G Model
JNC-25337; No. of Pages 7

ARTICLE IN PRESS
Journal for Nature Conservation xxx (2014) xxx–xxx

Contents lists available at ScienceDirect

Journal for Nature Conservation
journal homepage: www.elsevier.de/jnc

Mechanisms for the inclusion of cumulative impacts in conservation
decision-making are sensitive to vulnerability and irreplaceability in a
stochastically simulated landscape
Falko T. Buschke a,∗ , Bram Vanschoenwinkel a,b
a
b

Laboratory of Aquatic Ecology, Evolution and Conservation, KU Leuven, Ch Deberiotstraat 32, 3000 Leuven, Belgium
Department of Biology, Vrije Universiteit Brussel, Brussels, Belgium

a r t i c l e

i n f o

Article history:
Received 29 November 2013
Received in revised form 27 January 2014
Accepted 13 February 2014
Keywords:
Area of occupancy
Conservation planning
Cumulative effects assessment
Environmental impact assessment
Extinction
Infrastructure development

a b s t r a c t
It is commonly understood that the cumulative impact of increased habitat destruction on biological
systems does not scale linearly. Despite this, current environmental decision-making strategies often fail
to incorporate these non-linearities because impact assessments are regularly performed independently
without considering contributions to future cumulative impacts, which are, instead, externalised to the
environment. Here we used a stochastic modelling framework to examine the effect of three decisionmaking strategies – externalised, individually-borne and shared cumulative costs – on the number of
species driven to extinction by the development of a region. We also tested how different levels of
vulnerability (quantiﬁed as the correlation between development beneﬁts and species richness) and
irreplaceability (expressed as the average area of occupancy of an assemblage) inﬂuence the outcomes of
development. Overall, the inclusion of cumulative impacts in our simulations resulted in the destruction
of fewer patches and, as a consequence, more modest beneﬁts obtained from developments. Moreover,
these patterns were strongest when cumulative costs were shared by all developers. The most striking ﬁnding was that the distinction between decision-making strategies was highest in landscapes of
high vulnerability and irreplaceability. Environmental decision-makers are recommended to commit to
a strategy for incorporating the cumulative costs of development because, as this study suggests, this
affects the endpoints of conservation and development considerably; especially in the most vulnerable
and irreplaceable landscapes.
© 2014 Elsevier GmbH. All rights reserved.

