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Abstract
Effective conservation requires monitoring and pro-active risk assessments. We stud-

ied the effects of at-sea mortality events (ASMEs) in marine mammals over two

decades (1990–2012) and built a risk-based indicator for the European Union's Marine

Strategy Framework Directive. Strandings of harbor porpoises (Phocoena phocoena),

short-beaked common dolphins (Delphinus delphis), and striped dolphins (Stenella
coeruleoalba) along French coastlines were analyzed using Extreme Value Theory

(EVT). EVT operationalizes what is an extreme ASME, and allows the probabilis-

tic forecasting of the expected maximum number of dead animals assuming constant

pressures. For the period 2013–2018, we forecast the strandings of 80 harbor por-

poises, 860 common dolphins, and 57 striped dolphins in extreme ASMEs. Compari-

son of these forecasts with observed strandings informs whether pressures are increas-

ing, decreasing, or stable. Applying probabilistic methods to stranding data facilitates

the building of risk-based indicators, required under the Marine Strategy Framework

Directive, to monitor the effect of pressures on marine mammals.

K E Y W O R D S
bycatch, conservation, extreme events, Extreme Value Theory, forecasting, marine mammals, Marine
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1 INTRODUCTION

In the Anthropocene, anthropogenic pressures (Maxwell,
Fuller, Brooks, & Watson, 2016; Steffen, Broadgate, Deutsch,
Gaffney, & Ludwig, 2015) and extreme environmental events
(Ummenhofer & Meehl, 2017) erode biodiversity. A high
intensity and historically low occurrence define such extreme
environmental events. Previous works on extreme events have
focused on their retrospective identification and underlying
causes (Barbraud, Delord, & Weimerskirch, 2015; Solow,
2017). The latter can be very difficult to investigate, espe-
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cially in ecology where collecting the necessary long-term
data is challenging (Anonymous 2017). The consequences
of extreme events, however, can be observed through mass
die-offs or other extreme ecological responses (Barbraud
et al., 2015; Chambert, Rotella, & Garrott, 2012; Gutschick
& BassiriRad, 2010; Ummenhofer & Meehl, 2017).

The term “extreme” may describe the consequences of
an event on an ecosystem. Studying extreme environmental
events through their consequences, rather than their causes, is
relevant for biodiversity conservation to emphasize proactive
rather than reactive policies. By analogy, catastrophic flood
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levels are forecast to estimate their consequences (Coles &
Pericchi, 2003) despite many uncertainties in hydrological
processes (Beven, 2016). Forecasting has become an impera-
tive for biodiversity conservation in the Anthropocene (Clark
et al., 2001; Cook, Inayatullah, Burgman, Sutherland, &
Wintle, 2014), but many hurdles remain, especially in the
marine realm (Parsons et al., 2014).

The European Marine Strategy Framework Directive
(MSFD, 2008/56/EC1) aims to maintain or restore “Good
Environmental Status” of marine ecosystems by 2020. This
conservation plan is based on a set of indicators, mostly
describing and assessing the status of ecosystem components.
Routinely comparing ecological forecasts to observed data is
useful to decision-making in directives like the MSFD (Dietze
et al., 2018); it allows researchers and decision-makers to
track how pressures change as new policies are implemented.
Risk assessments based on the consequences of extreme
environmental events and their occurrence probabilities are
thus required to supplement status-based indicators (Gibbs &
Browman, 2015).

Studying mortality events is of critical importance due
to their potentially disproportionate impact on population
abundance (Chambert et al., 2012; Denny, Hunt, Miller, &
Harley, 2009; Fey et al., 2015; Gross, Mittelbach, & Reynolds,
2005), and in the case of top predators, on ecosystems (Sergio
et al., 2008). Small cetaceans face many pressures (Bossart,
2011; Burek, Gulland, & O'Hara, 2008; Gulland & Hall,
2007; Pierce et al., 2008), including bycatch by fisheries
(Dolman, Baulch, Evans, Read, & Ritter, 2016; Read, Drinker,
& Northridge, 2006; Reeves, McClellan, & Werner, 2013).
High levels of additional induced mortality can disrupt pop-
ulation dynamics and even lead to species extinction (Taylor
et al., 2017).

