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a b s t r a c t

The rapidly progressing field of cumulative effects mapping is highly dependent on data quality and
quantity. Availability of spatial data on the location of human activities on or affecting the ocean has
substantially improved our understanding of potential cumulative effects. However, datasets for some
activities remain poor and increased access to current, high resolution data are needed. Here we present
an updated analysis of potential cumulative effects in Canada’s Pacific marine waters. New, updated
datasets and methodological improvements over the previous analysis were completed, including a new
index for land-based effects on marine habitats, updated habitat classes and a modified treatment of
vulnerability scores. The results show increased potential cumulative effects for the region. Fishing
remains the biggest overall impact amongst marine activities, while land-based activities have the
highest impact per unit area in affected ocean areas. Intertidal areas were the most affected habitat per
unit area, while pelagic habitats had the highest total cumulative effect score. Regular updates of
cumulative effects assessments will make them more useful for management, but these require regularly
updated, high resolution datasets across all activity types, and automated, well-documented procedures
to make them accessible to managers and policy-makers.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

As human populations continue to grow, especially in coastal
areas, people’s uses of, and impacts on, marine ecosystems are also
increasing. Cumulative effects – where multiple stressors originat-
ing from various human activities overlap – are a well-recognized
issue in marine systems, and although our understanding is still
rudimentary, the field is quickly advancing. To date, studies have
explored potential cumulative effects on habitat types in marine
systems at global [1,2] and regional scales [3–9]. More recently,
similar techniques have been applied to species [10] and ecosys-
tem services [11]. Continued advances of the science of cumulative
effects make such efforts increasingly relevant for planning and
management decisions.

Understanding potential cumulative effects in a specific geography
is only as good as the quantity and quality of data available on human
activities and habitats, as well as the underlying foundational

understanding of the vulnerability of these habitats to human
activities [12]. Mapping potential cumulative effects relies on spatial
data of human activities to represent where stressors are occurring.
This approach is commonly referred to as “cumulative impact”
mapping, but the term “potential cumulative effects” is used here
(hereafter just “cumulative effects”) rather than impacts, because
impacts are hypothesized and have not been directly observed. Data
on where human activities occur in the ocean are varied and uneven.
The ideal dataset is recent, spatially precise with a high resolution, has
spatial coverage consistent with the study area, and has an associated
measure of relative intensity (fishing effort hours, ship transits, usage,
etc.). In reality, such ideal datasets are often lacking and therefore any
analyses conducted using the best available data may include dated
activity data for differing timescales and ranges. Uneven input data
makes it difficult to have current and consistent cumulative effects
estimates and hinders progress toward results with consistent time-
scales approximating real interactions between stressors.

Despite these limitations, cumulative effects assessments have
the potential to inform conservation planning and ecosystem-based
management, yet to date such mapping efforts are largely limited to
static snapshots. Canada’s Pacific region is one area where marine
cumulative effects mapping has been carried out [5,13]. Data avail-
ability and quality has improved since the last study was completed,
primarily due to marine planning and analysis efforts [14]. Increased
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regional data availability provides an opportunity to fill some of the
gaps in previous efforts. An updated cumulative effects analysis for
Pacific Canada (British Columbia) has been completed, incorporating
recent and additional data on human activities, and making meth-
odological improvements to better account for land-based and fish-
ing activities. The current analysis represents the third iteration of
cumulative effects mapping in the Canadian Pacific Coast, building
the foundation for a time series dataset useful for management and
policy.

2. Materials and methods

The spatial location of human activities and habitats weighted by
their vulnerability to each activity were combined in a GIS model to
map cumulative effects following methods developed by Halpern and
colleagues [1] and subsequently applied by Ban et al. [5] (Supple-
mentary section: Cumulative effects analysis; Supplementary Fig. 1).
Total cumulative effects scores, as well as the mean effects scores for
all of British Columbia’s (B.C.) marine waters were calculated. Mean
and total cumulative effects scores were compared for land, coastal,
marine and fishing activities (Table 1), for each individual human
activity and by habitat type. The relative rankings of the updated
analysis were qualitatively compared to the original results [5]. All
data preparation and analysis was performed in ArcGIS 10.1 (ESRI
Environmental Systems Research Institute).

