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A decade of declines in toothed whale
densities following theDeepwaterHorizon
oil spill

Check for updates
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Shortly after the Deepwater Horizon oil spill began in April 2010, a widely spaced passive acoustic
monitoring array was deployed in the northeastern Gulf of Mexico to document the impacts of this
unprecedentedly large and deep offshore oil spill on oceanic marine mammals. The array was
subsequently maintained for over a decade. Here we document decadal density declines for seven of
eightmonitored species groups, including spermwhales (up to 31%), beakedwhales (up to 83%), and
small delphinids (up to 43%). Declines were observed both within and outside of the surface oil
footprint. Though not conclusively linked to the oil spill, the broad spatial and temporal scale of these
declines observed for disparate marine mammal species is consistent with Deepwater Horizon
impacts. These declines have exceeded and outlasted post-spill damage assessment predictions,
suggesting that the offshore ecosystem impacts of Deepwater Horizon may have been larger than
previously thought.

Offshore oil spills have the potential to cause significant damage to
marine ecosystems, and the 2010 Deepwater Horizon (DWH) oil spill in
the Gulf of Mexico (GoMx) is the largest and deepest offshore human-
caused release of hydrocarbons on record1. This spill occurred at a depth
of over 1600m, and an unprecedented step was taken to inject dis-
persants into the flow of oil from the wellhead2. This approach appears to
have contributed extensively to the formation of a deep subsurface plume
of dispersed oil particles and high methane concentrations at the
1000–1200m depth horizon3 in conjunction with the estimated
149,000 km2 surface oil slick4. Over a decade later, the impacts of the spill
and response on offshore oceanic GoMx ecosystems remain poorly
understood5–7, due to limited pre-spill baseline measurements, challenges
of offshore and deep ocean observation8, ongoing chronic impacts in the
region9,10, and increasing effects of climate change on GoMx
oceanography11–13. Passive acoustic monitoring using low-power auton-
omous systems is an effective way to observe the activity of acoustically-
available apex predators in offshore deep-water locations and to quantify
long-term changes.

TheGoMx is inhabited by at least 18 species of odontocetes, or toothed
whales, which rely on sounds for navigation, foraging, and
communication14. Acoustic occurrence (presence or absence of detections)
and densities (estimated numbers of individuals per unit area) of these
species can be viewed as one indicator of ecosystem health in offshore
regions15. However, these long-lived species are slow to reproduce, highly
mobile, and sometimesmigratory; therefore, long time series are required to
determine statistically robust trends16–18.

We maintained five long-term passive acoustic monitoring stations in
the GoMx from 2010 to 2020 (Fig. 1, Supplementary Table 1). Three deep
sites were selected, including: Mississippi Canyon (MC) approximately
15 kmnortheast of theDWHwellheadwithin the 2010 surface oil footprint;
Green Canyon (GC) a deep canyon 305 km west of the wellhead, and Dry
Tortugas (DT) positioned on a sharp slope 520 km to the south of the
wellhead, both outside of the surface footprint. The GC site was located
within the estimated footprint of the deep plume19. Two shallow shelf sites
monitored primarily shallow water species including: Main Pass (MP)
located 56 km north of the wellhead, within the surface footprint, and De
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SotoCanyon (DC) located 230 km to the east of thewellhead, just outside of
the footprint.

We estimated weekly densities from acoustic detections20–24 of eight of
the most prevalent categories of odontocetes in the GoMx including sperm
whales (Physeter macrocephalus), three species of beaked whales (Ziphius
cavirostris, Mesoplodon densirostris, and Mesoplodon europeaus), pygmy
and dwarf sperm whales (Kogia spp.), Risso’s dolphins (Grampus griseus),
and two additional delphinid categories: (1) A high frequency (HF, peak
energy 20–80 kHz, inter-click interval near 0.06 s) delphinid category pre-
sumed to include bottlenose dolphins (Tursiops truncatus) and five species
in the genus Stenella, and (2) A low frequency (LF, peak energy 10-40 kHz,
inter-click interval near 0.15 s) delphinid category associated with the larger
delphinids with lower frequency echolocation including short-finned pilot
whales (Globicephala macrorhynchus)25, melon-headed whales (Peponoce-
phala electra)26, false killer whales (Pseudorca crassidens)27, rough-toothed
dolphins (Steno bredanensis)28, and killer whales (Orcinus orca)29. Group-
based density estimationmethodswere used to convert acoustic presence in
short five-minute time widows and average group sizes into local density
estimates using modeled site-specific detection probabilities20–24,30. Weekly
densitieswere estimated by accounting for the total time present, group size,
detection probability, area, vocal probability, recording effort, and false
positive and false negative rates30. Uncertainty for each of these parameters
was incorporated using the Delta method31 (see Methods for details).

Density trends over the decade following DWH, evaluated for each
category at each site, strongly suggest long-term density declines for
seven of the eight categories. A bootstrap process was used to estimate
trend uncertainty, and decadal trends are described as declining only if
the interquartile range (IQR) of the distribution resulting from the
bootstrap process is entirely negative. Similarly, a trend is considered to
be positive if the IQR is entirely positive, and neutral if it spans both
positive and negative values. These trends cannot be conclusively linked
to the DWH spill due to minimal pre-spill baselines and limited direct
evidence of acute impacts on offshore species following the event;
however, they may be indicative of chronic impacts32. Vessel-based
oceanic marine mammal visual surveys conducted in 2003, 2004, and
2009 have provided pre-spill species-level total abundance estimates for
US waters of the GoMx33. However, while these regional snapshots are
valuable, the spatial and temporal resolution of these broad surveys was
not sufficient (nor designed) to detect acute changes, or to compare
reliably with the point sample data used in this study.