Monitoring temporal variations in the abundance of
cetaceans has proven a difficult endeavor (Jewell et al., 2012).
Historically, strandings have provided a wealth of informa-
tion on cetaceans, including mass die-offs, despite uncertain-
ties about their underlying causes. Hohn, Rotstein, and Byrd
(2013) developed a retrospective method to detect extreme
at-sea mortality events (ASMEs) from marine mammal
strandings with a 7-day lag. Forecasting extreme ASMEs—
rare but potentially disastrous events—requires models that
focus on maxima, not on averages (Burgman et al., 2012;
Davison & Huser, 2015). Extreme Value Theory (EVT)
provides the appropriate statistical framework to model
past extremes and forecast future extremes (Coles, 2001;
Davison & Huser, 2015). EVT includes Peak-Over-Threshold
and Block-Maxima methods. The latter relies on the Gen-
eralized Extreme Value (GEV) distribution and enables the
extrapolation of probabilities of future events assuming that
the causes of these events remain the same.

This study aimed to develop a risk-based indicator for
small cetaceans by building a statistical model using EVT to

identify extreme ASMEs based on stranding data and forecast
their probable magnitude in the future. Using stranding data
along French coasts, we illustrate our proposed risk-based
indicator for three small cetacean species experiencing
various pressures. We first calibrate models to past stranding
data (1990–2012), then use the models for forecasting over
the MSFD reporting cycle (2013–2018). These forecasts
multiplied by their probability are used as risk-based indica-
tors and are compared to actual stranding data (2013–2016).
Such comparisons enable policymakers to assess whether
pressures are changing as new policies are implemented.

2 METHODS

2.1 Study area and study species
The MSFD applies an ecosystem-based management
approach to the conservation of marine waters. Four spatial
units, or marine regions, are defined by the directive: the
Baltic Sea, the North East Atlantic Ocean, the Mediterranean
Sea, and the Black Sea. Each region represents an ecosystem
and can be further divided into subregions.

We used stranding data of three small cetacean species,
each one characteristic of an MSFD marine subregion: the
harbor porpoise (Phocoena phocoena) in the English Chan-
nel (Greater North Sea), the short beaked common dolphin
(Delphinus delphis) in the Bay of Biscay (Bay of Biscay and
Iberian coast), and the striped dolphin (Stenella coeruleoalba)
in the North Western Mediterranean Sea (Western
Mediterranean Sea, Figure 1). Daily counts of dead ani-
mals on the beaches from 1990 to 2016, a period with
constant reporting rates (Authier et al., 2014), were tallied.
Carcasses were examined by trained volunteers of the French
marine mammal stranding network, following European and
French regulations on stranded cetaceans. Fresh carcasses,
animals estimated to have died less than 48 hr prior to the
examination, were examined for marks or wounds diagnostic
of bycatch (Kuiken, 1994).

2.2 Data formatting
Statistical analyses were carried out at month-level. Data were
“blocked” prior to EVT modeling (Coles, 2001). We chose
a 3-day block length to smooth a possible weekend effect
in reporting (due to increased beach attendance, Support-
ing Information), and to account for ASMEs extending sev-
eral days. Daily counts of stranded animals were summed
over a sliding 3-day window for each month and 𝑀𝑖𝑗 , the
monthly maximum of the 𝑖th month in year 𝑗, was com-
puted. The response variable was the monthly maximum num-
ber of strandings over a 3-day period (Figure 2). The data
of the period from 2013 to 2016 were not used to estimate
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F I G U R E 1 Study area map. France borders three MSFD marine sub-regions: the English Channel (Greater North Sea subregion), the Bay of
Biscay (Bay of Biscay and Iberian coast subregion), and the North Western Mediterranean Sea (Western Mediterranean Sea subregion)

F I G U R E 2 Flow chart illustrating data preparation for EVT modeling. Strandings are reported for each day of the study period. These
strandings are totaled over a sliding 3-day window and the maximum for each month is extracted

model parameters but were held out for out-of-sample cross-
validation.

2.3 Model building
The GEV distribution has three parameters (Coles, 2001):
location (𝜇, mean), scale (𝜎, > 0), and shape (𝜉). The shape
parameter, 𝜉, is estimated from the data and determines the
GEV distribution (Gumbel, Weibull or Fréchet, see Support-
ing Information). Temporal variation in the stranding intensity
(𝜇𝑖𝑗) were tested through four model specifications (Null −

3). A null model with no temporal variation (Null, a sim-
ple GEV distribution) was first tested. In other specifications,
additive year (𝑗) and month (𝑖) random effects were included.
The GEV likelihood for datum 𝑦𝑖𝑗 is (Coles, 2001; see Sup-
porting Information for priors and model fitting):

𝓁
(
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)
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(
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with 𝑦𝑖𝑗 = log(1 +𝑀𝑖𝑗) and:

