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Seabirds in the Labrador Sea
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" Wildllife Research Division, Science and Technology Branch, Environment and Climate Change Canada, Mount Pearl, NL,
Canada, 2 Canadian Wildlife Service, Environment and Climate Change Canada, Dartmouth, NS, Canada

Seabirds are vulnerable to incidental harm from human activities in the ocean, and
knowledge of their seasonal distribution is required to assess risk and effectively inform
marine conservation planning. Significant hydrocarbon discoveries and exploration
licenses in the Labrador Sea underscore the need for quantitative information on seabird
seasonal distribution and abundance, as this region is known to provide important
habitat for seabirds year-round. We explore the utility of density surface modeling (DSM)
to improve seabird information available for regional conservation and management
decision making. We, (1) develop seasonal density surface models for seabirds in the
Labrador Sea using data from vessel-based surveys (2006-2014; 13,783 linear km
of surveys), (2) present measures of uncertainty in model predictions, (3) discuss how
density surface models can inform conservation and management decision making,
and 4) explore challenges and potential pitfalls associated with using these modeling
procedures. Models predicted large areas of high seabird density in fall over continental
shelf waters (max. ~80 birds-km~2) driven largely by the southward migration of murres
(Uria spp.) and dovekies (Alle alle) from Arctic breeding colonies. The continental
shelf break was also highlighted as an important habitat feature, with predictions of
high seabird densities particularly during summer (max. ~70 birds-km~2). Notable
concentrations of seabirds overlapped with several significant hydrocarbon discoveries
on the continental shelf and large areas in the vicinity of the southern shelf break, which
are in the early stages of exploration. Some, but not all, areas of high seabird density
were within current Ecologically and Biologically Significant Area (EBSA) boundaries.
Building predictive spatial models required knowledge of Distance Sampling and GAMs,
and significant investments of time and computational power—resource needs that are
becoming more common in ecological modeling. Visualization of predictions and their
uncertainty needed to be considered for appropriate interpretation by end users. Model
uncertainty tended to be greater where survey effort was limited or where predictor
covariates exceeded the range of those observed. Predictive spatial models proved
useful in generating defensible estimates of seabird densities in many areas of interest to
the oil and gas industry in the Labrador Sea, and will have continued use in marine risk
assessments and spatial planning activities in the region and beyond.

Keywords: predictive spatial models, conservation planning, seabirds, density surface models, Labrador Sea

Frontiers in Marine Science | www.frontiersin.org 1

May 2017 | Volume 4 | Article 149


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
https://doi.org/10.3389/fmars.2017.00149
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2017.00149&domain=pdf&date_stamp=2017-05-22
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:dave.fifield@canada.ca
https://doi.org/10.3389/fmars.2017.00149
http://journal.frontiersin.org/article/10.3389/fmars.2017.00149/abstract
http://loop.frontiersin.org/people/392353/overview
http://loop.frontiersin.org/people/436405/overview
http://loop.frontiersin.org/people/433826/overview













Fifield et al. Predictive Models Inform Conservation Planning

FIGURE 2 | Seasonal predicted densities of all seabirds based on Generalized Additive Models (GAMs). Areas of extrapolation beyond the range of model
covariates are indicated with crosshatching. Seasons are defined as Summer (June-August), Fall (September—October), Winter (November—March), and Spring
(Apri-May).

respectively. During fall, relatively high densities were predicted  portion of the Saglek Bank and Labrador Trough exceeded
throughout the Labrador Shelf, from the Saglek and Nain Banks ~ 50-75 birds-km ™2 in fall. Areas with high predicted densities in
south to the Labrador Trough. Predicted densities in a substantial ~ fall overlapped with several significant hydrocarbon discoveries
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FIGURE 3 | Seasonal bird observations and coefficient of variation (CV) for predicted densities of all seabirds based on Generalized Additive Models
(GAMSs). Seasons were defined as Summer (June-August), Fall (September-October), Winter (November-March), and Spring (April-May).

on the Labrador Shelf (Figures1, 2). Somewhat lower bird in the predictions. During winter, the model predicted high
densities were predicted in offshore regions in fall; however,  densities (>25 birds-km~2) all along the continental shelf break.
the lack of survey coverage in these areas lowers confidence In summer, mean density was 15.3 (0.25) birds-km~2 and
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TABLE 2 | Seasonal densities and population estimates (to the nearest 100,000) excluding ice-covered areas for the entire study area and for the area

without extrapolation beyond range of model covariates (see Figure 2).

