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Abstract. Efforts to understand and map cumulative impacts of human activities on ecosystems have

gained new interest and relevance as management moves towards ecosystem-based approaches that

require such assessments. The last five years have seen a proliferation of efforts to characterize and map

cumulative impacts, providing insight into the strengths and limitations of these efforts and where

opportunities lie for progress. Here we provide a review of the key assumptions that underlie most

cumulative impact mapping efforts, describing the implications and rationales for the assumptions, and

highlight the many challenges cumulative impact mapping efforts face. We end with a brief summary of

several future research directions that will help greatly improve application of cumulative impact mapping

to resource management and conservation planning efforts.
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INTRODUCTION

Resource management and policy has long
recognized the potential for multiple human
pressures to cause cumulative impacts on species

and ecosystems, and the need to manage
multiple pressures so that adverse outcomes
resulting from cumulative impacts can be avoid-
ed. In the United States this awareness was
captured and codified initially in laws and

regulations such as the National Environmental
Protection Act (NEPA), which explicitly requires
assessment of cumulative impacts when permit-
ting new uses of the environment (NEPA 1969),
as well as within the Endangered Species Act

(ESA 1973) and laws such as the Clean Water and
Clean Air Acts. Similar laws and regulations
have been passed in Canada, Australia, and
throughout Europe (Rosenberg et al. 2009). The
need for such assessments and the attention
given to cumulative impacts has only grown
recently with focus on ecosystem-based manage-
ment (EBM) and marine spatial planning (MSP),
both of which have cumulative impact assess-
ment as a foundational principle for how to
implement such approaches (Halpern et al.
2008a, McLeod and Leslie 2009).

Historically, this need to assess cumulative
impacts has been addressed in a fairly ad hoc
manner, primarily by cataloguing the impact of
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single stressors and noting where overlap likely
causes cumulative stress (e.g., Clark et al. 2002,
Lawler et al. 2002). Such methods are not
particularly repeatable, quantitative, or transpar-
ent in how overall judgments are made when
combining stressors, and they generally lack a
means to describe spatially the nature and extent
of cumulative impacts. In response to this need,
along with colleagues we developed a method-
ology and associated tools to quantify and map
cumulative impacts, and applied them initially to
marine systems globally (Halpern et al. 2008b).
The approach has now been applied, by us and
others, in regional marine assessments (e.g., Ban
and Alder 2008, Halpern et al. 2009, Selkoe et al.
2009, Ban et al. 2010, Foden et al. 2011, Korpinen
et al. 2012), in global and regional freshwater
systems (e.g., Vorosmarty et al. 2010, Allan et al.
2013), and has precedents in terrestrial systems
(e.g., Sanderson et al. 2002, Monfreda et al. 2004).
It has also been used to guide planning processes
in many regions within Europe as part of the
Maritime Framework Strategy Directive (EPC
2008), in Massachusetts, United States (MAEEA
2009) and others. Despite the utility of the
method, there are many caveats and areas for
improvement that, although recognized by
many, merit more explicit treatment.

The aims of this paper are threefold. Applica-
tion of the cumulative impact mapping method-
ology developed by Halpern et al. (2008b)
requires many assumptions that are usually
mentioned and briefly described and discussed
in reports and papers presenting results, but not
fully explained or explored. These assumptions
are easy to overlook without careful study of the
often long methods documents that accompany
those papers. The first aim is therefore to clarify
those assumptions and explain their implica-
tions, synthesize them into a single document,
and further explain the rationale for them.
Moreover, despite many recent advances in the
quality and quantity of data needed for cumula-
tive impact mapping, several key challenges
remain. The second aim is to present those
challenges and suggest some possible ways to
address them, both immediately and in the
future. The final aim is to highlight some exciting
new directions of research and application. The
intent of this paper is not to be comprehensive
but instead to focus on some key themes and

issues.