The cumulative effects analysis presented here has four important
improvements and modifications over the previous analysis [5]:
(1) New and updated human activity data were included; (2) the
method to assess the marine impact of land-based activities was
improved; (3) habitat classes were updated; and (4) vulnerability
scores were modified to better reflect likely impacts on marine
ecosystems in the region. The following sections present an overview
of the methods of cumulative effects mapping and additional details
on the key changes from the previous mapping effort [5].

2.1. New and updated data on human activities

Since the previous analysis, additional activity layers became
available, allowing for improved characterization of cumulative
effects in the region. Spatial data for 47 human activities were
used in the analysis (Table 1; Supplementary Table 1): 16 activity
layers of those originally included in the 2010 dataset [5], updated
information for 25 layers, and six new layers: commercial halibut
fishing, commercial sardine fishing, recreational boating routes,
land-based pipelines, paved and forestry roads. Eight activity
datasets were split finer or differently than those in the original
analysis: sport fishing was split into (1) crab trap, (2) prawn and
shrimp trap, (3) anadromous hook and line, and (4) groundfish
hook and line; salmon net was split into gillnet and seine; herring
roe was split into gillnet and seine; and ports were split into ports
and marinas. Two activities in the original analysis were not
included here: commercial squid and dogfish fisheries. The com-
mercial squid fishery data were not included because it covered a
very small area and contained some ambiguous information. The
dogfish fisheries were not included as a separate dataset because
they are included in the Schedule II fishery [17].

Fishing, marine (i.e., other than fishing), coastal, and land-
based activities were treated in slightly different ways to reflect
their respective pathways of potential impact to marine waters
(Table 1). Commercial fisheries activities used the footprint of the
activity restricted to depths and substrates used by each fishery
(e.g. groundfish bottom trawl fleets generally operate in deep
waters, while divers generally harvest geoduck from soft sub-
strates in shallow waters less than 30 m deep). Fishing activity was
more precisely mapped by weighting fishing effort hours (where

available) and distributing them according to the area of each
habitat class in a grid cell. For example, if fishing occurred in only
one habitat class within the grid cell, all effort was distributed to
the relevant habitat only (Fig. 1). As in the 2010 analysis [5],
marine activities (aquaculture, disposal at sea, recreational boating
routes) were subjected to kernel density decay. Commercial
shipping was mapped using a noise propagation model (devel-
oped by Erbe and colleagues [16]), as underwater noise was
considered the predominant stressor. Coastal activities (human
settlements, ports, marinas, industrial sites) were treated as point
source impacts and also subjected to kernel density decay.

2.2. Modelling the effects of land-based activities

Impacts from land-based human activities are difficult to include
in marine analyses. A watershed activity index was developed that
could be calculated for each human activity occurring on land (8 in
total) using readily available spatial data for the region. It was
conservatively assumed that the largest streams (i.e. those with the
largest volumes and the fastest flows) would have the highest
probability of carrying sediment and nutrient loads all the way to
the estuary. The index therefore included only watersheds with
rivers with large stream orders (6 or higher, out of 8 stream orders)
with a marine outlet into BC waters [18,19]. For each land-based
activity (e.g. agriculture, industry, mining, forestry), the density of the
activity in the watershed was calculated (Supplementary Fig. 2).
These values were binned into one of three relative intensity
categories (high, medium, low) based on that activity’s densities
across the region. The relative intensity value for each human activity
was used to seed the kernel density decay at the mouth of each
estuary for the watershed (Supplementary Fig. 2. The radius of the
kernel density decay was set by the maximum size of the freshwater
plume for that stream order from published literature and satellite
images (Stream order 6¼10 km; 7, 8¼20 km; 9¼30 km).

