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ABSTRACT: The Deepwater Horizon (DWH) oil spill was unprecedented in extent and duration,
and affected marine natural resources, including sea turtles, throughout the northern Gulf of
Mexico. Consequently, US federal and state Trustees documented and quantified oil exposure
and resulting injuries to sea turtles under the DWH Natural Resource Damage Assessment. At-sea
rescue operations focused on surface-pelagic juvenile sea turtles, which were especially at risk to
oil exposure within oceanic convergence zones, and provided direct observations of the degree
that turtles in this young life stage were exposed to DWH oil. In contrast, locations of larger neritic
juvenile and adult turtles were documented during aerial surveys, but because these turtles were
not captured, their oiling status could not be directly evaluated. Both the rescue operations and
aerial surveys were able to observe only a small fraction of sea turtles within the vast spill foot-
print. We developed a spatio-temporally explicit approach that used direct observations of oiled
surface-pelagic juvenile sea turtles and satellite-derived surface oil distributions to statistically
estimate the probabilities of oil exposure for all sea turtles that were present within the area of the
DWH spill, but whose oiling status was unknown. Our results enabled an expansion of exposure
and injury quantification across the entire DWH spill area and period. This approach was con-
ceptually straightforward and used common geospatial and statistical techniques, making it
applicable to other situations in which the full extent of oil exposure for marine natural resources
must be estimated from an incomplete sample.

KEY WORDS: Deepwater Horizon oil spill - Natural Resource Damage Assessment - Oil exposure -
Oil spills - Sea turtles

INTRODUCTION

Under the Oil Pollution Act of 1990, United States
(US) federal and state agencies charged with stew-
ardship of natural resources must quantify ‘injury’
(i.e. an observable or measurable adverse change in

*Corresponding author: bryan_wallace@abtassoc.com

a natural resource or impairment of a natural re-
source service) caused by oil spills as part of a legal
process called Natural Resource Damage Assess-
ment (NRDA). Damages quantified under the NRDA
process ultimately serve as the basis for restitution
required of the party(ies) responsible for the spill.
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Sea turtles—all species of which are federally lis-
ted under the US Endangered Species Act—were
among the key taxa assessed in the NRDA for the
Deepwater Horizon (DWH) oil spill, which contami-
nated a vast area of the northern Gulf of Mexico
(GoM) in 2010 after the massive release of oil and
other substances from BP’'s Macondo well (DWH
Trustees 2016a). The spill area overlapped with the
distribution of 5 species of sea turtles: Kemp's ridleys
Lepidochelys kempii, loggerheads Caretta caretta,
green turtles Chelonia mydas, hawksbills Eretmo-
chelys imbricata, and leatherbacks Dermochelys
coriacea (Wallace et al. 2010, Shaver et al. 2013, Hart
et al. 2014, Lamont et al. 2015).

A key metric of ‘injury’ under the NRDA frame-
work is the number of animals killed as a result of the
spill or related response actions. Sea turtles have
multiple life history stages with different (but not
completely discrete) distributions within the GoM, all
of which were susceptible to exposure to oil from the
DWH spill when it occurred in offshore waters,
spread into continental shelf areas, and washed onto
the coast (DWH Trustees 2016b). Consequently, the
NRDA required comprehensive consideration of all
life stages to determine the full nature and extent of
sea turtle injuries. Specifically, this study focuses on
surface-pelagic juvenile turtles, which are princi-
pally found in the oceanic zone, and neritic turtles,
which are larger juvenile and adult turtles typically
found in waters over the continental shelf and closer
to shore (Bolten 2003).

Surface-pelagic juvenile sea turtles were especial-
ly threatened by the DWH spill because offshore con-
vergence zones bring together anything floating at
the surface, including Sargassum, sea turtles and their
prey, and, in the case of the DWH spill, oil (Stacy
2012). These convergence zones are vital habitats for
sea turtles in this life stage (Bolten 2003, Withering-
ton et al. 2012). Therefore, to mitigate harm to sea
turtles that rely on these surface habitats, rescue
teams conducted more than 1200 boat-based rescue
operations during the spill that primarily focused on
offshore convergences between late May and early
September 2010. These rescue operations docu-
mented the extent of oil exposure on individual ani-
mals, confirmed death of sea turtles resulting
from physical miring (Stacy 2012), and enabled the
estimation of densities and abundance of surface-
pelagic juveniles within the expansive area of the
spill (McDonald et al. 2017, this Theme Section).
However, these were partial samples of the actual
number of turtles that were present and potentially
exposed to oil; the sheer size and duration of the spill

and logistical constraints (e.g. limited resources, re-
strictions on operations near the wellhead, inclement
weather) limited rescue operations to a small fraction
of the total spill footprint and period (DWH Trustees
2016b). Therefore, additional approaches were
needed to quantify and characterize exposure of all
turtles within the spill area in order to more compre-
hensively inform the NRDA.

Many neritic turtles were also present within the
spill area (Garrison 2015). However, because these an-
imals are more widely dispersed and spend less time
at the sea surface than pelagic juveniles (Bolten 2003),
they could not be as efficiently sighted and captured
by boat-based operations. Therefore, documentation
of the spatio-temporal distribution of neritic sea turtles
throughout the DWH spill area and period required
synoptic aerial surveys on the continental shelf
throughout the northern GoM (i.e. to the 200-m iso-
bath) (Garrison 2015). Overall, the aerial surveys cov-
ered more than 18 000 linear kilometers along nearly
250 transects between April and September 2010
(Garrison 2015). The turtle sightings data obtained
during these surveys were used to estimate neritic sea
turtle densities and abundance over time (Garrison
2015). However, because turtles were not captured,
their oiling status could not be directly examined. Sim-
ilar to the unobserved surface-pelagic juvenile turtles,
this lack of direct observational data presented an
obstacle to comprehensive quantification of sea turtle
exposures and injury during the DWH spill.

