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Abstract
Cetacean monitoring is essential in determining the status of a population. Different moni-

toring methods should reflect the real trends in abundance and patterns in distribution, and

results should therefore ideally be independent of the selected method. Here, we compare

two independent methods of describing harbour porpoise (Phocoena phocoena) relative
distribution pattern in the western Baltic Sea. Satellite locations from 13 tagged harbour por-

poises were used to build a Maximum Entropy (MaxEnt) model of suitable habitats. The

data set was subsampled to one location every second day, which were sufficient to make

reliable models over the summer (Jun-Aug) and autumn (Sep-Nov) seasons. The modelled

results were compared to harbour porpoise acoustic activity obtained from 36 static acous-

tic monitoring stations (C-PODs) covering the same area. The C-POD data was expressed

as the percentage of porpoise positive days/hours (the number of days/hours per day with

porpoise detections) by season. The MaxEnt model and C-POD data showed a significant

linear relationship with a strong decline in porpoise occurrence from west to east. This study

shows that two very different methods provide comparable information on relative distribu-

tion patterns of harbour porpoises even in a low density area.

Introduction
Visual observations from plane or boat have long been the primary method to monitor ceta-
ceans at sea [1]. As this still holds true for some species (e.g. [2–4]), methods such as satellite
telemetry (e.g. [5–6]) and acoustic monitoring (e.g. [7–9]) are increasingly being used to
describe distribution patterns and relative occurrences. Satellite telemetry reveals the move-
ment patterns of the tagged animals with spatial and temporal resolution depending on pro-
gramming of the tags and use of satellite systems, e.g. GPS system within tens of meters and
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Argos system within hundreds of meters [10]. With a high number of tagged individuals, the
recorded movements may be extrapolated to estimate spatial patterns at population level (e.g.
[6]). The draw backs from using satellite tracking are generally small sample sizes, auto-corre-
lation, as one position is dependent on the previous one, presence only data, and spatial bias
towards the tagging site, especially during short tracks. However, satellite positions can be used
to model suitable habitats using the species distribution model MaxEnt (Maximum Entropy)
[11–13]. Habitat suitability models can be useful when prioritizing between areas to reach cer-
tain conservation and management goals, especially in depleted stocks where distribution and
abundance information is limited (e.g. [14–15]). Such models estimate the relationship
between species records at specific locations and the environmental characteristics of the same
sites [16]. MaxEnt was specifically developed for “presence only data” [13], which is necessary
as “absence data” are unobtainable from satellite telemetry. The model works well with a rela-
tively small sample size [17–18], as in the case of cetacean tagging research. Additionally, Max-
Ent is robust towards positioning errors [19] and with inconsistency between spatial resolution
of observations and environmental variables [20]. However, presence-only models also hold
some limitations; they only provide estimates of relative suitability compared to occupancy
probabilities obtained from presence-absence models [21]. Also, inherent data issues such as
sample selection bias (bias in presence records) may severely affect model results [22].

Acoustic monitoring makes use of the echolocation clicks produced by toothed whales such
as the harbour porpoise (Phocoena phocoena, L. 1758). Porpoises use high frequency narrow
band echolocation almost continuously to navigate, socialize, and search for prey [23–25],
making them ideal for automated detection with little risk of misclassification as their sounds
have unique characteristics [26–27]. Static acoustic monitoring devices are advantageous in
that they can be deployed for longer periods and provide continuous information on the pres-
ence of echolocating animals [28–30]. Still, these devices have relatively short maximum detec-
tion ranges of a few hundred meters, requiring several units to cover larger areas [9]. Acoustic
data have mostly been used for relative estimates of density; however, recent studies have con-
verted static acoustic data into density estimates [9, 31–32].

The method chosen for monitoring distribution patterns of a species is usually related to the
specific question that needs to be answered, but different methods should reflect the same pat-
terns in distribution, seasonal movements and abundance of animals to be valid. Here, we
investigate whether two independent approaches, a MaxEnt habitat suitability prediction based
on satellite tracks and the relative occurrence from acoustic data loggers, C-PODs (collected
under the EU Life project, SAMBAH), from the same area, provide comparable results. It is the
first time such data sets are compared directly, and also the first time detailed information on
porpoise habitat use in the Western Baltic Sea is provided.

Materials and Methods

Satellite telemetry
Aarhus University (former National Environmental Research Institute, NERI) has since 1997
tagged harbour porpoises with Argos satellite transmitters in Danish waters. Porpoises inciden-
tally caught in pound nets are tagged within 36 hours of entrapment. The tagging procedure
was developed in cooperation with marine mammal veterinarians and is described in detail by
Sveegaard et al. [6]. The tagging of harbour porpoises were approved by the Danish Animal
Welfare Division, Ministry of Justice, permit number: 1995-101-62 and and 2010/561-1801,
and carried out under the permission from the Danish Forest and Nature Agency, Ministry of
Environment (SN 343/SN-0008).
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Thirteen tagged porpoises utilised the study area in the south-western Baltic Sea during
2006 to 2012. Of these, three were tagged inside the study area and the rest moved into the
study area after tagging (Fig 1). The south-western Baltic Sea constitutes the eastern range of
the porpoises tagged in the inner Danish waters, hence the density of tagged animals is rela-
tively low here [6]. It also constitutes the eastern range of the ‘Belt Sea’ population, separating
it from the ‘Baltic Proper’ population [33].

