. Some of these depen-
dencies may demand that probabilities be re-estimated
dynamically from the models at each step of area selection.

Many non-biological factors may act as constraints on
achieving conservation goals (e.g. Goldsmith 1991
Pressey et al. 1993). Many of these can already be accom-
modated by quantitative methods (see table 1). Examples
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include starting with an existing set of protected areas
(i.e. performing a ‘gap analysis’ for complementing a
subset of species that has some existing protection; Scott
et al. 1993), and using information on the relative costs of
selecting areas (Faith & Walker 19966). These ‘costs’ may
include not only the financial costs of acquiring and
managing areas, but also the opportunity costs of the
income foregone when excluding other incompatible land
uses, such as certain forms of logging, agriculture, or
other commercial development. Some of the other social
and political constraints (McNeely 1997) might be
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treated in a similar way, for example, by selecting areas
to minimize the number of people affected. Subsequently,
selected areas can be prioritized for urgency of manage-
ment action, by re-ordering areas by their degrees of risk,
taking into account threats and species’ corresponding
vulnerabilities.

Prendergast et al. (1999) have argued that the greatest
problems for applying quantitative methods for practical
conservation stem from a lack of communication and
funding. Many land managers are either unaware of the
methods, or perhaps more often, unaware of how they
can be used to get the most from their local expert knowl-
edge. While more surveys are needed, there is also a need
for quantitative methods to be passed to land managers in
a form that can help them explore and communicate the

APPENDIX A

wealth of existing knowledge. This will help people to
appreciate that modelling is just a tool for getting the
most out of this knowledge in an accountable way, while
decision-support software such as WORLDMAP merely
makes area-selection procedures easily accessible and
applicable to large numbers of species. Combining these
resources would go some way to improving the chances of
conserving biodiversity, even when using very simple surro-
gates for the major factors affecting species’ persistence.

The AFE presence data were provided by T. Lahti and
R. Lampinen of the Botanical Museum, Finnish Museum of
Natural History, Helsinki. We thank C. Humphries, R. Vane-
Wright and referees for comments. M.B.A. is funded by a
Portuguese FCT/PRAXIS XXI studentship, no. BD/9761/96.

Example of the application of the goal-gap method from table 1 to some simple example data for the probabilities of
persistence (p;) of eight species (1) among six areas (7). The goal is to represent all species with a probability p,; > 0.5

in a near-minimum number of areas.

species (¢) a b ¢ d

area (j) 1 0 0.2 0.4 0.6
2 0.2 0.4 0.4 0.2
3 0 0 0 0
4 0.2 0.6 0.2 0
5 0 0 0 0
6 0 0 0 0

(a) Step 1. Select irreplaceable areas

e f g h

0.4 0.2 0 0

0 0 0 0

0.2 0.4 0.4 0.2

0 0 0 0

0 0.4 0.6 0.4

0 0 0 0.1 bii

Step Ia. Calculate combined probability of persistence from the products of the probabilities of local extirpation (non-

persistence):
species (1) a b ¢ d
combinedp;, 0.36 0.81 0.71 0.68

e f g h

0.52 0.71 0.76 0.57 1=T1,_, ¢(1=p,).

The maximum level of representation achievable for species a is only 0.36, so all areas with species a (areas 2 and 4)
will be irreplaceable with respect to this reduced (but realizable) representation goal (p,, = 0.36).
Step 1b. After selecting areas 2 and 4, the combined representation of each species will be

0.36 0.76 0.52 0.2

combined p;

. I*HJ’:‘M(l*pU}'

Consequently, species a, b and ¢ are considered to have achieved their representation goals (p,, ) > 0.5).
Step Ic. All selected areas and all species that have reached their representation goal can now be ignored:

0.6

area ()

1

3 . .
5 . .
6

0.4 0.2 — —
0.2 0.4 0.4 0.2

— 04 06 04
— — 0.1 p,

(b) Step 2, iteration 1. Select area with maximum goal-gap increment

Step 2a. The increased representation with the selection of each candidate area can be calculated for each record in
the matrix from the product of their probabilities of local extirpation. Species d already has some representation (0.2)
from step 1 of the method, so its combined probability of extirpation if area 1 were added would become 0.8 x 0.4 = 0.32:

species () a b ¢ d

area (j) 1 1.0 1.0 1.0 0.32
3 1.0 1.0 1.0 1.0
5 1.0 1.0 1.0 1.0
6 1.0 1.0 1.0 1.0

e f g h

0.6 0.8 1.0 1.0
0.8 0.6 0.6 0.8
1.0 0.6 0.4 0.6
1.0 1.0 1.0 0.9.