2.3. Updated habitat classes

Building on the methodology described in 2010 [5], the habitat
classes were updated to include hexactinellid glass sponge reefs,
habitat-forming reefs unique to BC waters [20], and six intertidal
habitats (Supplementary Fig. 3). As in the previous analysis, the
dataset was divided into three broad habitat classes: the benthos
(characterized via depth and substrate), the shallow pelagic waters
(top 200 m of the water column) and deep pelagic waters (deeper
than 200 m), with 26 habitats in total (Supplementary Fig. 3). In
contrast to 2010, biogenic habitats were layered on top of physical
habitats so that physical habitat classes and biogenic habitats
could occur in the same place. This method considers the impact
on both the physical habitat (e.g. soft shelf) as well as any biogenic
habitats that occur there (e.g. eelgrass beds) in order to better
capture the impact of activities that cause the effective removal of
biogenic habitats.

2.4. Use of vulnerability score

The vulnerability of marine habitats to stressors associated
with human activities were developed by Teck and colleagues [15],
using survey-based expert opinion methods. Habitat classes in the
study region were matched with corresponding habitats evaluated
in the vulnerability study [15] (Supplementary Table 4). As in Ban
et al. 2010, the predominant stressor from each activity was
determined from literature review and used to link the activity
to a vulnerability score [15] (Table 1). Vulnerability scores from the
California Current region [3] were used as this was the closest
similar ecological regime with scores available. Hexactinellid
sponge reefs were assigned vulnerability scores for Seamounts,
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the closest habitat resembling sponge reefs (Ben Halpern, NCEAS,
pers. comm.).

Vulnerability scores for fishing datasets were modified to incor-
porate the effect of gear types specific to each fishery, which differed
in some cases from the global and California surveys. These were

calculated by modifying the vulnerability scores with severity scores
of fishing gear types[21], which were based on a Canadian fishing
gear impact assessment [22] (Supplementary Table 5). In contrast to
previous efforts, the impact of fishing vessels themselves were an
additional activity layer where fishing activities occurred, as was done

Table 1
Human activity layers included in the analysis, corresponding stressor from [15], update status compared to previous analysis [5] and description.

Human activity Stressor Update Description

Land Watershed activity index
Agriculture Nutrient input: into mesotrophic waters Updated
Human settlements Pollution input: urban runoff Updated
Forestry cutblocks Sediment input: increase Updated
Forest service roads Sediment input: increase New
Industrial tenures Pollution input: inorganic Updated
Mining Pollution input: organic Updated
Paved roads Sediment input: increase New
Pipelines Sediment input: increase New

Coastal Kernel density decay
Human settlements (coastal) Pollution input: urban run off Updated
Industrial tenures (coastal) Pollution input: inorganic Updated
Log booms Marine component of forestry operations Updated
Marinas Ocean pollution Split Previously together as “Ports, Marinas,

Moorage”
Ports Ocean pollution Split
Pulp and paper mills Ocean dumping: toxic materials Original
Recreational fishing lodges Fishing: recreational Original

Marine Kernel density decay, except shipping
Aquaculture: finfish Aquaculture: finfish Updated
Aquaculture: shellfish Aquaculture: shellfish Updated
Disposal at sea Ocean dumping: marine debris Original
Recreational boat routes Tourism: recreational boating New
Shipping (large vessels) Shipping: commercial, cruise, etc. Updated Noise model [16]

Fishing Footprint only
Commercial fishing: crab trap Fishing: demersal non-destructive low

bycatch
Original

Commercial fishing: prawn trap Fishing: demersal non-destructive low
bycatch

Original

Commercial fishing: geoduck dive Fishing: demersal non-destructive low
bycatch

Updated

Commercial fishing: gooseneck barnacle dive Fishing: demersal non-destructive low
bycatch

Updated

Commercial fishing: green urchin dive Fishing: demersal non-destructive low
bycatch

Updated

Commercial fishing: red urchin dive Fishing: demersal non-destructive low
bycatch