Introduction
The past four decades have witnessed a remarkable shift in
the relationship between infrastructure development and biological conservation. Most countries now require an environmental
impact assessment (EIA) prior to the development of infrastructure
(McCabe & Sadler 2003). The EIA process can brieﬂy be described
as a planning or decision making tool for the identiﬁcation, prediction and evaluation of the potential environmental effects – both
negative and positive – of a speciﬁc development action (Stem
et al. 2005). Governments and other permission-granting organisations assess the EIA reports and adjudicate whether the speciﬁc
project meets the minimum requirements for sustainable development. The EIA process is entrenched in biodiversity conservation
and management and is even a condition in Article 14 of the 1992
Convention on Biological Diversity. There is little doubt that the
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sustainable management of natural systems has been aided by
weighing up the potential costs and beneﬁts of a proposed development prior to its commencement.
Despite its virtues, the EIA process is limited by the fact that the
ecological consequences of increased exploitation of the natural
environment typically do not increase linearly. Instead, ecosystems often respond to perturbations in non-linear, and oftentimes
unpredictable, ways (Rockström et al. 2009; Scheffer 2009; Scheffer
et al. 2001, 2012). In such cases, the addition of a second development project, even when it is identical to its predecessor, would
not just double the total impact on the environment because the
cumulative impact of the two projects does not scale linearly. The
effect of habitat destruction on species extinction typiﬁes this phenomenon of non-linear impacts as the number of species subjected
to extinction increases disproportionately to the area of habitat
being destroyed (He & Hubbell 2011; Pimm & Raven 2000; Smith
2010; Storch et al. 2012).
Non-linear impacts have two important consequences for
environmental impact assessments. First, the actual impact of
infrastructure development may be grossly underestimated during
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the EIA process, which is generally applied on a project-by-project
basis and often ignores cumulative impacts (Keisecker et al. 2010).
Fortunately, this effect can be minimised by incorporating regional
impacts in a local impact assessment; this is known as a cumulative effects assessment (CEA: Contant & Wiggins 1991; Cooper &
Canter 1997; Damman et al. 1995; Spaling 1994). Within a biodiversity context, a CEA could reﬂect the inclusion of threat levels,
endemicity or indicators of ecological processes – such as migration routes or breeding sites – in local impact assessments (Bagri
& Vorhies 1997; Meynell 2005; Rodrigues et al. 2006). Considerable progress has been made to formalise cumulative impacts
within quantitative conceptual frameworks (Masden et al. 2010).
The second, more troublesome, consequence of non-linear impacts
is that developers who postpone the initiation of their projects
might be penalised when cumulative impacts are properly incorporated in the decision-making process. In this hypothesised scenario
(individually-borne cumulative costs), latecomers would have to
account for their own local impact as well as the cumulative impact
partly caused by their predecessors. Such a situation could add
incentives to accelerate development projects in a bid to externalise
the cumulative costs to sluggish competitors. It could perhaps
even result in the targeted development of pristine, undeveloped
tracts of land in an attempt to avoid the rising cumulative costs
in well-developed regions. A possible solution for this would be
for independent developers to share the cumulative costs of their
collective impacts, but such a strategy depends on a method to forecast the costs of prospective developments, so that contemporary
developments can make accurate assessments of the shared costs
and beneﬁts of their own actions. It goes without saying that this
is a far-fetched expectation of the current EIA and CEA processes.
In this study, we explore the potential consequences of including
cumulative regional impacts into the environmental decisionmaking process using a stochastic modelling framework. To do
this, we created an artiﬁcial landscape of dimensionless patches,
each with a potential beneﬁt should they be developed for the
exploitation of natural resources. Although beneﬁt is largely an
abstract concept in the context of our simulations, it may be viewed
and interpreted as the economic gain from the development of
a patch. We then populated these patches with species of varying range sizes and quantiﬁed the local development cost of a
patch as the number of species that would be lost if that speciﬁc patch is destroyed. The regional cost accrued by each patch
in our model was calculated as the number of species driven to
extinction across the entire landscape, should that speciﬁc patch
be destroyed. Conservation prioritisation necessitates the inclusion
of vulnerability and irreplaceability of habitat patches in ecological
decision-making (Brookes 2010; Brookes et al. 2006; Le Saout et al.
2013; Margules & Pressey 2000), so we included various levels of
vulnerability and irreplaceability in our models.
Although difﬁcult to deﬁne, vulnerability can be viewed as the
susceptibility to impending threatening processes or biodiversity
loss (Pressey et al. 1996). Wilson and colleagues (2005) expanded
this deﬁnition to incorporate exposure to threatening processes,
the intensity of these processes and the impact of these processes
on biodiversity. In this study, vulnerability was expressed as the
correlation between number of species present in a patch and
the potential beneﬁt should that patch be destroyed. A landscape
would, therefore, have high vulnerability when patches with high
species richness coincided with patches with high exploitative
beneﬁt. This convenient expression of vulnerability incorporates
the exposure to, and impact of, development on biodiversity and,
because the intensity of the development is constant (i.e. the patch
is completely destroyed), is a simple yet comprehensive metric
of landscape-wide vulnerability. The concept of irreplaceability
reﬂects the extent to which options to conserve species are lost
if a speciﬁc patch is destroyed (Pressey et al. 1993, 1994). In this

study, we were able to recreate different levels of irreplaceability
by manipulating the average range size of species in our simulations. As such, landscapes predominated by range-restricted
species would have higher irreplaceability than landscapes with
many widespread species.
Our main goal was to study the effect of different decisionmaking strategies on the ecological impacts of habitat destruction
caused by development. We compared three contrasting decisionmaking strategies – (1) complete externalisation of cumulative
environmental costs, (2) individually-borne cumulative costs, and
(3) shared cumulative costs – to determine how they inﬂuenced
(a) the amount of habitat destruction and (b) subsequent beneﬁt of
development. We then explored the output of our model across
continua of vulnerability and irreplaceability to assess whether
general conclusions can be made about the potential consequences
of different decision-making strategies.