Because all sea turtles must spend time at the sur-
face to breathe, rest, bask, and feed, these funda-
mental behaviors put turtles at continuous and re-
peated risk of exposure anywhere that the ocean
surface was contaminated with DWH oil (DWH Trus-
tees 2016b). Based on veterinary assessments of oiled
juvenile turtles collected during the DWH spill, phys-
ical fouling in heavy surface oil was the most readily
apparent, immediately harmful result of oil exposure
(Stacy 2012). Turtles that were heavily fouled were
considered unlikely to survive without human inter-
vention (Stacy 2012); thus, the DWH sea turtle injury
assessment prioritized estimation of the total num-
bers of heavily oiled turtles. In addition, the assess-
ment also estimated the numbers of turtles that were
exposed to oil to less severe degrees (Stacy 2012,
McDonald et al. 2017); studies of the toxic effects of
oil exposure on other vertebrate taxa indicated that
less extensive exposure could also lead to chronic or
sublethal effects (Mitchelmore et al. 2017, this
Theme Section).

Similar concerns about exposure to surface oil
were warranted for neritic turtles as well. Limited ob-
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servations of impaired, oiled larger turtles during the
DWH spill (B. Witherington, Disney's Animal King-
dom, Lake Buena Vista, FL, pers. comm.) and pre-
vious reports of oiling associated with death or
stranding (Shigenaka 2003, Camacho et al. 2013) in-
dicated that larger turtles were also vulnerable to the
effects of oil. Therefore, any turtle in the DWH spill
footprint was at risk of exposure to surface oil, and
the degree of oiling was regarded as a critical
measurable parameter relevant to mortality. This did
not preclude adverse effects from more cryptic or
complex routes of exposure, such as inhalation or
chemical exposure through the food web, but offered
the most straightforward, evidence-based approach.
Taken together, these conclusions provided a bio-
logical context for the rationale to use observed turtle
oiling status to estimate the oiling status of turtles
that were not directly assessed but that experienced
similar environmental conditions, specifically the
proximity and persistence of surface oil.

The goal of this study was to estimate the extent to
which all turtles were potentially exposed to DWH oil,
thereby enabling expansion of exposure and injury
quantification beyond the small fraction of directly as-
sessed turtles to all turtles that were present within
the footprint area of DWH oil (DWH Trustees 2016b).
To accomplish this goal, our first objective was to de-
scribe statistical relationships between the observed
degrees of oiling of rescued juvenile turtles and po-
tentially associated factors, specifically the proximity
and persistence of surface oil. The second objective
was to use these relationships to estimate the degree
of oiling for all turtles that were sighted or projected to
have been within the spill area but were not captured
and evaluated for oiling status. Our results facilitated
a more complete quantification of exposures and in-
juries to sea turtles in the northern GoM caused by the
DWH oil spill (DWH Trustees 2016b).

METHODS

In the sections that follow, we describe in detail the
sequential phases of the modeling approach used to
estimate degree of oil exposure for sea turtles during
the DWH oil spill; results of initial analyses that
helped us refine and finalize this approach are also
described below to illustrate the iterative process.
The modeling approach that we developed was used
to quantify total exposures to oil and mortality of sur-
face-pelagic turtles and neritic turtles (DWH Trus-
tees 2016b, Garrison 2015, McDonald et al. 2017).
Density and abundance, as well as exposures and

injuries, were quantified separately for these 2 gen-
eral life stages based on differences in assessment
methods and available data as described above and
by the DWH Trustees (2016b), Garrison (2015), and
McDonald et al. (2017). Accordingly, adaptations to
our modeling approach were required to estimate
the degree of oil exposure separately for these 2
groups. For neritic phase animals, the systematic aer-
ial surveys provided comprehensive abundance esti-
mates (Garrison 2015), but did not characterize expo-
sure; thus, our model was intended to classify the
level of exposure based on spatial and temporal dis-
tribution of these larger turtles relative to factors
potentially associated with oil exposure. For surface-
pelagic juveniles, the rescue operations yielded
direct observations of oiling that allowed assignment
of turtles to different degrees of oiling (Stacy 2012),
and analysis of search transect data provided density
estimates for sea turtles by degree of oiling (McDon-
ald et al. 2017). Thus, we adapted our modeling ap-
proach for this life stage to define the areal extent of
potential oil exposure to which these densities could
be applied (i.e. the area within which turtles were
most susceptible to exposure to surface oil). Here we
briefly introduce our step-wise methodological ap-
proach, which is described below in more detail.

In Phase 1, we explored spatial (e.g. distance from
the wellhead where a turtle was captured) and tem-
poral (e.g. date of turtle capture) factors associated
with sea turtle oil exposure to identify candidate vari-
ables for statistical classification of degree of turtle
oiling.

In Phase 2, we examined the relationship between
degree of oiling and satellite-detected surface oil ob-
served in the area and time before turtles were cap-
tured and evaluated. This step included quantification
of intersections between surface oil and sea turtles
(including their capture dates and locations, and ob-
served degrees of oiling) to estimate oil exposure.

In Phase 3, we developed statistical classification
models to describe the relationship between candi-
date explanatory variables identified in the first 2
phases and degree of turtle oiling. We iteratively
tested different combinations of explanatory vari-
ables to identify the most robust variables for classi-
fying degree of turtle oiling. These models were
applied to estimate oiling probabilities for neritic tur-
tles that were sighted within the DWH oil footprint
but not directly evaluated for degree of oil exposure.
These oiling probabilities were then used to estimate
total exposures of neritic turtles present within the
DWH {footprint during the spill (Garrison 2015, DWH
Trustees 2016b).
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Finally, in Phase 4, we adapted this probability es-
timate approach to the full spatial and temporal
extent of the DWH spill footprint to create a general-
ized description of degree of oil exposure at the sea
surface across the cumulative oil footprint. The pur-
pose of this step was to provide areal extents to
which turtle density estimates (McDonald et al. 2017)
could be applied to enable calculation of surface-
pelagic turtle abundance, exposures, and mortality
(DWH Trustees 2016b).