The locations received from Argos were filtered by a SAS Argos-Filter v7.03 (D. Douglas,
USGS, Alaska Science Center, Alaska, USA [34]). This filter is a Distance-Angle-Rate (DAR)
filter and applies user-defined settings between successive locations for distance, turning angles
and maximum swim speed to filter out the most unlikely locations. All filter settings were
made according to Sveegaard et al. [6].

Satellite positions from the first 2 days after tagging were excluded to reduce spatial influ-
ence of the release site. The tags were programmed to only transmit every other day to save bat-
tery, but in order to further reduce autocorrelation within data, only one position (best
location class and most uplinks) per animal per transmission day was selected for the analysis.
By comparing the uncertainty provided by Argos (optional service) of the filtered and the

Fig 1. The study area in the south-western Baltic Sea. The study area was based on the spatial overlap
between the satellite positions and the acoustic recording stations. Tagging locations of the 13 harbour
porpoises that utilized the study area are indicated by green triangles. Numbers in brackets indicate the
number of animals tagged in each location. The SAMBAHC-POD stations are shown as red dots, only the 36
stations inside the study area were included in the analysis.

doi:10.1371/journal.pone.0158788.g001
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unfiltered positions, showed that the precision of the average error radius was reduced from
approx. 1400 m to 300 m. Positions were divided into four seasons (Dec-Feb, Mar-May, Jun-
Aug, Sep-Nov). As most tags transmitted for more than three months they contributed to
more than one season. To visualise positions for each season we used kernel density estimation
(KDE) in the Geospatial Modelling Environment software v. 0.7.2.1 (SpatialEcology.com). The
Gaussian kernel function was applied, bandwidth = SCV (Smooth Cross Validation) and cell
size = 0.0005. The kernel estimates where then visualised using 10% intervals in contour lines
in ArcGIS 10.2.1.

MaxEnt modelling. MaxEnt is available as a stand-alone Java program [13] through the
statistical program R [35] using the package dismo (species distribution modelling) by Hijmans
et al. [36]. The basic principle of the MaxEnt model is to compare environmental variables at
the positions where porpoises have been observed (presence) with the environmental variables
at a random selection of positions in the landscape (backgrounds) (for a detailed statistical
description of MaxEnt see Elith et al. [37]). The number of backgrounds locations from the
landscape was set to 10,000, to be sure that the environmental conditions in the area were met.
In short, two probability densities are created, one estimated from the presence data and one
from the landscape. MaxEnt then minimizes the relative entropy between the two probability
densities, where the estimation of the predictor variables are formed in the same way as trans-
forming variables in e.g. regression that are used to describe trends. The predictor variables are
environmental factors that are believed to be relevant for the habitat of harbour porpoise distri-
bution. We allowed only linear (L), quadratic (Q) and hinge (H) relationships (called features
in MaxEnt) of the predictor variables in order to reduce the risk of overfitting. Furthermore,
MaxEnt provides protection against overfitting via regularization, which penalizes the inclu-
sion of additional predictor variables that results in little or no “gain” to the model [38]. In
order to select the combination of the features and degree of regularization, we ran models
with regularization values ranging from 0.5 to 4.0 (increments of 0.5) and combinations of the
three features (L, Q, LQ, H, LQH) using the library ENMeval in R [39]. The model with the
lowest Akaike Information Criterion (AIC) was chosen for further analyses. We evaluated the
model by dividing the dataset into a training dataset (80% of the presence data), from which
the model was developed, and a test dataset (20% of the presence data), from which the model
was evaluated. Furthermore, we evaluated the variability of the model results by bootstrapping
the complete dataset with 100 replications.

The MaxEnt predictions were evaluated by the mean AUC (Area Under the receiver operat-
ing Characteristics curve) value of the 100 bootstrap models. As there are no true absence data,
AUC scores represent the probability that a randomly chosen presence location was more
likely to have the species present, than a randomly selected pseudo-absence location chosen
from the entire study area [13]. An AUC of 0.5 indicates that model performance is equal to
that of a random prediction. Models with AUC above 0.75 are considered potentially useful,
0.80–0.90 good and 0.90–1.0 excellent [40–41].

The importance of the predictor variables was evaluated by the jack-knife test that measures
firstly the gain when the variable is the only variable in the model, and secondly the decrease in
gain if the variable is omitted from the full model.

