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With increasing pressure placed on natural systems by growing
human populations, both scientists and resource managers need
a better understanding of the relationships between cumulative
stress from human activities and valued ecosystem services. Socie-
ties often seek to mitigate threats to these services through large-
scale, costly restoration projects, such as the over one billion dollar
Great Lakes Restoration Initiative currently underway. To help
inform these efforts, we merged high-resolution spatial analyses of
environmental stressors with mapping of ecosystem services for all
five Great Lakes. Cumulative ecosystem stress is highest in near-
shore habitats, but also extends offshore in Lakes Erie, Ontario, and
Michigan. Variation in cumulative stress is driven largely by spatial
concordance among multiple stressors, indicating the importance
of considering all stressors when planning restoration activities. In
addition, highly stressed areas reflect numerous different combina-
tions of stressors rather than a single suite of problems, suggesting
that a detailed understanding of the stressors needing alleviation
could improve restoration planning. We also find that many impor-
tant areas for fisheries and recreation are subject to high stress,
indicating that ecosystem degradation could be threatening key
services. Current restoration efforts have targeted high-stress sites
almost exclusively, but generally without knowledge of the full
range of stressors affecting these locations or differences among
sites in service provisioning. Our results demonstrate that joint
spatial analysis of stressors and ecosystem services can provide
a critical foundation for maximizing social and ecological benefits
from restoration investments.

Laurentian Great Lakes | cumulative impact | marine spatial planning |
fresh water

he Laurentian Great Lakes contain over 80% of North Amer-
ica’s surface fresh water and are a critical resource to commu-
nities throughout the region (1). Lake-dependent commerce in US
counties bordering the Lakes provided 1.5 million jobs generating
US$62 billion in wages in 2010 (2). Economic activity associated
with recreational fishing is estimated to be at least $7 billion annually
(3), and millions of visitors swim, boat, and watch wildlife along the
Lakes each year. Despite clear societal dependence on the Great
Lakes, their condition continues to be degraded by numerous en-
vironmental stressors likely to have adverse impacts on species and
ecosystems (4). As a result, water-quality advisories and beach
closings are frequent occurrences, embodying both the human and
natural costs of declines in ecosystem health (5).
Managing and restoring these high-value ecosystems has often
been piecemeal, emphasizing one or a few stressors that garner
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public attention (e.g., an invasive species, nutrient run-off), or
focusing on mitigation specific to a particular ecosystem service
(e.g., fisheries management, recreational access) (e.g., ref. 6).
Recent studies have demonstrated the value of more compre-
hensive assessments for prioritizing restoration investments,
particularly when a broad suite of stressors or services can be
quantified and mapped (7-10). However, to date the overlap and
interaction between the cumulative impact of stressors and ser-
vice provisioning has not been assessed in any ecosystem.
Restoration efforts explicitly merge concerns about stressors
and services by seeking to reduce human impacts to increase
provisioning of services. Since 2009, the Great Lakes have been
the focus of a major restoration initiative entailing proposed
expenditures of greater than $1 billion over 5 y by the US gov-
ernment (4), targeting invasive species, nonpoint run-off, chemical
pollution, and habitat alteration. High return on this restoration
investment is expected because of enhanced property values, re-
duced water treatment costs, and increased tourism, recreation,
and fisheries (11). The current initiative specifically targets key
classes of environmental stressors that were identified through a
planning process involving numerous government agencies and
environmental groups. However, despite the fact that both stres-
sors and services occur in defined locations and vary greatly across
space in magnitude, no comprehensive spatial analysis has been
available to guide restoration efforts in the Great Lakes.
Quantifying and mapping the separate and cumulative influence
of diverse stressors is an emerging new approach for optimizing
restoration investments (7, 8, 12). The lack of comprehensive,
spatially explicit stressor analyses raises at least three concerns.
First, optimal targeting of restoration efforts often will require ac-
counting for a wide range of stressors that differ in relative impact.
Second, major investments in remediating a subset of stressors at
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a site may have little net benefit if other stressors remain un-
addressed. Finally, restoration planning is increasingly oriented
toward maintaining or enhancing ecosystem services (13, 14),
which requires identifying locations where actual or potential
provision of services is greatest. Thus, understanding the spatial
distributions of both stressors and ecosystem services can greatly
enhance the strategic targeting of restoration efforts. Here we
present a high-resolution assessment of cumulative stress (here-
after abbreviated CS) across the Great Lakes based on 34 stres-
sors, ranging from fishing to land-based pollution to climate
change (SI Text, Tables S1 and S2). These individual stressors
represent all major classes of stressors in the region, and were
weighted to reflect their relative impact on ecosystem condition.
We then compare patterns of CS with the spatial distribution of
seven ecosystem services related to food provisioning and recre-
ational activities. Our results illustrate how joint analysis of
stressors and services can be an important step toward maximizing
social and ecological benefits from restoration investments.