Results
Echolocation signals (clicks) associated with one or more of the eight
categories of odontocetes were identified on 94.1% of days in the 37.0
instrument-years of cumulative recordings, and 937million detectionswere
analyzed across the five monitoring sites (Supplementary Table 1). Sperm
whales were themost commonly detected class at deep sites, followedby the
HF delphinid category presumed to consist primarily of four species in the
genus Stenella including pantropical, spinner, Clymene, and striped dol-
phins (S. attenuata, longirostris, clymene, and coeruleoalba respectively) and
bottlenose dolphins (Tursiops truncatus), the largest offshore delphinid
stocks in the GofMx according to visual surveys33. At the shallow sites, the
HF delphinid category primarily consists of Atlantic spotted dolphins
(S. frontalis) and bottlenose dolphins33. HF delphinids were the most
common category detected at the two shallow sites, where deep-diving
species, including sperm whales and beaked whales, were rarely detected.
Rarer species included Blainville’s beaked whales (Mesoplodon densirostris)
and the LF delphinid category.

Local densities and trends
Weekly mean sperm whale densities (number of animals per 1000 km2,
abbreviated hereafter as ind. Per 1000 km2) were highest at siteMC, nearest
the wellhead (4.0 ind. per 1000 km2), and GC (1.3 ind. per 1000 km2; Sup-
plementary Table 2), where they were present year-round. At these loca-
tions, sperm whale densities gradually declined by 24% and 31%,
respectively, over the 10-year period (Table 1, Fig. 2). Densities were lowest
and most variable at the southernmost site DT (0.6 ind. per 1000 km2);
however, in contrastwith the northern sites, localweeklymean spermwhale
densities more than doubled over the 10-year period (172% change).
Cuvier’s and Gervais’ beaked whales occurred in high densities at the DT
site, with weeklymeans of 17.4 ind. per 1000 km2 and 5.6 ind. per 1000 km2,
respectively, and much lower densities at the northern Gulf sites (0.9–1.9
ind. per 1000 km2) (Supplementary Table 2). Densities of Gervais’ beaked
whales declined by between 68% and 83% across the deep sites over a 10-
year period (Table 1, Fig. 2). Cuvier’s beakedwhale densities also declinedby
75% at site DT and to a lesser degree at sites GC and MC (49% and 17%
reductions, respectively). Occurrence of Blainville’s beaked whales was very
low across all sites throughout the monitoring period, with estimated mean
weekly densities below 0.4 ind. per 1000 km2 and no discernible trends
(Fig. 2, Supplementary Table 2).

Kogia spp.were primarily detected at the twonorthern sites, withmean
densities of 8.7 and 5.4 ind. per 1000 km2 at sites MC and GC, respectively
(Supplementary Table 2). Density declines of 38% and 37% were estimated
at these two sites over the 10-year period, respectively. Of note, the Kogia
spp. density time series exhibited a period of elevated density at site MC in
2014 and 2015 that coincidedwith a period of lowdensity at siteGC (Fig. 2).
Estimated densitieswere lowbut stable at the southernmost siteDT (1.5 ind.
per 1000 km2).

Estimated HF delphinid densities were high at all sites, with weekly
means ranging from a low of 571 ind. per 1000 km2 at site GC, to highs of
953-1067 ind. per 1000 km2 at sites MC and DC (Supplementary Table 2).
Density declines between 21% and 43% were estimated over the 10-year
monitoring period (Table 1, Fig. 3) at all sites except DC, where mean
densities increased by an estimated 21%. Risso’s dolphin densities declined
at two of the four sites where the species was encountered, with declines
between 17%and22%atGCandMCrespectively, withneutral trends at the
other sites. The LF delphinid category was the only group that showed
density increases across multiple sites during the monitoring period. Esti-
mated LF delphinid densities at siteMC remained constant over this period,
while increases were observed at the three other sites. A strong increase in
this class was observed at site DC, where estimated weekly mean densities
increased more than three-fold over the 10-year period, though overall
densities remained low (4.8 ind. per 1000 km2) relative to HF delphinids.
Discrimination of individual species within the HF and LF delphinid
categories will require further classifier development, currently underway.
Subsequent analyses may reveal delphinid species-level trends that differ

Fig. 1 | Site location map. Orange circles indicate five sites monitored acoustically
for toothed whale occurrence from 2010–2020. Site MC occupied two slightly dif-
ferent locations (1) and (2). The black triangle indicates the location of the Deep-
water Horizon wellhead, with cumulative surface oil footprint73 in red. Bathymetric
contour depths are given in meters. Bathymetry obtained from GEBCO74.
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fromthose of these combined categories, andmayhelp explain the increased
LF delphinid densities. Natural periodic fluctuations for these species and
regions are not known, therefore the most robust cases are those in which
the year-by-year trends are steady and inter-annual variability is low, as seen
for the more common species (sperm whales, Cuvier’s and Gervais’ beaked
whales, and HF delphinids).

Discussion
Long-term declining trends in marine mammal density at the monitored
locations were observed over the 10 years following the 2010DWHoil spill,
for seven of the eight identified species categories. Inmost cases, local mean
densities declined by between 13% and 81% from 2010 to 2020, and these
trends were most evident at locations where initial densities were high. The
largest declines were observed for beaked whales, particularly Gervais’
beaked whales, which were initially consistently present at all three deep
sites, with densities declining by over 70% across all sites during the mon-
itoring period. In two cases (sperm whale and LF delphinids), sites where
certain species were initially rare experienced relatively large increases in
local densities of those species. This included the southern DT site, where

sperm whale densities increased, although densities there at the end of the
monitoring period were still considerably lower than those observed at the
northern sites, and lower than the more common species. A sperm whale
demographic study over the 2010–2017 period suggests a greater increase in
the occurrence of large, presumed transient males southern DT site than of
matriarchal groups34. Density increases in the LF delphinid category require
additional investigation, but explanationsmay include increased occupancy
due to reduced competition or changes in prey composition35.