Phase 1: Exploring spatial and temporal factors
associated with sea turtle oil exposure

We reviewed information about the date and loca-
tion of turtle captures relative to observed degrees of
oiling (i.e. the extent to which turtles’ bodies were
externally oiled) to identify potential candidate vari-
ables for statistical classification of oiling categories
(unoiled, minimally, lightly, moderately, and heavily
oiled; Stacy 2012). Following initial review of the
spatio-temporal distribution of turtles based on the
observed degree of oiling, distance between turtle
capture locations and the wellhead (i.e. sea surface
coordinates of the wellhead location), turtle capture
dates, and observed oil in the vicinity of where turtles
had been captured on the days immediately prior to
capture were included in subsequent analyses, as
described below.

Determination of surface oil presence. Synthetic
aperture radar (SAR) has long been used to detect oil
on water (e.g. Garcia-Pineda et al. 2009), and was
widely used to delineate the presence of oil on the
ocean surface on a daily basis during the DWH spill
(Leifer et al. 2012, ERMA 2015, Graettinger et al.
2015). Numerous SAR satellites collected data over
the northern GoM during the summer of 2010; the
Trustees' analyses included images from at least 8
different satellites (Graettinger et al. 2015).

For the present study, 171 SAR images were ana-
lyzed for oil, covering 89 days between April 23 and
August 11, 2010; DWH oil was detectable on the
ocean surface starting shortly after the explosion of
the drill rig, and continuing until about 1 mo after the
leaking wellhead was capped (Graettinger et al.
2015, DWH Trustees 2016¢). On some days, multiple
SAR images covering the entire northern GoM were
available; on other days, there were no available SAR
images (Graettinger et al. 2015). When multiple
images overlapped in a single day, a composite daily
image was created using all the detectable oil in the
daily SAR images overlaid in a geographic informa-

tion system (GIS). The output was a composite area
of detectable surface oil per day as a single raster
image with a 50-m pixel resolution. Each of the 50-m
pixels in the GoM had a daily binary observation of
oil coverage, which enabled calculation of the cumu-
lative number of days that oil covered the pixel be-
tween April 23 and August 11, 2010. This calculation
of cumulative oil-days based on SAR data estimated
the total amount of time that a particular area was
covered with oil.

For those dates and areas where no data were
available on a given day (n = 22 of 111 d), we as-
sumed that there was no oil, rather than attempting
to model the size, shape, and coverage of an unknown
daily oil footprint. This simplifying assumption re-
sulted in occasional underestimates of oil coverage.
However, data gaps occurred only sporadically dur-
ing the spill period; generally there was only a single
missing day, and never more than 2 consecutive days
without data. Furthermore, 9 of the days with no cov-
erage occurred after the well was capped (July 15,
2010) and surface oil began to dissipate. Therefore,
we concluded that the existing SAR data with no
interpolation were sufficient for characterizing the
presence of surface oil across the DWH footprint
throughout the spill period during which turtles were
observed.

Turtle capture data and factors potentially related
to oil exposure. All heavily oiled surface-pelagic tur-
tles were found before August 1, 2010 (Fig. 1A), and
more than 90 % of heavily oiled turtles were found
within 90 km (straight-line distance) of the wellhead
(Fig. 1B). The degree of oiling of turtles observed in
the field increased with cumulative oil-days at the
location of turtle capture and decreased with increas-
ing distance of turtles from the wellhead (Fig. 1B).

Given that an objective of this study was to use
direct observations of oil exposure to surface-pelagic
turtles to estimate oil exposure for neritic turtles, we
performed preliminary comparisons of the 2 datasets
(i.e. boat-based rescues of surface-pelagic turtles and
aerial surveys of neritic turtles) to characterize how
similarities and differences might influence our ana-
lytical approach. Specifically, we plotted the distribu-
tions of distances from the wellhead and cumulative
oil-days for turtle captures and sightings during res-
cue operations and aerial survey sighting locations
(Fig. 2). Due to differences in relative spatial extent
of these 2 survey methods, more turtle captures and
sightings during rescue operations occurred in close
proximity to the wellhead area (Fig. 2A) and in
locations with high cumulative oiling (Fig. 2C) than
did turtle sightings during aerial surveys (Fig. 2B,D)
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Fig. 1. Observed degree of oiling on sea turtles rescued during Deepwater
Horizon disaster response operations (A) by capture date (in 2010) binned
into 2-wk intervals: numbers of turtles given in parentheses; and (B) by dis-
tance from wellhead and cumulative oil-days (i.e. cumulative number of days
that satellite imaging detected surface oil) at capture locations: cumulative oil
days = 50.8(-0-0154"distance) (12 — (74 p < 0.0001). Color key for the degree of oil-
ing applies to both panels. Turtle capture efforts were not conducted uni-
formly in time or space during the spill; they did not begin until late May, and
were lower on July 1-6 due to bad weather; high-intensity rescue operations
concluded in mid-August, being wound down to spot-checks

2012, McDonald et al. 2017). In con-
trast, distances from the wellhead of
turtles sighted during aerial surveys
resemble a normal distribution (Fig. 2B).
Aerial surveys were conducted over a
relatively continuous area on the conti-
nental shelf (i.e. out to the 200-m iso-
bath), an area that was slightly west-
ward compared to rescue operations
(Garrison 2015).

Phase 2: Estimating oil exposure
by quantifying intersections between
turtles and surface oil

Field data demonstrated that heavily
oiled turtles (1) suffered severe, ad-
verse effects of oil exposure, including
death (Stacy 2012); (2) were observed
primarily during the period of free
release of oil, before or shortly after the
wellhead was capped on July 15, 2010
(Fig. 1A); (3) were observed relatively
close to the wellhead (Fig. 1B); and (4)
were captured in areas that had more
detectable surface oil during the spill
(Fig. 1B). Given the primacy of expo-
sure to surface oil in describing poten-
tial mortality of sea turtles, we devel-
oped an approach to analyze turtle
captures and sightings in the context of
integrated spatio-temporal information
about surface oil. Specifically, our goal
was to answer the question, ‘'What did
it take for a turtle to get oiled to a cer-
tain degree?’

