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Abstract

An unprecedented 85 harbour porpoises stranded freshly dead along approximately 100 km of Danish coastline from 7–15
April, 2005. This total is considerably above the mean weekly stranding rate for the whole of Denmark, both for any time of
year, 1.23 animals/week (ranging from 0 to 20 during 2003–2008, excluding April 2005), and specifically in April, 0.65
animals/week (0 to 4, same period). Bycatch was established as the cause of death for most of the individuals through
typical indications of fisheries interactions, including net markings in the skin and around the flippers, and loss of tail flukes.
Local fishermen confirmed unusually large porpoise bycatch in nets set for lumpfish (Cyclopterus lumpus) and the strandings
were attributed to an early lumpfish season. However, lumpfish catches for 2005 were not unusual in terms of season onset,
peak or total catch, when compared to 2003–2008. Consequently, human activity was combined with environmental factors
and the variation in Danish fisheries landings (determined through a principal component analysis) in a two-part statistical
model to assess the correlation of these factors with both the presence of fresh strandings and the numbers of strandings
on the Danish west coast. The final statistical model (which was forward selected using Akaike information criterion; AIC)
indicated that naval presence is correlated with higher rates of porpoise strandings, particularly in combination with certain
fisheries, although it is not correlated with the actual presence of strandings. Military vessels from various countries were
confirmed in the area from the 7th April, en route to the largest naval exercise in Danish waters to date (Loyal Mariner 2005,
11–28 April). Although sonar usage cannot be confirmed, it is likely that ships were testing various equipment prior to the
main exercise. Thus naval activity cannot be ruled out as a possible contributing factor.
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Introduction

Over the years, a number of very disparate causal factors have

been assigned to cetacean strandings. These include, but are not

limited to: behavioural errors, such as failure of navigation related

to the use of the Earth’s geomagnetic field [1]; atmospheric-

oceanic events, such as hurricanes [2]; compromised health status

caused by infectious diseases or effects of anthropogenic activities

[3–6]; and other issues of anthropogenic origin, such as

contaminants loads [7–10]. More recently, growing evidence also

implicates a more direct role of human activities (particularly

military exercises) in causing cetacean strandings through exposure

to noise ([11–13] and review [14]). For example, mass strandings

in beaked whales have been suggested to result from either

acoustic trauma [15] or behavioural responses [16–19] following

exposure to navy sonar. Exposure to navy sonar has also been

implicated in strandings of other species [14], including harbour

porpoise (Phocoena phocoena) [20] and, most recently, common

dolphin (Delphinus delphis) [21]. A wider suggestion is that the

animals are following basic, innate behaviours during times of

extreme stress responses, such as seeking the ancestral ‘‘safety’’ of

land (see [22] pages 82–83 and [23]). In the majority of cases it is

perhaps most likely that a combination of factors are involved

[2,24–26]. To that extent, lunar and solar cycles have also been

noted to correlate with, and potentially influence, stranding rates

[27–29]. Finally oceanographic currents and wind will also play a

role in determining if a stranding will occur at all [30].In addition

to being directly implicated in causing strandings, as mentioned for

beaked whales above, behavioural responses to acoustic exposures

have also been seen to more generally increase the risk of

detrimental interactions with further human activities in other

cetacean species. For example, North Atlantic right whales

(Eubalaena glacialis) responded to novel alarm signals by coming

near, but not actually to, the surface, placing them at the highest

risk of being struck by ships [31].

Similarly, higher entanglement rates were reported for hump-

back whales (Megaptera novaeangliae) that were exposed to under-

water explosions [32]. Although the mechanism was not identified,

three possibilities were suggested by the authors. Firstly, the

acoustic trauma associated with the explosions could have

disorientated the whales. Secondly, the ability of the whales to

detect the nets acoustically may have been compromised as a
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consequence of temporary threshold shifts in hearing. Finally, it is

quite possible that the whales were responding behaviourally to

the explosions.

With regards to harbour porpoise, bycatch is typically the most

commonly declared cause for strandings [33–35], although

disease, contaminants [8] and lethal interactions with bottlenose

dolphin (Tursiops truncatus) [36] have also been receiving increased

attention over the last decade or so. Bycaught animals may

become stranded as many cetaceans are simply thrown back into

the sea or fall out of the nets before being hauled on board. Set

gillnets are especially problematic for this species [35]. However,

while mass strandings (typically defined as two or more individuals

stranding in the same location, but not a mother and calf) are not

uncommon in some species (e.g., pilot whales; Globicephala spp.)

they are rare for harbour porpoise [23]. Generally, only single

animals will strand at any given time [33]. Accordingly, unusual

mortality events (UME’s) for porpoises are generally characterised

by a substantial increase in the rate of strandings, rather than the

presence of a typical mass stranding. For example, 15 porpoises

that stranded in one month (compared with six per year) were

declared to constitute an UME in Washington State, USA, in

2003 [20]. Similarly, 28 porpoises that stranded over a 2-month

period in Sweden in 2007 were also considered to be a mass

mortality event [37].

Over a period of just nine days between 7th and 15th April 2005,

85 porpoises stranded along approximately 100 km of coastline in

Northwest Denmark (Figure 1). (It should be noted that an

additional animal stranded in the same area on the 18th April, but

was not included in the analysis of the UME.) This unprecedented

rate of strandings is substantially higher than the weekly mean

stranding rate for the whole of Denmark during 2003–2008 (see

Figure 2), both for any time of the year, 1.23 animals/week

(ranging from 0 to 20 during 2003–2008, except April 2005), and

specifically in April, 0.65 animals/week (0 to 4, same period). Also

in April 2005, several lumpfish (Cyclopterus lumpus) fishermen

confirmed that they had been catching unusually large numbers of

porpoises in their nets and an early lumpfish season was

consequently blamed. This level of strandings has not been

repeated since in Danish waters, suggesting that the fishery itself

could not be the lone reason for this UME. Instead, it is quite

possible that one or more additional factors contributed to the

UME, through cumulative or synergistic interactions that

increased the risk of bycatch and/or entanglement.

The aim of this study was to investigate the potential role of the

various factors that may have contributed to the observed UME in

Danish waters during spring 2005, including anthropogenic noise.

To achieve this, we produced a two-part statistical model of fresh

porpoise strandings on the North-West coast of Denmark that

incorporated not only sound-producing human activities and fish

landings, but also various other possible factors. We also included

consideration of various possible contributing elements that did

not lend themselves to statistical analysis, such as post-mortem

findings and wind action.

Methods

Strandings data of dead marine mammals is a culmination of

four types of factors, which can be very hard to distinguish

between in the record [30]. These factors can influence: (1)

abundance of animals present in the area; (2) mortality rate; (3)

arrival of the carcass on the beach; and/or (4) probability of

discovery. Although the probability of discovery may vary from

district to district in Denmark due to accessibility and local coast

patrolling procedures, we can consider that it remains reasonably

constant through time in any particular district. Thus, in this

study, we can limit the analysis to consideration of factors that can

influence abundance, mortality rates or arrival of the carcass on

the beach.