Environmental variables. The environmental variables chosen as input to the model
(Table 1) were believed to influence the harbour porpoise response to the environment. The
physical variables could either be affecting the animals directly, indirectly by affecting prey
occurrence, or serve as proxies of one or several other factors affecting the animals directly or
indirectly (Table 1). It has been suggested that porpoise distribution follows that of its prey
[42–43]. However, when no information exists on prey distribution, factors assumed to be
proxies for prey occurrence are often used instead (e.g. [8]), and may even be more useful than
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prey occurrence at some scales [44–45]. Parameters describing seafloor characteristics as well
as hydrodynamic variables have been shown to influence porpoise occurrence [42–43, 46–48].
Therefore, we chose to include the hydro dynamic variables current gradient (front), salinity,
temperature and current velocity (Table 1). The dynamic variables were based on hourly time
series modelled for the period 2002–2012 by the company Bolding & Burchard [49]. The static
variables included were depth, slope, curvature of the bottom (convex or concave), distance to
shoreline, sediment type as well as the number of ships taken from a random period (Table 1).
The modelling of static variables as well as integrating the dynamic variables to create a spatial
resolution of 0.5x0.5 km was done by the company DHI (www.dhigroup.com).

Acoustic detections
Static acoustic monitoring devices, C-PODs (Cetacean and Porpoise Detectors, Chelonia Ltd),
were deployed as part of a large-scale EU LIFE+ funded project called SAMBAH (”Static
Acoustic Monitoring of the Baltic Sea Harbour Porpoise” 2010–2015, www.SAMBAH.org).
The C-PODs were positioned in a random systematic grid (with few alterations due to permis-
sion issues and trawling) with 25 km between each station in waters 5-80m deep. Data were
collected from April 2011 until June 2013. In the present study, we used data from the 36 sta-
tions in the south-western Baltic (Fig 1). The C-PODs were serviced at intervals of 6 months to
change batteries and download data. Some C-PODs were lost due to trawling while others were
malfunctioning, so the data coverage is variable between stations, ranging from 104 to 738 days
(see successful data acquisition in S1 Table).

The C-POD is a self-contained data logger that records properties of tonal signals, including
the time and duration of echolocation signals made by harbour porpoises (and other toothed
whales). The C-POD.exe software (http://www.chelonia.co.uk) uses an algorithm that isolates
porpoise click trains (series of clicks divided by pauses) from other sounds [50–51]. A specific
classifier (Hel1) was developed under the SAMBAH project for areas where the density of har-
bour porpoises is extremely low, such as in large parts of the Baltic Sea. We applied the Hel1
classifier to the data in C-POD.exe v2.043 and exported as Porpoise Positive Days (PPD)
meaning the number of days where at least one porpoise click train was detected, and as

Table 1. Description of the environmental variables included in themodel. Themodelling of the dynamic variables was conducted by Buchart and Bold-
ing Aps [49] and the modelling of static variables was done by DHI (www.dhigroup.com). All variables had a spatial resolution of 0.5x0.5 km.

Environmental
factor

Description Source

Static
variables

Depth Depth of seafloor (m) DHI

Slope Slope of the seafloor (degrees) DHI

Curvature Relief of the sea floor, whether it is concave (negative value), convex (positive
value) or flat (zero) in relation to the surrounding cells

DHI

Distance to
shoreline

Euclidian distance to the shoreline (m) DHI

Sediment type Surface sediments classified as either bedrock, hard bottom complex, sand, clay
or mud

http://www.helcom.fi/GIS/
BalanceData

Ship traffic Number of ships (using mandatory AIS i.e. >50m) taken from a random period
(Aug-Sep 2010) converted into an index with grids of maximum density set to 1.

Danish Maritime Authority (http://
www.dma.dk/)

Dynamic
variables

Front Front as a measure for local surface horizontal gradient of currents (m/s/m) Bolding&Burchard Aps / DHI

Salinity Local surface salinity (psu) Bolding&Burchard Aps

Temperature Local surface water temperature (°C) Bolding&Burchard Aps

E-W velocity Local surface E-W current velocity component (m/s) Bolding&Burchard Aps

N-S velocity Local surface N-S current velocity component (m/s) Bolding&Burchard Aps

doi:10.1371/journal.pone.0158788.t001
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Porpoise Positive Hours (PPH), the number of hours per day where at least one porpoise click
train was detected. Data were presented as the number of positive days/hours per day relative
to all monitoring days for the specific stations (% PPD/PPH). The results from the C-PODs
were divided into the same seasons as the satellite data.

Comparing satellite telemetry with acoustic detections
The estimated habitat suitability fromMaxEnt (0.5x0.5 km, output resolution of the model)
was averaged within a circle with a radius of 1 km around each C-POD position. MaxEnt pix-
els, where the centre was included in the 1 km radius was used to calculate a mean value
(app. 12 pixels) and was plotted against the % PPD/PPH for that position. Pearson’s product-
moment correlation was applied to test the relationship between MaxEnt averaged predicted
values and the % PPD/PPH recorded at the respective C-POD stations.