Results and Discussion

Cumulative Stress Analysis. Our CS index highlights major spatial
disparities in human influence across the Great Lakes (Fig. 1).
Large subregions of moderate to high CS are apparent in Lakes

Erie and Ontario, Saginaw and Green Bays, and along Lake
Michigan’s shoreline (Fig. 1). In contrast, extensive offshore
areas of Lakes Superior and Huron, where the coasts are less
populated and developed, experience relatively low stress (Fig.
2A4). Although the median value of CS across the Lakes is 0.14
and <10% of pixels score above 0.3 (Fig. S1), most areas expe-
rience 10-15 stressors with nonzero levels (mean = 12.9 + 2.6
SD, minimum = 8). Thus, a focus on one or a few stressors will
miss the majority of the stressors affecting any given location. CS
also differs strongly among habitats. The highest stress is seen in
wetlands and river mouths, and CS declines rapidly from the
shoreline to offshore (Fig. 2B). Near-shore habitats generally
experience 12-18 stressors (mean = 15.2 + 3.0 SD, maximum =
31), reflecting the coincidence of land- and lake-based stressors.
This pattern is troubling from a biodiversity perspective, because
roughly 90% of Great Lakes fish and invertebrate species occupy
near-shore habitats (15).

Variation in CS is driven largely by concordant spatial patterns
in multiple stressors, although few stressors are strongly corre-
lated. Individual stressor intensities show broad positive corre-
lations with CS across the Great Lakes, with the exception of
copper contamination and climate-driven water warming (Fig.
3A4). High CS results from above-average values of many different
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The spatial pattern of CS from 34 human-induced stressors across the Laurentian Great Lakes and in selected regions. Cumulative stress was calculated

based on the intensities of each stressor weighted by their impact (determined from expert judgment). We show CS on a relative (percentile) scale, grouped
by quintiles; pixels representing the highest 20% CS are red, and the lowest 20% are dark blue. See Fig. S1 for the CS ranges of these quintiles.

Allan et al.

PNAS | January 2, 2013 | vol. 110 | no.1 | 373

SUSTAINABILITY
SCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213841110/-/DCSupplemental/pnas.201213841SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213841110/-/DCSupplemental/st01.doc
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213841110/-/DCSupplemental/st02.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213841110/-/DCSupplemental/pnas.201213841SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213841110/-/DCSupplemental/pnas.201213841SI.pdf?targetid=nameddest=SF1

1.0 A H
8 o
0 0.8
(2]
e
® .
061
=
©
0.4 -+ 1
g 1 i
o2 RE =
al ] E ; -
e ===
= 3
001 —“— -

°
o
o

Lake

L'S SH s-s Off
Habitat

WR L-H

Fig. 2. Boxplots of cumulative stress for each lake (A) and habitat (B) in the Laurentian Great Lakes, showing medians and quartiles as boxes, 1.5x inter-
quartile range as whiskers, and outliers as circles. Abbreviations used: Lakes Superior (LS), Michigan (LM), Huron (LH), Erie (LE), Ontario (LO); wetlands and
river mouths (WR), littoral-hard substrate (L-H), littoral-soft substrate (L-S), sublittoral-hard substrate (S-H), sublittoral-soft substrate (S-S), offshore (Off).