Due to a lack of exposure and health information for offshore GoMx
cetaceans, efforts to quantify themagnitude of the offshore injury caused by
the DWH oil spill combined models extrapolated from detailed studies of
nearshore bottlenose dolphin populations with predictions of offshore
cetacean survival and recovery based on expert elicitations5,36–39. Models
used in the damage assessment process39 estimated maximum changes in
population sizes ranging from -3% to -23% for the full range of offshore
marinemammal species.Theprimarypredictive factor for impactwas taken
to be the proportion of each population estimated to have been located
within the surface oil slick, defined using a cumulative oiling index. Where
impacts were predicted, somewhat precipitous declines were expected over

Table 1 | Site and species-specific trends in marine mammal group densities over the 2010 to 2020 period

Site Est. 2010 density (ind. per
1000 km2) Mean (CV)

Est. 2020 density (ind. per
1000 km2) Mean (CV)

Annual Change
Median [IQR]

Decadal Percent Change
Median [IQR]

Change Type
(D/I/N)

Sperm whale MC 4.6 (0.04) 3.5 (0.07) −0.11 [−0.14, −0.08] −24.6 [−29.7, −18.4] D

GC 1.6 (0.06) 1.1 (0.06) -0.05 [-0.06, -0.04] −31.1 [−36.2, −28.1] D

DT 0.3 (0.15) 0.8 (0.06) 0.05 [0.05, 0.06] 172.1 [140.9, 208.7] I

Cuvier’s BW MC 1.5 (0.06) 1.2 (0.11) −0.03 [−0.04, −0.01] −17.3 [−27.7, −6.7] D

GC 1.2 (0.09) 0.6 (0.08) −0.06 [−0.07, −0.05] −49.0 [−51.9, −44.5] D

DT 29.9 (0.04) 7.2 (0.10) −2.27 [−2.36, −2.15] −75.4 [−77.2, −73.7] D

Gervais’ BW MC 2.6 (0.08) 0.4 (0.26) -0.22 [−0.23, −0.20] −83.4 [−85.9, −79.2] D

GC 3.1 (0.07) 1.0 (0.12) -0.21 [−0.22, −0.20] −68.7 [−71.7, −66.7] D

DT 10.3 (0.05) 1.8 (0.13) -0.85 [−0.89, -0.81] −82.9 [−84.8, −81.1] D

Blainville’s BW MC 0.2 (0.03) 0.2 (0.03) 0.00 [−0.00, -0.00] 0.0 [−0.0, 0.0] N

GC 0.5 (0.07) 0.4 (0.07) -0.01 [−0.01, -0.00] −18.8 [−25.7, −9.7] D

DT 0.2 (0.00) 0.2 (0.00) 0.00 [−0.00, −0.00] 0.0 [−0.0, 0.0] N

Kogia spp. MC 11.1 (0.08) 6.8 (0.10) −0.42 [−0.50, −0.34] −38.4 [−43.6, −30.8] D

GC 6.8 (0.07) 4.3 (0.09) −0.25 [−0.29, −0.22] −37.8 [−41.3, −32.7] D

DT 1.6 (0.13) 1.5 (0.10) 0.00 [−0.03, −0.00] 0.0 [−17.4, 0.0] N

Risso’s dolphin MC 34.3 (0.06) 26.7 (0.06) −0.75 [−0.97, −0.53] −21.9 [−28.1, −15.3] D

GC 14.0 (0.07) 11.5 (0.06) −0.24 [−0.34, −0.15] −17.6 [−23.3, −11.3] D

DT 75.6 (0.05) 71.2 (0.05) -0.37 [-0.94, 0.09] −4.9 [−12.2, 1.3] N

DC 23.4 (0.06) 24.7 (0.06) 0.14 [-0.04, 0.30] 6.0 [−1.9, 13.8] N

Delphinid HF MC 1186.9 (0.05) 764.3 (0.06) −40.90
[-47.07, −36.32]

−34.7 [−39.0, −31.4] D

GC 679.6 (0.05) 484.2 (0.04) −19.56
[−22.71, −16.82]

−28.6 [−32.6, −25.1] D

DT 821.2 (0.06) 654.0 (0.08) −16.85
[−22.08, −11.97]

−21.1 [−26.1, −15.2] D

DC 952.3 (0.05) 1160.8 (0.06) 20.43 [13.95, 27.88] 21.1 [14.5, 29.9] I

MP 970.8 (0.07) 550.4 (0.06) −41.45
[−47.56, −36.32]