Updated

Commercial fishing: octopus dive Fishing: demersal non-destructive low
bycatch

Updated

Commercial fishing: scallop dive/trawl Fishing: demersal destructive Updated
Commercial fishing: sea cucumber dive Fishing: demersal non-destructive low

bycatch
Updated

Commercial fishing: sablefish trap Fishing: demersal non-destructive low
bycatch

Original

Commercial fishing: sablefish longline Fishing: demersal non-destructive high
bycatch

Original

Commercial fishing: halibut hook and line Fishing: demersal non-destructive high
bycatch

New

Commercial fishing: schedule II (other groundfish spp.) hook
and line

Fishing: demersal non-destructive low
bycatch

Original

Commercial fishing: ZN (rockfish) hook and line Fishing: demersal non-destructive high
bycatch

Original

Commercial fishing: groundfish bottom trawl Fishing: demersal destructive Updated
Commercial fishing: shrimp trawl Fishing: demersal destructive Original
Commercial fishing: herring seine Fishing: pelagic high bycatch Updated
Commercial fishing: herring roe gillnet Fishing: pelagic high bycatch Split Previously “Herring roe”
Commercial fishing: herring roe seine Fishing: pelagic high bycatch Split Previously “Herring roe”
Commercial fishing: krill seine Fishing: pelagic high bycatch Updated
Commercial fishing: salmon gillnet Fishing: pelagic high bycatch Split Previously “Salmon”
Commercial fishing: salmon seine Fishing: pelagic high bycatch Split
Commercial fishing: salmon troll Fishing: pelagic low bycatch Updated
Commercial fishing: sardine seine Fishing: pelagic high bycatch New
Commercial fishing: vessel Tourism: recreational boating New
Sport fishing: crab trap Fishing: recreational Split Previously “Sport fishing”
Sport fishing: prawn and shrimp trap Fishing: recreational Split Previously “Sport fishing”
Sport fishing: anadromous hook and line Fishing: recreational Split Previously “Sport fishing”
Sport fishing: groundfish hook and line Fishing: recreational Split Previously “Sport fishing”
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in a recent risk assessment for the region [23]. For all fishing activities
that occur in deep or benthos habitat classes, the fishing activity
vulnerability score was assumed to impact the benthos, while the
activity associated with the fishing vessel was assumed to impact the
shallow pelagic and was assigned the vulnerability score for “Tourism:
recreational boating” (the closest equivalent to a fishing vessel in the
survey). For pelagic fishing activities, it was assumed that connectivity
between depth strata exists, and associated effects such as trophic
cascades occur. All pelagic fishing were therefore assumed to impact
both deep and shallow pelagic habitats regardless of which depth the
fishing gear is set. In contrast, the previous analysis included impact
from fishing at all three depth zones (shallow, deep and benthic) but
used the vulnerability score for the fishing activity.

3. Results

Cumulative effect (CE) scores in Canada’s Pacific Ocean ranged
from highly to minimally affected (from 0 to 106), with higher
scores on the shelf than in the open ocean (Fig. 2a). Coastal areas
had the highest cumulative effects in both the original and
updated analysis (Fig. 2). The updated analysis showed highest
CE scores for waters in and around the estuaries of the Fraser River
in the south, near the large city of Vancouver (not a hot spot in the
previous analysis), and the Skeena River in the north. The updated
analysis had higher CE scores than the previous one because
activity and habitat layers were added, and vulnerability scores
have been treated differently; thus the results are not directly
comparable. Marine and fishing activities have cumulative effects
on a large portion of Canada’s Pacific waters (Table 2). In contrast,
coastal and land activities have smaller footprints but have high
cumulative effects in localized areas (Table 2; Fig. 3). The highest
total CE scores were from fishing followed by non-fishing marine
activities (Table 2). The highest CE score per square kilometer was
for land-based activities (3.52 CE score/km2) followed by fishing
(1.20 CE score/km2).

