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improve the ecological value of the
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The ecological value of the stranding record is often challenged due to the complexity in quantifying the biases associated with
multiple components of the stranding process. There are biological, physical and social aspects that complicate the interpretation of stranding data particularly at a population level. We show how examination of baseline variability in the historical
stranding record can provide useful insights into temporal trends and facilitate the detection of unusual variability in stranding rates. Seasonal variability was examined using harbour porpoise strandings between 1992 and 2014 on the east coast of
Scotland. Generalized Additive Mixed modelling revealed a strong seasonal pattern, with numbers increasing from February
towards a peak in April. Proﬁling seasonality this way facilitates detection of unusual variations in stranding frequencies and
permits for any change in the incidence of strandings to be quantiﬁed by evaluation of the normalized model residuals.
Consequently, this model can be used to identify unusual mortality events, and quantify the degree to which they deviate
from baseline. With this study we demonstrate that a described baseline in strandings allows the detection of abnormalities
at an early stage and can be used as a regional framework of reference for monitoring. This methodology provides means to
quantify and partition the variability associated with strandings data and is a useful ﬁrst step towards improving the stranding record as a management resource.
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Unusual Mortality Event
Submitted 20 November 2016; accepted 4 April 2017

INTRODUCTION

There is a perennial need to monitor marine ecosystems,
where marine mammals are considered useful indicators of
ecosystem change (Hammond et al., 2002). Marine mammal
populations in European waters are protected under several
international agreements (e.g. the EU Habitats Directive,
ASCOBANS, the Marine Strategy Framework Directive, and
the Common Fisheries Policy). These require regular monitoring of their conservation status through estimations of
abundance and distribution, as well as the identiﬁcation of
present and emerging pressures and threats (Hoyt, 2005;
Hammond et al., 2013). A successful monitoring programme
should therefore be able to assess changes in a population’s
condition and conservation status and help inform management goals and objectives (Bubb et al., 2005).
Monitoring marine mammal populations through the collection of long-term, ﬁne scale at-sea data is ﬁnancially costly
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(Peltier et al., 2013), and logistically challenging due to the
temporal and spatial heterogeneity of the marine environment
and the wide range and mobility of the species of interest. As a
consequence, information on signiﬁcant pressures and ﬁne
scale estimates of abundance and distribution are generally
unavailable for most geographic regions. Large scale decadal
live surveys, such as SCANS I and SCANS II (Hammond
et al., 2013) offer a way of investigating abundance and distribution, but produce low resolution outputs with limited temporal or spatial precision and thereby remain unable to detect
all but the most catastrophic population changes and declines
(Taylor et al., 2007; Williams et al., 2011).
Stranded individuals provide a sample of the living population and offer a relatively low cost method of surveillance
on the incidence of disease and causes of death. Strandings
monitoring is encouraged by multiple intergovernmental
organizations and agreements (e.g. International Whaling
Commission Scientiﬁc Report, 2016, and through various
agreements under the Convention for Migratory Species),
yet has been relatively underutilized as an indicator to assess
population management objectives as well as metrics of
wider marine ecosystem conservation. This is in part due to
the uncertainty around the ecological value of the stranding
1
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record in informing on the at-sea population, caused by the
complexity in quantifying the multiple components of the
stranding process (Hart et al., 2006; Williams et al., 2011;
Peltier et al., 2013). Strandings are a function of biological,
physical and social processes that inﬂuence stranding rates.
The biological aspect is of primary interest in the context of
conservation as this holds information on the parameters of
concern, such as cause of death, population health, and
species abundance and distribution. However this biological
signal can be confounded by physical and social factors
which inﬂuence the incidence of reported beach cast carcasses
(Epperly et al., 1996; Flint & Fowler, 1997), complicating the
interpretation of stranding data at a population level.
Nevertheless the accumulation of stranding data allows analysis of historical trends and patterns, providing a means to
deﬁne a baseline for stranding rates as well as potentially biological and ecological metrics of the stranded population.
These include cause of death (e.g. Kirkwood et al., 1997),
nutritional condition (e.g. Lockyer, 1995), disease burden
(e.g. Dailey & Stroud, 1978), diet (e.g. Santos et al., 2004;
Leopold, 2015), life history (e.g. Lockyer & Kinze, 2003) and
environmental contaminant levels (e.g. Bennett et al., 2001;
Jepson et al., 2016). These metrics can reveal vital clues
about the processes that generated these data and assist in
identifying change, pressures and threats; both in terms of
acute impacts and long-term loss of population viability
(McFee et al., 2006; Leeney et al., 2008).
Strandings of marine mammals in Scotland have been
recorded since the early 1900s (Fraser, 1977) and have been
actively monitored since 1992 by the Scottish Marine
Animal Stranding Scheme (SMASS). This dedicated research
and reporting scheme collates spatial and temporal information on each reported stranding and a subset of reported
cases is necropsied by specialist veterinary pathologists
(Jepson, 2005). As a result, the Scottish stranding database
has become one of the most extensive sources of information
for many cetaceans along the Scottish coastline and holds the
potential to be used as a population monitoring tool.
Using harbour porpoise (Phocoena phocoena) strandings
on the east coast of Scotland as an example, we demonstrate
how examination of baseline patterns can facilitate the detection of unusual variability in stranding rates. The stranding
record gathered by SMASS between 1992 and 2014 was used
to assess seasonal variation in the incidence of strandings
of harbour porpoises along the east coast of Scotland. We
show and discuss how this improved understanding of
baseline variation can contribute to the interpretation of
strandings data, thereby exploring the potential of the strandings record as a monitoring tool and its expediency to
management.