classes of cooccurring stressors (Fig. 3B) rather than extreme
values of any single stressor. Therefore, restoration efforts aimed
at mitigating one or a few types of threats could fail to improve
ecosystem conditions because of ongoing degradation from re-
maining stressors. Ideally, restoration planning should explicitly
address multiple stressors and design interventions based on the
relative impact of each stressor present at a site. Furthermore,
high CS does not arise from a consistent suite of stressors. In-
stead, the lack of clustering of high-CS pixels in multivariate
analyses of stressor intensities indicates that high stress results
from a wide range of stressor combinations, although modest
differences among lakes are evident (Fig. 3C). Sensitivity analyses
show that spatial patterns of CS are robust to alternative stressor
weights, normalization methods, and elimination of any particu-
lar stressor at both local and whole-basin scales (SI Text).
Interestingly, the spatial distribution of current restoration
investments is focused almost entirely on high-stress locations.
Among 33 long-standing areas of concern (AOCs), which are
often associated with polluted rivers (16), and 231 georeferenced
projects under the US Great Lakes Restoration Initiative
(GLRI) (4), most are in the highest quintile of CS (Fig. 4 4 and
B and Fig. S2). This pattern presumably reflects the spatial
correlation of most individual stressors with CS, including the
stressors for which remediation is a priority under the AOC and
GLRI programs. Although a focus on one or a few stressors may
identify important locations to target, use of a more compre-
hensive, multistressor approach increases the likelihood that
mitigation efforts will address all important stressors at a site.

Overlap of Ecosystem Services and CS. Comparing the spatial dis-
tributions of CS and ecosystem services reveals that locations
supporting Great Lakes fisheries and recreation are dispropor-
tionately stressed (Fig. 4C). In particular, the locations of bea-
ches, marinas, and perch spawning areas are strongly skewed
toward high-CS areas. These patterns reflect broad north-south
gradients in lake productivity and human population densities,
both of which peak in Lakes Erie, Ontario, and southern Lake
Michigan. Furthermore, high CS at bird-watching and charter
fishing sites results from the concentration of human impacts
along the shoreline and in wetlands and river mouths. In con-
trast, the skew in CS is lower for commercial fishing, which is
widely distributed throughout all lakes, and lake trout spawning,
which is concentrated in Lakes Michigan, Huron, and Superior,
where average CS values are relatively low.

Interpretation of the spatial coincidence of CS and ecosystem
services (Fig. 4C) depends on two assumptions: whether our
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multistressor index is an appropriate measure of stress to each
service, and whether all service locations actually deliver benefits
to people (ie., have service value). We recognize that not all
stressors affect a given service equally, so to test the first as-
sumption we identified a subset of stressors expected to most
directly and strongly influence each service. For example, we
identified three stressors strongly affecting birding (light pollu-
tion, road density, and coastal development), and 10 stressors
that have strong effects on commercial and recreational fish-
ing (Table S3). Consistent with our analysis based on the full CS
(Fig. 4C), services occur disproportionately in locations where
the most relevant subset of stressors indicates high stress levels
(Fig. 4D). As before, lake trout spawning and commercial fishing
show the least departure from the null case where service loca-
tions are randomly distributed with respect to CS. For all
services, departures from the null pattern are somewhat less
pronounced when considering only the most relevant stressors,
implying that mitigating a modest number of key stressors could
result in measureable improvements in benefits.

For several services, including birding, beaches, and the two
fish-spawning datasets, we did not have information on actual
delivery of the service. Birding sites are a small subset of high-
value sites identified by experts, or featured in birding festivals,
so the assumption that they are visited seems reasonable. Beach
visitation data are not available, but aerial views of beaches that
had the fewest people living within a 30-km radius revealed
campgrounds and road access for most, indicating that few if any
beaches are unvisited. Spawning locations are compiled from
historical data but are not individually monitored, so we must
assume that all of them contribute similarly to the recruitment of
these important fishery species.

In locations of high stress and low service provisioning, further
investigations will be needed to ascertain whether services have
always been low, or instead are currently suppressed by stressors.
Only in the latter case is restoration likely to lead to improve-
ments. Similarly, the cooccurrence of many service locations with
high stress (Fig. 4 C and D) requires further research to de-
termine if these services would benefit from restoration or are
sufficiently resilient to stress that restoration is unnecessary.
However, beach closings (17), sport fishery declines (18), and
other types of foregone recreational opportunities suggest that
stressor mitigation could indeed enhance service provisioning.
For example, a number of studies have found that improvements
in water quality result in increased benefits (19), consistent with
estimates that Great Lakes restoration efforts could yield returns
in excess of $50 billion beyond their costs (11). Although
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uncertainty remains about how decreases or increases in CS will
translate into changes in particular services, there is reason for
optimism that reducing ecosystem stress may provide tangible
benefits to the region.

