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a  b  s  t  r  a  c  t

The  accidental  oil  spill  in the  Gulf  of  Mexico  in  2010  has caused  perceptible  damage  to marine  and
freshwater  ecosystems.  The  large  quantity  of  oil  leaking  at a  constant  rate  and  the  long  duration  of
the event  caused  an  exponentially  increasing  mortality  of vertebrates.  Using  data  provided  by  NOAA  and
USFWS,  we  assessed  the  effects  of this  event  on  birds,  sea  turtles,  and  mammals.  Mortality  rates  (measured
eywords:
il spill
etrapod vertebrate mortality rate
eepwater Horizon/BP
xponential behavior

as  the  number  of  carcasses  recorded  per  day)  were  exponential  for  all three  groups.  Birds  were  the most
affected  group,  as  indicated  by  the  steepest  increase  of  mortality  rates  over  time.  For  sea  turtles  and
mammals,  an  exponential  increase  in  mortality  was  observed  after  an  initial  delay.  These  exponential
behaviors  are  consistent  with  a unified  scenario  for  the  mortality  rate  for  tetrapod  vertebrates.  However,
at least  for  mammals,  pre-spill  data  seem  to indicate  that  the  growth  in the  mortality  rate  is not  entirely

l.
a  consequence  of  the  spil

Oil spills damage both marine and freshwater ecosystems.
mong the best-reported spills are the Exxon Valdez in Alaska

Bohannon et al., 2002) and the Prestige in Spain (Castege et al.,
007). These and other oil spills are limited in space, time, and
olume of oil leaked, compared to the Gulf of Mexico Deepwater
orizon accident (Estes, 1991; Marine Conservation Society, 2010).

The most visible and immediate impact of oil on wildlife is its
dhesion to organisms, especially after the sludge washes ashore.
owever, other dangerous impacts are related to mutagenic and/or
arcinogenic polycyclic aromatic hydrocarbons present in the oil
Samanta et al., 2002) and sub-lethal effects such as physiological
r endocrine disruptions (Bilbao et al., 2010). The Gulf of Mexico
pill offers an excellent opportunity for ecologists, toxicologists,
nd environmental physiologists to understand the effects of oil on
he biota and to identify the responses of the organisms affected by
he spill.

We  used the estimated volume of oil leaked and a con-
olidated number of dead animals provided by the National

ceanic and Atmospheric Administration (NOAA) and the U.S.
ish and Wildlife Service (USFWS) available on the website
ww.fws.gov/home/dhoilspill/collectionreports.html to accom-
lish two objectives: (i) to identify patterns and model the response
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of tetrapod vertebrates to this extreme oil release, and (ii) to assess
which group(s) of tetrapod vertebrates (birds, sea turtles, and mam-
mals) was  most affected by the spill. Our results will help to predict
the outcome of impacts from oil spills, and also to evaluate which
groups of animals should be prioritized in rescues during similar
events.

Carcasses were collected along ca.  2600 km,  in the US coast (Gulf
of Mexico). The numbers of animals collected were reported to
the Unified Area Command by the USFWS, NOAA, area incident
commands, rehabilitation centers, and other authorized sources
operating within the Deepwater Horizon/BP (British Petroleum)
incident impact area. Because the results are based only on rescues
accomplished by these agencies, we assumed a constant sampling
effort. We  also assumed that even if effort was  not completely con-
stant, the data are adequate for accomplishing at least our second
objective (to assess which group of vertebrates is most sensitive to
oil), because over a given period, the effort was  the same for each
group of animals. In addition, our models are independent of the
number of individuals in a population when the number of deaths
is very small relative to population sizes (this assumption will be
argued later in the text).

The oil spill lasted from 22 April to 16 July 2010. The volume of
oil leaked (P) accumulated at a constant rate (RP = dP/dt) (Fig. 1(A)).
One should note that the NOAA and USFWS dataset does not contain

measurements related to the forces moving the oil spill or disper-
sants nor the coordinates where the carcasses were found. Given
these characteristics, a simplified model of the impacts on wildlife
can be generated.

dx.doi.org/10.1016/j.aquatox.2011.05.022
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http://www.elsevier.com/locate/aquatox
http://www.fws.gov/home/dhoilspill/collectionreports.html
mailto:fern_jose@yahoo.com.br
dx.doi.org/10.1016/j.aquatox.2011.05.022


178 F.J. Antonio et al. / Aquatic Toxicology 105 (2011) 177– 179

F rded n
l

t
a
fi
p
t
t
t
r
c
i
d
t
(
c
a
t
o
s
d
r
(
(
a
b
H
i
d
r
1
i
w

a
b

ig. 1. Cumulative daily increase in estimated oil spilled/P (A), and cumulative reco
ines  are exponential functions adjusted to the data.