ASSUMPTIONS

The method of calculating and mapping
cumulative impacts is deceptively simple, in that
one merely needs to map the intensity of each
stressor, map the location of each habitat type,
and apply a vulnerability weight that translates
the intensity of a stressor into its predicted
impact on the habitat, creating a single ‘currency’
of stressor impact (Halpern et al. 2007, Halpern et
al. 2008b, Teck et al. 2010, Kappel et al. 2012). One
can then sum these expected impacts into a total
cumulative impact score. Each of those steps,
however, requires many assumptions, illustrated
in Fig. 1 and listed as sub-section numbers below.
Here we address each assumption roughly in the
order it would be applied as one moves through
the process of developing and implementing a
cumulative impact map for a given region. As
will become clear, most assumptions are neces-
sary because of data limitations.

1. Stressor layers are of roughly equal impor-
tance.—The first step for understanding and
mapping cumulative impacts is determining
which stressors must be included in the assess-
ment, with the corollary need to determine how
much to lump versus split groups of stressors.
These decisions have important implications for
how much of a potential impact any given
stressor or group of stressors can contribute to
overall cumulative impact, and such decisions
often reflect underlying values or biases (Game et
al. 2013). For example, should all fishing be
treated equally, or should recreational, artisanal
and commercial fishing be tracked separately?
Should different gear types be tracked and
treated separately, and if so how finely should
these gear types be differentiated and tracked?
Similarly, should chemical pollutants be lumped
together as a single stressor, should they be
tracked by categories (e.g., organic versus inor-
ganic), or should they be tracked by individual
pollutants and their toxicity? Some of the
decisions are driven by data limitations, but in
general they require assumptions or expert
judgment about how important particular types
and groups of stressors are in determining
ecosystem condition. Previous mapping efforts
have used a range of approaches to address this
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issue (Halpern et al. 2008b, Halpern et al. 2009,
Selkoe et al. 2009, Vorosmarty et al. 2010, Allan et
al. 2013).

2. Uniform distribution of stressors within a
pixel.—Every spatially-explicit data layer has a
resolution to it, and information about stressor
intensity within each pixel is assumed to be
uniform (otherwise one would be implying
higher-resolution knowledge about stressor dis-
tribution, such that one would want to use that
higher resolution). Uniform distribution of stress-
ors across space within a pixel, even across a very
small space, is unlikely to be typical. As such, this
assumption will lead to overestimation of stress-
or intensity at some locations within the pixel
and underestimation in others. This assumption
has particularly important consequences for

stressor data with coarser native resolution
(e.g., half-degree, or roughly 2500 km2). If the
resolution of input data is much finer than the
resolution of planning units being informed by
the cumulative impact analysis, the implications
of this assumption are minimized. However, few
stressor data have a resolution finer than 1 km2

(in the ocean, at least) and many are coarser than
that, and yet marine spatial planning, marine
protected areas, and other spatially-explicit deci-
sion making often use planning units of 1 km2 or
even smaller, for example when permitting new
uses like offshore energy or aquaculture. The
rationale for this assumption is driven by the
constraints of the data; potential alternate meth-
ods for addressing this issue are addressed below
in Challenges.

Fig. 1. The general framework for calculating and mapping cumulative impacts of human activities on

ecosystems (adapted from Halpern et al. 2008b). Red bracketed numbers indicate where each of the nine

assumptions discussed in the paper occur in the process. Inset panels are a view of the region around Cuba and

Florida, with a subset of stressors in raw form (first column) and transformed to a 0–1 scale (second column) and

a subset of habitat data (third column). The right panels show different ways of viewing the cumulative effect of

stressors, where summed stressors (bottom panel) is simply the summed intensity of transformed stressors

without accounting for habitat vulnerability, and where cumulative impacts accounts for habitat vulnerability

(first upper panel) and ecosystem condition groundtruths the modeled cumulative impacts to measures of actual

ecosystem status (right upper panel).
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3. Habitats either exist or are absent in a pixel.—In
a similar vein, use of spatial data on habitats
typically requires an assumption that the habitat
is either present or absent within a pixel,
although occasionally there is information on
the probability of occurrence of the habitat, or an
estimate of total area covered within a pixel. In
any of these cases, however, information rarely
exists on exactly where within a given pixel
habitat actually is located or on the relative
condition of these habitat patches within the
pixel (again, such information would imply that
higher resolution data exist which should then be
used). Wherever a habitat does not actually exist
in a pixel, the modeled impact of a stressor on
that habitat will be overestimated. This could
lead to systematic overestimation of impact
across a region, especially for highly vulnerable
and patchy habitats (such as seagrass beds and
coral reefs; Halpern et al. 2007, Burke et al. 2011).
In cases where patches of habitat exist but are not
captured by coarser-resolution data, impact
assessments will be underestimated. Like with
the previous assumption, the rationale for using
this assumption is the paucity of high resolution
data.