Restoration Opportunities

Our analysis highlights the potential to broaden the current port-
folio of restoration projects by identifying locations of moderate-
to-high CS that are not currently targeted for restoration, as well as
sites not currently highly stressed that would benefit from miti-
gation of particular stressors. Particularly compelling opportuni-
ties arise when ecosystem services are high at sites where few
stressors must be alleviated to significantly lower CS. For example,
although most of Lake Ontario is in the highest quintile of CS,
both the number of stressors to be alleviated (e.g., Fig. 3B) and
levels of valued services vary widely among sites. The northeastern
end of Lake Ontario exemplifies the opportunity to address mul-
tiple services by mitigating fewer stressors. At the other end of the
CS spectrum, our approach enables identification of low-CS sites
where services are high. These places may also offer high return
on restoration investment because relatively few issues must be
addressed and much service value could be lost if their CS levels
were to increase.

Allan et al.

Joint analysis of CS and ecosystem services also suggests that
return on restoration investments may be low when high-CS sites
require remediation of many stressors yet currently provide few
services. Although our analysis focused on the limited set of
services for which spatial data are available, it uncovered a number
of current restoration project sites with high CS but low service
provisioning. These locations would not be identified as high pri-
orities based on a full analysis of stressors and services, although
they may offer other benefits for which we have not accounted.
Indeed, we advocate expanding the approach developed here to
encompass additional value frameworks, such as protecting un-
developed areas or species and habitats of concern, and we rec-
ognize that restoration decisions must account for a variety of
other factors such as economic costs, public perception, and eq-
uitable distribution of funding opportunities as well. Nevertheless,
spatial analysis of both CS and ecosystem services provides a fresh
perspective on prioritizing restoration sites and actions. Explicitly
accounting for ecosystem services may also enhance the willingness
of the public and policy-makers to support restoration efforts.

Conclusions

Given the large number of individual stressors included and the
robustness of our results in sensitivity analyses (Table S1, Fig. S3),
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Locations of current restoration efforts and valued ecosystem services coincide with areas of high CS in the Laurentian Great Lakes. Histograms of the

frequency of CS at 33 AOC (A) and 231 GLRI sites (B) show that these sites are predominantly in locations with high CS. (C) The cumulative frequency of CS in
locations of seven ecosystem services (sample sizes: beaches, 1,265; marinas, 445; birding, 297; charter fishing, 240; lake trout spawning, 1,143; yellow perch
spawning, 336). Each curve shows the proportion of sites at or below a given CS. All curves fall below the 1:1 line, indicating that these services occur in areas
of higher CS than expected at random. (D) The cumulative frequency of stress in locations of the same seven ecosystem services, where stress is estimated

using the most relevant subset of stressors specific to each service.

the patterns of ecosystem degradation revealed by our CS index
across the 244,000 km* of Great Lakes waters are unlikely to
change with additional information. Nonetheless, interpretation of
our results must recognize several limitations. We used a 1-km?
grid to resolve shoreline features, but variation in the native scale
of data and assumptions of stressor decay with distance from input
sources make our results most useful for identifying broad-scale
patterns. The spatial distributions of some important stressors
could not be quantified, including additional invasive and nuisance
species, recreational fishing, fish diseases, and emerging toxic
chemicals. Our CS index is additive because interactions among
stressors (20, 21) and nonlinear impacts on ecosystems are pootly
understood. For example, apex predators in Lake Huron have
collapsed following dreissenid mussel invasion (22), but this syn-
ergy cannot yet be predicted. Future assessments of ecosystem
services would benefit from comparative valuation data and from
direct evidence of service response to stressor mitigation, both of
which are major gaps in current understanding of the Great
Lakes and other ecosystems. Finally, economic costs and politi-
cal constraints strongly influence real-world restoration decisions
(12, 14), but are beyond the scope of our analysis.