Characterizing the surface oil envi-
ronment using satellite-derived oil
data. To answer this question, we used
daily oil coverage from analyses of
SAR data to quantify the spatial and
temporal proximity of turtles to surface
oil and to describe the oil environment
before turtles were captured and evalu-
ated. Specifically, we intersected the lo-
cation of each captured turtle with the

(Garrison 2015, McDonald et al. 2017, DWH Trustees location of surface oil during the days before capture,

2016b). The non-uniform distribution of rescue ef- varying both the size of the buffer area around the
forts in space and time is evident in a trimodal distri- capture location and the number of prior days of oil
bution of distances from the wellhead of captured coverage (see below). We then related the number of

and sighted turtles (Fig. 2A); this pattern reflects the daily oil footprint intersections to the observed degree
3 ports from which operations were based (Stacy of oiling (Fig. 3).
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First, we developed several scenarios to quantify
spatio-temporal overlap between turtle locations and
daily oil footprints. To account for the area that sur-
face-pelagic turtles occupied during the period be-
fore researchers found them, either while turtles
were actively swimming or while they were passively
drifting in surface currents (Putman & Mansfield

Step 1:
Turtle location buffered to

10 15 20 25 30 35 40

Fig. 2. (A,B) Distance
from the wellhead and
(C,D) cumulative oil-
days where sea turtles
were documented during
(A,C) rescue operations
(i.e. surface-pelagic tur-
tles) and (B,D) aerial sur-
veys (i.e. neritic turtles)

2015), we modeled circular distance buffers around
each turtle location (Fig. 3, Step 1). These spatial buf-
fers also indirectly accounted for the movement of oil
through the surface environment over time, which
was necessary because SAR imagery was generally
not collected synoptically with turtle observation
data. In addition to these spatial buffers, we included

Step 3:
Relate number of oil intersections

account for movements —>  to observed degree of oiling from

rescued turtles to estimated

probability of heavy oiling

Step 4:

Use numbers of intersections in

l statistical models that estimate

Step 2 ' . segree olf 0|I|nig :)f turtles with Fig. 3. Schematic of the
Count intersections with nown olling status modeling approach used
surface oil during period prior to quantify the number of
to capture/sighting date l days of surface oil inter-

Step 5:
Use best-performing model to

estimate degree of oiling observed
but not assessed for oiling status

sections for spatio-tem-
porally buffered turtle lo-
cations; for a detailed
description of each step,
see 'Methods: Phase 2'.
Resulting values were
used to develop statistical
models to estimate the
degree of turtle oiling
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a temporal component by varying the number of
days that a spatially buffered turtle location might
have intersected daily oil footprints before the turtle's
capture date (Fig. 3, Step 2).

These paired spatial and temporal variables were
not strictly defined by the movement rates of surface-
pelagic juvenile sea turtles. Turtles in this life stage
often remain passively entrained in surface conver-
gence area habitats that aggregate Sargassum and
other floating materials (Bolten 2003, Witherington et
al. 2012). However, these small juvenile sea turtles
are also capable of active swimming over long dis-
tances and time periods to remain in certain areas
(Putman & Mansfield 2015). Regardless of whether
their travel is passive or active, the direction, magni-
tude, and speed of turtles’ movements can vary
tremendously (Mansfield et al. 2014, Putman &
Mansfield 2015). Predicting the directionality, mag-
nitude, and shape of the area that they could have
covered in the time before being rescued by res-
ponse crews was therefore beyond the scope of our
assessment. In addition, because we needed to use
the same approach for larger neritic turtles, we chose
values for the spatio-temporal scenarios that would
be applicable to both life stages. Hence, we con-
structed scenarios that (1) would conservatively esti-
mate the area within which oceanic and neritic
turtles might have been located in a given time pe-
riod, and (2) would be meaningful within the spatio-
temporal scale of the DWH oil spill and oil footprint.

The spatio-temporal scales and general approach
to quantifying daily oil footprint intersections are bio-
logically reasonable for multiple reasons. First, the
total area that we included within the broadest-scale
circular spatial buffer (10.5-km radius; Table 1) around
turtle capture locations was approximately 350 km?,
which was between the estimates of high-use areas
(reported as 50 % kernel density estimates) for adult
female loggerheads (100.7 + 141.8 km? Hart et al.
2014) and Kemp's ridley turtles (660.8 + 899.4 km?
Shaver et al. 2013). Second, surface-pelagic turtles in
the northern GoM tend to orient their movements to
remain near the continental shelf in the northern
GoM rather than drift passively into the open ocean
in the central GoM (Putman & Mansfield 2015). This
observation is relevant because we assumed that,
before their capture, turtles remained within 10.5 km
of their capture location, and therefore would have
been exposed to oil present in the northern GoM
during that period.

Next, we constructed multiple spatio-temporal sce-
narios to characterize patterns in the accumulation of
daily oil intersections. We performed a cross-factorial

Table 1. Spatial buffers (radius) around turtle locations and

temporal windows before turtle capture dates used to quan-

tify satellite imaging intersection quantification. Model sce-

narios used cross-factorial combinations of these values to
evaluate model performance

Scale Spatial buffer (km) Days before capture
Finest 0.5 1
3.5 7
7 14
Broadest 10.5 21

analysis of distance (for buffering and overlaying
features) and time (i.e. the number of days in the
intersection window before capture) relative to turtle
locations and capture dates, and we used these to
build multiple scenarios of intersection parameters
based on each time/distance combination. Thus, sce-
narios were combinations of a spatial buffer around a
turtle's location and a temporal window before the
date of capture. The scenarios varied from fine-scale
(e.g. 0.5-km buffer, 1 d before capture, where the
maximum number of daily oil intersections was 1) to
broad-scale (e.g. 10.5-km buffer, 21 d before capture,
where the maximum number of daily oil intersections
was 21), and included all possible combinations of
spatial and temporal variables within these ranges.
Spatial buffers increased 3 to 3.5 km per week of in-
creased time before turtle capture dates (Table 1),
including intermediate, cross-factorial scenarios (e.g.
3.5-km buffer paired with all temporal windows be-
fore capture date). Although we examined every
possible spatial-temporal combination, we present
only the results of the 4 specific scenarios shown in
Table 1.