The human activity with the highest CE score (across all habitats)
and footprint (450,368 km2) was salmon trolling, a commercial hook
and line fishery; but is an artifact of poor data quality (Supplementary
Fig. 4). Salmon trolling is known within the region as an imprecise
dataset. This dataset is causing artifacts in the cumulative effects

maps, showing as large blocks in northern BC and off the western
coast of Vancouver Island. Because of the generalized nature of
pelagic habitats, the effort from this pelagic fishery could not be
redistributed and remains spatially imprecise. The second highest CE
score and activity footprint was commercial shipping (447,666 km2).
The activities with the highest CE score per square kilometer were
commercial salmon fishing of three gear types: gillnet (1.64), seine
(1.28), and troll (0.72).

The habitat with the highest total CE score was Shallow Pelagic,
followed by Unidentified Deep, and Deep Pelagic; these three habitats
also have the largest footprints. The highest CE score per square

Fig. 1. Illustration of improvements to the assignment of effort for fishing datasets,
using geoduck fishing effort as an example. (a) The previous methods use a
4�4 km grid with effort assigned to the entire grid cell, (b) The updated methods
weight fishing effort according to the area of each habitat class in a grid cell so that
geoduck fishing effort data from the 4�4 km data were distributed only to the
polygons where soft shallow habitats were located. This can result in a change in
cumulative effect score because effort becomes concentrated in small areas of
suitable habitat, increasing fishing intensity. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Cumulative effects (CE) scores for entire study area. (a) Updated analysis and
(b) original Ban et al. 2010 (Reprinted from Marine Policy). For both panels, cooler
colors are low impact, warmer colors are high impact. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 2
Total cumulative effect scores, footprint and CE score/km2 of activity classes.

Activity class Total score Footprint (km2) CE Score/km2

All fishing 543,421.3 453,051.7 1.20
Benthic fishing 121,659.5 144,779.3 0.84
Pelagic fishing 393,420.5 450,818.0 0.87
Sport fishing 28,341.3 48,565.4 0.58
Coastal 28,034.3 37,084.7 0.76
Land 9,912.1 2,816.9 3.52
Marine 203,272.8 448,197.0 0.45
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kilometer, however, were those for Intertidal habitats: Unidentified
Intertidal (19.46 CE score/km2), Mudflat Intertidal (14.58 CE score/
km2), Soft Intertidal (11.74 CE score/km2) and Beach Intertidal (11.46
CE score/km2). The deep water Hexactinellid sponge reefs had
relatively low total CE scores (113.17) with potential cumulative effects
from only a few activities: disposal at sea, commercial fisheries
(groundfish trawl, halibut hook, ZN rockfish hook and line, and prawn
trap) and sportfishing (anadromous fish, crab and groundfish).

4. Discussion

4.1. Cumulative effects in the Canadian Pacific

Cumulative effects mapping is a relatively new scientific
endeavor with extensive data requirements, and thus to date
analyses have been limited to single snapshots [1–8]. Methodolo-
gical improvements in the current analysis have increased the
precision and resolution of the cumulative effects scores for
Canada’s Pacific Ocean, providing a qualitative update of cumula-
tive effects in the region and making them more useful for
management of human activities and marine spatial planning.
Taken together, the two analyses are not indicative of change over

time but will be useful in establishing consistent methodology that
will allow comparisons through time.

The Strait of Georgia in southern BC remains an area of high
potential impact and complex ecosystem changes have been docu-
mented across species and trophic levels for the area [24]. The
updated analysis also highlighted the marine waters near Prince
Rupert and the Skeena estuary in northern B.C. The nearby land and
coastal areas are the location of a large number of proposed large
industrial projects [25] and if approved, the interaction between the
high potential cumulative effects already occurring and those in the
future could cause significant ecosystem impacts.

Continually emerging knowledge of the ecosystem and the effects
of human activities inspired several methodological improvements.
The watershed activity index for land-based human activities is an
advance on the previous iteration [5], taking account of the presence
and density of human activities on the landscape (similar to earlier
methods [1,3]). Yet further improvement of the watershed activity
index could be made. For instance, here the spatial extent of the land
impact was limited to the size of the freshwater plume, but does not
account for temporal variability [26] or stressors that disperse greater
distances (e.g. marine debris up to 100 km from the source [27]. The
watershed activity index could also be modified to better capture the
sediment trap properties of lakes [28] so that the contribution of

Fig. 3. Cumulative effects score by activity class (a) marine, (b) fishing, (c) coastal, and (d) land. Note that the colors are the same but the values differ across the panels.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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forestry activities above a lake, for example, could be decreased when
calculating the forestry activity’s watershed index.