MATERIALS AND METHODS

Data collection
Strandings in Scotland are discovered opportunistically and
reported by members of the public to the Scottish Marine
Animal Stranding Scheme. The amount and quality of information can vary across stranding events, therefore only those
cases that included data on stranding date and location were
included in the analysis. Animals that were reported ﬂoating
at sea were excluded. Data were used from the start of the

stranding scheme in January 1992 up to and including
December 2014.

Data analyses
Temporal variation in stranding numbers was modelled to
examine and quantify seasonal patterns in stranding frequencies. Data exploration was applied by examining covariates for
outliers, missing values and collinearity, prior to analysis.
To examine temporal patterns in the total numbers of
strandings, a Generalized Additive Mixed Model (GAMM)
was applied to the stranding data, using the nlme and mgcv
packages available in R (Venables & Ripley, 2002; Wood,
2006; Zuur et al., 2009; R Core Team, 2014). A count of
number of strandings was modelled as a function of month
and year. The model was ﬁtted using a Poisson error distribution with a log-link function and including an AR1 correlation
structure. The appropriate level of smoothness was found by
utilizing the integrated smoothness estimation and cross validation function available within the mgcv library. A new variable comprising a continuous count of months since the
beginning of the study period was created, and ﬁtted to the
correlation structure to account for continuous autocorrelation. Model selection was carried out by comparing different
forms of inclusion of the variables month and year, and identifying the most appropriate model structure through examination of residuals, parameter estimates, and evaluation of the
Akaike Information Criterion (AIC, Akaike, 1974). The AIC is
however approximate in GAMM and provides only an indication of the model ﬁt. GAMM procedures generate no overall
goodness of ﬁt measure and r2 values are also approximations.
Model validation was therefore carried out primarily by evaluating diagnostic plots and residual variance using normalized
residuals. The residual scaled deviance to the residual degrees
of freedom-ratio (rdev/rdf-ratio) was calculated to examine
possible overdispersion in the model as a control for
over-ﬁtting.

RESULTS

A total of 964 harbour porpoise strandings were reported
along the east coast of Scotland (Figure 1) throughout the
23 year study period. The total number of strandings per
year ranged from a minimum of 22 in 1999, to a maximum
of 93 in 2013, with a mean of 42 strandings (SD + 16.57)
per year.
The optimal model incorporated month of stranding ﬁtted
as a smoother (circular cubic spline), and included year as a
random effect. The degrees of freedom of the smoother was
estimated to be 4.7 and was signiﬁcant (Table 1), providing
evidence for a non-linear effect of month, and seasonality in
number of strandings. Evaluation of the smoothing curve
shows an increasing incidence of strandings between
February with a peak in March and April, after which
numbers decrease throughout the summer months to a constant low between September and January (Figure 2). There
was no evidence of serial correlation in the residuals, which
demonstrates that using a continuous correlation structure
correctly modelled the autocorrelation present in the data.
Its parameter (w) was estimated to be 0.221, indicating that
the level of autocorrelation is rather weak. The rdev/rdf
ratio was calculated at 0.585, meaning the model ﬁtted the
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Fig. 1. Map of the Scottish east coast. Circled dots indicate harbour porpoise
stranding locations from 1992 – 2014.

data well and was not overdispersed. The variance of the
random intercept for year was estimated at 0.238 suggesting
that whilst there are differences in numbers per year, the
between year variation was small and there is no apparent
inter-annual trend present in the data.