Quantifying intersections between turtles and
SAR-detected surface oil. Following the method de-
scribed above, we quantified the number of inter-
sections between daily SAR-detected surface oil foot-
prints and each turtle that had been captured and
evaluated to determine the degree of oiling (Fig. 3,
Step 3; see Table 1 for our range of spatio-temporal
scenarios). We evaluated multiple scenarios because
we had no a priori knowledge of the underlying spa-
tial and temporal relationships between observed oil
footprints and the degree of oiling of sea turtles.

In general, the number of intersections increased
with an increasing spatial buffer, but the number of
intersections increased even more with an increasing
period before capture (Fig. 4). This is an intuitive
result: increasing the spatial buffer increased the
likelihood that a particular intersection would occur
and be counted, and increasing the temporal window
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Fig. 4. Observed degree of oiling (class 0 = unoiled, 1 = minimally oiled, 2 = lightly oiled, 3 = moderately oiled, 4 = heavily

oiled) of turtles rescued during the Deepwater Horizon oil spill generally increased with the number of intersections with daily

surface oil footprints between capture locations and dates, across spatio-temporal scales. (A) 0.5-km radius buffer around tur-

tle locations, 1 d before capture (finest scale); (B) 3.5 km, 7 d; (C) 7 km, 14 d; (D) 10.5 km, 21 d (broadest scale). Size of circles

corresponds to the relative number of turtles for a given combination of number of daily oil footprint intersections and oiling
category; circle sizes in all panels are on the same scale

increased the total number of possible daily oil foot-
prints that a turtle could have intersected. Moreover,
the spatio-temporal scenarios were nested (i.e. as
scenarios increased in spatial and temporal scales,
each succeeding scenario included the spatial and
temporal scales of the preceding, finer-scale sce-
nario). Thus, the broadest-scale scenario (10.5-km
buffer, 21 d before capture) contained all daily oil
footprint intersections tallied in finer-scale scenarios
for the same turtle location and capture date.

Across all spatio-temporal scenarios, the degree of
oiling increased with the number of intersections,
such that heavily oiled turtles had more intersections
with daily oil footprints than turtles in other oiling
categories (Fig. 4). At the finest-scale scenario, which
could be considered an indication of the probability
of acute oil exposure immediately before capture, not
a single unoiled turtle had an intersection with the
daily surface oil footprint, while more than 60 % of
oiled turtles that intersected with the daily surface oil
footprint at this scale were heavily oiled (Fig. 4A).

The vast majority of rescued turtles did not have an
intersection with the daily surface oil footprint
(Fig. 4A), which might reflect the lag time between
SAR imagery availability and turtle collection on the
1-d scale. In contrast, all heavily oiled turtles had at
least one daily oil footprint intersection in the 3.5-km,
7-d scenario (Fig. 4B); at least 3 daily oil footprint
intersections in the 7-km, 14-d scenario (Fig. 4C);
and at least 9 daily oil footprint intersections in the
10.5-km, 21-d scenario (Fig. 4D).

Phase 3: Estimating turtle oiling categories using
statistical classification models

Next, we investigated statistical approaches to
classify turtles by degree of oil exposure based on
variables identified in the previous 2 phases (Fig. 3,
Step 4). Our general hypothesis was that turtles
found at locations with recent histories of closer and
more persistent surface oil (i.e. higher numbers of
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daily oil footprint intersections) would be more likely
to experience greater degrees of oiling. To test this
general hypothesis and develop a model to classify
the oiling status of turtles, we first systematically ex-
amined several variables in multinomial models
(ordinal logistic regression and classification and
regression trees [CART]) that incorporated different
combinations of potential explanatory variables to
explain observed oiling categories. Second, we eval-
uated model performance by comparing misclassifi-
cation rates of estimated oiling categories relative to
the actual observed oiling categories of the same tur-
tles. Third, by comparing performance and behavior
among models, we identified the most important ex-
planatory variable and simplified our classification
scheme from multinomial (i.e. original 5 oiling clas-
ses described by Stacy 2012) to binomial (i.e. heavily
oiled or not heavily oiled). Fourth and finally, we
used this binomial logistic regression approach to
estimate the probability that turtles sighted but not
evaluated for oiling status were heavily oiled based
on the number of daily oil footprint intersections in
spatially and temporally proximate environments
(Fig. 3, Step 9).

Ordinal logistic regression and CART models.
Our statistical investigation involved methodically
examining the relationships between various combi-
nations of candidate variables and the degree of
turtle oiling. During this investigation, we tried to
identify one or more models that performed well as a
predictive tool, while remaining parsimonious. In
general, both ordinal logistic regression and non-
parametric CART approaches use explanatory vari-
ables to classify individual data points into classes or
categories; for more detailed information about these
modeling approaches, see Lemon et al. (2003).

First, we constructed multiple models that incorpo-
rated different combinations of candidate variables,
including distance from the wellhead, elapsed days
(i.e. number of days between the beginning of the
spill and the capture date), cumulative oil-days at
turtle capture locations, and 1 to 2 different daily oil
footprint intersection scenarios. These sets of candi-
date variables were then used in both ordinal logistic
regression and CART models to generate estimates
of the degree of turtle oiling for further evaluation.