Whole study area

Area without extrapolation beyond covariate limits

Season Density (CV) Population Estimate (CV) Density (CV) Population estimate (CV)
(95% CI) (birds-km=2) (95% CI) (95% CI) (birds-km=2) (95% CI)

Spring 9.0 (0.26) 2,700,000 (0.26) 9.2 (0.26) 2,600,000 (0.26)
(5.5-14.8) (1,600,000-4,400,000) (5.6-15.0) (1,600,000-4,300,000)

Summer 15.3 (0.25) 6,400,000 (0.25) 15.4 (0.25) 6,300,000 (0.26)
(9.4-25.0) (3,900,000-10,500,000) (9.4-25.2) (3,900,000-10,300,000)

Fall 33.9 (0.26) 15,400,000 (0.26) 37.2 (0.25) 9,500,000 (0.25)
(20.4-56.2) (9,300,000-25,500,000) (22.3-60.6) (5,800,000-15,400,000)

Winter 21.6 (0.37) 5,300,000 (0.38) 22.8 (0.35) 4,100,000 (0.35)
(10.6-43.7) (2,600,000-10,900,000) (11.8-44.0) (2,100,000-8,000,000)

particularly high densities were also predicted along the shelf
break, with a noticeable peak in the very north. The regional
seabird population estimate in summer was 6.4 million (95%
CI: 3.9-10.5 million). Predicted densities and numbers of birds
were lower overall during spring, and averaged 9.0 (CV = 0.26)
birds-km™2 and 2.7 million (95% CI: 1.6-4.4 million) birds
(Table 2). Mean (range) CVs (6 x 6 km cells) were 0.19 (0.13-
1.14) in spring, 0.20 (0.14-1.50) in summer, 0.19 (0.11-0.52) in
fall, and 0.36 (0.16-0.85) in winter (Figure 3).

Sensitivity Analysis

Density and abundance estimates were insensitive to removal of
individual model terms; confidence intervals for these quantities
all overlapped extensively for all models (Supplementary
Figure 2). The spatial density pattern was also similar across
all models, with the greatest differences evident in fall for
models without Dist1000 and Season (Supplementary Figure 3).
Likewise, spatial uncertainty patterns were similar across all
models except during fall for the model without Dist1000
where uncertainty off the continental shelf (where there was
no sampling) was greater than in other models (Supplementary
Figure 4).

Modeling and Interpretation Challenges
Areas of extrapolation where the values of environmental
predictors were beyond the range of those covariates in the
model occurred to varying degrees across seasons (crosshatched
in Figure 2). In the majority of cases, this was caused by a lack
of vessel-survey coverage in those water depths during those
seasons. Predicted densities in these areas must be interpreted
with extreme caution. This is of particular interest to the current
application since much of the continental slope and deep offshore
area, particularly in the southeast, is in the early stages of
hydrocarbon exploration. The lack of survey coverage in these
regions highlights a priority data gap.

DSM fitting, spatial prediction and variance computation was
both CPU and memory intensive. For example, this process
typically required 1-2 h for a single run to complete on a Lenovo
laptop with an Intel Core i5-3320M processor running at 2.6 GHz
with 8 GB ram utilizing all four processors in parallel. During the
per-cell prediction and variance calculation steps the R process

memory requirements typically grew to more than 4 GB ata 6 x
6 km scale. Attempts to compute the variance ata 2 x 2 km scale
failed when R attempted to allocate more than 96 GB of memory.

DISCUSSION

The purpose of this study was to explore the utility of DSM
to inform conservation and management needs of seabirds
in the Labrador Sea. This is of particular importance given
domestic and international commitments to protect 10% of
coastal and ocean areas by 2020 (CBD, 2010) and the regional
increase in industrial activity. Using at-sea seabird survey data
collected onboard ships of opportunity, seasonal models of
seabird distribution and abundance were built throughout the
region. These will contribute to the baseline information needed
for quantitative environmental assessments which precede
development of the offshore hydrocarbon industry. While data
collection within oil and gas significant discovery license areas
themselves was sometimes sparse, by utilizing this relatively
recent statistical approach (Miller et al., 2013), models built from
data collected in nearby regions enabled plausible predictions
of seabird densities throughout much of the area of interest.
We expect these outputs will inform future conservation and
management decision making in the Labrador Sea and contribute
to conservation targets. In addition to marine protected area
planning and offshore oil and gas exploration and production,
understanding risks from shipping (and associated risk of
hydrocarbon releases) and mortality from fishing activities can
all be improved by these models.