−43.3 [−47.1, −39.2] D

Delphinid LF MC 20.0 (0.09) 20.9 (0.08) 0.11 [-0.12, 0.31] 5.7 [−5.7, 16.1] N

GC 22.4 (0.08) 26.6 (0.06) 0.41 [0.23, 0.61] 18.7 [9.7, 28.5] I

DT 11.9 (0.09) 16.5 (0.08) 0.44 [0.35, 0.59] 38.0 [28.4, 53.1] I

DC 1.8 (0.30) 7.2 (0.08) 0.55 [0.47, 0.60] 304.8 [222.2, 386.5] I

Meandensities are fromMayduring the first and last year of themonitoring period. Annual anddecadal rates of change are basedon a seasonally-detrended linear Theil-Sen fit. Percent changeover the 10-
year monitoring period is reported as the difference between the value of the linear fit between May 2010 and 2020, relative to value of the linear fit in May 2010. Means, CVs, medians, and inter-quartile
ranges (IQR) are computed from a bootstrap process inwhich each fit was computed 100 times from independent random samples of 50%ofweekly density estimates. Density units are ind. per 1000 km2.
The “ChangeType”columnsummarizes the trendasdecreasing (D)when the IQRsof the annual anddecadal ratesof changeare entirely negative, increasing (I)whenentirely positive, or neutral (N)when the
IQRs include zero.
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thefirst few years following theDWHspill, with gradual recovery beginning
within 5–15 years. In a subsequent revision of these models5 maximum
predicted declines were revised to 1.3 to 8.9%, with the largest impacts
estimated for spinner dolphins, with population recovery beginning 5 years
after the DWH spill, and an estimated population time to recovery of 11.2
years. In contrast with model predictions, observed time series of estimated
weekly marine mammal densities at five northeastern GoMx passive
acousticmonitoring locations showno evidence of rapid declines associated
with acute impacts (e.g., cessation of foraging or death due to direct oil
exposure)40 or habitat abandonment for odontocete species immediately
following the 2010DWHoil spill. Spermwhale density estimates at siteMC
were lower from May to July 2010 during the oil spill response phase,
possibly indicating avoidance of the area, but increased to their highest
observed levels by the fall of 2010. No other species’ occurrence appears to

have been suppressed at site MC during the oil spill response period in this
study. Long-term density declines measured in this 10-year study exceed
model-predicted changes at these monitoring locations for critical species,
including sperm whales (model-predicted decline 6.4%)40, beaked whales
(3.8%), and Stenella spp. (1.3-8.9.%), and do not suggest recovery trends for
affected species to date.

An unusual mortality event that began before the DWH oil spill in
early 2010 was exacerbated by the spill, leading to 1,141 reported marine
mammal strandings associated with the event from 2010–2014, of which
only 5% were oceanic species9. Historical analyses suggest pooled carcass
recovery rates of 0.4% for the major offshore species in this region41,
therefore, strandings likely undercount total deaths under the unusual
mortality event. Mortality associated with that event may be related to
the density declines observed in this study. Movement may also partially

Fig. 2 | Density trends of deep diving odontocetes at deep monitoring locations
from 2010 to 2020. Black dots represent acoustically-derived weekly density esti-
mates. Error bars represent standard deviation. Median annual density change

estimates (Δ) and associated interquartile ranges estimated using a bootstrap are
noted in text, with seasonally-detrended Thiel-Sen fits of the time series denoted as
red dotted lines. Pink bars indicate data gaps.
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explain the observed declines and occasional increases: Oceanic visual
surveys conducted in 2017–2018 found more sperm whales in the wes-
tern Gulf than observed prior to the spill, though shorter-term oceanic or
seasonal drivers could be the cause42,43. Advancing our understanding of
the natural trends of oceanic marine mammal populations in this region
would likely improve our ability to interpret the observed trends in this
study. Additional factors related to human activities, such as underwater
radiated noise, ship strikes, oil and gas extraction, seismic surveys, fish-
eries, and climate change, also warrant thorough investigation. While
these factors are beyond the scope of the present analysis, we aim to
address them in a future study.

The trends observed in the northeastern GoMx do not necessarily
apply across the broader GoMx region. Due to the limited spatial cov-
erage of this dataset, we cannot distinguish between large-scale popu-
lation distribution shifts and mortality as possible explanations for the

observed local density changes. Our initial study design was based on the
idea that sites located outside of the oil footprint could be used as
controls for comparison against patterns observed at sites within the
footprint. In fact, declines in density at the exposed locations, sites MC
and MP, generally appeared to be paired with declines at other sites. In
some cases, such as for Cuvier’s beaked whale, rates of density decline at
sites outside of the footprint with high initial densities, were larger than
declines measured at sites within it. This likely reflects the fact that
trends are more apparent when encounter rates are high44,45. Paired
declines across these widely spaced sensors may also reflect the high
interconnectivity of mobile marine mammal stocks in the region. It is
notable that density increases, where observed, occurred outside of the
oil footprint. An expanded passive acoustic study is underway to
determine whether some taxa may have shifted their distributions west
or south46.

Fig. 3 | Density trends of delphinids at five monitoring locations from 2010
to 2020. Black dots represent acoustically-derived weekly density estimates. Error
bars represent standard deviation. Median annual density change estimates (Δ)

and associated interquartile ranges are noted in text, with seasonally-
detrended Thiel-Sen fits of the time series denoted as red lines. Pink bars
indicate data gaps.
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These time series clearly showhigh temporal variability in localmarine
mammal occurrence at seasonal and interannual scales, illustrating the need
for extended, consistent, and comparable data collection when aiming to
resolve trends using this approach. Oceanographic patchiness, seasonal
occupancy patterns, animal movement, and limited acoustic detection
ranges influence short-term variability in these time series. Moored passive
acoustic recording systems are a robust option for autonomousmonitoring
over an extended period. Minimization of temporal data gaps, careful
calibration of individual recorders, and attention to data quality are critical
for long-term trend estimation and inter-site comparisons.