Next, to compare relative performance among can-
didate models, we quantified misclassification rates
(i.e. the percent of turtles whose estimated oiling cate-
gories either underestimated or overestimated their
actual oiling categories) within and among observed
oiling categories to which rescued turtles had been
originally assigned, and between logistic regression

and CART results (Fig. 5). When considering all oiling
classes, the overall misclassification rates for the ma-
jority of models were consistently in the range of 30 to
40 %, and misclassifications were evenly divided be-
tween overestimates (i.e. model predicted an oiling
class higher than actual) and underestimates (i.e.
model predicted an oiling class lower than actual).

Upon closer examination of misclassification rates
within individual oiling categories, we found that the
various regression and CART models provided reli-
able classifications of extreme oiling categories—
heavily oiled (class 4), minimally oiled (class 1), and
unoiled (class 0)—but provided less reliable classifi-
cation for the intermediate oiling classes, i.e. lightly
oiled (class 2) and moderately oiled (class 3) (Fig. 5).
These statistical results reflected the difficulty in ob-
jectively classifying turtles into the lightly and mod-
erately oiled categories based on field observations
and notes (Stacy 2012). As mentioned previously, the
heavily oiled category was the oiling category that
was most clearly associated with turtle mortality
(DWH Trustees 2016b). For these reasons, the multi-
nomial, 5-category classification scheme was restruc-
tured to a binomial classification scheme that focused
on distinguishing the heavy oiling category from all
other classes. In essence, this approach estimated the
probability of turtles being heavily oiled.

To orient this binomial classification approach, we
inspected the results of the CART models that used
several splitting variables and classified the turtle oil-
ing categories to determine whether any variables
were selected more frequently or were better at clas-
sifying turtles into oiling categories than others.
CART models consistently selected the broad-scale
daily oil footprint intersection scenario (10.5 km,
21 d) as the first variable to split turtles into 2 initial
‘heavily oiled' and 'mot heavily oiled’ nodes, and
final, pruned classification trees always included this
variable. Therefore, a final CART model included only
2 response classes—heavily oiled, or exposed but
not heavily oiled —and the number of daily oil foot-
print intersections in the 10.5-km, 21-d scenario as
the only splitting variable. Results of this CART
model demonstrated that this sole variable classified
all 61 heavily oiled turtles successfully.

In our final step, we estimated the probability of
heavy oiling of each turtle that was captured or sigh-
ted during boat-based rescue operations (n = 939 tur-
tles) and aerial surveys (n = 792 turtles at 644 loca-
tions). We used a binomial logistic regression with
the number of daily oil footprint intersections in the
10.5-km, 21-d scenario as the only independent vari-
able. We then used this model to estimate the proba-
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bility of heavy oiling for all turtles observed within
the DWH spill area and period. Sample sizes for indi-
vidual species, as well as the numbers of turtles not
identified to species, prevented estimation of heavy
oiling probability for each species separately; thus,
estimates were generated for sea turtles generally.

Phase 4: Estimating daily probabilities of heavy oil
exposure across the DWH footprint

In addition to heavy oiling probabilities for all tur-
tle location data, we also used the above approach to
generate spatial surfaces of daily heavy oiling expo-
sure probabilities across the entire DWH oil footprint.
This adaptation of our oiling probability model pro-
vided a generalized spatio-temporal description of
probabilities of heavy oil exposure at the sea surface.
The purpose of this step was to provide the areal
extent within which surface-pelagic turtle density
estimates (McDonald et al. 2017) were applied to cal-
culate total turtle abundance and oil exposure (DWH
Trustees 2016b). Because densities of surface-pelagic
turtles were estimated based on directly observed
degrees of oiling determined by veterinary evalua-
tion (Stacy 2012, McDonald et al. 2017), our modeling
approach was not required to estimate probabilities
of heavy oiling for these turtles. Instead, our model-
ing approach was adapted to delineate the area
within which turtles were likely to have encountered
some degree of heavy oil exposure; in separate, sub-
sequent analyses, this area was combined with den-
sity estimates reported to quantify total abundance,
exposures, and ultimately mortality of surface-pelagic
turtles (DWH Trustees 2016b, McDonald et al. 2017).

Whereas turtle capture/sighting locations and dates
were used as the input points in Phase 3, we used cen-
troid points of a 5-km grid in Phase 4; eligible cen-
troids were those at any date within 10.5 km of any
daily oil footprint that did not intersect land. Specifi-
cally, we calculated the number of intersections be-
tween spatially buffered centroid points and the daily
surface oil footprints between April 23 and August 11,

-«

2010. For quantification of intersections between sur-
face oil and centroids, we used the same spatial and
temporal buffering procedure as for the turtle obser-
vation data, but used only the broadest-scale scenario
(i.e. 10.5-km buffer, 21-d window). This approach
produced daily probabilities of heavy oiling across the
entire cumulative oil footprint, as described by the re-
lationship between the observed degree of turtle oil-
ing and the oil environment before a turtle's capture.

Assumptions in our modeling approach

We note important assumptions about our ap-
proach that influenced our calculation of the prob-
ability of turtles being heavily oiled. First, the surface
oil data used in the model did not include any infor-
mation about the relative thickness of oil in time and
space. Therefore, the correlation between the prox-
imity of surface oil and the degree of oiling observed
on turtles was based solely on the presence of oil of
any thickness on the sea surface in a given place and
time. Second, our approach quantified the number,
not the extent or degree, of intersections between
turtle location and surface oil. Third, we fit the model
to the relationship between observed surface oil and
observed degree of oiling of small, surface-pelagic
juveniles; when estimating probabilities of heavy oil-
ing for larger, neritic turtles, the model assumed that
the processes that governed heavy oil exposure were
comparable for larger turtles. Specifically, although
exposure risk probably varied non-uniformly with
time at the surface, and surface-pelagic turtles spend
significantly more time at the surface (=90 %; Bolten
2003, Mansfield et al. 2014) than do neritic turtles
(£10%; Bolten 2003, Southwood Williard 2013,
Hochscheid 2014), we assumed that the observed
and modeled relationships between surface oil and
degree of oiling derived for surface-pelagic turtles
could be translated to estimation of degree of oil ex-
posure for neritic turtles. This assumes that the
spatio-temporal proximity of surface oil to turtle loca-
tions alone indicates the potential degree of oil expo-