4. Transforming and normalizing stressors.—Be-
fore one can translate stressor intensity into
impact on a habitat, each stressor has to be
transformed and normalized so that highly
different kinds of stressors with variable distri-
butions and unique measurement units (e.g.,
milligrams of pollutant from land-based pollu-
tion, tons of fish caught by fisheries, degrees
heating from climate change) can be compared to
each other. Decisions about if or how to
transform data determines whether skew in data
is preserved, minimized or removed altogether,
and normalization requires choosing a maximum
value to set equal to 1.0. Not surprisingly, this
latter decision can have important consequences
for resulting impact assessments, as every other
intensity value for the stressor is rescaled to that
maximum value. With knowledge of threshold
responses in systems, this maximum value could
be set to the tipping point value, but these are
currently unknown for most stressors and
systems (deYoung et al. 2008), and in turn would
require more assumptions, most notably that the
threshold does not change in the face of other
stressors.

There is no single right answer for how best to
transform and normalize data, but there is
reasonable justification for preserving some or
all of the skew in stressor intensity when
deciding if or how to transform the data because
the skew represents real differences, and usually
has relevance for understanding how habitats are
impacted. For data normalization, the highest
observed value within the region of study plus
some fixed amount—usually an additional 10%,
based on the idea that current and likely near-
term future levels of that stressor would be well
captured by this range—is typically used. What-
ever the decision about selecting these maximum
values, it is important to be explicit and
transparent about the decision.

5. Linear response of ecosystems to stressors.—
Implicit in the decision to normalize stressor data
is that habitats will respond linearly to increases
in the intensity of the stressor, i.e., that nonlinear
responses do not exist below the maximum level
chosen to set equal to 1.0. This is almost certainly
not the case for most stressor-habitat combina-
tions, but we currently know very little about
such nonlinearities for the vast majority of
stressor-habitat combinations (deYoung et al.
2008). Even well studied tipping point phenom-
ena, such as anoxic zones in coastal systems,
exhibit high spatial and temporal variability in
where and when thresholds occur (Diaz and
Rosenberg 2008).

6. Consistent ecosystem response.—The develop-
ment and application of the vulnerability weights
that define how a habitat or ecosystem responds
to a particular stressor (Halpern et al. 2007, Teck
et al. 2010) requires a fundamental assumption
that all locations (within the same ecosystem
type) respond the same way to a stressor, and
that any given location responds the same at all
points in time. This issue can partly be addressed
by dividing habitat types into finer classifications
known to respond differently to stressors (for
example, in coral reefs one can map fore reef, reef
crest, and reef slope at different depths; e.g.,
Selkoe et al. 2009), but this can only be done to a
point before it requires every single pixel of
habitat to be uniquely classified. This assumption
is thus one of necessity and data limitation. The
assumption of temporally consistent responses of
habitats is similarly motivated by data limitation,
as sufficient data rarely exist on the combined
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spatial and temporal distribution of stressors or
the temporally-variable condition of a habitat
that would change its resilience to stressors. This
issue is addressed in greater detail below in
Challenges.

7. Vulnerability weights sufficiently accurate.—
One key innovation of the cumulative impact
mapping process was the development of unique
and quantitative vulnerability weights for each
habitat-stressor combination. However, this in-
novation in turn created a vexing problem,
namely that few of these combinations have
been studied sufficiently to allow weights to be
based on empirical data. As such, expert judg-
ment is used, and despite a long history of
research in the decision sciences to minimize
and/or account for potential biases in expert
judgment (e.g., Cooke and Goossens 2004,
Fischhoff and Morgan 2009), it is difficult to
fully account for differences in values, risk
tolerance, and other subjective influences (e.g.,
Slovic 1987, and much of his subsequent work).
To account for these potential biases one would
need very large numbers of experts to survey,
which is difficult practically and often impossible
where the expert pool is limited. Therefore,
cumulative impact mapping efforts survey avail-
able experts and then assume those responses are
representative and accurate.