Results

Satellite telemetry
A total of 277 positions from 13 porpoises (from the period 2006–2012) were included in the
model, distributed over the four seasons (Table 2). Transmitter life times ranged from 31 to
274 days (mean = 182). In spring and winter only 7 and 29 positions were available, which was
not enough to construct a reliable model. Thus, only summer and autumn, with 102 and 139
positions, respectively, was used for further analysis. Summer results show a strong concentra-
tion of satellite positions in the south-western waters between Denmark and Germany (Fig
2A). In autumn, positions are clustered further north with high densities both in the south-
west and in the north-west, in addition to a small concentration in the north-eastern waters.
Both seasons displayed a strong gradient in density of positions from west to east (Fig 2A).

Model results. Preliminary runs of MaxEnt with different combinations of features and
regularization parameters showed that the model with lowest AIC included linear and qua-
dratic relationships with predictor variables in both seasons and with regularization parameters
of 0.5 for the summer and 2.0 for the autumn season. The mean results of testing the 100 boot-
strapped MaxEnt models, trained on 80% of the presence data and evaluated on the remaining
20%, were AUC values of 0.76 and 0.78 for summer and autumn, respectively.

During summer, the most suitable habitat for porpoises appears to be in the south-western
part of the study area, in the waters between Denmark and Germany and along the Danish
coast (Fig 2B). The uncertainty of the prediction expressed by the coefficient of variation (CV,
Fig 2C) shows a small increase in uncertainty towards the north-eastern part of the study area.

Table 2. Number of positions and individuals used in the MaxEnt model during the four seasons. Data from 13 individual harbour porpoises tagged
during 2006–12 are included. Each tag only transmitted every other day to save battery. One individual may contribute to more than one season depending
on the time of tagging and transmission lifetime of the tag.

Season No. of positions used in
model

No. of tagged
individuals

Average no. of days in study
area

Min/median/max number of positions per
individual

Summer (Jun-
Aug)

102 5 45 5/25/36

Autumn (Sep-
Nov)

139 11 31 4/9/34

Winter (Dec-
Feb)

29 5 10 1/3/6

Spring (Mar-
May)

7 2 7 2/5/11

doi:10.1371/journal.pone.0158788.t002
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The most important predicted areas in autumn are in the western part, in the waters between
Denmark and Germany as during summer, but also further north between Denmark and Swe-
den. The eastern and especially south-eastern part of the study area appears to be less suitable
in autumn, coinciding with the highest uncertainty in the prediction. The seasonal shift in den-
sity of satellite positons to the north is also reflected in the model results (Fig 2A and 2B).

Environmental variables. The results of the jack-knife showed that salinity in summer
was the single most important variable when used in isolation, followed by depth, E-W current
velocity and distance to shoreline (Fig 3). Salinity is also the variable that decreases the gain the
most when omitted from the full model, emphasizing the importance of this variable. In
autumn, salinity also clearly appears as the most important variable both when used as a single
variable, and as gain decreased when omitted from the full model (Fig 3). Other variables with
some degree of importance in autumn are distance to shoreline, when used as a single variable,
N-S current velocity, and depth, when omitted from the full model.

The response curves for the two most important variables in summer and autumn given the
model, illustrates the relationship between probability of presence and the environmental vari-
ables (Fig 4). In both seasons, the probability of presence increases with increasing salinity. The
optimal depth in summer is around 20–30 meters which relates to a coastal occurrence in
autumn between 10 and 30 km that drops with increasing distance.

Fig 2. Kernel and MaxEnt results. (A) Kernel density results for summer (Jun-Aug, top row) and autumn (Sep-Nov, bottom row). (B) Mean prediction of
the probability of presence of harbour porpoise based on 100 bootstrap models. The scale of the colouring can be interpreted as the relative probability of
presence of harbour porpoise given the environment. (C) The uncertainty of the prediction expressed by the coefficient of variation (CV).

doi:10.1371/journal.pone.0158788.g002
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Fig 3. Jack-knife test. Results of the jack-knife test of variable importance after 100 bootstraps of the
MaxEnt model. The bars indicate the explanatory power when only a single variable is included in the MaxEnt
model (left/red) and the explanatory power when the variable is omitted from the full model (right/blue). Error
bars represent standard deviation.

doi:10.1371/journal.pone.0158788.g003

Fig 4. Response Curves.Response curves for the two most important explanatory variables given the
model for summer and autumn. The curves show how the probability of presence changes as the value for a
particular variable change, while keeping all other variables at their average sample value. Response curve
for all 100 bootstrap models are shown with the mean curve in red.

doi:10.1371/journal.pone.0158788.g004
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Acoustic detections
The results from the C-POD study reveal a general decreasing gradient in detections from the
south-western part of the study area towards the north and east (Fig 5). During summer, the
majority of the stations located in the south-western area show 75–100% PPD, with a decreas-
ing trend towards northern and eastern directions (Fig 5A). In autumn, there were in general
more PPD on almost all stations in the study area, except for one station (1009) where no por-
poises clicks were recorded at all in this period (station 8012 did not have any recordings from
the autumn period due to loss of equipment). In both seasons, the most easterly stations display
either zero or a very low proportion of detections. A similar pattern is seen in the average PPH,
yet not as pronounced (Fig 5B). The stations, where the highest number of positive hours per
day is found, are in the south-west decreasing towards the north and east. As with the PPD,
there are in general more PPH recorded in autumn than in summer. The largest difference
between the two data sets is that the PPH percentages, in general, are much lower and no sta-
tion reaches 100%.