Density estimation from passive acoustics is still a relatively new field,
and it is likely that future studies will improve our ability to convert from
acoustic detections to absolute numbers of individualsmore accurately. The
trends described here are computed directly from acoustic occurrence using
scalar multipliers; therefore, these trends are expected to be robust to revi-
sions such as improved group size estimates, or updated mean detection
probabilities, provided these factors are stable on average over the mon-
itoring period. For example, if the acoustic detection probability was revised
for a particular species or site, the magnitudes of estimated weekly densities
would scale linearly followingEq. 3, and the slope of the trend linewouldnot
change. The group-based density estimation strategy used was selected
because it does not require classification of every click (challenging inmulti-
species scenarios) and facilitates the use of more robust classification of
mean click features in short timewindows (5minutes in this study). Group-
basedmethods also have low sensitivity to potential changes in click rates, a
large source of uncertainty in click-based density estimation methods30.
However, they assume that the mean group sizes of each species are stable
over the long term. Average group size estimates for a subset of species
including sperm whales, Stenella species, bottlenose dolphins, pygmy killer
whales, short-finned pilot whales, and melon-headed whales were 30 to 75
percent lower during 2017 and 2018 vessel-based visual surveys47 than
during 2003-2009 visual surveys48. Group sizes estimates are highly variable
between surveys, in part due to limited sample sizes, and artifactsmay occur
due to modifications of survey methodologies; therefore, group size trends
are not included in this study. A reduction in group size over themonitoring
period of this study would increase the magnitudes of estimated density
reduction rates for these species. The assumption that mean group sizes
have remained constant despite declining densities, and the election of a
density estimation method based on presence/absence in short time win-
dows, rather than of absolute click counts that are likely to decline when
fewer animals are present, are conservative choices that err on the side of
underestimating declines. For these reasons, we believe that our estimates
are robust and conservative for scientific purposes. However, group sizes
may have declined in some cases48–50, therefore our estimatesmay be overly-
conservative from a precautionary perspective for themanagement of these
long-lived species.

Killer whale population monitoring over 25 years following the
Exxon Valdez oil spill offers a rare opportunity for comparison16. Two
matrilineal pods of distinct ecotypes were observed, one resident and one
transient. Deaths occurred within both groups following the oil spill
(impacts of acute exposure); however, the resident, fish-eating pod gra-
dually began to recover, while the transient pinniped-eating pod has
failed to reproduce and is expected to become extirpated51. Dietary dif-
ferences leading to differences in chronic exposure or differential changes
in prey availability may explain these diverging outcomes16. In contrast
with the DWH event, the Exxon Valdez event was a smaller, localized
coastal spill in shallow water. GoMx oceanic marine mammal stocks are
many times larger than the pods occupying the Prince William Sound,
and species differ widely in their prey preferences, which range from
benthic invertebrates to fish, deep-sea squid, and marine mammals52,53.
However, similar mechanisms could apply6, and numerous potential
impacts and pathways of exposure have been described for nearshore
GoMx dolphin stocks38. Sublethal health effects of heavy oil exposure
were observed for bottlenose dolphin stocks in Barataria Bay, Louisiana
following the DWH spill54. Subsequent modeling efforts55 predict a 45%

population decline, and a 35-year recovery period required for the
population size to return to 95% of the pre-spill baseline.

The degree to which this sparse network of monitoring stations
represents larger-scale trends in marine mammal density in the northern
Gulf is an ongoing subject of investigation. Current research in the GoMx
has expanded this network from 5 to 14 stations including randomly
selected long-term and short-term stations, covering the northern and
southernGulf for a period of five years. Future analysis of these historic time
series relative to levels and variability observed across more locations will
help clarify the degree to which temporal trends are correlated across sites.

These local trends are concerning. If these rates of decline occur across
a majority of the Gulf and continue, many of the species in this study could
become rare at thesemonitored locations within the next 30 years. Ongoing
environmental impacts from natural resource extraction, shipping, and
climate change in the region complicate recovery prospects. A number of
iconic marine mammal species are known to be critically endangered, and
recognitionof their endangered statehasoften come late (e.g.NorthAtlantic
rightwhales, SouthernResident killerwhales,Rice’swhales, andvaquita56–59)
aftermany years of decline, despite the fact that these are often nearer-shore
dwellers that are more tractable to monitor than the offshore species con-
sidered in this study. Late recognition of low population sizes is largely due
to the high uncertainties and low sensitivity of trends produced with tra-
ditional survey methods, particularly for rare species, and the lack of timely
recognition can ultimately minimize the effectiveness of protective mea-
sures once they are enacted. Additional challenges in observing offshore,
deep-diving species make these limitations even more concerning. In this
study, high temporal resolution passive acoustic monitoring provides an
early warning that many protected marine mammal stocks in the GoMx
may be on a troubling trajectory, and restoration efforts are needed now to
support population health and encourage recovery through protective
measures.

Measurement of change in offshore ecosystems has long been con-
sidered an intractable problem. In this study, long-duration autonomous
passive acoustic recordingswereused tomeasuredecadal changes inoceanic
marine mammal densities in a region of concern hundreds of kilometers
offshore, following an unprecedented deep-water environmental disaster.
The findings indicate widespread density declines that vastly exceed expert
predictions, which had been based on observations of coastal populations
and assumptions that mortality would be linked to direct contaminant
exposure. Gradual declines revealed by this observational study instead
suggest ongoing, long-term chronic impacts on marine mammal popula-
tions in the northeastern GoMx, which may not be suitably approximated
by the estimation of relatively short-term exposure to an acute event. The
DWH oil spill occurred in the context of decades of heavy exploitation of
offshore GoMx ecosystems, and the effect of that event cannot be disen-
tangled from those of themanyother chronic stressors in the region.Marine
mammal density trends indicate that some of these systems are in trouble,
and consistent long-term observational passive acoustic datasets can pro-
vide a much-needed window into the status of these otherwise inaccessible
regions.