8. Additive model.—Perhaps the most funda-
mental, and somewhat ironic, assumption is that
stressor impacts are additive. Much of the initial
and continued interest in understanding cumu-
lative impacts is motivated by the assumption
that synergies exist that would make the whole
greater than the sum of the parts (Breitburg et al.
1998). Unfortunately, we currently know very
little about where, when or why non-additive
responses may occur (Crain et al. 2008, Darling
and Cote 2008). Without a clear rationale to
include synergistic interactions, the default addi-
tive model remains the only feasible option.

9. Linear response of ecosystems to cumulative
impacts.—Once cumulative impacts are calculat-
ed, ideally one compares modeled impact scores
to some measure of actual change in ecosystem
condition. This turns out to be difficult if not
impossible in most cases because monitoring of
the many variables relevant to overall ecosystem
condition is rarely done at a scale and at
sufficient locations to allow robust comparison

to cumulative impact maps. Consequently, mod-
eled impact scores are assumed to represent
ecosystem condition, and to change in a linear
manner without thresholds, such that each
incremental change in the impact score equals
an equivalent change in ecosystem condition.
This is almost certainly not the case, with many
examples of ecosystem thresholds, or tipping
points, when cumulative pressures exceed some
value (Kraberg et al. 2011), but we currently
know little about if or where such tipping points
exist for most ecosystems (deYoung et al. 2008).

CHALLENGES

The assumptions described above have been
necessary due to the ubiquitous challenges
arising from data limitations. Many additional
challenges remain for cumulative impact analy-
sis, described below, providing grist for future
research and cautions for application of cumula-
tive impact analysis.

Data gaps
Any assessment of ecosystem condition faces

the challenge of missing or imperfect data. This
challenge is especially acute for assessments such
as cumulative impact mapping that require high-
resolution, spatially-explicit information about
habitats and a wide range of human uses and
associated stressors. There are essentially three
potential solutions to this challenge, each with its
own shortcoming: (1) find a proxy measure for
which data do exist, (2) fill gaps in the data
through one of many statistical or geospatial
modeling techniques, or (3) forego using any
data. The first approach requires one to assume
that proxy data, which by definition are an
imperfect measure of the thing one actually is
interested in, are sufficiently accurate to be
meaningful. Information about the shortcomings
of the proxy can sometimes be used to increase
the accuracy of proxy data. The second approach
requires one to assume that missing data can be
extrapolated from known data, unless an empir-
ical relationship with sufficiently low variance
exists that can be used for extrapolation. And the
third approach requires one to assume that the
overall assessment will be accurate enough
despite excluding a key issue. It is common to
argue that assessments should not be conducted
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when key gaps exist (Kellon and Arvai 2011), but
such a mindset will keep assessments from ever
happening since there will always be some key
gaps when conducting comprehensive assess-
ments. One important advantage of having to
identify and address data gaps is that the process
of doing so provides a rational and comprehen-
sive means for guiding policy and decision
makers towards gaps that are the most important
to fill. Sensitivity analyses can sometimes be used
to assess the potential importance of missing
information.

Coarse resolution of data for many stressors and
habitats.—Spatial data for the many habitats and
stressors used in cumulative impact mapping
rarely if ever have the same resolution, and often
many data are at relatively coarse resolution
(e.g., half-degree). Although cumulative impact
mapping can be done at any scale, it is most
useful for spatial planning processes if done at a
resolution that is useful and meaningful for the
scale at which most planning occurs, usually less
than 100 km2 and often at scales as small as 1
km2. There are essentially three approaches to
reconciling mismatches in resolution of overlap-
ping datasets. First, one can degrade all data to
the lowest (coarsest) common denominator,
which ensures that all data can be accurately
presented at the same resolution but also means
that important and often highly valuable infor-
mation about finer-scale distribution of habitat or
stressors is discarded. Second, one can instead
assume that coarser scale information is uniform-
ly distributed within a given pixel (an assump-
tion described above), allowing one to preserve
all finer-scale information but potentially provid-
ing misleading detail about how coarser-scale
information actually exists on the land- or
seascape. Finally, one can preserve data in its
native resolution and only combine those layers
that have the same resolution. This is the most
accurate approach but precludes quantitative
calculation and representation of overall cumu-
lative impacts.