Fig 5. Results from the acoustic C-POD study. Stations are shown with station number and (A) the
percentage of porpoise positive days by season (PPD%) and (B) the percentage of porpoise positive hours per
days by season (PPH%). Numbers between 8001–8016 are Danish stations, 1001–1009 are Swedish stations,
and 7001–7015 are German stations. Stations with X marks that no click were recorded at all in that period
(station 8012 did not have any recordings for the autumn season due to loss of equipment, (S1 Table)).

doi:10.1371/journal.pone.0158788.g005
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Relationship between model and C-POD results
The relationship between the average MaxEnt predicted values within a 1km radius of the
C-POD positions and the % PPD/PPH was described by Pearson’s product-moment correla-
tion analysis (Fig 6). Both seasons display a significant positive correlation between MaxEnt
predictions and the two C-POD data sets. The R2 values were relatively high for the PPD corre-
lations (0.54 and 0.41, for summer and autumn respectively), and a little smaller for the PPH
correlations (0.33 and 0.27 for summer and autumn respectively).

Discussion
This study demonstrates that the two independent methods presented here correlate in the
sense that high habitat suitability, based on satellite positions, provides high acoustic activity
patterns in a marine mammal species. The large scale findings of the species habitat model
MaxEnt were reflected in the small scale findings of the acoustic data set.

Satellite telemetry
Enough satellite positions were available from harbour porpoises in the western Baltic Sea to
model suitable habitats with MaxEnt for the two seasons summer (Jun-Aug) and autumn

Fig 6. Correlation between data sets.MaxEnt predictions (mean of pixels included in a 1 km radius around
each C-POD position plotted against % PPD (porpoise positive days) (left panel) and % PPH (Porpoise
Positive Hours) (right panel) for the 36 C-POD positions by season. Pearson’s product-moment correlation
curves show the relationship between the two datasets and R2 designates the variability described by the
fitted line.

doi:10.1371/journal.pone.0158788.g006
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(Sep-Nov) with corresponding AUC values of 0.76 and 0.78, respectively. Even though AUC is
not an absolute measure of model quality, it is an indication of the accuracy of the model and
the value can be compared to other models. Elith [41] considered models with values above
0.75 as potentially useful and 0.80–0.90 as good.

Our MaxEnt model revealed putative suitable porpoise habitat hotspots in the western areas
with a decreasing gradient to the east, reflecting the same pattern as the kernel densities during
summer and autumn. The obtained AUC values for these two seasons were relatively high
compared to those obtained in a similar study by Edrén et al. [11]. They used satellite positions
from a larger area covering the Kattegat, Belt Seas and western Baltic partly overlapping with
the present study area. The AUC values obtained by Edrén et al. [11] were 0.731 for summer
and 0.697 for autumn, possibly reflecting the larger and more variable study area. Also, they
did not find our study area to be very suitable during summer, but more so in autumn, yet with
no clear gradient from west to east as observed here. These differences are most likely due to
the smaller study area in the present study, capturing fine scale distribution patterns. Further-
more, the satellite data used by Edrén et al. [11] (1997–2007) contained fewer positions from
our study area, as almost none of the animals tagged prior to 2008 moved that far east into the
Baltic Sea. This may reflect a shift in the habitat use of porpoises. This was also shown by
Benke et al. [52] where more porpoises were detected after 2008 in the eastern part of the Ger-
man Baltic Sea.

The uncertainty of the model prediction is in general higher in the eastern part than in the
western part of the study area, reflecting the fewer satellite positions here. All porpoises
included in this study probably belong to the Belt Sea population as most of the animals were
tagged here and their movements are within the population area [33]. The satellite data hence,
does not tell us anything about the Baltic Proper population. The Belt Sea population has previ-
ously been shown to move south and east during summer and then move back west in the win-
ter [6, 52]. This corresponds well with the results obtained here, reflecting the strong gradient
from east to west.

The environmental variable that had the most explanatory power in our study was salinity
in both seasons. The brackish water of the Baltic Sea arises from saline bottom waters from the
North Sea mixing with fresh surface water originating from the Baltic Sea’s large catchment
area, creating a salinity gradient decreasing from west to east and from surface to bottom [53].
Most of the satellite positions are located in the western part with decreasing numbers towards
the east; this coincides with the gradient in salinity.