Methods
Data collection
Passive acoustic recordings were collected using High-frequency
Acoustic Recording Packages (HARPs)60 at five monitoring stations
between May 2010 and March 2020 (Supplementary Table 1). The total
recording duration across the five sites amounted to 37 instrument-years
of continuous data sampled at 200 kHz. Representative hydrophones
were calibrated at the Navy’s Transducer Evaluation Center (TRANS-
DEC). Hydrophones (sensitivity −150 dB re:V µPa−1) were buoyed
approximately 20m above the seafloor. Site locations were selected based
on their position relative to the DWH surface oil footprint and were
named according to the lease block in which they were located. Sites
include three deep sites: Mississippi Canyon (MC) located approximately
15 km northeast of the DWH wellhead within the 2010 surface oil
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footprint; Green Canyon (GC) a deep canyon 305 km west of the well-
head, and Dry Tortugas (DT) positioned on a sharp slope 520 km to the
south of the wellhead, both outside of the footprint. Two shallow shelf
sites monitored primarily shallow water species including: Main Pass
(MP) located 56 km north of the wellhead, within the surface footprint,
and De Soto Canyon (DC) located 230 km to the east of the wellhead, just
outside of the footprint. Due to a transcription error, the MC site
occupied a slightly shallower position at MC(2), 13 km north of the
original site from April 2014 to May 2017.

Detection and classification
Echolocation clicks andother short duration (<1ms), impulsive signalswith
received amplitudes ≥ 125 dB peak-to-peak re:1 µPa were detected using a
generic energy detector. All acoustic recordings were high-pass filtered
below5 kHz to exclude lowandmid-frequency signals. The generic detector
identified impulsive events with durations between 0.03 and 1.2 milli-
seconds, and a waveform energy envelope differencing metric greater than
−0.5. The waveform energy envelope differencing metric computes the
Hilbert transform of the waveform and then subtracts the mean amplitude
of the second half of the waveform from the first half. This check takes
advantage of the fact that odontocete clicks have most of their energy at the
beginning of the signal in a decaying pattern (delphinids, spermwhales, and
Kogia spp.) or balanced between the first and second halves in a pulse shape
(beakedwhales), rather than a strong increase in amplitude at the end. Both
the duration andwaveform envelopemetric criteria are selected to be highly
permissive, with the goal of detecting anything click-like, to minimize false
negatives at the detection stage. This, combined with a relatively high
received level threshold, allows the required density estimation assumption
that all clicks above a certain threshold are available for classification to be
met, and ensures they are accounted for in the false positive and false
negative rate estimates.

A semi-supervised clustering process was used to generate training
classes for 12 different signal categories based on spectral shapes and inter-
click interval distributions61,62. These features were compared by computing
the correlation distance between pairs of clicks, and then multiplying the
two distances to produce a combined similarity score for each pair. Unsu-
pervised clustering was used to group similar signal types, and those types
were further combined by an expert analyst across sites and then sub-
sampled to produce training, test and validation sets (see Refs. 52,62 for
detailed workflow). Eight odontocete classes including sperm whale
(Physeter macrocephalus), Cuvier’s beaked whale (Ziphius cavirostris),
Gervais’ beaked whale (Mesoplodon europaeus), Blainville’s beaked whale
(Mesoplodon densirostris), dwarf and/or pygmy sperm whale (Kogia spp.),
Risso’s dolphin (Grampus griseus), and two generalized delphinid classes,
high frequency (HF, peak energy 20-80 kHz, inter-click interval near 0.06 s)
and low frequency (LF, 10-40 kHz, inter-click interval near 0.15 s), were
defined. Four non-target classes (snapping shrimp, boats, echosounders/
sonar, and noise) were included in the training set, and signals classified as
any of these non-target classes were excluded from further analyses. TheHF
delphinid class likely represents offshore bottlenose dolphins (Tursiops
truncatus) and delphinids in the genus Stenella. Pantropical spotted dol-
phins (S. attenuata) have historically been the most common offshore
delphinid species in theGoMxregion,with relatedAtlantic spotteddolphins
(S, frontalis), spinner dolphins (S. longirostris), Clymene dolphins (S. cly-
mene), and striped dolphins (S. coeruleoalba) also present62. All delphinid
echolocation clicks at the shallowest site (MP), where bottlenose and
Atlantic spotted dolphins are expected to be the primary species52,63, were
consistent with the acoustic features of the HF delphinid category. There-
fore, we expect that bottlenose dolphins are included in the HF delphinid
class. The LF delphinid class likely represents a mix of the larger delphinid
and lower frequency species, with longer inter-click intervals, including
short-finned pilot whale25,melon-headedwhale28, rough-toothed dolphin28,
false killer whale28, and killer whale29.

A deep neural network trained from these classes was used to auto-
matically attribute identity classification labels to echolocation click signals

in successive five-minute time windows based on mean spectrum, wave-
form and inter-click interval features61 (Supplementary Fig. 1). To reduce
misclassification rates, the snapping shrimp category was only allowed for
the shelf sites, because snapping shrimp are not acoustically present at the
deep sites. If snapping shrimpwas identified as themost probable class for a
deep site bin by the classifier, this label was rejected and the second most
probable class label, according to the Softmax probabilities output by the
neural network, was applied to that bin. This approach was used as an
alternative to training separate networks for each site. An analyst manually
classified raw detections in 3% of all detection-positive hours from each site,
using a graphical user interface64 (Supplementary Table 3). These manual
classification labels were compared with the automatic labels to estimate
bin-level species-specific and site-specific false positive rates (̂cp) and false
negative rates (̂cn) (Supplementary Table 3), computed as:

ĉp ¼ FP=ðFPþ TNÞ ð1Þ

ĉn ¼ FN=ðFNþ TPÞ ð2Þ
where FP and FN are the number of false positive and negative bins,
respectively, and TP and TN represent the number of true positive and true
negative bins, respectively. False negatives in this study are those due to
misclassification. False positives from cases in which entire bins containing
clicks have been missed by the detector are assumed to be rare, due to the
very permissive design of the generic detector61.