Incorporating movement and spatial connec-
tions.—Stressors diffuse and advect across land-
scapes and through the ocean. Static data on
where stressors exist do not represent and
capture such movement, or the connections
between distant locations it creates. It is possible
to make assumptions about how stressors may

spread (e.g., Ban et al. 2010). However, we know
very little about small-scale movements for most
regions of the planet, limiting the feasibility of
doing this accurately for most stressors. Al-
though large ocean currents are well known,
small-scale coastal circulation models have been
developed for only a few regions of the world.

Including historical impacts.—Humans have
altered and impacted landscapes, coasts and
oceans for millennia (Jackson et al. 2001, Roberts
2007), yet we have little to no information on the
historic (i.e., pre-1950) or even more recent (pre-
1980) spatial patterns of such impacts. As such,
cumulative impact mapping can rarely include
historical impacts, even though they are often
critical to understanding what is affecting a place
and what it might look like with effective
mitigation of impacts.

Accounting for temporal dynamics of stressors and
ecosystems responses.—The intensity and location
of any given stressor varies across time, often on
the scale of seconds to minutes, but it is nearly
impossible to monitor and account for this
temporal variance across large scales. Conse-
quently, monitoring efforts typically assess con-
ditions at some temporal interval (e.g., hourly,
daily) at a few limited locations. For monitoring
that can track conditions at high temporal
resolution, such as satellite data or temperature
loggers, the volume of data often is so huge that
data pre-processing is implemented to reduce
data volume. The former approach can result in
missing spikes in stressor intensity or relevant
changes over time.

Furthermore, the timing of stressor input
relative to ecosystem state can greatly affect the
potential vulnerability of the ecosystem to that
stressor. For example, kelp forests can be stressed
when nutrient inputs increase dramatically (Day-
ton et al. 1999). If land-based nutrient runoff
occurs when offshore waters are nutrient rich
from coastal upwelling, the runoff will have
relatively little impact; if the same amount of
runoff occurs when upwelling has ceased, then
the impact can be relatively greater. Tracking and
understanding the consequences of these tempo-
ral dynamics remains a major challenge to
improving modeled cumulative impact.

Three-dimensionality of oceans.—The three-di-
mensionality of oceans creates two fundamental
challenges for cumulative impact mapping. First,
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processes connecting food webs and ecosystems
at different depths are complex and not fully
understood, and stressors affecting surface wa-
ters, for example, may affect deeper waters (this
is a variation on the ‘incorporating movement’
challenge described above). Second, maps are
necessarily two-dimensional, such that results
from mapping efforts cannot easily represent the
three-dimensionality of the oceans, thus limiting
the ability for maps to communicate with and
inform efforts to do broader spatial planning in
the oceans.

Conflating stressors and drivers.—Monitoring
efforts and information about human uses of
the ocean track either the activities that people
are doing—the drivers of impact—or the associ-
ated stressors of those activities, but rarely both.
For example, farming is an activity, while
nutrient input is the stressor; fishing is the
activity, while biomass extraction and potential
habitat destruction are the stressors. Good data
exist on the extent and nature of farming on the
landscape, whereas empirical data on nutrient
loading of streams and rivers feeding into coastal
areas exist for only a tiny fraction of the world.
Reasonably good data exist on the amount of fish
extracted from the oceans, but few data exist on
the effort (i.e., intensity) or exact location of the
catch.

The challenge with this distinction is that
cumulative impact assessments ultimately only
need information on stressor intensity, yet man-
agement needs information on human activities
driving those stressors in order to determine how
best to address and mitigate the stressors
(management regulates human behavior, not
stressors). Monitoring tends to track whichever
is easiest and cheapest to assess. Human uses can
sometimes be translated into associated stressors
with models and assumptions, but not always
and not as precisely as actually measuring the
stressor. As a result, cumulative impact maps are
almost always a mix of human use data and
anthropogenic stressor data. To overcome this
challenge, one would need both complete mon-
itoring of all stressors and all human uses, as well
as models linking human activities to their
various stressors (i.e., an understanding of how
stressors from different sources propagate
through ecosystems). We are currently a long
way from this ideal.