-

Fig. 5. Misclassification rates of estimated degree of oiling using ordinal, multinomial logistic regression models (top row) and
CART models (bottom row). Models incorporated different combinations of explanatory variables to estimate oiling categories
for turtles whose actual oiling categories were known (18 different variable combinations shown in this example). Candidate
variables included distance from the wellhead, elapsed days (i.e. number of days between the beginning of the spill and the
capture date), cumulative oil-days at the turtle capture location, and 1 to 2 different daily oil footprint intersection scenarios
(i.e. the 4 scenarios shown in Table 1, as well as different combinations of the distance and time parameters of these scenarios).
Each vertically paired set of classification results are for a specific oiling category (see Fig. 4). The x-axes indicate the percent
of turtles whose estimated oiling category was above (overest) or below (underest) their actual oiling category (where 0 = cor-
rect classification); the smaller the deviation from 0, the better the classification rates of particular oiling categories by particular
models. See ‘Methods: Phase 3’ for more details
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sure, and does not incorporate information about
how long turtles must be exposed to oil while at the
surface to become oiled to some degree. However,
these differences in surface time for the 2 life stages
were incorporated into estimates of mortality relative
to degree of oil exposure (DWH Trustees 2016b).

We concluded that these assumptions were reason-
able because all turtles, regardless of size, must
spend significant time at the surface and would have
been exposed in areas where oil was consistently
present. Furthermore, the number of intersections
between daily surface oil footprints, turtle locations,
and the turtles' observed degree of oiling, showed a
positive relationship (Fig. 4); this indicated that the
presence of surface oil was likely positively corre-
lated with other factors, such as oil thickness, which
may have influenced the degree of turtle oiling.

MODEL RESULTS AND IMPLICATIONS
Probabilities of heavy oiling for sea turtles

The binomial logistic regression using the broadest-
scale daily oil footprint intersection scenario as the
only independent variable produced probabilities of
heavy oiling for all sea turtles within the DWH spill
footprint. Specifically, this model described the rela-
tionship between the number of daily oil footprint
intersections and the probability of heavy oiling as
what resembled a sigmoid function (Fig. 6). The model
estimated a low probability of heavy oiling (<0.01)
when the number of daily oil footprint intersections
was lower than 7 in the previous 21 d, and it esti-
mated an increased probability of heavy oiling (up to
51.1%) when the number of daily oil footprint inter-
sections in the previous 21 d was 9 or higher (Fig. 6).

Oceanic versus neritic turtles. We compared the
number of daily oil footprint intersections and the
probabilities of heavy oiling for surface-pelagic tur-
tles (Fig. 7A,C) with those estimated for neritic turtles
(Fig. 7B,D). Distributions of daily oil footprint inter-
sections and heavy oiling probabilities were right-
skewed for both survey datasets: only 22 % of turtles
observed during boat-based surveys and 12 % of tur-
tles observed during aerial surveys had 9 or more
intersections; these were the minimum number of
intersections over the previous 21 d associated with
turtles directly assessed as heavily oiled (Fig. 4D).
Proportionally fewer turtles sighted during aerial sur-
veys had high probabilities of heavy oiling compared
to turtles documented during rescue operations. This
was probably because the aerial surveys were con-
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Fig. 6. Results of binomial logistic regression using the num-
ber of daily oil footprint intersections in the previous 21 d
with spatially buffered (10.5 km) turtle locations as the sole
independent variable. The model estimated the probability
of heavy oiling for turtles with known oiling status (i.e. those
captured and directly evaluated during rescue efforts). Ac-
tual oiling classes of turtles (see Fig. 4 for definitions) are
split into Class 4 (probability = 1.0) or Classes 0-3 (probabil-
ity = 0.0), and data-points are jittered to show full dataset.
The maximum probability of heavy oiling was 0.51. Blue
line: model estimates of probability of heavy oiling as a func-
tion of the number of daily oil footprint intersections in the
previous 21 d within 10.5 km

ducted on the continental shelf; many of them were
more than 100 km from the wellhead, in places that
were not as affected by surface oil as areas searched
by boat (DWH Trustees 2016b). However, it is also
possible that heavily oiled neritic turtles were more
difficult for plane-based observers to see, particularly
if dark-colored, oiled turtles surfaced in or near a
dark-colored oil slick. Indeed, McDonald et al. (2017)
calculated different sightability functions for turtles
captured during rescue operations based on oiling
category, such that the distance at which observers
could reliably see turtles declined with increasing
oiling category. However, because the oiling status of
neritic turtles was not recorded, we could not further
explore the possibility that oiling status might have
influenced observers' detection of turtles.
Probabilities over time. The numbers of daily oil
footprint intersections over the previous 21 d and the
heavy oiling probabilities showed similar temporal
relationships, with the highest values for both vari-
ables between late May and early July, and then
rapid declines from July into August and later in 2010
(Fig. 8). These trends reflected patterns of oil move-
ment across the northern GoM. Surface oil footprints
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Fig. 7. (A,B) Number of intersections of daily oil footprints over the previous 21 d and (C,D) probabilities of heavy oiling for
(A,C) turtles documented during rescue operations (i.e. surface-pelagic turtles) and (B,D) aerial surveys (i.e. neritic turtles)

peaked in size in mid-June 2010, and began to dissi-
pate in mid- to late July 2010 after the well was
capped and oil finally ceased flowing into the ocean
(DWH Trustees 2016d).