Null∶ 𝜇𝑖𝑗 = intercept

1∶𝜇𝑖𝑗 = intercept + 𝛼𝑗 + 𝛽𝑖 ; 𝛼𝑗 ∼


(
0, 𝜎2

year

)
, 𝛽𝑖 ∼


(
0, 𝜎2

month
)

2∶𝜇𝑖𝑗 = intercept + slope × 𝑗 + 𝛽𝑖 ; 𝛽𝑖 ∼ 
(
0, 𝜎2

month
)

3∶ 𝜇𝑖𝑗 = intercept + slope × 𝑗 +
𝛼𝑗 + 𝛽𝑖

; 𝛼𝑗 ∼


(
0, 𝜎2

year

)
, 𝛽𝑖 ∼


(
0, 𝜎2

month
)

The WAIC was used for model selection (see Support-
ing Information). Parameters from the best model were used
to forecast the return level 𝑦pred,𝑇 , the value expected to be
exceeded on average once every time interval 𝑇 (Guillou,
Naveau, Diebolt, & Ribereau, 2009). The return level corre-
sponds to the expected maximum of stranded dolphins over
a 3-day period in each month (𝑇 ) of an MSFD cycle (𝑇 ∈
[1 ∶ 72] months):

𝑦pred,𝑇 =
{

𝜇 −
(

𝜎

𝜉

)
[1 − {− log (1 − 𝑝)}−𝜉] with 𝑝 = 1

𝑇
and 𝜉 ≠ 0

𝜇 − 𝜎 log {− log (1 − 𝑝)} with 𝜉 = 0

2.4 Risk assessment
A risk is the product of the likelihood of an event and its
consequences (Gibbs & Browman, 2015). For each monthly
forecast between 2013 and 2018, the risk was the product of
the forecast level 𝑦pred,𝑇 (number of dead individuals) and the

corresponding occurrence probability: p𝑇 = 1
𝑇

(Coles, 2001).
The risk measure can be compared across species, as well as
across months within species.

2.5 Cross-validation
Forecasts for the 2013–2016 period were compared to
observed data: 2,000 posterior values were used to calculate
95% highest posterior density (HPD) intervals. Because pre-
dicting maxima was the target, a model forecast should be
lower than or equal to the observed data. Upon validation, the
selected GEV model was used to forecast the return level for
the first MSFD cycle (2013–2018). Return levels were also
corrected by buoyancy probability (Section 11 in Supporting
Information).

3 RESULTS

3.1 Stranding data (1990–2012)
The number of harbor porpoise strandings in the English
Channel per year has increased since the 1990s. In 1997, only

eight stranded individuals were reported, in contrast to 195
individuals in 2012. Common dolphin strandings in the Bay
of Biscay increased from 125 to 323 individuals during the
1990–2012 period, with a peak of 476 individuals in 2000.
Year-to-year variations were larger in common dolphins than
in harbor porpoises (Figure 3). Strandings of striped dolphins
peaked in 1990 (139 individuals), and the lowest number was
in 1999 (five individuals) with weak evidence of an increase
over the study period. Fresh deaths were largely attributed
to bycatch for common dolphins and harbor porpoises; both
sexes seemed similarly impacted (Figure 3).

3.2 Model selection
The most complex model specification (3), which incor-
porated both a yearly trend and random effects, provided
the best relative fit (e.g., the lowest WAIC; Supporting
Information Table S1). An increasing trend in harbor por-
poise and common dolphin strandings was clearly supported.
Coefficients of determination for this yearly trend were
0.35 (95%HPD = [0.27, 0.43]), 0.27 ([0.18, 0.36]), and 0.13
([0.02, 0.24]) for harbor porpoises, common dolphins, and
striped dolphins, respectively (Figure 4).

3.3 Cross-validation
The expected maximum numbers of stranded small cetaceans
were predicted for each month of 2013, 2014, 2015, and
2016 (Supporting Information Figures S4–S7). Observed har-
bor porpoise strandings were close to forecasts in all months
of 2013 except May, where strandings exceeded predictions.
All other harbor porpoise forecasts were acceptable because
observations did not exceed predictions. Observed data for
both the common dolphin, and the striped dolphin, were close
to, yet always lower than, the predictions: observed maxima
never exceeded predicted ones.

3.4 Return levels (2013–2018)
We forecast the potential extreme ASMEs—maxima of
the potential number of stranded small cetaceans over a
3-day period—using the model 3 for each month over
a 6-year time period (MSFD cycle: 𝑇 = January 2013 −
December 2018 = 72months) and corrected for buoyancy
probability to provide an estimate of the total number of dead
animals at sea. Forecasts of other models are provided in the
Supporting Information.