Uncertainty in data and their combination.—
Underlying all of the assumptions and challenges
described above is the uncertainty in any
assessment. Uncertainty can arise from epistemic
error, which includes the more commonly recog-
nized sources of error such as measurement
error, systematic error, and natural variation, and
linguistic uncertainty, which includes things like
vagueness and context dependence (Regan et al.
2002). Only some of these types of error can be
reduced meaningfully without great cost. If the
intent of developing cumulative impact maps is
heuristic or for setting broad priorities, such
uncertainties may not matter much. If instead
mapping is done to guide and inform small-scale
decisions about the costs and benefits of a
specific management action, addressing these
uncertainties may be critical to ensure policy and
decision-making is not misled.

Even when data uncertainty is known and
communicated, one must decide how strictly or
loosely to apply criteria for data inclusion. If
high levels of certainty are required, few data
will meet those standards and the overall
cumulative impact assessment will provide little
new insight. If instead data with higher uncer-
tainty are included (which usually is the case),
then the overall assessment may be driven by
the weakest data. Such sensitivities can be
addressed analytically, but critics of cumulative
impact mapping can easily focus on such ‘weak
links’. It is imperative that these uncertainties
are communicated clearly, especially when
integrating cumulative impact mapping into
decision making, to ensure results are interpret-
ed correctly.

FUTURE DIRECTIONS

Each of the assumptions and challenges
discussed above represents an opportunity for
research that could help significantly improve
cumulative impact mapping efforts. Below we
highlight five areas of research that we feel are
particularly important for improving develop-
ment of cumulative impact maps and their
relevance to planning and decision making. We
end with a discussion of how cumulative impact
mapping can be used to inform ongoing and
future management and decision making pro-
cesses.

v www.esajournals.org 7 October 2013 v Volume 4(10) v Article 131

SYNTHESIS & INTEGRATION HALPERN AND FUJITA



New and additional stressor and driver data.—
Regional and global data on key stressors and
their associated drivers continue to be developed
and made available, and data on others are being
improved. For example, NOAA has recently
produced a global, depth-stratified map of noise
pollution (www.st.nmfs.noaa.gov/cetsound/),
and regional estimates of recreational fishing
intensity are emerging (Coleman et al. 2004,
Morales-Nin et al. 2005). Mapping of global
shipping routes and intensities have dramatically
improved (Walbridge 2013) and global sea level
rise models are improving beyond simple ‘bath-
tub’ models that assume equal rise in all parts of
the world (Nicholls and Cazenave 2010), al-
though regional models of sea level are far more
refined and may be available for regional
applications of cumulative impact assessment.
Improving and adding to existing spatial data
layers remains an important direction for future
research and assessment, as is the development
of better empirical information about the nature
and extent of connections between drivers and
stressors.

Improved habitat data.—Understanding if or
how stressors impact ecosystems requires de-
tailed information on the location, and ideally
condition, of habitats. Satellite data provide a
rich resource for such efforts on land, yet in the
ocean less than 10% of the seafloor has been
mapped to any level of detail (http://maps.ngdc.
noaa.gov/viewers/geophysics/), and much less
has been assessed for condition. This remains a
shocking gap in our basic understanding of our
planet, and a critical gap for cumulative impact
mapping efforts in most places around the world.

Nonlinear responses.—It is almost certain that
linear responses of ecosystems to stressors, and
to cumulative stress, are the exception rather
than the rule. Any information on where such
thresholds exist and the shape (i.e., steepness) of
the threshold response will greatly improve the
translation of predicted impact into actual
impact. A major challenge for such efforts is that
such thresholds tend to vary by habitat type,
stressor type, location, and time of input
(deYoung et al. 2008), making generalization
difficult.

Non-additive interactions.—As described above,
we know surprisingly little about where, when,
and to what degree stressors interact in non-

additive ways (either mitigatively—less than the
sum—or synergistically, more than the sum).
Combining stressors to produce accurate cumu-
lative impact maps requires a better understand-
ing of these interactions. Policy and management
decisions regarding which stressors require
attention are particularly vulnerable to this gap
in knowledge. Reducing a mitigative stressor
could actually make conditions worse, while
reducing a synergistic stressor could produce
much greater benefit than would arise from
similar attention to an additive stressor.