Acoustic detections
Results from the acoustic study revealed a strong decreasing gradient in porpoise occurrence
from south-west to the east. The results obtained here reveal more activity in the German part
of the Baltic than what has recorded prior to 2008 [28, 54], similarly documented by Benke
et al. [52]. Also, only very few animals have previously been spotted in the study area during
visual observations during aerial and boat surveys [55–58]. Again, this indicates that the area
has become more attractive for harbour porpoises within the past years in line with the increase
in the number of positions from tagged animals.

Model prediction vs. acoustic results
When inspecting the obtained results from the two methods, the gradient in the presence of
harbour porpoises is clearly reflected both in the predicted model results, as well as in the
acoustic porpoise detections, as also indicated by the significant linear correlations. Both show
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the same pattern of high occurrence in the south-western part of the study area decreasing
towards the east, indicating that this area is mainly occupied by Belt Sea animals.

The best correlation between the two data sets was found between MaxEnt and PPD, both
reflecting relative occurrences on a very broad scale. The obtained R2 values were relatively
good when taking the different data sources into account, satellite observations from very few
animals over a seven year period and the mean of environmental variables over a ten year
period, with two years of acoustic detections collected with only partial overlap in time. A bet-
ter correlation between the two data sets may have been obtained if the satellite data and the
acoustic data were collected over the same years. For all correlations, there was an apparent
offset in the MaxEnt predictions (starting at or above 0.2), which may reflect that all areas
potentially have a value/suitability to porpoises (value above 0 in the MaxEnt model). How-
ever, as the density of porpoises in the study area is relatively low, the least suitable habitats
are currently not used, as indicated by almost no porpoise detections on some stations. Alter-
native explanations for inconsistencies between the two data sets may be that Baltic Proper
animals are present in the acoustic data, and if these animals prefer different habitats, or that
there are too few satellite tagged porpoises included in this study to provide positions of all the
preferred habitat types. Habitat models can only estimate the part of a species' niche that is
actually captured by the ‘observation’ data. Their applicability to the unsampled areas is there-
fore dependent on the representativeness of the environmental conditions inherent in the
input data [18].

MaxEnt model results are usually only trained on a subset of the “observation” data that
enters the model for validation [15, 59–61]. In this study we were able to validate the model
from a subset of the data, and also show that the model predictions were comparable to another
independent data set from the same species, recorded in a completely different manner. This
way of testing the model results may act as a more powerful validation [59]. Few other studies
have verified MaxEnt model results based on independently sampled data for the target species
[14–15]. Here we demonstrate that obtained MaxEnt model results were correlated with results
from a large, independent and partly temporally overlapping data set on animal presence from
the same area.

This study is the first to demonstrate similar patterns in these two independent methods;
modelling of suitable habitats based on satellite tracking and passive acoustic recordings. In a
similar way, Sveegaard et al. [62] used vessel based towed acoustic surveys to validate high den-
sity areas for harbour porpoises identified by satellite tracking. Hence, both satellite tracking
and acoustic recordings seem reliable for monitoring relative distributions of a marine mam-
mal species such as the harbour porpoise. In addition to providing reliable results on relative
distribution, satellite tracking has a large spatial extend and may be used to identify individual
habitat use, yet is very dependent on sample size. Passive acoustic monitoring has a limited
geographical extend but provides long time series of variations in relative occurrences. Thus,
the choice of method in future studies should depend on the specific goal, availability and time
line of each project.

Supporting Information
S1 Table. C-POD recording periods. Successful data acquisition of the 36 C-POD stations
included in the study. Data coverage is variable due to loss of equipment, malfunctioning
equipment or loss of battery power. Also, the day of deployment/retrievement of equipment
was excluded from the analysis, to only include full days.
(TIFF)

Harbour Porpoise Distribution

PLOS ONE | DOI:10.1371/journal.pone.0158788 July 27, 2016 12 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158788.s001


Acknowledgments
We would like to acknowledge the work by Bolding & Burchard regarding modelling of
dynamic variables for Energinet.dk, and the work by DHI as part of the pre-investigations for
Kriegers Flak Offshore Wind Farm [63]. The tagging of harbour porpoises were carried out
under permissions from Danish Forest and Nature Agency (SN 343/SN-0008) and the Animal
Welfare Division (Ministry of Justice, 1995-101-62). We wish to thank the pound net fisher-
men and everyone who volunteered during the satellite tagging project. Acoustic data were col-
lected under the SAMBAH project funded by EU LIFE+ (LIFE08 NAT/S/000261), the Swedish
Agency for Marine and Water Management, Kolmården Wildlife Park, The Finnish Ministry
of Environment, WWF Finland, Turku University of Applied Sciences, Tampereen Särkän-
niemi Ltd., University of Gdansk, Chief Inspectorate of Environmental Protection, Poland, the
National Fund for Environmental Protection and Water, the Voivodship Fund for Environ-
ment Protection andWater, Aarhus University, the Danish Nature Agency, the Federal Agency
for Nature Conservation, Germany (SAMBAH II 5 Vw/52602/2011—Mar 36032/66) and the
European Association of Zoos and Aquaria. We thank all members of the SAMBAH project
group for aiding in collecting these data and allowing us to use them for this study.