These figures are converted back to increased probabilities of persistence:

0.68

area ()

1

3 . .
5 . .
6

Proc. R. Soc. Lond. B (2000)

0.4 0.2 — —
0.2 0.4 0.4 0.2
— 0.4 0.6 0.4

— — — 0.1.
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Step 2b. The potential contribution of each record in the matrix to filling the gap between the current representation
and the representation goal within the range of this increased representation can be calculated (below).
Step 2c. The potential contribution is summed for each area, as shown on the right:

area () 1 — — — 0.3 0.4 0.2 — — =0.9
3 — — — — 0.2 0.4 0.4 0.2 =1.2
5 — — — — — 0.4 0.5 0.4 =13
6 — — — — — — — 0.1 =0.1.

Step 2d. Area 5 would make the largest incremental contribution (1.3) to reaching the overall representation goal at
this step. If data for area cost (¢;) were available, then the incremental score for each area would be (p;/c;).

Step Ze. The tie-breaking step is not required in this case because there are no tied scores.

Step 2f. After selecting areas 2, 4 and 5, the combined representation of each species will be

combined p, 0.36  0.76  0.52 0.2 — 0.4 0.6 04 1-T1,_,,5(1-p,).

Consequently, species a, b, ¢ and g are considered to have achieved their representation goals.
Step 2g. All selected areas and all species that have reached their representation goal can now be ignored:

area () 1 — — — 0.6 0.4 0.2 —
3 — — — — 0.2 0.4 — .
6 — — — — — — — 0.1.

(c) Step 2, iteration 2. Select area with next maximum goal-gap increment
The potential contribution of each record in the matrix to filling the gap between the current representation and the
representation goal within the range of this increased representation is again calculated and summed for each area:

species (1) a b ¢ d e f g h incremental p;
area () 1 — — — 0.3 0.4 0.1 — — =0.8

3 — — — — 0.2 0.1 — 0.1 =0.4

6 — — — — — — — 0.1 =0.1.

Area 1 would make the largest incremental contribution (0.8) to reaching the overall representation goal at this step.
After selecting areas 2, 4, 5 and 1, the combined representation of each species will be

combined p, 0.36 0.81 071 068 06 0.52 0.6 04 1T, ,.4(1-p,).

Consequently, species a—g are considered to have achieved their representation goals. All selected areas and all species
that have reached their representation goal can now be ignored:

area (J) 3 — — — — — — — 0.2
6 — — — — — — — 0.1.

(d) Step 2, iteration 3. Select area with next maximum goal-gap increment
The potential contribution of each record in the matrix to filling the gap between the current representation and the
representation goal within the range of this increased representation is again calculated and summed for each area:

species (1) a b c d e f g h incrp; (totalp;)
area (j) 3 — — — — — — — 0.1 =0.1 (1.2)
6 — — — — — — — 0.1 =0.1 (0.1).

There is a tie between areas 3 and 6 for making the largest incremental contribution (0.1) to reaching the overall
representation goal at this step. One way of breaking ties is to choose the area with the largest sum of probabilities
across all species without complementarity (total p;). After selecting areas 2, 4, 5, 1 and 3, the combined representation
of each species will be:

combined p, 0.36 081 071 068 052 071 076 052  1-TL_,,,, (1-p.).

Consequently, all species (@—#) are considered to have achieved their realizable representation goals.

Camm, J. D., Polasky, S., Solow, A. & Csuti, B. 1996 A note on
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