Methods
Model framework
The model landscape consisted of 400 dimensionless patches
(M = 400) and 100 species (S = 100). The area of occupancy (AOO)
for each of the species was randomly chosen from a lognormal distribution as empirical patterns of species ranges generally ﬁt this
distribution closely (Gaston 1998, 2003). The parameter space for
the lognormal distribution varied between a mean occupancy of 5
patches (1.25%) and 100 patches (25%) and the log standard deviation was ﬁxed at 0.8 (Fig. 1a); this represented the spectrum of
irreplaceablity. Each species was then randomly assigned to the
patches until its AOO was reached and this was repeated for all the
species. The species richness of a patch was simply the number of
species that co-occurred in that patch. Species richness was used
to approximate the local environmental cost (local cost) because
it represents the number of species that would go extinct locally
should the patch be destroyed. Since species with larger occupancies are more likely to co-occur in any particular patch, species
richness – and, therefore, the local cost – was directly coupled to
average AOO. The AOO also determined the biological heterogeneity of the landscape because smaller ranges would lead to patchy
assemblages whereas large ranges would result in more uniform
assemblages dominated by cosmopolitan species. This has important implications for extinction risk, which would be lower in less
heterogenous landscapes because species threatened in any single patch would have a higher likelihood of also occurring in other
patches.
The beneﬁt that would be accrued through the destruction and
subsequent development of a speciﬁc patch was randomly selected
from a normal distribution with the same mean and standard deviation as the local cost. This arbitrary decision meant that on average
the local cost of destroying a patch equalled the potential beneﬁt. In the context of this study, the interplay between local cost
and development beneﬁts can be viewed as the identiﬁcation and
prediction of negative and positive impacts, respectively, as would
be explained in a local EIA report. We also investigated how the
correlation between local cost and beneﬁt – and, therefore, the
vulnerability of the system – inﬂuenced development outcomes
by allowing the parameter space for beneﬁts to have a correlation
with local cost that ranged from −1 to 1 (Fig. 1b). A low correlation between local cost and beneﬁts represented the less common
situation where a potential development would be most beneﬁcial
in areas with low biological value; for instance, the development
of a solar power plant in a hyper-arid region. A positive correlation
represented cases where development beneﬁt and biological value
coincide in space: logging in a tropical forest, for example.
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Fig. 1. Different levels of area of occupancy used during the model simulations, which were randomly selected from a log normal distribution with a ﬁxed standard deviation
of 0.8 (a). An illustrative example of the model setup for different levels of correlation between local cost and beneﬁt from development (b). Note that the spatial distribution
of local costs and beneﬁts is merely for comparative purposes here as the model used in the simulations was not spatially explicit.

Estimating cumulative regional cost
The number of species that will go extinct regionally represented the cumulative regional cost accrued when a patch was
destroyed for development. The precise regional cost is contingent
on which speciﬁc patch is destroyed as well as the collection of
patches that have already been destroyed. In other words, the order
in which patches are destroyed determines the regional cost. In
practice, the actual order in which patches are developed might be
unknown, especially when the development of a region is spread
over a long period of time without elaborate development plans and
projections. Furthermore, when permission-granting organisations
have to adjudicate on a local development, they will not always
have information of the regional area as a whole and would, therefore, be unable to make a precise assessment of the regional impact
of a development. This necessitated the approximation of regional
cost (RC) as the cumulative probability of individual species’ extinction:
RC =