In summary, for factors influencing abundance we considered:

season (e.g., migrations); and availability of prey (which itself may

be dependent upon oceanographic features, such as fronts). With

regards to mortality, we considered: season (e.g., breeding);

fisheries activity; human activities known to produce noise; and

environmental factors that have been shown or suggested as

leading to strandings (lunar cycles, solar activity/cycles, variability

in magnetic fields, extreme weather or oceanographic events, and

also seaquakes). Finally, with regards to arrival of carcasses on the

beach, we considered: wind direction and speed; and ocean

currents (including tidal patterns) which could aid strandings

mechanically. It should be noted that several factors can influence

strandings data in more than one way.

The data needed for our retrospectively analysis were collected

from numerous sources for the period 2003–2008. This period was

selected as stranding data from prior to 2003 was not collected

systematically or aggregated into a single database and as available

modelled oceanographic data only extended up to and including

2008. The data was aggregated over 5-day periods to facilitate

inclusion of the modelled oceanographic data that consists of 5-

day mean values.

It was determined that a two-part statistical model would be

created using R (version 2.14.1 [38]) of fresh porpoise strandings

on the North and West coast of Jutland, Denmark, as this

represented the most focused area incorporating the stranding site

possible, given the fisheries landing data available (see below). The

first part was a binomial linear model to investigate the occurrence

(i.e., presence and absence) of fresh porpoise strandings and the

second part was a Gaussian linear model with Gaussian error

distribution that explored the correlation between the explanatory

variables and the number of fresh porpoise strandings, when they

were present.

Strandings data
Data on 791 Danish harbour porpoise strandings was provided

by the Danish Nature Agency, Ministry of Environment (the

DNA). The Danish stranding network is operated jointly by the

DNA in collaboration with the Fisheries and Maritime Museum

and the Natural History Museum of Denmark. The strandings

data is based on reports from the strandings network to the DNA

from each local coastal district in Denmark. These districts may

rely on official personnel in addition to reports from the public to

monitor for strandings, but use official personnel only to collect

data and occasionally also collect carcases. Registration of

strandings with the DNA prior to 2003 is much less consistent

and thus this data was excluded. However, the DNA reports that

the effort has been reasonably constant since that time.

We decided to only include animals determined to be fresh-

dead from the North Sea and Skagerrak coastlines in the analyses,

to more accurately link the environmental variables in the

stranding area to the date of the death of the porpoise. It was

thus necessary to assign a ‘freshness’ value, based upon the noted

condition of each individual in the stranding reports (fresh, not-

fresh, and unknown). (Although freshness values are assigned to

animals that are selected for full laboratory necropsies, it should be

noted that the Danish Stranding Network does not yet use the

European Cetacean Society decomposition condition code system,

initially called simply ‘‘condition code’’, that has become the

standard throughout most of Europe [39].)

Causes of the 2005 Danish Porpoise Mass Stranding
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Post mortem examinations
It was not possible to gather data retrospectively on the general

health of the animals in the population. We were, however, able to

review the available information on the pathological state of some

of the individuals involved in the UME, although this could not be

incorporated directly into the statistical analyses.

On-site examinations were carried out by DNA representatives

and limited notes regarding condition were recorded. Detailed

post-mortem examinations were performed as described by

Siebert et al. [6] on 19 harbour porpoises that stranded on the

7th April, 2005. All specimens, with the exception of one, were

stored frozen at 220 Cu from within 48 hours of discovery until

examination. At post-mortem examination the state of preserva-

tion varied between fresh (state 2) and advanced decomposition

(state 5) [39]. The nutritional status was judged on ten individuals.

In some specimens internal organs were missing, permitting full

examination of only eight animals.

Depending on the state of preservation the carcasses were

examined for external lesions, in particular those characteristic of

bycatch. These include net marks, as abrasion of fin or tail fluke or

incision wounds in the abdominal wall, haemorrhage in the head

region, including the eye chamber, and severe pulmonary oedema

[6,34,39,40].

All organ systems were examined macroscopically and samples

of lesions and/or different organ systems were taken according to

Siebert et al. [6]. Sections of 5 mm thickness were stained by

hematoxylin and eosin and selected sections were stained by using

Elastica van Gieson and Periodic acid Schiff stains (PAS) to further

characterise lesions. In addition, lung, liver, kidney, spleen,

intestine, intestinal lymph nodes and suspicious lesions were

submitted for bacteriological examination [41].

Environmental data
Environmental factors (including season) can influence strand-

ings data in two main ways. Firstly, the porpoise distribution is

known to be influenced by oceanographic fronts [42] and to have

a seasonal component, probably based on a combination of prey

availability and the underlying environmental variables [43]. We

considered these proxies for porpoise distribution as, unfortunate-

ly, direct data on harbour porpoise densities was not available for

the retrospective analyses. Similarly, no tags in the on-going

Danish tagging program [43] were deployed at the time of the

UME. Likewise, there was no data available on the distribution of

potential competitors or predators, including other cetaceans and

sharks. Secondly, environmental factors can also influence the

likelihood of carcasses reaching the shore [30]. These include wind

Figure 1. Locations of harbour porpoise strandings on the west coast of Denmark, 2003–2008 (N = 438). Circled crosses represent
strandings in the April 2005 UME, with date (in April) given at each location, with the number of porpoises found in parenthesis. The location of the
additional stranding on the 18th is also noted.
doi:10.1371/journal.pone.0055553.g001

Causes of the 2005 Danish Porpoise Mass Stranding
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direction and speed, oceanographic currents, and tidal height.

Meteorological data (including precipitation) was provided for all

areas of Denmark by the Danish Meteorological Institute (DMI).

Notably, this included precipitation data, which could be used as a

proxy for extreme weather events, air temperature and received

light. DMI also provided wind direction information at the three

sites closest to the stranding area (Hanstholm, Thyborøn, and

Hirtshals), and tidal height from the centre of the stranding area

(Hanstholm). Finally, DMI also provided oceanographic data

(including temperature) for both bottom and surface waters though

the 3D circulation model DMI-BSHcmod (see [44]) for the period

2003 to 2008. This model has previously been validated against

actual observations [44]. The modelled oceanographic data was

provided in the form of mean values over 5-day periods with a

horizontal resolution of 6 nautical miles over the entire area of

interest. The vertical grid consists of up to 50 depth layers of

variable thickness. (These are 8 m in the surface layer, 2 m in the

next 36 layers and gradually increasing from 2 m to 155 m in the

remaining layers towards the bottom. Water depth in the

Skagerrak varies from 8 m to 666 m with the maximum depth

in the Norwegian Trench.) The modelled oceanographic data

included North-South and East-West flow components, temper-

ature and salinity.

While it is possible that winds moving onshore from the west or

north could have enhanced (if not caused) the 2005 UME by

helping to push floating carcases onto beaches, wind direction

could not be easily aggregated over the 5-day periods. It was thus

not possible to include wind direction in the statistical analysis.

Without this information it was meaningless to include wind speed

into the model. However, both were considered outside the model

with regards to the 2005 UME.