Our results indicate millions of seabirds use the Labrador
Sea at all times of year, with especially high concentrations
over the shelf regions in the fall. This is consistent with known
migration patterns of seabirds in the North Atlantic. Many of the
3 million breeding thick-billed murres from Canadian colonies
(Gaston et al., 2012) migrate along the Labrador Shelf to winter
in low arctic regions (McFarlane Tranquilla et al., 2013) and
large numbers (~850,000) of thick-billed murres from colonies
spanning the eastern and western North Atlantic winter in the
Labrador Sea (Frederiksen et al., 2016). Similarly, black-legged
kittiwakes from colonies spanning the North Atlantic use the
Labrador Sea in winter, especially waters off the shelf edge
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FIGURE 4 | Ecologically and Biologically Significant Areas (EBSA) within the study area (DFO, 2013).

(Frederiksen et al., 2012). Dovekie are the most numerous seabird
in Northwest Atlantic waters, and millions of breeding birds from
West Greenland colonies migrate south through the Labrador
Sea to wintering grounds off Newfoundland (Fort et al., 2013).
In terms of conservation planning, our models have the
ability to inform and refine the boundaries of Ecologically and
Biologically Significant Areas (EBSAs) recently defined for the
Newfoundland and Labrador Shelves Bioregion (DFO, 2013;
Figure 4). The most recent EBSA delineation process for the
Labrador Shelf included seabird data collected from pelagic
surveys (DFO, 2013), but this data was very coarse and lacked

spatial and temporal coverage across much of the Labrador Sea
(Fifield et al., 2009). Our analysis shows the importance of the
fall migration period for seabirds, especially along the northern
parts of the shelf. Portions of this region are covered by the
Northern Labrador and the Hopedale Saddle EBSAs (DFO, 2013)
but important areas of ocean for seabirds between these two
EBSAs are not included. A portion of the important summer
concentration of seabirds along the shelf break at the northern
part of the study area is included in the Outer Shelf Saglek Bank
EBSA, and concentrations of wintering seabirds are within the
Labrador Slope EBSA, which covers a large stretch of ocean along
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the shelf edge in the middle of the study area (DFO, 2013).
As Canada progresses with Marine Protected Area planning
exercises to meet Convention on Biological Diversity (CBD)
targets (Secretariat of the Convention on Biological Diversity the
Scientific Technical Advisory Panel—GEF, 2012), our results can
be used to further refine EBSA and subsequent Marine Protected
Areaboundaries. Since these models have a temporal component,
boundaries can be created that are dynamic, for example they
may change with seasons, or can be changed if future data
indicates a significant shift in marine bird concentrations.

Our analysis considered all seabirds in the Labrador Sea
combined. However, different seabird guilds have different
relative risks to specific types of threats in the marine
environment (e.g., Wiese and Robertson, 2004; Good et al., 2009;
O’Hara et al., 2009; Hedd et al., 2016). Predictive modeling at
the guild or species level is important to inform risk and damage
assessments for seabirds (Le Rest et al., 2016; Fox et al., 2017).
Future studies should address this gap by constructing DSMs on
a per guild (or species) basis to better inform management and
conservation for marine birds in the Labrador Sea.

A number of static (Bathymetry, BathyG, Dist1000) and
dynamic (EKE, SST, SSTG, SSH) oceanographic features we
selected were retained in the model as predictors of seabird
densities and explained 18% of deviation in the data. Previously,
several of these features had been identified as important
predictors of at-sea densities for other top predators (Mannocci
et al., 2016). This clearly, and not unexpectedly, indicates that
the density of seabirds are not uniform in time or space on the
Labrador Sea, and smaller scale estimation will provide better
estimates of seabird density at scales relevant to marine resource
planners and to development of conservation policy. During fall,
high predicted densities occurred in relatively shallow waters
throughout the continental shelf. In both the summer and winter,
however, highest predicted densities occurred along the shelf
break and slope, habitat features which have been shown to
be important for seabirds in other regions (Catard et al., 2000;
Croxall and Wood, 2002). Specific to oil and gas exploration,
significant discovery licenses which are on the continental shelf
midway along the Labrador coast, overlap with high predicted
densities of seabirds, notably in the fall. Predicted seabird
densities in areas of interest to the oil and gas sector in the
southeastern part of the Labrador Sea identified large areas where
birds concentrated during fall and winter, and to a lesser extent
during spring and summer. However, in the fall, surveys were
restricted to the continental shelf, precluding us from obtaining
high confidence in the density estimates in these areas of interest
to the oil and gas industry. The best approach for addressing these
remaining data gaps would be a designed survey approach that
targets high priority areas, as opposed to opportunistic surveys.