As a consequence of the oil spill, there was increasing mor-
ality of vertebrates, whose carcasses started to be reported
fter the 38th day (May 28). In our analysis we  considered the
rst 140 days reporting period. The highest impact during this
eriod was recorded for birds, with an exponential increase in
he cumulative number of carcasses (B; Fig. 1(B)). Consequently,
he daily mortality rate (RB = dB/dt) was also an exponential func-
ion. The intrinsic increase of mortality rates for this group was
B = 0.01338 ± 0.00008 d−1. A smaller number of sea turtle car-
asses (T) was recorded (Fig. 1C). There was an exponential
ncrease in mortality for this group, also leading to exponential
aily mortality rates (RT = dT/dt). However, we identified an ini-
ial delay before the establishment of the exponential increase
ca. day 68/June 27). An even smaller number of mammal  car-
asses (M)  was recorded (Fig. 1D). For mammals, there was
lso an initial delay before the establishment of an exponen-
ial increase (ca.  day 77/July 6). Although not as clear as that
bserved for birds and turtles, the data obtained for mammals
uggest an exponential increase in mortality and an exponential
aily mortality rate (RM = dM/dt).  The intrinsic increase of mortality
ates for turtles (rT) was 0.00162 ± 0.00002 d−1 and for mammals
rM) 0.00312 ± 0.00003 d−1. The lack of an initial delay for birds
Fig. 1(B)), as observed for these last two groups, may  be associ-
ted with the fact that birds are more sensitive and arrive at the
eaches long before the oil reaches the shore (Castege et al., 2007).
owever, birds were the first group to recover from the oil spill, as

ndicated by their mortality rates which decreased after the 97th
ay (July 26), whilst the mortality of turtles and mammals was  still
ising exponentially until the 155th day (September 22) and the
63th day (September 30) respectively. These exponential regular-

ties can be expressed mathematically by the equation dRi/dt  = riRi

ith i =B, T and M.

In our modeling of vertebrate mortality rates, two other desired
spects could be taken into account: (i) mortality rates Ri should
e constant when the oil leak stopped (RP = 0), and (ii) the intrinsic
umbers of carcasses of birds/B (B), sea turtles/T (C), and mammals/M (D). The solid

increase in the mortality rate of each group of organisms should
depend on its sensitivity to petroleum. These aspects and the
reported exponential behaviors are naturally accomplished if the
intrinsic increases of mortality rates are given by ri = aiRP, with ai
being related only to the petroleum sensitivity of the ith group of
organisms. In fact, the mortality rate (Ri) for all groups becomes
constant (dRi/dt  = 0) when RP = 0.

Note that when one considers population deaths it is desirable to
take the number of deaths into account in a time interval for a given
population size. This aspect can be considered via the relative mor-
tality rate Ři = Ri/Pi where Pi is the population size of the ith group.
In most cases, as occurred in our work, only data about the num-
ber of deaths along time, but not the population size, are available.
However, it is desirable to identify intrinsic patterns of the system,
despite the lack of more complete data about the population sizes.
In our investigation we  identified patterns when the number of car-
casses is much lower than the population size. In fact, if Pi is much
higher than the number of deaths (more precisely, Ri � riPi) and
therefore almost constant along the Gulf accident, dŘi/dt  is very
well approximated by 1/PidRi/dt.  Consequently, ri(ai) is an intrinsic
parameter for each group which does not depend on the popula-
tion size since ri = 1/RidRi/dt  = 1/ŘidŘi/dt.  Thus, the parameter ri(ai)
is appropriate to compare different groups of animals, even with-
out knowing their population sizes, and we  interpret higher ri(ai)
as higher sensitivity.

To support this assumption of effective independence of
the population size, we  take as an example the number of
carcasses for mammals (ca.  100), which represents less than
0.15% of the population of dolphins in the Gulf (ca.  75,000;
http://www.telegraph.co.uk/earth/wildlife/7713466/Gulf-
of-Mexico-oil-spill-dead-dolphins-found-washed-up-on-US-

coast.html). Note that this rate is even lower if we  consider that the
real number of mammals is higher because it includes several other
species, supporting the use of ri(ai) to compare different groups of
animals.

http://www.telegraph.co.uk/earth/wildlife/7713466/Gulf-of-Mexico-oil-spill-dead-dolphins-found-washed-up-on-US-coast.html
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A concern with our data is the limited access to the data about
ortality rates in a context of pre-spill mortality and thus we

o not know how much of the measured mortality is associated
ith the spill, compared to other sources of mortality. Although
e did not get data for all groups, we obtained the number

f carcasses for turtles (http://www.sefsc.noaa.gov/stssnrep/
eaTurtleReportI.do?action=reportquery;  accessed in January
011) and stranded cetaceans (http://www.nmfs.noaa.gov/pr/
ealth/mmume/cetacean gulfofmexico2010.htm; accessed in May
011) before the pollution event, and we could compare these
ata with our data. According to our expectations, the mortal-

ty rates for turtles were within the same order of magnitude
efore spill (∼3 d−1) and after spill cessation (∼2 d−1). Thus, it is
lso reasonable to assume that the much higher mortality rates
btained during the spill (∼8 d−1 between days 38 (May 28) and
8 (June 28)) are associated with the oil impacts. However, for
etaceans (a fraction of mammals) a different figure was found.
or example, in March 2010 (i.e., before the event) the number
f stranded cetaceans was 3.4 times higher than the historical
verage recorded in this period. Thus, considering cetaceans as

 good approach for mammals, the increase in the number of
arcasses found does not seem to be entirely associated to the spill
vent.

Our model could be improved to take the initial delay into

ccount. To achieve this improvement, a time delay equation
Murray, 2002) dRi(t)/dt = riRi(t − �i) may  be employed, where �i is

 suitable transient time and i = B, T and M.  A more detailed model
ccomplishes the interpolating region between the exponential
logy 105 (2011) 177– 179 179

and the asymptotic regimes. The exponential behavior recorded
for the mortality of animals during the Gulf of Mexico oil spill and
the equations describing this particular scenario could be tested in
accidents involving other pollutants.
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