Likewise, it was clear that we could not include all of the

meteorological and oceanographic variables into the model, due to

collinearity. Thus the DMI tidal data were included after being

combined into a single variable, tidal range, which was calculated

as the difference between the greatest and lowest tidal height over

the 5-day period. Similarly, we chose to use two compound

variables based upon the DMI-BSHcmod data to reflect ocean-

ographic conditions that we assumed most relevant for the

porpoises. These were: (1) a 25-day (five 5-day periods) running

mean in the temperature of bottom water in the western part of

the stranding area (hereafter referred to as ‘‘BW Temp’’; see

Figure 3); and (2) the relative temperature difference between the

bottom waters of the western and eastern part of the stranding

area (hereafter referred to as ‘‘W-E Temp’’; see Figure 3). The

former, BW Temp, was dominated by seasonal variation and was

thus retained to act primarily as a proxy for seasonal changes in

both environmental values and also porpoise geographical

distribution in the absence of actual distribution data. Likewise,

this will also embody any seasonal signal relating to porpoise

breeding cycles. The latter, W-E Temp, was retained to reflect the

presence of oceanographic frontal systems and any other unusual

oceanographic features in the area.

Similarly, to avoid collinearity within the meteorological data,

only precipitation was included, which was deemed to be relevant

as the authors have observed porpoises held at facilities reacting

strongly to rain. This variable was also deemed likely to be the best

indicator of extreme weather events.

Other considerations included lunar cycles, solar activity,

magnetic field observations and seaquakes. Lunar cycles were

dismissed quickly as this data would obviously be correlated with

tidal range data. Solar activity data was also considered and

ultimately excluded from the analyses for various reasons. Most

notably, higher stranding rates in sperm whales have been

associated with shorter solar cycles only over large spatial and

temporal scales [27]. Additionally, 2005 was close to the minima

of a longer than normal solar cycle [45]. Solar-driven geomagnetic

anomalies have also been seen to correlate with sperm whale

strandings across the North Sea [28]. Here the available data on

geomagnetic activity included aa-index data (which is a simple

global geomagnetic activity) from the British Geological Survey –

BGS – Geomagnetism program (http://www.geomag.bgs.ac.uk/)

or direct magnetic field observations that were available from the

Brorfelde Observation Station (National Space Institute at the

Technical University of Denmark – DTU, but held at the World

Data Centre: http://www.space.dtu.dk/english/research/

Figure 2. Harbour porpoise strandings on the Danish west coast, 2003–2008 (N = 438). The data is aggregated in 5-day periods and the
time of the 2005 UME is highlighted in red. The mean line and standard deviation (SD) were calculated from values in the same 5-day periods across
the entire 2003–2008 period, including 2005.
doi:10.1371/journal.pone.0055553.g002

Causes of the 2005 Danish Porpoise Mass Stranding
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scientific_data_and_models/magnetic_ground_stations.

aspx#map). However, the first was a global index and the latter

was data from a site located over 200 km southeast of the

stranding area, on the far side of Denmark. (Another DTU site,

Rømø, located nearly 200 km almost due south of the stranding

area did not start recording data until September 2005.)

We excluded these geomagnetic data from our model for the

following three reasons: (1) we determined that neither of these

data sets would be representative of the specific local situation of

the strandings site; (2) the global or distant nature of the data

would likely have caused a wider-ranging UME, if these were to

have been acting as contributing factors; and (3) we were not

convinced of the importance of magnetic fields to harbour

porpoises, which are a highly coastal species that likely have a

range of other cues available to them for navigation.

Finally, a search for earthquakes in Denmark, the Kattegat,

Skagerrak and the contiguous Danish and Norwegian North Sea in

the data held at International Seismological Centre [46] over the

three weeks prior to the 2005 UME (search dates 17th March 2005

to 8th April 2005) revealed only five shallow minor events (likely

magnitude 2.6 or below) on or near distant parts of the Norwegian

or Swedish coastline. This is in comparison to 21 minor events (up

to around a magnitude of about 3.4), include one approximately

10 km away from the northernmost tip of Denmark in the Kattegat

over the same period in 2004. Furthermore, although the various

local districts are only required to report stranding figures once a

year, early indications are that August and September 2012 were

unremarkable in terms of the number of porpoise strandings that

occurred, despite the widely reported unusually shallow magnitude

4.1 earthquake that occurred near Anholt in the Kattegat Sea on 6th

August 2012. Given these facts and that there were no seismic

events at or just prior to the 2005 UME, we decided to also exclude

this data from the analysis to minimise the number of variables.

Fishing data
The Danish Directorate of Fisheries, Ministry of Food,

Agriculture and Fisheries provided the Danish daily landing

weights per species for all fish caught throughout the period for

both the Skagerrak and the Central North Sea International

Council for the Exploration of the Sea (ICES) areas. They also

provided an indication of proportional use of gear for the various

fisheries over the entire period, although this was limited to catches

over 1000 kg only. Thus, gear usage and changes could not be

considered in a quantitative manner in statistical analyses,

although the role of different gears could still be considered more

qualitatively in light of the results.

Although gillnets are the predominant known cause of porpoise

bycatch [35], trawls are known to be problematic for other species

[47]. Given that we were seeking possible causes for a highly

unusual stranding event, we included these fisheries as well.

Additionally, the landings data do not simply represent an

indication of bycatch threat, but also the presence of potential

prey species, an indication of productive areas and potentially the

presence of fine-scale oceanographic features as well. However, to

reduce the variables, any fin- or shellfish species caught

predominantly using pots or boat dredges were excluded from

the analyses as these fishing methods are thought to pose virtually

no risk to porpoises and the species targeted are not thought to be

prey items. Similarly species with mean annual landings (per area)

of less than 100,000 kg were removed.

The remaining catch data, representing 88 species-ICES area

combinations (e.g., lumpfish caught in the Central North Sea: ‘N

Lumpfish’), were then subjected to a principal component analysis

(PCA) to further reduce the number of variables to be included

into the statistical model. This allowed us to avoid including

redundant variables in the model and to avoid the problems that

arise as a consequence of multi-collinearity in statistical models.

We determined that it would be necessary to reduce the influence

of isolated zero values in the 5-day catch totals on the PCA. These

could have resulted from mis-reporting, landings reported the first

day of the next period, or some other artificial factor, rather than

representing an actual lack of fish presence or fishing activity in a

particular period. To achieve this, we replaced zero values with

the running mean over 25 days (five 5-day periods). This process

Figure. 3. Temperature anomalies of Skagerrak and Danish North Sea bottom waters in March and April 2005. Each image represents
the difference in DMI-BSHcmod modelled bottom temperatures across 5-day periods relative to the 2003–2008 mean bottom temperatures from the
same periods. Each pixel represents one 6 nm2 model area. Note the movement of unusually warm bottom waters into the stranding area between
6th and 15th April. Black rectangles indicate the location of the Western and Eastern box respectively.
doi:10.1371/journal.pone.0055553.g003

Causes of the 2005 Danish Porpoise Mass Stranding
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still retained sequential zero values that reflect seasonal takes (due

to regulation or fish absence). Finally, given the large number of

potential fishing variables, we decided to retain only as many PCA

factors as needed to describe 50% of the variation in the catch

data, as we anticipated that inclusion of more variables would

make the model too large and impracticable (see discussion of axis

selection in [48]). The ninth PCA axis brought the cumulative

variation to just over 50%, so the first nine axes were included in

the final model selection process.

Data on other human activities
Although no data on chemical pollutants could be found,

information on other possible anthropogenic factors was obtained.