For harbor porpoises, the highest return levels were
expected in April (Figure 5). Monthly variations in strand-
ings were double that of yearly ones (Table 1). The largest
return level was forecast for April 2018 from a Weibull
distribution (𝜉 = −0.37, 95%HPD = [−0.46,−0.26] ) at 14,
95%HPD = [09, 18] stranded individuals following a mor-
tality event at sea. Taking buoyancy probability into account,
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F I G U R E 3 Trends in strandings from 1990 to 2016 along French coasts for harbor porpoises (English Channel), short-beaked common
dolphins (Bay of Biscay), and striped dolphins (North Western Mediterranean Sea)

this corresponded to 80, 95%HPD = [36, 136] individuals at
sea (Figure 5).

The highest return levels were expected in February
for common dolphins (Figure 5). Monthly variations in
strandings were over five times larger than yearly ones
(Table 1). Positive estimates were in the HPD interval of:
𝜉 = −0.06 [−0.14, 0.03], indicating a Gumbel distribu-
tion. The largest return level was forecast for February
2018 at 146 [83, 221] stranded individuals, around 50 of
which are females. This corresponded to 860 [321, 1, 533]
individuals at sea (Figure 5), around 291 of which are
females.

For striped dolphins, the highest return levels were
expected in October (Figure 5), although seasonality was
weak. Yearly strandings were twice as variable compared
to monthly strandings (Table 1). Return levels were forecast
from a Weibull distribution (𝜉 = −0.20 [−0.31,−0.11]). The
largest return level was forecast for October 2018 at 10 [5, 15]

stranded individuals. This corresponded to 57 [21, 101] indi-
viduals at sea (Figure 5).

3.5 Risk assessment
The computed risk had a different range for each species, the
common dolphin displaying the highest risk, and the striped
dolphin the lowest (Figure 5). For the common dolphin, a high
risk still occurred in 2018 with a value of 11.6.

4 DISCUSSION

The effect of extreme events on population dynamics is a
growing area of conservation research (Barbraud et al., 2015;
Chambert et al., 2012; Gutschick & BassiriRad, 2010). We
predicted the effects of potential extreme ASMEs on small
cetacean strandings along French coasts using EVT (Coles,
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F I G U R E 4 Month and year effects of the best model (3) estimating extreme mortality events in harbor porpoise, common dolphin, and
striped dolphin. The curve corresponds to the mean forecast and the gray area to the 95% HPD interval

2001; Davison & Huser, 2015) and computed their associated
risks, which enabled us to compare the predicted and observed
figures across months and years for each species. The three
species: harbor porpoises, common dolphins, and striped dol-
phins, each provided a different picture. Return level inten-
sities increased over the study period: the increase was the
largest in harbor porpoises and the smallest in striped dol-
phins. Mortality and the associated risk were the largest for
common dolphins. Seasonal variations were greatest in com-
mon dolphin strandings and smallest in striped dolphin strand-
ings. These seasonal variations do not overlap with variations
in abundance in the study area (Supporting Information).

Statistical modeling with the GEV distribution requires
binning the data into blocks (Coles, 2001). The chosen block
length of 3 days allowed smoothing a possible weekend effect
in reporting and accommodated for an ASME spanning sev-
eral days (Section 15 in Supporting Information). The fore-
casting model was cross-validated with 4 years of data (2013–
2016) to assess model predictive accuracy on holdout data,
which is how the model will be used if incorporated in man-
agement practices. Forecasts can be provided at the beginning
of an MSFD cycle and can later be assessed against observa-
tions at the close of the cycle. Recent observed common dol-
phins’ mass strandings were similar or closed to our forecasts
(forecasts: 134 [75, 209] and 118 [64, 181]; observations: 144
and 62 for February and March 2017; Observatoire Pelagis's
unpublished data), asserting the value of ecological forecast-
ing as a support of management directives. Our forecasts for

common dolphin suggest that a potential ASME in 2018 could
represent around 20% of the threshold number of deaths due to
human activities above which the population would decrease
(Mannocci et al., 2012; Section 12 in Supporting Informa-
tion).

Forecasts and observations for common and striped dol-
phins were comparable: previously observed variations were
sufficient to predict future ones (Cook et al., 2014). The
same pressures operating before 2013 were thus still in effect
between 2013 and 2016. Past variations did not allow for
an accurate forecast for harbor porpoises for May 2013. The
recent increase in harbor porpoise strandings suggests that a
shift in conditions may have occurred around 2012. This may
be due to the displacement of the harbor porpoise population
from the northern part of the North Sea down to the English
Channel between 1994 and 2005 (Hammond et al., 2013).
The considerable lag in effect would need to be explained for
this to be a feasible explanation. Another non-mutually exclu-
sive hypothesis is the exacerbation of existing pressures or the
appearance of new pressures affecting harbor porpoises in the
English Channel, causing an increase in bycatch (Figure 3).
It is essential to monitor harbor porpoise populations and
the pressures acting on them in the coming years in order to
understand the discrepancy between the forecast and observed
strandings.