Classification errors varied by species class (Supplementary Fig. 2,
Supplementary Table 3). For sperm whales, false positive and negative
rates ranged from 1-7% at deep sites due to confusion with ship noise in
cases where characteristic modal inter-click intervals were not discernible
in the inter-click interval distributions (Supplementary Table 3). Sperm
whale false positives tended to occur at the beginnings and ends of vessel
transits, while false negatives tended to occur during dense bouts of
clicking with many overlapping click trains. Across species classes, false
negatives also occurred when multiple classes were present simulta-
neously and one (or more) was missed, such as bins containing thou-
sands of clicks of a common class, which can prevent small numbers
(tens or less) of clicks of a minority class from forming a cluster for
classification. This is likely the cause of elevated false negative rates for
Kogia spp.: their very high-frequency clicks (>90 kHz) attenuate strongly,
tend to be recorded in small numbers, and are occasionally over-
shadowed by large clicking events associated with other species. High-
frequency attenuation with distance also affects the received spectral
content of signals from other species; however, spectral peaks and
troughs in the lower frequency ends of the spectra, as well as inter-click
intervals, are the diagnostic features for classification purposes. By pre-
serving amplitude information in the classification process, the neural
network is able to learn that high-frequency amplitude generally declines
with received signal amplitude, minimizing misclassifications due to
variable amounts of high-frequency attenuation. Overall, beaked whale
species and Kogia spp. tended to have low false positive rates (<1%),
while false negative rates were higher (3-10%) due to low overall detec-
tion rates for these species. Sperm whale, beaked whale, and Kogia spp.
densities were not computed for the shallow sites DC and MP, but error
rates are given for completeness and false negative rates can be high due
to small sample sizes.

Classifier confusion between the aggregated delphinid categories in
some cases led to somewhat elevated false positive and negative rates
compared to thedeepdiver classes (SupplementaryTable 3). Binswith small
numbers of low amplitude delphinid clicks tend to be more difficult to
classify. The HF delphinid category includes multiple subtypes, including
one with banding patterns sometimes confused with Risso’s dolphin. This
type is found primarily at siteDC leading to higher error rates for the Risso’s
dolphin, HF and LF delphinid classes at that location. Site DC andMP also
have snapping shrimpactivity,which canbedifficult for both automatic and
manual labelingwhen events have few detections. Themanual classification

https://doi.org/10.1038/s43247-024-01920-8 Article

Communications Earth & Environment |           (2024) 5:782 7

www.nature.com/commsenv


wasmore likely to label such cases as delphinids based onweakmodal inter-
click intervals, elevating false positive rates for HF delphinids. Reported
error metrics are for the entire detection and classification pipeline.

Density estimation
Group-based density estimation methods were used to convert acoustic
presence into local density estimates20–24,30. If a species is acoustically detected
in a short five-minute time window, group-based methods assume that a
group of average size is present within a defined area around the monitoring
station. Window duration is short to allow the simplifying assumption that
no animals enter or exit the monitored area during the window. Detection
radii are determined by the maximum acoustic detection range for each
species (frequency, source level and orientation-dependent). Species-specific
group detection probabilities within that range are computed using Monte
Carlo simulations to incorporate acoustic and behavioral variability and
uncertainty. Mean group sizes and variance are typically derived from visual
surveys, and acoustic cue rates, as well as subsurface depths and orientations,
are estimated from tag and acoustic tracking data.

Weekly marine mammal densities per site (D̂kt) were estimated for
each species following Marques et al. 30 using a group-counting method,

D̂kt ¼
nkt ŝ ð1� ĉpkÞð1þ ĉnkÞ

π w2 P̂k P̂v Tkt

ð3Þ

inwhichnkt is themean number of positive five-minutewindows per day in
week t at site k, ŝ is the mean group size (from visual surveys), ĉpk is the
estimated site-specific false positive rate, ĉnk is the estimated site-specific
false negative rate, P̂k is the estimated probability of detecting a groupwithin
radiuswof the recording station, P̂v is theprobability that at least one animal
in a group is vocalizing in a five-minute period, andTkt is themean number
of time bins analyzed in week t at site k (used to account for monitoring
effort). Coefficients of variation (CVs) were estimated using the delta
method31 as

CVðD̂ktÞ ¼ D̂kt
2 � ðCV P̂v

� �2 þ CV P̂k

� �2 þ CV ŝð Þ2Þ
� �1=2 ð4Þ

to incorporate uncertainty in vocalization probabilities, detection prob-
abilities, and group size estimates.

For each marine mammal species class and site combination, the
probability (P̂k) of detecting a group of animals in a five-minute time
window within the effective detection radius was estimated using a Monte
Carlo simulation. These simulations took into account acoustic and beha-
vioral parameters including minimum click amplitude detection thresholds,
echolocation clicks peak frequency content and distance-dependent
attenuation, animal dive depths, ascent and descent rates, and vocalization
rates during different dive phases (Supplementary Table 4). To incorporate
uncertainty and variability, ranges for the means and standard deviations of
each of these parameters were selected. For each site and species, a simulation
was iterated 500 times, each time randomly selecting a different mean and
standard deviation for each parameter from the defined ranges. Then, within
each iteration, 100,000 animat models were simulated, with properties pulled
from randomly-generated parameter distributions defined by the selected
means and standard deviations. Species and site-specific mean detection
probabilities and associated uncertainties were computed across the 500
model iterations. Previously-published behavioral parameter estimates for
beaked whales24, sperm whales65, delphinids23, and Kogia20 were used for
simulation of group behavior. However, in their original published forms,
each of these studies used a different minimum received-level threshold
when estimating detection probabilities. Therefore, all simulations were re-
evaluated for this project with a consistent minimum received level (125
dBpp) for all species. This received level threshold was selected to minimize
the influence of variable background noise levels on detection counts. For
simplicity, the Monte Carlo simulation procedure uses a static received level
threshold to determine whether a simulated click is detectable, rather than