Noise is known to have a variety of impacts on marine mammals

[49–52]. Thus we decided to focus on noise-producing activities as

a proxy for noise exposure, as actual noise data was also not

available. However, the available data on human activities was

generally more limited than other data sets due to concerns over

proprietary data, confidentiality, or national security. Given the

largely unrecorded nature of leisure activities, such as the use of

speed boats or smaller commercial fishing vessels (which was, in

any case, likely to have a seasonal signal associated with the

environmental data mentioned above), we decided to focus on

previously identified ‘commercial level’ activities. These were:

seismic surveys for oil and gas exploration; pile-driving for

construction of wind-farms and other coastal and offshore

developments; commercial shipping; and military activity.

The Danish Energy Authority provided information on seismic

survey activity in Danish waters for the stranding period. Similarly,

information was obtained from the website of 4C Offshore

Limited (http://www.4coffshore.com/) regarding construction

periods of offshore wind farms (and thus periods of pile-driving)

from 2003 to 2008. Unfortunately, detailed shipping data could

not have been included as it was not available (e.g., land-based

AIS tracking was not fully implemented in Denmark until the

summer of 2005). Finally, information about military activities in

Danish waters from 2003 to 2008 was provided by the Danish

Navy and all this was included in the analysis (see Table S1). One

particular exercise, the NATO exercise Loyal Mariner 2005

(LM05), was the largest to date in Danish waters and ran from 11th

to 28th April, 2005. (The source for these dates was: http://

forsvaret.dk/LoyalMariner05/eng/Pages/default.aspx. Last ac-

cessed 29th May 2012. It should be noted that the available

information, even among official Danish Navy & NATO

documents, is conflicting, with some sources reporting the closing

date to be 29th April.) Additional information on this exercise was

provided by various other navies through official and unofficial

requests (see Table S2).

There were no wind farm-related pile-driving in Danish waters

at any point in 2005 (4 C Offshore Limited; http://www.

4coffshore.com/). Similarly, the only seismic activity in Danish

waters during the first two weeks of April, 2005 was part of a

longer survey from 7th March to 24th September 2005, which did

not come within 200 km of the stranding area at any point during

the entire survey period (pers. comms., Danish Energy Authority).

We thus discounted oil and gas-related activity as being unlikely to

have been a factor in the comparatively brief 2005 UME, although

the sound energy from these surveys may have been present in the

area throughout the entire summer of 2005. For example, sound

from seismic surveys from coastal waters of USA has been detected

on the Mid-Atlantic ridge [53] although the local waters of

Denmark and the North Sea are much more shallow, which will

almost certainly limit propagation [54]. Consequently, the only

sound-producing activity that could be included was military

activity.

With regards to this activity, investigations into LM05 found

that many ships had arrived in Danish waters some time before the

exercise (see S2). Pre-exercise manoeuvres and testing prior to the

main event were also reported. Such mini-exercises, last-minute

training and equipment testing are not uncommon (pers. comm.

Michael Jasny, National Resource Defense Council). For example,

according to information acquired from the British Royal Navy,

five ships (British and Canadian) were known to be moving

through the stranding area conducting training not involving sonar

from the evening of 7th April. Unfortunately, the precise

whereabouts of the 80 other ships remain almost completely

unaccounted for (see S2 for details of the responses of the various

navies to enquiries). However, a number of vessels are likely to

have been at least transiting through the UME area on the 7th

April as the Defence Command Denmark (Danish Defence) report

the arrival of many of the ships in Frederikshavn on the 8th April,

with more arriving over the following couple of days and others

docking in Bergen, Norway around that time (e.g., http://

forsvaret.dk/LoyalMariner05/eng/News/Pages/default.aspx.

Last accessed 29th May 2012).

Based upon the information available on LM05 the military

activity was split into two categories: presence; and no known

presence. The pre-exercise ‘‘present’’ period for LM05 spanned

two 5-day periods. A similar pre-exercise period was also assigned

to the other known military exercises in Danish waters between

2003 and 2008 to avoid statistical biases for the LM05 pre-exercise

period, as the same level of detail was not sought (or available) for

these other exercises.

Model construction
All the environmental variables, with the exception W-E Temp,

were logarithmically transformed. The resulting explanatory

variables were thus: nine PCA axes representing over 50% of

the variability in fishing landings; naval activity in Danish waters;

W-E Temp; and the logarithmically transformed BW Temp, tidal

range and precipitation. These four environmental variables were

tested for collinearity. All pairwise correlations were found to be

very weak (abs(r),0.11) except between tidal range and both BW

Temp (r = 20.25) and precipitation (r = 0.34). Despite these

correlations, we kept these variables in the model as they represent

disparate data and eliminating independent variables just to

prevent multicollinearity would fundamentally alter the tested

hypothesis [55]. However, the implications of the collinearity are

discussed. The dependent variable in the first binomial part of the

model, which was constructed to determine the relationship

between the presence of fresh stranded porpoises and the

independent variables, was a true-false indicator of stranding

presence in the area of interest. Like many of the independent

variables, the dependent variable in the linear part of the model,

number of fresh harbour porpoise strandings, was also logarith-

mically transformed. As porpoise strandings in Danish waters

generally involve only a few individuals in sporadic events, the

occurrence and number of strandings in each 5-day period are

thus independent. This second model included only 5-day periods

where fresh stranded porpoises were present.

The process of model construction was identical for each part of

the model. The initial model included the appropriate dependent

variable (binomial presence-absence or the log-transformed

number of strandings when present) and all the independent

variables. Interaction terms were then added in turn by forward

selecting the interaction that offered the greatest reduction in

Akaike information criterion (AIC). The stopping criteria was
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determined to be the point where adding further interaction terms

ceased to improve the model (i.e., reduced the AIC value) by at

least 2 points. The interaction terms that were assessed for

incorporation into the model were those between the anthropo-

genic term, navy presence, and each of the other independent

variables.

Additionally, prior to the forward selection of interactions, it

was necessary to add the different independent variables in the

initial model in turn to assess their relative merits. This was done

through a process similar to that of forward selection from a null-

model, by selecting the variable that offered the greatest reduction

(or smallest increase) in AIC. The stopping point for this process

was the creation of the full initial model (i.e., the inclusion of all the

independent variables). This did not form part of the forward

selection process itself, but was only undertaken to assess the

contributions of the independent variables to the initial model.

Accordingly, this model construction was statistically testing

factors against two null hypotheses. Firstly, that none of the

explanatory variables included were correlated with the presence

of strandings over 5-day periods on the North and West coast of

Jutland, Denmark. Secondly, that none of the explanatory

variables included were correlated with the number of strandings

(i.e., the rate of strandings) when they were present in a 5-day

period on the North and West coast of Jutland, Denmark.

Results

Post-mortem findings of harbour porpoises
Of the 85 animals in the UME, signs of bycatch were reported

on site in 27 porpoises (e.g., missing extremities, net marks, etc.),

with bycatch specifically noted as the cause of death in six

individuals. This represents nearly one third of the UME animals

and can be compared with 103 out of 706 of the remaining

porpoises in the 2003–2008 Denmark-wide stranding record

reported to have similar signs of bycatch.