Enormous societal investments in restoration of the Great
Lakes and other critical ecosystems are underway, providing
high-profile tests of our ability to improve ecosystem conditions
and human well-being. Prioritizing on-the-ground actions within
these efforts is challenging when dozens of stressors are in play
and their relative importance varies in space. High-resolution
spatial analysis is an effective approach for assessing human
impact on ecosystems at global (7, 8) to regional (23) scales, and
can assist restoration efforts by identifying the full range of
stressors that degrade ecosystem condition at any given site.
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Here, we extend this approach to account for ecosystem services
and place current restoration efforts in a multistressor context.
Our results show that additional restoration investments in the
Great Lakes are warranted, and provide a means of targeting
them at the stressors and sites where societal and ecological
benefits would be maximized.

Materials and Methods

We assembled data for 34 stressors likely to have adverse impacts on species,
biological communities, or ecosystem dynamics across the entire surface of
the Great Lakes, excluding connecting channels (S/ Text). Stressors were
mapped at a 1-km? resolution to adequately represent shoreline and
bathymetric features of the lakes. Datasets used to generate individual maps
differed in their native resolution (Table S2), and we used standard geo-
spatial methods for resampling and interpolation to convert them to a
common grid (S/ Text). When original dataset extents did not align with our
template because of boundary inconsistencies, small gaps with no data
values near the shoreline were filled in by interpolation.

We modeled the spatial footprint of stressors with influence beyond their
point of origin (e.g., sediment loads entering a lake from a river) in two ways
(SI Text). For stressors from tributary inputs, we modeled dispersal over
distance from the river mouth into the lake using an exponential decay
function with stressor-specific coefficients. For shore-based stressors, we
assumed that influence extended 1 km into the lake and transferred the
shore-side stressor value to the adjacent lake-side pixel. Although stressor
decay estimates are uncertain, we have used reasonable estimates based on
the literature and consultations with subject-area experts. To account for
the differential vulnerability of various habitats to each threat, we de-
veloped a habitat classification based on bathymetry, substrate composition,
and the locations of wetlands and river mouths (Fig. S4). We combined
wetlands and river mouths because many important wetlands within the
Great Lakes are associated with river mouths and to simplify the number of
categories needed for an expert survey. Using expert elicitation methods
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(24), we distilled survey responses from Great Lakes experts into quantitative
weightings of the relative impact of each stressor on ecosystem condition for
each lake and habitat type (S/ Text). Respondents were asked to consider
each stressor independently, and to not attempt to account for interactions
among stressors or generalizations about differential occurrence of each
stressor. The resulting weights for the 34 stressors pooled across habitats
ranged from 1.82-4.02 as proportional contributions to CS (Table S1). Al-
though surely imperfect, these weightings represent the synthesis of expert
opinion and are likely superior to the alternative assumption that all stres-
sors have equal impact.

The In[x + 1]-transformed value of each stressor’s intensity was multiplied
by its relative weight, pixel by pixel, and CS was computed additively as the
sum of the weighted stressors (8):

n
s =) Simy [l
i=1

where S; is the normalized stressor value at location i and y;; is the weight of
stressor j in ecosystem zone j, with n = 34 stressors and where j is one of 30
ecosystem zones (five lakes by six habitats). To examine the robustness of
our results, we performed a variety of sensitivity analyses addressing both
procedural issues and data limitations. All sensitivity analyses were executed
at the pixel scale, and included tests of how spatial patterns of CS are af-
fected by different algorithms for standardizing data to a 0-1 scale, applying
equal or randomized weightings of stressors, and eliminating individual
stressors to mimic changes in data availability. Full details and analytic
results are presented in S/ Text.

Ecosystem services were mapped by synthesizing data on human uses of
the lakes that are directly linked to commerce and rely on the health of the
Great Lakes, including three recreational uses (beaches, marinas, and bird-
watching areas), two provisioning services (commercial and charter fishing),
and spawning areas for two important fishery species (lake trout and yellow
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CS for the aerial extent of the AOC or for a 5-km radius around its river
mouth when an AOC did not extend into the lake. Of the > 600 GLRI projects
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focus areas, and locations. Most projects involved restoration activities in the
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