For common dolphins and harbor porpoises, monthly vari-
ations in the month parameter (𝛽i) display a peak in late win-
ter/early spring. However, the peak for harbor porpoises is
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F I G U R E 5 Corrected return levels forecast from model 3 for harbor porpoises, common dolphins, and striped dolphins between January
2013 and December 2018 (MSFD cycle). The curve corresponds to the mean forecast and the gray area to the 95% HPD interval. The associated risk
is color-coded for each estimated return level

T A B L E 1 Estimated standard deviations of month and year effects for harbor porpoises, common dolphins, and striped dolphins. Posterior
means and 95% highest posterior density intervals from model 𝟑 are reported

Standard deviation Harbor porpoises Common dolphins Striped dolphins
𝜎month 0.21 [0.11,0.36] 0.72 [0.46,1.13] 0.12 [0.03,0.23]

𝜎year 0.09 [0.02,0.19] 0.11 [0.01,0.24] 0.21 [0.13,0.31]

2 months later than that of common dolphins (Figure 4). The
seasonality can reflect fishery activities e.g. winter seabass
trawling in the Bay of Biscay (Peltier et al., 2016) ver-
sus passive fishing gears in the Channel. A large number
of stranded individuals had evidence of bycatch (Figure 3;
Authier et al., 2014; Peltier et al., 2016), suggesting that
bycatch substantially contributed to the observed mortality
(Section 14 in Supporting Information). Yearly trends of com-
mon dolphins and harbor porpoises were qualitatively similar
(Figure 4). For striped dolphins, yearly variations were higher
than monthly ones, indicating weak seasonality and constant
pressures throughout seasons. The documented morbillivirus
epizootics of 1990–1991, 2004, and 2007–2008 may explain

yearly variations in this species (Keck et al., 2010; Rubio-
Guerri et al., 2013).

Our approach evaluates the impacts of extreme ASMEs
by considering extreme stranding values (Davison & Huser,
2015). In our case, extreme ASMEs are defined as a large
number of strandings over a 3-day period. Still, predicted
return levels are only forecasts, suggesting possible outcomes
over a given time period, not certain events. The risk associ-
ated to these events (Figure 5) enables us to compare species,
and to anticipate an appropriate field response during months
with higher risks. The species most at risk was the common
dolphin, with risk peaking during the winter months. Harbor
porpoises were most at risk during early spring, but the
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associated risk is low compared to that of common dolphins
(Figure 5).

This study focused on probabilistic forecasting of small
cetacean ASMEs using stranding data and EVT modeling.
Forecasting risk is essential to anticipate a timely and ade-
quate field response to strandings in order to collect valuable
information about mortality causes and pressures on popula-
tions. The EVT models had good predictive abilities for two
species, common dolphins and striped dolphins, reflecting no
change in pressures over the period 2013–2018. The selected
model included a linear trend indicating an increase in ASME
magnitude over time. Model predictions may be used in man-
agement directives to assess whether new pressures emerge
or whether management actions alleviate known pressures. In
the case of small cetaceans, this would translate to a change
in the linear trend. Our model predictions provided expected
numbers of deaths due to extreme events. These numbers are
both an indicator of population status and of (negative) inter-
action intensity between small cetaceans and human activities
in our study area. Our indicator cannot report the causes of
mortality events but quantifies of the consequences of such
events in terms of mortality. Collecting auxiliary data on
causes of death remains paramount to identifying key pres-
sures. This study illustrates the importance of long-term mon-
itoring schemes (e.g., stranding networks) and the added value
of stranding data within conservation frameworks like the
MSFD to build a risk-based indicator to evaluate the environ-
mental status. This indicator can be used to monitor the effects
of pressures by comparing forecasts and observations, thereby
drawing attention early when a mismatch occurs. This indica-
tor will be compared to stranding data every 6 years, at the
beginning of the following MSFD cycle, to monitor changes
in pressures acting on small cetaceans and assess the “Good
Environmental Status” of marine ecosystems. The outcome
of such risk-based indicators should benefit the monitoring
and the conservation of species impacted by extreme mor-
tality events. This new conservation tool could allow stake-
holders and policymakers to implement mitigation measures
in order to reduce anthropogenic pressures affecting wildlife
species.
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