With regards to the detailed post-mortem investigations, the

nutritional status was judged in 10 of the 19 porpoises dissected in

2005. Three individuals were found to be in a good nutritional

status, six in a moderate status, and one animal was emaciated. Six

of the eight individuals subjected to a full necropsy displayed mild

to severe infection by nematodes in the bronchial tree and blood

vessels. Mild to severe bronchopneumonia was found in six

specimens. Pulmonary edema was diagnosed in eight, pulmonary

congestion in four cases and pulmonary emphysema in three cases.

Thrombosis and thrombarteritis, periarteritis and nematodes in

the right heart chamber were only found in single cases. In another

case, nematodes were found in the first stomach compartment.

Ulcerative and granulomatous gastritis and catarrhal enteritis was

found in one case each and trematodes were found in the liver in

four cases. One pregnant female was diagnosed as having died

intra partum due to a suppurative-fibrous peritonitis with ascitis

and pyometra. Five specimens showed mild to severe parasitic

infection in the ear sinuses. Net-marks or cut parts of flukes

indicative of bycatch were found in six porpoises. Bacterial

examination revealed alpha- and beta-haemolytic streptococci,

Clostridium perfringens and Escherichia coli associated with inflamma-

tory lesions.

Six of the 19 porpoises were delivered with by-catch reported as

cause of death, conclusions that were supported by the patholog-

ical investigations. Three additional specimens were suspicious for

by-catch based on the pathological findings. Two of those

individuals also suffered from a moderate or severe bronchopneu-

monia. Two further porpoises were found to have died as a result

of bronchopneumonia, one of bronchopneumonia and hepatitis,

one of dystocia with final streptococci septicemia. The cause of

death of the remaining eight animals remained unclear, possibly as

a result of the state of decomposition. There was no evidence of

morbillivirus, herpesvirus, Toxoplasma gondii, Brucella spp. or algal

biotoxins found in any of the specimens. Similarly, no histological

findings clearly indicative of acute intoxication by organic or

inorganic pollutants were found.

Lesions have previously been found in deeper-diving cetaceans

stranded after exposure to some military sonars, potentially

relating to gas and fat emboli similar to decompression sickness

in humans [11,12,56]. Such lesions were not found in the above-

mentioned porpoise specimens, although the diagnosis of those

lesions is very limited due to the state of preservation of the

carcasses. There were also no gas-filled fibrous cavities in the liver

as described elsewhere [11,12].

Fishing activity and the PCA
Although the initial comparison of the lumpfish landing data

across the years 2003-2008 revealed an unusually high landing of

lumpfish at the end of the UME period in 2005 (in comparison to

the other years, but not in terms of the overall numbers), it did not

begin until the UME was in its final stages (see Figure 4).

Furthermore, 2005 was not an unusual lumpfish season in terms of

either season onset or peak landings. Despite this, the variation

present in the landings data for this species was still included in the

full statistical analyses through the axes produced by the PCA. The

variation in lumpfish landings formed major constituents of all the

variation in all the landings data captured by the first and second

principal component axes (PC1 and PC2; full details of the PCA

results are included in Table S3 and Figure S1). PC1 also

incorporated a reasonable amount of variation in the Atlantic cod

(Gadus morhua) landings in both regions, and the turbot (Scophthalmus

maximus) landings in the Skagerrak, in addition to that of numerous

other minor fisheries, totalling 20% of all the variability in the

landings data. PC2 incorporates another 9% of all the variation in

the landings data. PC3 to PC9 respectively contributed between

5.6 and 1.9% of the total variance in landing data to the

cumulative total variance to reach the 50% target.

Of note with regards to important prey species in the region

(based on stomach contents [57]), the variation in the landings

data for Atlantic cod was somewhat spread over all nine PCs,

although much was contained within PC1, PC2 and PC3. These

PC axes also clearly incorporated the majority of the variance seen

in the Atlantic herring (Clupea harengus) landings data. Finally, PC3

and, to a lesser extent, PC1 captured much of the variance in the

less important whiting (Merlangius merlangus), with Skagerrak

landings in particular a primary constituent of PC3. With regards

to important fisheries for bycatch (see [35]), in addition to the

distribution of cod mentioned above, turbot landings from the

North Sea were strong components of PC3, PC8, and PC9, while

turbot landings from the Skagerrak were another major compo-

nent of PC1, but also featured heavily in PC4. Of less importance

for bycatch (see [35]), a large majority of the variation in European

hake (Merluccius merluccius) landings was also incorporated into PC1,

while European plaice (Pleuronectes platessa) landings are not very

well represented by any single PC axis.

Final statistical models
During the construction of the full binomial model for presence

of strandings (see Table 1), PC3 and PC1 were the only 2 additions

that improved the model (i.e., reduced AIC by 2 or more) when

they were added. In addition, tidal range was the first term added,

even though this increased AIC, as it did so by a smaller amount

than the other terms. No interaction terms were found to improve
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the model through forward selection (see Table 1). The presence of

strandings was thus associated with slightly smaller tidal range and

potentially also a marginally lower value of PC1 and a higher PC3

value (see Figure 5).

With regards to the number of strandings once they were

present, PC1 (the first term added), Navy presence, PC3, and BW

Temp all improved the model when added (see Table 2). Increases

in PC1 and PC3 were correlated with a higher rate of strandings,

as was the presence of naval activity, although a higher running

average of bottom water temperature in the area was correlated

with a lower rate of strandings (see Figure 6). With regards to the

forward selection after all the single terms had been added to the

starting model, interactions between naval presence with both PC1

and PC6 were found to improve the model (see Table 2). Navy

presence increased the positive correlation of both axes with the

number of strandings (see Figure 6).

Discussion

A number of factors appear to have been involved in the

strandings on the West Coast of Denmark in the period 2003 to

2008. In summary, the statistical analysis indicated that the

variation in the presence of strandings may have been weakly

influenced by tidal range (negatively), PC1 (negatively), which was

dominated by the variation found in the lumpfish fishery, and PC3

(positively), which incorporated variation primarily from whiting

landings in the Skagerrak. Similarly, the analysis revealed that the

number of strandings was correlated with the variation contained

within PC1 (positively), PC3 (positively), and BW Temp (nega-

tively). There was also a positive association between the presence

of the navy and a greater number of strandings, especially in

combination with PC1 and PC6. Although PC6 included no

especially dominating fishery elements, this axis did incorporate a

reasonable proportion of the variation in hearing landings across

both ICES areas. Finally, post-mortem analyses indicate that the

Figure 4. Lumpfish landings from the Skagerrak and Central North Sea, 2003–2008. The data is aggregated in 5-day periods and the time
of the 2005 UME is highlighted in red. The mean line and standard deviation (SD) were calculated from values in the same 5-day periods across the
entire 2003–2008 period, including 2005.
doi:10.1371/journal.pone.0055553.g004

Figure 5. Important model factors for the occurrence of Danish west coast fresh porpoise strandings, 2003–2008. Identified by AIC,
these factors were tidal range (m), PC3, and PC1 (in order added into the model). The bold lines represent median values, the boxes are 25th to 75th

percentiles and the whiskers extend to the most extreme data within 1.5 IQR (interquartile range) of these lower and upper quartiles. Outliers are
represented by points. PC1 & PC3 are products of the PCA and are, thus, unit-less.
doi:10.1371/journal.pone.0055553.g005
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suite of pathologies found in the UME animals is not unusual

when compared to that of others stranded at other times and

elsewhere in the North Sea (see below for details).