While there was no detectable surface oil in the
northern GoM after August 11, 2010, there was still
the possibility that a turtle observed in mid-August
(for instance) had been exposed to detectable surface
oil earlier. Instead of truncating our datasets at the
last day of observable surface oil in the SAR data, we
analyzed the complete set of captures and sightings
data for the entire study period (into September
2010), because some turtles still could have had non-
zero probabilities of heavy oiling within the temporal
window of 21 days prior to capture or sighting. Con-
sistent with the SAR-based surface oil observations,
no heavily oiled turtles were rescued from the north-
ern GoM after August 1, and the vast majority of tur-
tles rescued after August 11 were unoiled or in the
lowest oiling categories (Fig. 1). Therefore, we con-
cluded that despite the lack of observable surface oil

after August 11, our model's approach to estimating
probabilities of heavy oiling still accurately charac-
terized the relative potential for heavy oil exposure
throughout the entire period when turtles may have
been exposed to oil.

Probabilities across the DWH oil footprint. To il-
lustrate how the potential exposure to heavy oiling
changed in space and time at the scale of the entire
DWH footprint, we generated daily maps of heavy
oiling probabilities using the same binomial logistic
regression approach that we used for estimating oil-
ing categories for turtles (Fig. 9A; Video S1 in the
Supplement at www.int-res.com/articles/suppl/n033
p051_supp/). We then overlaid locations and heavy
oiling probabilities for all turtles captured or sighted
during rescue operations (Fig. 9B) and aerial surveys
(Fig. 9C) on the average probability of exposure to
heavy oil estimated across the DWH oil footprint (see
Video S1 in the Supplement for daily probabilities of
heavy oiling for all turtles observed across the cumu-
lative oil footprint).
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Fig. 8. (A,B) Number of intersections of daily oil footprints over the previous 21 d and (C,D) probabilities of heavy oiling for
(A,C) turtles documented during rescue operations (i.e. surface-pelagic turtles) and (B,D) aerial surveys (i.e. neritic turtles), by
date. Each symbol represents a single turtle

The highest probabilities of heavy oil exposure
were limited to areas nearest the wellhead, and the
probability of heavy oiling decreased with increasing
distance from the wellhead (Fig. 9; Video S1 in the
Supplement). Although aerial surveys were restric-
ted to water depths of <200 m, and the survey area
boundaries were farther westward than areas where
rescue operations occurred (DWH Trustees 2016b),
the estimated distribution of heavily oiled neritic tur-

tles was similar to the estimated distribution of heav-
ily oiled oceanic turtles (Fig. 9). Given this broad
agreement between empirical patterns of degree of
oiling of turtles and surface oil in space and time
across the DWH footprint, our modeling approach
produced reasonable estimates of heavy oiling prob-
ability for turtles—and surface habitats —that were
not directly observed during NRDA response and
survey efforts.

-

>

Fig. 9. (A) Average daily heavy oiling probabilities for the centroids of all 5 x 5 km grid cells that intersected the Deepwater Hori-
zon (DWH) oil footprint. Area delineated by non-zero probabilities of heavy oil exposure (i.e. cells not colored grey) provided the
spatial extent to which surface-pelagic turtle densities were applied to quantify total abundance, exposures, and injuries to this
life stage (DWH Trustees 2016b, McDonald et al. 2017). (B,C) Oiling probabilities estimated for (B) surface-pelagic juvenile
turtles rescued or sighted during boat-based operations (pentagons) and (C) neritic turtles observed during aerial surveys (trian-
gles); these layers are overlaid on the DWH daily footprint (lightened to enhance visualization). Color key applies to all panels,
and shows transition from non-zero probabilities of heavy oiling to the highest probabilities of heavy oiling shown in Fig. 6 (see
‘Methods: Phase 4’ for description of oiling probability estimation). No values 20.40 appear in (A) because these are average
probabilities for each location across the entire spill period (i.e. all values from minima to maxima are included); daily oiling
probabilities exceeded 0.40 in several locations across the spill footprint (see also Video S1 in the Supplement)
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Conclusions and implications for future wildlife
injury assessments in marine oil spills

In marine oil spills, systematic documentation of
the presence and distribution of wildlife relative to
oil—as well as wildlife health status, exposures to
oil, and adverse effects of those exposures—can be
extremely challenging (Piatt & Ford 1996, Peterson et
al. 2003, Shigenaka 2003). The probability model
approach that we developed for assessing injuries to
sea turtles in the wake of the DWH spill provided a
measure of the probability that a turtle in the north-
ern GOM would have encountered heavy surface oil.
Our approach was a simple yet informative proxy for
the relative probability of oil exposure for turtles in a
certain area at a certain time. Furthermore, our ana-
lysis bridged the gap between estimated turtle abun-
dance and estimated mortality because it quantified
the degree of oil exposure for all turtles across the
entire DWH oil spill footprint and period (DWH
Trustees 2016b), where direct observation of all turtle
exposures to oil was impossible. This allowed expan-
sion of the injury quantification from sea turtles and
oil exposures that were directly observed in the field
to a more holistic quantification of the full extent and
magnitude of potential sea turtle injuries caused by
the DWH oil spill (DWH Trustees 2016b, McDonald
et al. 2017).

Beyond the current example of sea turtle injuries
caused by the DWH oil spill, our approach had sev-
eral important advantages for estimating exposures
of wildlife —including, but not limited to, sea tur-
tles—to surface oil. First, it combined ubiquitous,
reliable data (satellite-derived measurements of sur-
face oil and empirical observations of the extent of
oiling on animals) to statistically estimate the prob-
ability of heavy oil exposure in cases where the
former data type was available, but not the latter.
Second, our approach can be adapted to various situ-
ations in which the scale of the potential oil expo-
sures exceeds the scale of the available documenta-
tion of oil exposures.

Assessment of oil exposures and their effects on
marine wildlife requires thoughtful approaches for
collecting direct observational data in the field and
for expanding on these observations to produce esti-
mates of impacts at scales that match the full nature
and magnitude of the spill. The oiling probability
modeling tool that we have described here was one
such approach. Our approach used field-collected
information about the degree of oil exposure to con-
struct a modeling framework that described general
relationships among turtles, the degree of oiling, and

surface oil. Similar approaches could be useful for
estimating exposures of natural resources in future
marine oil spills, particularly in spills that primarily
affect offshore areas distant from land.
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