Author Contributions
Conceived and designed the experiments: LAK SS J. Tougaard JAKC IC JCK J. Teilmann. Per-
formed the experiments: LM LAK SS RD J. Tougaard J. Teilmann. Analyzed the data: LM FFR
J. Teilmann. Contributed reagents/materials/analysis tools: LM FFR J. Teilmann. Wrote the
paper: LM FFR J. Teilmann. Commented on the paper and discussed implications of the
results: LAK SS J. Tougaard RD JAKC IC JCK.

References
1. Evans PGH, Hammond PS. Monitoring cetaceans in European waters. MammRev. 2004; 34: 131–

156.

2. Ansmann IC, Lanyon JM, Seddon JM, Parra GJ. Monitoring Dolphins in an Urban Marine System: Total
and Effective Population Size Estimates of Indo-Pacific Bottlenose Dolphins in Moreton Bay, Australia.
PLoS ONE 8(6): e65239. doi: 10.1371/journal.pone.0065239 PMID: 23755197

3. Barendse J, Best BP. Shore-based observations of seasonality, movements, and group behavior of
southern right whales in a nonnursery area on the South African west coast. Mar Mann Sci. 2014; 30
(4): 1358–1382.

4. Calambokidis J, Barlow J. Abundance of blue and humpback whales in the Eastern North Pacific esti-
mated by capture-recapture and line-transect methods. Mar MammSci. 2014; 20(1): 63–85.

5. Read AJ, Westgate AJ. Monitoring the movements of harbour porpoises (Phocoena phocoena) with
satellite telemetry. Mar Biol. 1997; 130(2): 315–22.

6. Sveegaard S, Teilmann J, Tougaard J, Dietz R, Mouritsen KN, Desportes G, et al. High density areas
for harbour porpoises (Phocoena phocoena) identified by satellite tracking. Mar MammSci. 2011; 27
(1): 230–246.

7. Gillespie D, Chappel O. An automatic system for detecting and classifying the vocalisations of harbour
porpoises. Bioacoustics. 2002; 13(1): 37–61.

8. Carstensen J, Henriksen OD, Teilmann J. Impacts on harbour porpoises from offshore wind farm con-
struction: acoustic monitoring of echolocation activity using porpoise detectors (T-PODs). Mar Ecol
Prog Ser. 2006; 321: 295–308

9. Kyhn LA, Tougaard J, Thomas L, Duve LR, Stenback J, Amundin M, et al. From echolocation clicks to
animal density—Acoustic sampling of harbor porpoises with static dataloggers. J Acoust Soc Am.
2012; 131(1): 550–560. doi: 10.1121/1.3662070 PMID: 22280616

10. Patterson TA, Mcconnell BJ, Fedak MA, Bravington MV, Hindell MA. Using GPS data to evaluate the
accuracy of state–space methods for correction of Argos satellite telemetry error. Ecology. 2010; 91
(1): 273–285. PMID: 20380216

Harbour Porpoise Distribution

PLOS ONE | DOI:10.1371/journal.pone.0158788 July 27, 2016 13 / 16

http://dx.doi.org/10.1371/journal.pone.0065239
http://www.ncbi.nlm.nih.gov/pubmed/23755197
http://dx.doi.org/10.1121/1.3662070
http://www.ncbi.nlm.nih.gov/pubmed/22280616
http://www.ncbi.nlm.nih.gov/pubmed/20380216


11. Edrén SMC, Wisz M, Teilmann J, Dietz R, Sönderkvist J. Modelling spatial patterns in harbour porpoise
satellite telemetry data using maximum entropy. Ecography. 2010; 33(4): 698–708.

12. Philips SJ, Dudík M, Schapire RE. A maximum entropy approach to species distribution modelling. In:
Proceedings of the Twenty-First International Conference on Machine Lerning. ACM Press; 2004. pp.
84.

13. Phillips SJ, Anderson RP, Schapire RE. Maximum entrophy modelling of species geographical distribu-
tion. Ecol Modell. 2006; 190(3–4): 231–259.

14. Rebelo H, Jones G. Ground validation of presence-only modelling with rare species: a case study on
barbastelles Barbastella barbastellus (Chiroptera: Vespertilionidae). J App Ecol. 2010; 47(2): 410–420.

15. Smith A, Page B, Duffy K, Slotov R. Using Maximum Entropy modeling to predict the potential distribu-
tions of large trees for conservation planning. Ecosphere. 2012; 3(6): 56.

16. Franklin J. Mapping species distribution: spatial inference and prediction. Cambridge University Press;
2009.

17. Elith J, GrahamCH, Anderson RP, Dudik M, Ferrier S, Guisan A, et al. Novel methods improve predic-
tion of species’ distributions from occurrence data. Ecography. 2006; 29: 129–151.