Environmental factors
Tidal range appeared to be somewhat linked to the occurrence

of fresh strandings along the Danish West coast. This is perhaps

not surprising as it is likely to be mechanically involved in the

arrival of carcasses on the beach. However, what was unexpected

is that strandings may be more likely to be present when tidal

range is lower. This finding may be due to a reduced likelihood of

carcasses being washed back out to sea after stranding. However,

we have to remember that tidal range was somewhat correlated

with BW Temp (negatively) and precipitation (positively). Thus it

is possible that these influences may have also indirectly played a

role. In any case, there was no real relationship between the final

model and the occurrence of strandings in the area, given the lack

of reduction in AIC in the initial step of the forward selection

process to construct the full statistical model (see Table 1).

With regards to the rate of strandings, when present, a lower

BW Temp was somewhat related to a higher number of

strandings. It is doubtful that a lower temperature in the bottom

waters would represent a substantial thermal stressor for porpoises

as they are exposed to a wide range of temperatures throughout

the year and are thus unlikely to be affected by minor short-term

changes. However, it is possible that this may have influenced

porpoises indirectly through altering the distribution of either prey

species or fisheries with high rates of bycatch. Such a relationship

may have introduced a certain amount of collinearity into the

statistical model and explain the change in the improvement of the

binomial model offered by PC1 immediately after BW Temp was

added to that model (see Table 1). One other alternative is that the

relationship between BW Temp and stranding rate merely

represents seasonal changes in either the distribution or the

reproductive cycle of the Danish harbour porpoise. Although the

seasonal distributions of North Sea porpoises are not known, the

distributions of porpoises tagged within inner Danish waters vary

seasonally, with more venturing into the Skagerrak and North Sea

in autumn and winter [43]. Finally, the presence of a negative

correlation between BW Temp and tidal range may also indirectly

indicate an influence of increased tidal action in bringing dead

animals to the beach due to the afore-mentioned collinearity

between these two variables.

Fishing
The role of fishing in the occurrence and number of fresh

porpoise strandings in Danish waters is weakly supported by the

model. Specifically, the variability in PC1, dominated by the

lumpfish fishery, appears to be correlated with both occurrence

(weakly and negatively) and number (positively) of strandings (see

Tables 1 & 2; Figures 5 & 6). Furthermore, the fishing variation in

PC3 was positively correlated with both stranding occurrence

(weakly) and numbers (see Tables 1 & 2; Figures 5 & 6). The

variation in landings data in PC3 is dominated by whiting in the

Skagerrak (see Table S3). Consequently, the importance of this PC

axis in both parts of the statistical model suggests a link between

the presence of this lesser prey species (see [57]) and the

occurrence and number of fresh strandings. This finding may

indicate that greater number of fresh strandings occur simply

when porpoise density is higher due to the presence of their prey,

or it may simply reflect some untested combination of environ-

mental factors that influence both predator and prey. In addition

to these, the model selection process identified further positive

relationships between both PC1 and PC6, in interaction with

naval activity, and the number of fresh strandings (see below).

Sound-producing human activity
Due to data availability and/or lack of presence, the only noise-

producing activity that was incorporated into the model, military

activity, could only be included in a binary way (major activity

believed present or absent). Perhaps most important to note is that

the binomial statistical model found no correlation between navy

presence and the occurrence (presence verses absence) of

strandings, which means that navy presence alone is not linked

to fresh harbour porpoise strandings. However, naval presence

does appear to be highly related to the number of strandings when

they do occur. Both alone and in interaction with PC1 and PC6,

naval presence in Danish waters is correlated with the number of

fresh strandings, when they do occur. These interactions suggest

that naval presence enhances the effects of the presence of the

lumpfish (through PC1) and potentially also herring in the North

Sea (through PC6).

The 2005 Danish porpoise UME
Pathological factors. Harbour porpoises bycaught in the

North Sea are rarely delivered directly by fishermen to the

authorities. Thus, bycaught specimens must be identified as such

when they strand (in rather high numbers [35]), which is a very

difficult task in forensic pathology. With progressive decomposi-

tion of the carcass the identification of net marks and other

bycatch-related lesions becomes more difficult. Furthermore, some

net types do not produce net marks. Finally, as pathological

Table 1. The relative importance of independent variables in
the final binomial model.

Constant for: Sum Squ’s AIC

Tidal Range 0.58943 325.1943

PC3 1.11772 320.4170

PC7 0.39522 318.7963

PC2 0.64374 316.8681

PC8 0.22837 316.5625

PC9 0.15620 316.8523

BW Temp 1.08001 317.3671

PC1 0.08162 311.5515

W-E Temp 0.18757 311.7329

Precip 0.14781 311.8773

PC4 0.06913 312.4979

PC6 0.11684 314.0380

PC5 0.03095 316.0092

Navy 0.00691 317.9917

No interactions included

Residuals 43.85546 na

The sum of squares for each variable are reported for the final model. The
variables were added one at a time until all were included, using the lowest AIC
so that the best model was maintained at all times. Variables that reduced the
model by at least 2 AIC (in addition to the first variable added) are highlighted
in bold. No interactions were found to improve the full model through forward
selection. Each variable has one degree of freedom. The final model had
residual 415 degrees of freedom. BW Temp is the 25-day (five 5-day periods)
running mean in the bottom temperature of the Western box (see Figure 3). W-
E Temp is the difference in the temperature of the bottom waters between the
Western and Easter boxes (see Figure 3). Navy is the presence-absence of naval
activity, with ‘‘No Known Activity’’ as the base category.
doi:10.1371/journal.pone.0055553.t001
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investigations on bycaught harbour porpoises have shown,

infectious diseases can be widespread among those animals, which

also increases the difficulty of identifying bycatch among

strandings [6,58].

Systematic pathological investigations on stranded animals from

the same stretch of coastline as the 2005 UME area are,

unfortunately, unavailable from other years. However, the

condition of the porpoises subject to detailed investigations

elsewhere suggests that the above-mentioned suite of pathologies

found in the UME animals is not unusual. Pathological findings

(e.g. bronchopneumonia, gastritis, enteritis, hepatitis) in the UME

porpoises were similar to those previously described for harbour

porpoises from other areas of the North Sea [6,40,59–61]. Beta-

haemolytic streptococci, Clostridium perfringens, and Escherichia coli were

also previously isolated from harbour porpoises of the same

subpopulation in the North Sea [6,41,62].

Perhaps it is instead more useful to consider the proportion of

stranded animals noted by those undertaking the field assessments

to have injuries typical of bycatch. The incidence of potentially

bycatch-related injuries was much higher for the UME animals

than is generally reported in the Danish record, suggesting that it

was a major contributor to the enhanced rate of strandings for the

period.

Other untested factors. With specific regards to the 2005

Danish porpoise UME, it seems unlikely that winds moving

onshore from the west or north could have contributed, even if

they were not integrated into the analyses. Wind direction at

Hanstholm, in the middle of the stranding area, during and just

prior to the UME was initially from the south, before switching to

be more from the west-south-west on the 8th and 9th April, 2005.

For the majority of the 10th through to the 13th April the wind

was from the south-south-west, before switching to an easterly

direction until well after the last stranding of the UME. Given that

wind in the UME area was moving offshore at the time of the

strandings, it seems unlikely that wind could have been a

contributing factor.