Caution and an understanding of the uncertainty associated
with model predictions is vital when interpreting DSM-predicted
density output. To facilitate appropriate interpretation we
produced companion maps of associated uncertainty (in our
case, using the CV or coefficient of variation; see also Winiarski
et al, 2014; Mannocci et al, 2016), to be viewed alongside
fine-scale maps of predicted seabird densities. These maps are
to be interpreted in tandem, to highlight seasons and areas

where model predictions are associated with higher degrees of
uncertainty. In modeling seabirds in the Labrador Sea, the overall
range of per-cell CVs was modest with similar precision achieved
during spring, summer and fall, and lesser precision in winter
with relative differences being driven by seasonal sample sizes.
Within each season, the CV tended to increase toward the edges
of the study area where some covariates approached the limit of
their ranges and so corresponding predictions were less precise.

Large areas of ocean featured environmental extrapolation
beyond the range of model covariates, and predictions in these
areas must be interpreted with caution (e.g., in deep off-shelf
waters during fall and winter). The tendency for GAMs to
produce extreme predictions at or beyond the limits of covariate
values is well-known (Mannocci et al., 2016). For example, in a
previous modeling exercise (Fifield et al., 2016) we included the X
and Y coordinates (projected longitude and latitude, respectively)
as covariates in our GAMs. However, much of the study area was
outside the X and Y range of sampling in one or more seasons
leading to extreme predicted densities and low precision. It is
thus apparent that the choice of model covariates strongly affects
predicted densities and their precision. To draw the reader’s
attention to this fact in the current analysis, areas of extrapolation
have been crosshatched in the prediction surfaces (cf. Mannocci
et al,, 2016). It can be important to dig deeper and understand
which environmental predictor(s) cause the extrapolation, and
to what extent they affect predicted densities in such areas. For
example, during fall there is a considerable area of moderately
high predicted densities (up to 50 birds-km~2) in deep off-shelf
waters in the northeast where extrapolation is due to a lack
of seabird survey effort in deep waters. However, examining
the fall regression spline plot for Bathymetry from the GAM
output (Supplementary Figure 1) indicates that water depth
had no effect on predicted density during this season due to
a nearly flat relationship centered at 0. However, Bathymetry
was retained in the model due to a significant interaction effect
in other seasons. This highlights the tradeoffs inherent between
pooling all data in a single model with seasonal interactions vs.
modeling each season separately where data may be sparse in
some seasons. Instead, these high predicted densities are a result
of the Dist1000 model term. Thus an intimate knowledge of
modeled relationships may be required to interpret crosshatched
plots of environmental extrapolation (cf. Mannocci et al., 2016)
and this may guide the degree of caution required in interpreting
predictions in such areas. Nonetheless, a qualitative assessment
of prediction plausibility should be undertaken in the context
of other sources of distribution and abundance information (see
below and Mannocci et al., 2016).

Sensitivity analysis indicated that the model was relatively
insensitive to single-term deletions with density and population
estimate confidence intervals overlapping for all models. Likewise
spatial patterns of density and uncertainty (CV) were similar
across all models except for in deep off-shelf waters during fall
for 2 models; an area where bathymetric extrapolation occurred
due to lack of fall deep-water survey coverage. Improving survey
effort in this area would likely help to limit model sensitivity.

Residual spatial autocorrelation can bias analyses by inflating
Type I error rates, and a variety of statistical methods have
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been proposed to account for this fact (Dormann et al., 2007;
Bivand et al., 2015). Similar to Winiarski et al. (2013), un-
modeled residual autocorrelation was relatively low in this
study and we feel confident that it did not unduly bias our
results. Nonetheless, future work should investigate methods to
accommodate autocorrelation.

When deciding whether to use DSM, considerations include
the non-trivial commitments of time and computer resources
required to execute these complicated techniques. The time
required to fit and visualize prediction and uncertainty outputs
should not be underestimated, especially when comparing many
candidate models across multiple species groups (Fifield et al.,
2016). Computing variance for DSM predictions is memory
intensive, particularly for large study areas with small grid-cell
sizes and may stretch computing resources beyond available
limits. Approaches to streamline the process could involve using
multiple computers running in parallel, using a centralized high
performance computing server environment, or processing the
study area in a series of sub-areas and combining the results
(although this further complicates the analysis). The statistical
approaches involved in DSM are an active area of research
(Hedley and Buckland, 2004; Miller et al., 2013), but all are based
on advanced techniques and extensive experience and training
are required. These are not readily accessible to all and likely
help to explain the gap between having data and using data to
best inform critical environmental assessment processes, both in
the Labrador sea, and in other marine areas of concern where
survey coverage may be limited. These caveats notwithstanding,
we believe DSMs are a valuable approach to inform seabird
conservation over large areas of ocean where survey coverage is
incomplete, and would recommend that management agencies
develop capacity and expertise in this or similar predictive
modeling approaches.
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