Connecting to ecosystem services.—Cumulative
impact maps provide insight into how human
activities are affecting natural ecosystems. Ulti-
mately, though, most management focuses on
managing for sustainable human use, i.e., the
delivery of services from nature to people
(M.E.A. 2005). A key next step for better
connecting cumulative impact mapping to deci-
sion making is to link these maps to maps of
ecosystem service provision. Initial research
provides an example of this (Allan et al. 2013),
but there is ample room for additional research
on this topic.

Adapting the methodology to species and taxa.—
Although management is shifting towards eco-
system-based approaches, many management
efforts and mandates continue to focus on
particular species or taxa, for example through
the Marine Mammal Protection Act or the
Endangered Species Act in the United States.
Methods for mapping cumulative impacts to
habitats can relatively easily be translated to
mapping impacts to species (e.g., Trebilco et al.
2011; S. M. Maxwell et al., in press), and such
efforts hold much promise for informing and
supporting species-focused management deci-
sions.

Informing management and decision making.—
The management of natural resources tends to
focus on controlling single stressors to achieve
broad management goals such as biodiversity
conservation and sustainable use of the resourc-
es. In reality, of course, multiple stressors operate
simultaneously, generating cumulative impacts.
Many laws and regulations recognize this reality,
e.g., the requirements in the United States under
NEPA regulations to conduct cumulative impact
assessments to inform permitting decisions
(http://www.epa.gov/compliance/resources/
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policies/nepa/cumulative.pdf ). Yet without a
rigorous methodology for quantifying and map-
ping cumulative impacts these analyses and
recommendations remain largely ad hoc.

Cumulative impact mapping goes a long
way towards resolving this need by providing
a transparent, quantitative, and objective
means for such assessments. Improvements to
the method based on the needs and challenges
addressed here would increase the utility of the
results in decision-making by providing more
realistic assessments of, for example, the
potential impact of a new development project
or economic activity by providing context on
the existing level of impact from existing
stressors. Moreover, if cumulative impact
scores are adequately ground-truthed, and if
thresholds for cumulative impacts can be
developed (e.g., levels of cumulative impacts
beyond which the biophysical system crosses a
threshold and transitions to an alternative state
that generates fewer ecosystem services at
lower levels than other states), cumulative
impact caps could serve as the basis for
meaningful marine spatial management that
regulates human activities so as to avoid these
caps (in contrast to the usual practice of only
discussing the cumulative impacts). These caps
could serve as the basis of performance and
incentive based management systems that
encompass multiple stressors in the same way
that TMDLs or overfishing thresholds serve as
the basis of pollution or fisheries management.
Cumulative impact caps would make possible,
for example, cap-and-trade systems that can
allocate available impacts (under the cap) in
economically efficient ways that incentivize
impact reduction while achieving sustainability
goals.

Naturally, cumulative impact analysis and
associated measures must be combined with
analyses of the social and economic impacts of
potential management actions; effective conser-
vation planning requires understanding the
consequences of actions on both nature and
people (Halpern et al. 2013). No single tool can
fully address resource management questions,
but it is clear that cumulative impact mapping
can and should be included in the management
toolbox.

CONCLUSIONS

Given all these assumptions, challenges, and
needs for additional research, it is easy to criticize
cumulative impact mapping for being simplistic.
Yet some means for assessing cumulative impacts
that is more quantitative and robust than the
current ad hoc methods that have dominated
most assessments to date is required to make
management of cumulative impacts possible. In
the absence of cumulative impact assessments
that can be used for management, cumulative
impacts will continue to occur, creating risk to
ecosystem services and all of the social benefits
that flow from them. The models and methods
that have been recently developed (Halpern et al.
2008b) solve many of the short-comings of these
past approaches and thus represent the best
available science, even though they remain
imperfect. The imperative needs to be on
applying the best possible methods while simul-
taneously improving the methods and the data
that they require, rather than doing business as
usual while waiting (perhaps indefinitely) for the
perfect solution as risk and consequences from
cumulative impacts continue to mount.
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