Similarly, it seems unlikely that either wind farm-related pile-

driving or seismic surveys for oil and gas exploration could have

been major factors in the UME. Despite a lack of data, shipping

was also determined to be an unlikely candidate as it is ever-

present in the stranding area. Furthermore, given the continuous

and ever-increasing nature of commercial shipping, it would seem

unlikely that this activity could have been a factor in the 2005

UME without it also contributing to some other strandings at

other (later) times during the period analysed.

Finally, although currents were not specifically included in the

analyses in order to avoid extensive collinearity with tidal signals in

the region concerned, it is highly likely that these will have played

a role in determining the exact number of individuals that

stranded [30]. However, it is also highly likely that the observed

number of animals only represents a small fraction of the total

involved in the UME, given the very low carcass recovery rate

observed elsewhere [30].

Statistically tested factors. Of the statistically tested factors,

we know that there was some navy presence during a period of

relatively high lumpfish landings. Although both navy presence

Figure 6. Important model factors for the rate of Danish west coast fresh porpoise strandings, 2003–2008. Specifically, Log10 fresh
harbour porpoise strandings correlated with PC1, navy presence, PC3, and BW Temp (log uC), as well as the interactions between Navy presence and
both PC1 and PC6 (in order of inclusion into the model). For BW Temp, PC1, and PC3 the data is presented with linear regression lines; for the navy
presence, the bold lines represent median values, the boxes are 25th to 75th percentiles and the whiskers extend to the most extreme data within 1.5
IQR (interquartile range) of these lower and upper quartiles. Outliers are represented by points. For PC1 and PC3 by navy state, the data is presented
with linear regression lines (continuous) and 95% confidence intervals (dotted) separately for periods where the navy was present (blue) and absent
(red). PC1, PC3, and PC6 are products of the PCA and are, thus, unit-less.
doi:10.1371/journal.pone.0055553.g006
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and lumpfish landings are correlated with higher stranding rates,

neither the presence of the fishery or the navy was found to be

positively correlated to the presence of fresh strandings. It is likely,

therefore, that an unconsidered factor was also involved in this

event. The need for the presence of multiple factors may explain

why there have not been more similar stranding events at other

times in the whole period analysed. For example, almost all other

naval exercises in the period have been in the autumn when the

lumpfish fishery is not present. Additionally, the sheer size of the

LM05 exercise, in terms of the number of ships involved, might

also have been important. The range of activities may have

contributed as well. This NATO exercise reportedly involving 85

vessels (see S2), high-frequency sonar for mine clearing activities,

both mid-frequency active sonar (MFAS) and low-frequency active

sonar (LFAS: as per Norwegian response to the request for

information, see Table S2) for anti-submarine activities, and live

fire exercises. Despite the statistical correlation found in this

analysis, it may be tempting to rule LM05 out as a contributing

factor and conclude that some other untested factor is responsible.

This would be due to the temporal resolution of the statistical

model and the fact that the main exercise started several days after

the first stranding and continued long after the strandings ended.

However, naval activity must remain a possible contributing factor

for the following reasons:

1. There were some confirmed pre-LM05 exercises involving

various ships in various navies. Some of these did take place en-

route through the stranding area. However the extent of any

such pre-exercise testing and manoeuvres remains unknown, as

do their exact dates and locations, because many navies were

unable or unwilling to supply the necessary information upon

request. These known activities and transits are likely to be only

a small fraction of the total pre-LM05 manoeuvres.

2. A visual/acoustic survey of harbour porpoises in Danish waters

just after the stranding period (a pilot study for SCANS II [63])

found unusually few harbour porpoises in the Kattegat and

Skagerrak (SCANS II, unpubl. data). This finding may be

consistent with an avoidance of the area after the initial

exposure (as has been seen in beaked whales, Ziphiidae

[17,18]),

3. The most sensitive individuals in the population may have been

quickly eliminated or displaced at the onset of activity, resulting

in only a short period of strandings.

Furthermore, this is not the first time that navy sonar has been

implicated, to some extent, in a stranding of harbour porpoises. In

May 2003 the US naval vessel USS SHOUP used its MFAS in the

eastern Strait of Juan de Fuca and Haro Strait between Vancouver

Island (Canada) and San Juan Island (US) and, within a few days,

11 (confirmed) to 15 (reported) harbour porpoises stranded in the

area [20]. A presumptive cause of death was determined for five of

these individuals: ‘‘two cases of agonal or perimortem blunt force

trauma, a single case of fibrinous peritonitis, one porpoise with

salmonellosis, and one with a profound necrotizing pneumonia’’

([20] page 53). However, as the animals were already in varying

states of decomposition the investigations were limited, the

possibility of acoustic trauma as a contributory factor in the

mortality ‘‘could not be ruled out’’ ([20] page 55).

This highlights a substantial flaw in thinking at the time: that

strandings related to sonar are caused by acoustic trauma. All

evidence to date suggests that, at least in beaked whales, direct

acoustic trauma from exposure to sonar is not necessary to cause

strandings (see [56]). For example, it was calculated that received

sound levels involved in the Bahamas 2000 beaked whale

stranding were not even high enough to cause a temporary

threshold shift in hearing [64]. Furthermore, as mentioned above,

other species behave in a manner consistent with the reactions

seen in beaked whales in response to exposure to unfamiliar or

noxious sounds. Consequently, it is not appropriate to use a lack of

acoustic trauma to determine that acoustic exposure was not

involved in causing a stranding.

Thus, as a result of the statistical analysis in combination with

the above-mentioned observations, but also with consideration of

both the model limitations (see below) and the lack of detailed

information on naval activities, we were unable to exclude naval

activity as a one potential contributing element in what is likely to

have been a combination of factors that ultimately led to the 2005

Danish porpoise UME.

One possible mechanism could be that the exposed porpoises

may simply not have been paying attention to the fishing nets due

to the presence of the noise from the naval activities. Dudok van

Heel [65] first suggested that a lack of attention (e.g., due to focus

elsewhere during to prey capture attempts) could lead to cetacean

strandings. More recently, theoretical groundwork by Dukas [66]

on the diversion of attention in general has been followed by

empirical results in Caribbean hermit crabs (Coenobita clypeatus)

[67,68], three-spined sticklebacks (Gasterosteus aculeatus) [69] and

possibly also greater mouse-eared bats (Myotis myotis) [70],

demonstrating that disturbance from human activity can be

Table 2. The relative importance of independent variables in
the final linear model.