S


DAOOi

i=1

where D is the proportion of patches that are destroyed and AOOi
is the area of occupancy of species i. This simple equation realistically predicts that regional costs will be lower when species
have broad ranges because regional extinctions are less likely. Similarly, there is an exponential increase in regional cost as patches are
destroyed. Despite being a continuous approximation of a discrete
phenomenon (the number of species that go extinct regionally),
it can be shown that this estimated regional cost is an accurate
reﬂection of the average number of species that would go extinct
if patches were destroyed in a random order (Fig. 2).
Incorporating cumulative regional costs in decision making
The model framework had a set of patches each with a predeﬁned beneﬁt and local cost as well as a continuous approximation
of the regional cost for the number of patches that are destroyed
for development. We assessed three separate scenarios that handled regional costs differently. Scenario 1 (Externalised cumulative

costs) externalised the cumulative costs and the decision to develop
a patch was made solely on whether the beneﬁt accrued from
development exceeded the local cost. Scenario 2 (individuallyborne cumulative costs) represented cases where the cumulative
cost of patch destruction was borne by the individual developer
of that patch. In this scenario, the ﬁrst patch was selected at random and if the beneﬁt of that patch was greater than the sum
of the local cost and regional cost it would be developed. The
second patch would then be selected at random and the process
would be repeated with the only difference being that regional
cost will increase as more patches are developed. In Scenario 2,
the total cost (local cost + regional cost) will be lowest for early
developers and become greater as the region becomes more developed. In the last scenario: Scenario 3 (shared cumulative costs);
the cumulative regional cost was shared by all the patches. The
average regional cost per patch, regardless of the order in which
it is developed, was calculated as the sum of the regional cost for
each discrete value of D and then divided by the total number of
patches (area under the curve in Fig. 2). This average regional cost is
then added to the local cost to determine the total cost of a patch,
which will be developed if the beneﬁt is larger than the regional
cost.
The three scenarios were compared using two metrics: the total
number of patches destroyed in the modelling landscape and the
proportional beneﬁt gained from the destruction and subsequent
development of those patches. These two metrics captured the
interplay between biodiversity preservation and economic growth
because the former represents the negative conservation consequences of patch destruction (species extinction is proportional
to habitat loss), whereas the latter signiﬁes the positive development outcomes of habitat transformation and resource abstraction.
These metrics were averaged for 1000 iterations for combinations
of vulnerability (correlation between local cost and beneﬁt) and
irreplaceability (average AOO). The proportional beneﬁt was the
beneﬁt gained from the development of each of the patches divided
by the total beneﬁt of all the patches, whether developed or not.
This relative measure was more suitable than an absolute version
because our decision to centre the means of development beneﬁt to
species richness (local cost) meant that the absolute beneﬁt would
increase with AOO, simply because species with larger ranges
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Fig. 2. Comparisons between the approximate continuous regional cost and the average species extinction caused by the simulated patch destruction. Data are from four
different area of occupancy (AOO) distributions and 1000 iterations of the modelling framework.

overlap more frequently. All simulations were carried out in R version 2.15.2 (R Development Core Team 2012).
Results
The total number of patches destroyed was visibly different for
the three scenarios (Fig. 3). Scenario 1 was not inﬂuenced by the
average AOO or the correlation between features (Fig. 3a). As cumulative regional costs were introduced, however, different patterns
emerged (Fig. 3b and c). For both Scenarios 2 and 3, fewer patches
would be destroyed and developed when the correlation between
local cost and development beneﬁts increased or when the average
AOO of the species was smaller; this trend was more prominent for
Scenario 3. This can be interpreted as reduced patch destruction
in systems of high vulnerability and high irreplaceability, respectively.
Patterns for the proportional beneﬁts from development were
similar to those of patch destruction (Fig. 4). The major difference
was Scenario 1, where proportional beneﬁts were highest when
species ranges were narrowest and the correlation between local
costs and beneﬁts was strongly negative (high irreplaceability but
low vulnerability: Fig. 4a). This pattern shifted completely once
cumulative regional costs were incorporated (Fig. 4b and c). In Scenarios 2 and 3, the proportional beneﬁts – which were lower than
those of Scenario 1 – were greatest when species were widespread.
Since very few patches were destroyed in Scenario 3 when species