Similarities and differences emerged between the previous [5] and
updated analyses. Cumulative effect scores were not directly compar-
able because of methodological modifications, but qualitative com-
parisons can be made. The relative rankings of activities and stressors
remained similar between the two analyses. The updated analysis
showed that commercial fishing, especially salmon troll and gillnet,
remained in the top impacts (though these datasets remain spatially
imprecise). Land-based mining was a top stressor in the original
analysis, but land-based activities in general had lower cumulative
effects scores in the updated analysis, a result of the use of a
watershed activity index with a smaller marine footprint. They did
however, have a high impact per unit area, suggesting that where
they occur they can have high localized impacts. Relatively little is
known about the impact of land-based activities on marine environ-
ments and the cumulative nature of the stressors combined with the
disconnect between source and impact makes them particularly
difficult to manage and mitigate [29,30].

Coarse and varying resolution of data for many human activities is
a challenge identified by Halpern and Fujita [12] and remains a
limitation for several datasets in the current analysis. Data quality and
availability varies dramatically between activity classes for this region.
Provincially-held datasets (forestry, aquaculture, and industrial sites)
are regularly updated (at least yearly) and released to the public while
federal datasets (fisheries, shipping) tended to be older and less
spatially precise. The disadvantage of assuming coarse data are
uniformly distributed and downscaled to finer resolutions – as done
here, following Halpern and Fujita [12] – is that it can mislead about
the level of data quality. The large blocks of fishing effort are an
example of known spatial overestimation that could be addressed
with the release of fine-resolution data. Ideally, the same level of
resolution should be used for all datasets. Efforts should be made to
release updated data at least yearly in order to increase the accuracy
and usefulness of cumulative effects assessments [31].

4.2. Future research directions

Continued methodological and data improvements enhance our
understanding of cumulative effects and while the current methodo-
logical update addresses some limitations, challenges remain [12].
Cumulative effects maps tend to conflate stressors and activities/
drivers as data usually exists on either stressors (such as pollution
levels) or activities (such as fishing effort) but not both [12]. The
methodology used here and in past studies assigns a single stressor
for each activity, whenmultiple stressors can result from each activity.
Additional stressors associated with each activity, not included in the
analysis, means that the current methodology is probably an under-
estimate of the cumulative effects experienced by ecosystems.

Common across cumulative effects models has been the assump-
tion that effects are additive and that mapping represents in-water
effects. Different interaction types are common [32,33] and predicting
them without experimentation is difficult [34]. More research is
required to determine the types and magnitude of interactions
between key stressors (e.g. climate change and fishing) in Pacific
waters and around the world. Cumulative effects mapping remains an
approximation of the actual cumulative impacts from human activ-
ities. There is limited information on the impact of single stressors
and even less on multiple stressors in the laboratory and the field
[32]. Field testing of ecosystem health in relation to cumulative effects
is still required in order to determine the absolute value of cumulative
effects scores [12]. Even in the absence of this information, cumulative
effects mapping can be useful in setting acceptable social and
ecological thresholds of impact for the effective management and
regulation of human activities to preserve biodiversity and ecosystem
function.

Despite limitations, mapping cumulative effects can identify areas
of relatively low impact for protection or areas of high impact for
restoration. If the resolution of data are sufficient, it can also inform
the management of individual activities in the context of cumulative
effects from other activities and global stressors such as those
resulting from climate change [35]. Thus far, cumulative impact
mapping has remained an academic analysis and, to our knowledge,
has not been used in cumulative effects assessments in environmen-
tal assessment or land-use planning. Cumulative effects assessment
frameworks developed for B.C. [36,37] could make use of the analysis
shown here as an operational tool to connect activities occurring now
and those planned for the future to potential cumulative effects on
ecosystem components of interest.
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