Constant for: DR2 Sum Squ’s AIC

PC1 0.1804 1.134820 31.33793

Navy 0.1081 0.456196 25.42109

PC3 0.0532 0.360925 23.06614

PC8 0.0306 0.246615 22.40061

PC2 0.0265 0.070388 21.98523

BW Temp 0.0555 0.393988 18.56037

Precip 0.0278 0.401684 17.63678

PC5 0.0213 0.084563 17.27966

PC9 0.0172 0.037726 17.30867

PC7 0.0096 0.139504 18.17626

PC4 0.0009 0.005242 20.06849

Tidal Range 0.0006 0.004691 21.99654

W-E Temp 0.0001 0.008105 23.98344

PC6 .0.0001 0.000609 25.98015

PC1 x Navy 0.1123 0.705880 12.63238

PC6 x Navy 0.0663 0.417054 3.087888

Residuals 0.2896 0.216124 na

The sum of squares and DR2 for each variable are reported for the final model.
The variables were added one at a time until all were included, using the lowest
AIC so that the best model was maintained at all times. Variables that reduced
the model by at least 2 AIC (in addition to the first variable added) are
highlighted in bold. Interactions (between the lines) that reduced the model by
at least 2 AIC were then added in turn in the same way through forward
selection. Each term (variable or interaction) has one degree of freedom. BW
Temp is the 25-day (five 5-day periods) running mean in the bottom
temperature of the Western box (see Figure 3). W-E Temp is the difference in
the temperature of the bottom waters between the Western and Easter boxes
(see Figure 3). Navy is the presence-absence of naval activity, with ‘‘No Known
Activity’’ as the base category. The F-statistic in the final model is 5.978 on 16
(variable) and 39 (residual) degrees of freedom (p = 2.591e-06).
doi:10.1371/journal.pone.0055553.t002
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distracting to an animal. The resulting redirection of part of an

individuals’ limited focus to the noise or disturbance then leaves it

less able to detect prey, predators or potentially also the presence

of nets.

Model limitations
t is entirely possible (and actually appears quite likely) that

something outside our analysis may be correlated with strandings

and have contributed to the 2005 UME. For example, much of the

variability in cod landings was not contained within the first 9

PCA axes, probably due to the fact that there is less variability over

the year in the cod landings than is present in some of the other

fisheries. As nets set for cod are the largest known causes of

porpoise bycatch in Danish waters [35], this omission may explain

why only weak correlations were found with independent variables

in the final binomial model. Despite this, it was not possible to

include more than 50% of the variability in the fish landings data

as the model would have become too large and cumbersome.

Similarly, the spatial and temporal resolution of the model was

limited by the fisheries and oceanographic data to ICES areas and

5-day periods respectively. As a consequence, it was not possible to

consider any of the fine-scale features and events than may

influence porpoise distributions and/or strandings (e.g., ebb and

flow tides [71]).

Finally, despite the presence of legislation requiring that

government agencies in most LM05 countries provide information

when requested, several navies withheld various details of their

activities. Due to this uncooperative nature, recognised national

security issues and other limitations on information available on

naval activities (e.g., time since the exercise), it was not possible to

include the precise location or nature of the naval actions. Although

a more complete data set of naval activity might have either

strengthened or weakened the potential correlation between the

number of fresh strandings and naval presence, national security

concerns may render such details permanently unavailable to

science. Moreover, we argue that the lack of detailed information on

naval activities together with the lack of a consistent measure of

freshness in the in-field strandings data precludes any further

improvement in the spatial or temporal resolution of the analysis.

Despite the limitations, this study illustrates the potential for

secondary, indirect impacts resulting from exposure of cetaceans to

human disturbances. Specifically, the role of naval activity as a

potential contributor to the 2005 harbour porpoise UME could not

be ruled out. This further suggests that exposure to sonar, and

potentially also other anthropogenic sounds, may lead to undetected

mortalities through interactions with other human activities (i.e.,

cumulative impacts). In turn, this indicates that the widely-held

belief in terrestrial environments that the discovery of a single

carcass is indicative of more deaths elsewhere [72] can and should

be applied to the marine environment as well. (This support is above

and beyond that also offered recently in a study of carcass recovery

rates [30].) Moreover, the idea that sound exposure could increase

bycatch rates highlights the inappropriateness of the general focus

on strandings in discussions of acoustic impacts on marine mammals

[73–75]. In short, an exposed animal may die at sea and not strand,

or instead may be bycaught and not identified as a casualty of the

exposure. Thus, using identified strandings alone as a metric for the

impact of an acoustic exposure will almost certainly underestimate

the total impact of such exposure.

General Conclusions
It is possible that exposure to naval sonar contributed to the

2005 Danish porpoise UME through a synergistic interaction with

fisheries in Danish waters, resulting in increased bycatch.

Considerable money and effort has been invested in attempts to

reduce bycatch [76–79], which is a problem for many cetacean

populations around the world [78,80], including the Danish

harbour porpoise [35]. Most efforts have focused on acoustic

deterrent devices (ADDs) or ‘‘pingers’’, which produce sounds that

are supposed to deter cetaceans from approaching nets. However,

these pingers also have a number of problems of their own,

including improper use and maintenance, behavioural habituation

(i.e., tolerance) by the animals and habitat exclusion [77,81–84].

The results presented here hint at the fact that it may be possible

to reduce (although probably not eliminate) bycatch by limiting

other human activities that might distract the animals. Such a

possibility definitely merits further research in this area.

Regardless of any specific conclusion, the findings in this study

also clearly demonstrate that investigations of UMEs need to be

more open to the possibility that one or more extraneous factors

could be involved in leading to an otherwise apparently clear-cut

cause of death. Additionally, a more standardised monitoring

program for marine mammal strandings in Denmark is needed not

only to react more quickly with specific investigations of fresh

specimens during UMEs, but also to have a better overview on the

current and developing health status of Danish populations. The

discussion here also highlights the need for a wider appreciation

for cumulative impacts in general, both scientifically and in terms

of assessments underpinning management decisions.

Supporting Information

Figure S1 Variability of the 88 species-ICES area
combinations captured in PC1 and PC2. Biplot showing

the relationship between the various species-ICES area combina-

tions in the plane of PC1 and PC2 in grey. Species of particular

interest in terms of prey or bycatch are highlighted and labelled in

red, as are the species-ICES area combinations that have the

largest proportion of their variability captured in PC1 (S Grey

Gurnard), PC2 (S Catfish), PC3 (S Whiting), and PC4 (S Blue

Ling) (see Table S3).

(TIF)

Table S1 Summary of naval activity in Danish waters
2003–2008. A summary of all the information obtained regarding

military activity in Danish waters for the analysis period. All

websites were accessed last on 12th July 2012.

(DOCX)

Table S2 Details of the Loyal Mariner 2005 exercise
from enquiries. A summary of the most pertinent information

obtained from the navies of the various countries involved in the

Loyal Mariner 2005 exercise regarding their activities. Note that it

was not possible to confirm or refute temporal overlap in the

stranding area for most navies based upon the lack of detail in the

information provided. * = The column FOIA? denotes whether

the particular country has (Y = yes) or has not (N = no) a Freedom

of Information Act (FOIA), or similar legislation, designed to make

most information on government activities available to the public

upon request (with notable exceptions regarding national security

issues and classified information). # = NATO has a policy to

provide as much information as possible, but there is no regulatory

requirement. Other notations: Y = Military hardware confirmed

present through the information provided, although numbers were

not provided; Prob = Military hardware likely to be present given

the information provided; Maybe = Military hardware possibly

present, although unclear given the information provided;

U = Unknown: no information provided.

(DOCX)
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Table S3 Details of the principal component analysis.
Statistical details and components for each of the selected principal

component analysis axes. Area-species catch data with loadings of

60.5 or more in any particular axis are highlighted in bold and

underlined. Species of particular interest in terms of prey or

bycatch are highlighted in italics.

(DOCX)
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