ranges are narrow and there was a high correlation between local
costs and beneﬁts (Fig. 3c), the total proportional beneﬁt was zero,
or close to zero, in these cases (Fig. 4c). The inclusion of regional
costs in Scenarios 2 and 3 meant that beneﬁts were highest in
systems with a negative correlation between species richness and
beneﬁt (low vulnerability) and high average AOO (low irreplaceability).
Discussion
Our study revealed that the inclusion of cumulative regional
impacts of development could potentially change the environmental decision-making process drastically. Including the impact
of earlier and future planned developments in our simulations
generally resulted in the destruction of fewer patches and, as a
consequence, more modest beneﬁts obtained from any subsequent
developments. Despite possibly being difﬁcult to stomach for many
proponents of development, our results suggest that future development plans might be constrained by the efﬁcient inclusion of
cumulative impacts.
Although the inclusion of cumulative impacts would jeopardise
development, it must be emphasised that sustainable development
is not synonymous with perpetual growth (Willers 1994). Sustainability sometimes depends, ﬁrst and foremost, on biological
systems, even when it comes at the expense of other – equally worthy – social, economic or political objectives (Chan et al. 2007; Noss
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Fig. 3. The total number of patches destroyed when cumulative regional costs are externalised (a), carried by individual developers (b), and shared by all developers (c) for
different levels of average area of occupancy and correlation between local costs and beneﬁts.

et al. 2012). Although it is justiﬁable to limit development by internalising cumulative regional costs, both from an economic and a
conservation perspective, the best method to do so remains unresolved. Our simulations demonstrated how two strategies that take
regional costs into account can result in vastly different outcomes
in terms of both conservation and development. More beneﬁt was
amassed from the greater destruction of patches when the cumulative costs were borne by the individual developers responsible for
subsequent patch destruction. It is, however, questionable whether
this is the fairest way to distribute cumulative regional costs caused
by multiple actors. Those who pioneer the development of a region
may argue that they cannot be held accountable for future impacts,
which may not actually happen; especially when their decision to
develop a region is based on the approved appraisal of the current
situation during the EIA process. This seems like a strong argument
for individually-borne cumulative costs (Scenario 2). Conversely,
the potential negative consequences of individually-borne cumulative costs could end up undermining conservation objectives.
Conservation policies, when not properly thought-out, can have
unforeseen outcomes (Polasky 2006). For instance, the decision
to restrict timber harvesting for the conservation of the northern spotted owl (Strix occidentalis caurina) on public land in the

Paciﬁc Northwest of the United States ultimately increased the
timber extraction on private land, which, in hindsight, was actually more damaging to owl populations (Murray & Wear 1998).
Similarly, some landowners in North Carolina, USA, inhibited the
establishment of old-growth pine stands, the preferred habitat
of the red-cockaded woodpecker (Picoides borealis), to avoid the
strict land-use regulation prescribed under the Endangered Species
Act (Lueck & Michael 2003). Just as land-market feedbacks can
speed up rates of development-related land use when areas are
purchased for conservation purposes (Armsworth et al. 2006);
individually-borne cumulative costs could potentially accelerate
rates of development and encourage the degradation of pristine
regions. This study demonstrated how cumulative costs increase
exponentially with patch destruction (Fig. 2) so, to avoid these
costs, landowners could respond by destroying patches faster than
their competitors in order to leave the cumulative regional costs
to the latecomers. Alternatively, development in pristine habitats
would be favoured over development in previously-degraded habitats because the cumulative regional costs would be much lower
in the former. Anecdotal evidence, therefore, seems to suggest that
individually-borne regional costs might not be the most effective
way to address cumulative impacts. The conﬁrmation for these