mimicking variable noise conditions in which detector performance can be
difficult to predict. Iterative manual review of detector performance across a
majority of the deployments indicated that the selected threshold minimized
noise masking in the high-pass filtered data, such that clicks could still be
reliably detected in the presence of ships and elevated wind conditions. A
higher threshold would further minimize potential noise masking but would
begin to greatly reduce the number of clicks detected for small delphinids
with lower source levels and highly directional beaked whale signals, likely
reducing classification accuracy (characteristic inter-click intervals distribu-
tions can become degraded due to small sample size). Independent simu-
lations were run to estimate detectability for the two MC locations (1 and 2)
to account for potential differences in detectability due to sensor depth
(980m vs. 800m). Climatological mean sound speed profiles (full water
column, 1m resolution) for the months of January and July were extracted
from the Global Digital Elevation Map v3.066 and used to compute
frequency-dependent propagation loss volumes at each site at the typical
echolocation click peak frequency for each species. In some cases, mean
delphinid detection probability estimates differed slightly but significantly
between summer and winter models due to differences in the depth and
temperature of the surface mixed layer (Supplementary Table 5). A two-
sample t-test was used to test for equal means with the null hypothesis
rejected at the 5% significance level. Where significantly different, the
summer detection probability was used for density estimation from May to
October, and the winter detection probability was used for the remaining
months. Deep divers, including sperm whales, beaked whales, and Kogia
spp., were primarily detected at the deep sites. Densities were not computed
for these species for shallow sites, despite occasional occurrence, due to a lack
of information on shallow water behaviors.

Vocalization probabilities were taken from the literature for all non-
delphinid species (Supplementary Table 4). The best practice for density
estimation is to use parameter estimates derived from populations as
similar to the target population and target behavioral states as possible. In
this case, estimates were from northern GoMx populations, with the
exception of Blainville’s beaked whale, which is relatively rare in the GoMx,
and for which best available estimates were from individuals in the
Bahamas67. Current studies in the GoMx are underway to produce and
refine local estimates for vocalization probabilities and other parameters to
reduce uncertainty and potential bias associated with using measurements
from other regions. For delphinids, which exhibit patterns of primarily
nocturnal echolocation in this region, the probability of vocalization was
computed by taking into account day and night differences at each site, to
account for seasonal differences in daylight duration (Supplementary
Table 6). First, all-time bins were assigned to daylight or night based on
sunrise and sunset times. A bootstrap approach was used to repeatedly
select 25% of days and to compute the proportions of positive daylight bins
(D̂p) and positive night bins (N̂p) relative to all positive bins in each
bootstrap sample. Next, the proportion of daylight hours (Pday) in each
week was computed for the entire time series. Assuming that groups of
delphinids click constantly while foraging at night, an adjusted probability
of vocalization ðP̂vÞ was computed as

P̂v ¼ ðPday D̂pÞ þ ðð1� PdayÞN̂pÞ ð5Þ

Group sizes for the multi-species HF delphinid and LF delphinid
classes were computed as the weighted average of the included species’
group size estimates, scaled by their relative population sizes as estimated by
NOAA visual surveys in 2017 and 201848 (Supplementary Table 7). For
example, if a class includes two species A and B with respective estimated
group sizes ŝA and ŝB, then the combined group size ŝAB is estimated as

ŝAB ¼ nA ŝA
nA þ nB

þ nB ŝB
nA þ nB

ð6Þ

where nA and nB are the estimated numbers of animals of species A and B,
respectively.
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Delphinid Vocalization Probabilities. The diel vocalization probability
analysis showed that deep divers generally did not have a diel pattern in
vocalization rate, while delphinids were far less likely to be detected
during the day (Supplementary Table 6). This trend for delphinids was
particularly strong at the deep sites where daytime click-positive bins
represented only 4% to 22% of total click-positive bins (CVs = 0.00–0.02)
for the three delphinid classes (Risso’s, HF and LF). At the shelf sites, the
pattern was weaker, with 20 – 36% of click-positive bins (CVs =
0.02–0.05) occurring during daylight hours on average. This difference is
likely due to differences in species composition and foraging strategies68.

Long-term trend analysis
Long-term trends were estimated at each site for each species from weekly
density estimates which were de-seasoned using a monthly seasonal pattern
decomposition procedure69. This procedure consists of detrending the data,
regressing the detrended time series against a set of monthly indicator
variables, subtracting the seasonal component, and adding the trend back in.
De-seasoned time series were fit using a Thiel-Sen regression70,71, a robust
linear estimation process that is insensitive to outliers. The Theil-Sen algo-
rithm computes a slope between each pair of points in a time series, using the
true time difference, and then estimates the overall slope as the mean across
all pairs, yielding a robust fit of the data, insensitive to outliers. Means and
associated CVs, and interquartile ranges were estimated using a bootstrap
approach72, selecting 50% of points and computing the associated slope 100
times. Trends are reported as change in number of animals per 1000 km2 per
year. The values of the linear bootstrapped Thiel Sen fit of the de-seasoned
data in May 2010 and May 2020 were used to approximate mean local
density at the beginning and end of the monitoring period time series, with
percent change computed as the difference between those two points, divi-
ded by the estimated mean starting density in May 2010. For summarization
and interpretation, trends are described as declining if the interquartile range
of the slope spans only negative values, increasing if the interquartile range
spans only positive values, and neutral if the range includes zero.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The dataset can be accessed at: https://doi.org/10.5061/dryad.9zw3r22n4.

Code availability
The code can be accessed at: https://github.com/MarineBioAcousticsRC/
2010-2021_timeseries_analysis.
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