DISCUSSION

Cetaceans are low resilience organisms that can take decades
to recover from low population levels (Magera et al., 2013)
hence detecting trends is a major goal of any monitoring strategy for these species. Identifying unusual population mortality
requires a good knowledge of the existing seasonal pattern,

and understanding baseline variation is therefore essential
when trying to increase the ecological value of strandings
data as a population indicator. This analysis of 23 years of
stranding data has identiﬁed a strong seasonal trend in
harbour porpoise strandings along the east coast of
Scotland, which have remained consistent throughout the
study period. While knowing the seasonal pattern of a
process is crucial to detect any unusual event in the short
term, understanding potential multi-decadal trends is
equally desirable to be able to detect and interpret possible
long-term changes in the population. Results from this
study showed that while there were differences in total stranding numbers per year, there was no signiﬁcant between-year
variation detected as indicated by the low estimate for the
variance of the random intercept. This means that there has
not been a large-scale change or long-term trend in strandings
during the 23 year study period.
Modelling seasonality as done here is a robust means to
identify signiﬁcant deviations from expected strandings
numbers, with Generalized Additive Mixed Models allowing
the examination of non-linear relationships and nested data
structures while being able to account for temporal autocorrelation commonly associated with time series data
(Wood, 2004; Zuur et al., 2009). The model permits for any
change in the incidence of strandings to be detected and quantiﬁed, providing a regional framework for monitoring unusual
mortality events that can be used for future reference. By
evaluating the normalized model residuals, which for each
year should be centred around a zero mark, increases and
decreases can be observed whilst taking into account betweenyear variation. As a standard, the residual variation for every
individual year exceeding the area between 21.5 and 1.5
could potentially be evaluated as unusual. This makes it possible to not only identify unusual mortality, but additionally
assess the order of magnitude of the event. Similar modelling
can be done for a variety of frequently stranded species and
could additionally be applied to larger geographic areas, and
theoretically anywhere in the world where carcasses of cetaceans can become stranded. Implementation of this approach
would be an improvement to more basic measures currently
used elsewhere, by for example Hohn et al. (2013) who
deﬁned an increase in number of strandings to be unusual if it
exceeded a historical mean plus 2 SD based on 7 years of stranding data collected along the coast of North Carolina, USA.
Nevertheless unusual variations should be interpreted with
caution. Where an exceptional increase in strandings could

Table 1. Results of the ﬁnal GAMM model for the number of strandings modelled as a smooth function (circular cubic spline) of month with a random
intercept for year.
Parametric coefﬁcients

Intercept

Estimate

+SE

t

1.125

0.08

14.01

P
,0.001

Variance random
intercept year

Residual SD

0.238

1.437

w

r2

0.221

0.216

Smooth terms
edf
Smoother ‘Month’

4.625

F
10.03

P
,0.001

s2/l
0.209

Table values show parametric coefﬁcients, the estimated degrees of freedom of the smoother (edf), and results from an F test of the signiﬁcance of the
smoothing effect. The smoothing parameter is given under s2/l. The r2 value is an adjusted value indicating the approximate variance explained by the
model. Phi (w) is the autocorrelation parameter.
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Fig. 2. Solid line for predicted number of strandings for a typical year as informed by the ﬁnal GAMM model. Dotted lines represent 95% conﬁdence intervals
scaled according to the rdev/rdf ratio to control overﬁtting of the model. Points are vertically jittered to facilitate graph interpretation and represent a count of
actual (raw) monthly observations.

indicate increased mortality or increased abundance (biological variation), it may well be a function of unusual variation in environmental conditions (referring to physical
aspects) or observer efforts (social components). Detecting
the elevation in stranding rates therefore is just the beginning;
further examination of the underlying cause is then essential
in order to establish if an observed increase is real and
whether mitigation is required. Full characterization of any
unusual deviations in stranding rates would likely require
the identiﬁcation and integration of multiple data sources.
These would need to inform on a number of biological, physical and social factors likely to affect the observed strandings
rate. Establishing the baseline variation of these metrics, in
similar fashion to the work described here, would further
quantify and reduce the biases associated with strandings data.
Population indicators should function as informative
low-cost simpliﬁcations of direct measurements of the population parameters of interest (Bubb et al., 2005). This study has
demonstrated that when analysed correctly, a described baseline in stranding frequencies can be informative in assessing
variances in stranding rates and identify and quantify
unusual mortality events. As with other opportunistic wildlife
data, information derived from strandings usually cannot be
gathered by other means, thus tools to improve and expand
the utility of these data will be of signiﬁcant beneﬁt. An
extended more detailed baseline with regards to the composition of the stranded population would further contribute to
this, and additionally facilitate the detection of substantial variations in the biological components of a population such as
age or sex structure of affected animals, and any altered exhibition of pathological ﬁndings, clinical signs, or physical condition of stranded individuals. These are all factors that can be
used as indicators of change in the status and health of a population (Norman et al., 2004; McFee et al., 2006; Nemiroff et al.,
2010; Hohn et al., 2013). This is likely to further improve the
qualitative and quantitative applicability of strandings as a
population indicator for future monitoring.
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