Fig. 4. The total proportional beneﬁt obtained from the destruction, and subsequent development, of patches when cumulative regional costs are externalised (a), carried
by individual developers (b), and shared by all developers (c) for different levels of average area of occupancy and correlation between local costs and beneﬁts.
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hypotheses, however, would require more elaborate modelling
exercises (similar to the framework used by Bode et al. 2011) or
empirical data that explicitly address feedbacks between incentives
of supply and demand.
Incorporating regional costs in development plans was shown
to have differential effects on the ﬁnal proportion of land developed
and proportional beneﬁt, depending on the occupancy, and therefore the irreplaceability, of the biota in the region. Although our
simulations required complete knowledge of the AOO of individual
species to estimate the regional cost, it is possible to quantify the
regional cost quite accurately in reality without complete biological data. For instance, Storch et al. (2012) showed that taxonomic
differences in continental-scale species extinction due to habitat
loss (as measured by the endemics area curve) can be explained
by differences in average range size of various groups. This suggests that the endemics area curve can be approximated quite
accurately from a power law, information of species richness at
a single scale and the average range size of species in a region;
regardless of differences amongst individual species. It is, therefore,
possible to incorporate regional costs in the real world with incomplete occurrence data. However, our study, which considered area
of occupancy in a dimensionless domain, may lack realism at large
spatial scales where the cohesiveness of ranges affects both species
richness (Jetz & Rahbek 2001; Rahbek et al. 2007) and the distribution patterns of individual species (Pigot et al. 2010). Species with
cohesive ranges will tend to co-occur with the same set of species
in adjacent patches and this lack of independence among patches
complicates the estimation of species extinction due to habitat
destruction. Although this does not imply that the cumulative
regional costs cannot be estimated when species occurrences are
clumped in space, it does mean that more specialised equations are
required to estimate the endemics area curve (He & Hubbell 2011,
2013). Nevertheless, the general statement that the incorporation
of cumulative impacts in the environmental decision-making process is contingent on high endemicity caused by restricted range
size should be robust; regardless of range cohesiveness. Moreover, methodological advances are easing cross-scale estimations
of diversity (Keil et al. 2013; Storch et al. 2012), so the real-world
application of the ﬁndings from our simulations is increasingly feasible.
Our simulations also showed how the vulnerability of a system – measured as the correlation between development beneﬁt
and local cost – affected the three scenarios for incorporating
cumulative regional impacts differently. Overall, higher correlations resulted in reduced beneﬁts from development as fewer
patches could be destroyed. Furthermore, the differences between
the scenarios were greatest when there was a strong positive correlation between the conservation beneﬁt of the patch and the value
that would be obtained from its destruction. The choice of method
used to incorporate cumulative costs is particularly important in
landscapes characterised by high vulnerability due to a strong overlap in areas suitable for conservation and development. In reality,
there is often a strong correlation among human population densities, infrastructure development and biodiversity (Balmford et al.
2001; Burgess et al. 2007; Fjeldså & Burgess 2008). This implies that
the distinction between individually-borne and shared cumulative
regional costs could be all the more important if the principles of
our simulations are extended to application in the real world.
Future research should aim to unify the cumulative impact
framework used in this study, systematic conservation planning
(Margules & Pressey 2000), biodiversity offsets (Bull et al. 2013)
and the apparent dichotomy between land sharing and land sparing (Fischer et al. 2008; Phalan et al. 2011). This should ideally
be accompanied by additional evidence from empirical studies.
Before then, however, conservation scientists and environmental
decision-makers can already start by, ﬁrst, determining the value of

including costs of cumulative regional impacts in the environmental decision-making process and, second, deciding whether these
costs should be carried by individual developers or shared by all of
them. This requires the consideration of – oftentimes divergent –
biological and economic values (Robinson 2011). The outcomes to
these decisions are very important because, as this study suggests,
they greatly affect the endpoints of conservation and development;
especially in the most vulnerable and irreplaceable systems.
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