18. Wisz M, Hijmans RJ, Li J, Peterson AT, Graham CH, et al. Effects of sample size on the performance of
species distribution models. Divers Distrib. 2008; 14(5): 763–773.

19. Graham CH, Elith J, Hijmans RJ, Guisan A, Peterson AT, Loiselle BA et al. The influence of spatial
errors in species occurrence data used in distribution models. J Appl Ecol. 2008; 45(1): 239–247.

20. Guisan A, Graham CH, Elith J, Huettmann F, NCEAS Species Distribution Modelling Group. Sensitivity
of predictive species distribution models to change in grain size. Divers Distrib. 2007; 13(3): 332–340.

21. Guillera-Arroita G, Lahoz-Monfort JJ, Elith J, Gordon A, Kujala H, Lentini PE, et al. Is my species distri-
bution model fit for purpose?Matching data and models to applications. Glob Ecol Biogeogr. 2015; 24
(3), 276–292.

22. Phillips SJ, Miroslav D, Elith J, Graham CH, Lehman A, Leathwick J. et al. Sample selection bias and
presence-only distribution models: implications for background and pseudo-absence data. Ecol Appl.
2009; 19: 181–197. PMID: 19323182

23. Villadsgaard A, Wahlberg M, Tougaard J. Echolocation signals of wild harbour porpoises, Phocoena
phocoena. J Exp Biol. 2007; 210: 56–64. PMID: 17170148

24. Linnenschmidt M, Teilmann J, Akamatsu T, Dietz R, Miller LA. Biosonar, dive and foraging activity of
satellite tracked harbour porpoises (Phocoena phocoena). Mar MammSci. 2013(2: ); 29: E77–E97.

25. Wisniewska DM, Johnson M, Teilmann J, Rojano Doñate L, Shearer J, Sveegaard S, Miller LA, Siebert
U, Madsen PT. Ultra-high foraging rates of harbour porpoises make them vulnerable to anthropogenic
disturbance. Curr Biol. 2016; 26: 1–6.

26. Kyhn LA, Tougaard J, Teilmann J, Wahlberg M, Jørgensen PB, Bech NI. J Mar Biol Assoc U.K. Harbour
porpoise (Phocoena phocoena) static acoustic monitoring: laboratory detection thresholds of T-PODs
are reflected in field sensitivity. J Mar Biol Assoc U.K. 2008; 88(6): 1085–1091.

27. Teilmann J, Miller LA, Kirketerp T, Kastelein RA, Madsen PT, Nielsen BK, AuWWL. Characteristics of
echolocation signals used by a harbour porpoise (Phocoena phocoena) in a target detection experi-
ment. Aquat Mamm. 2002; 28(3): 275–284.

28. Gallus A, Dähne M, Verfuß UK, Bräger S, Adler S, Siebert U, et al. Use of static passive acoustic moni-
toring to assess the status of the ‘Critically Endangered’ Baltic harbour porpoise in German waters.
Endang Spec Res. 2012; 18: 265–278.

29. Dähne M, Verfuß UK, Brandecker A, Siebert U, Benke H. Methodology and results of calibration of
tonal click detectors for small odontocetes (C-PODs). J Acoust Soc Am. 2013; 134: 2514–2522. doi:
10.1121/1.4816578 PMID: 23968049

30. Roberts B, Read AJ. Field assessment of C-POD performance in detecting echolocation click trains of
bottlenose dolphins (Tursiops truncatus). Mar Mam Sci. 2015; 31: 169–190.

31. Kimura S, Akamatsu T, Li S, Dong S, Dong L, Wang K, et al. Density estimation of Yangtze finless por-
poises using passive acoustic sensors and automated click train detection. J Acoust Soc Am. 2010;
128(3): 1435–45. doi: 10.1121/1.3442574 PMID: 20815477

32. Marques TA, Thomas L, Martin SW, Mellinger DK, Ward JA, Moretti DJ, et al. Estimating animal popula-
tion density using passive acoustics. Biol Rev Camb Philos Soc. 2013; 88(2): 287–309. doi: 10.1111/
brv.12001 PMID: 23190144

33. Sveegaard S, Galatius A, Dietz R, Kyhn L, Koblitz JC, Amundin M, et al. Defining management units for
cetaceans by combining genetics, morphology, acoustics and satellite tracking. Glob Ecol Conserv.
2015; 3: 839–850.

Harbour Porpoise Distribution

PLOS ONE | DOI:10.1371/journal.pone.0158788 July 27, 2016 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/19323182
http://www.ncbi.nlm.nih.gov/pubmed/17170148
http://dx.doi.org/10.1121/1.4816578
http://www.ncbi.nlm.nih.gov/pubmed/23968049
http://dx.doi.org/10.1121/1.3442574
http://www.ncbi.nlm.nih.gov/pubmed/20815477
http://dx.doi.org/10.1111/brv.12001
http://dx.doi.org/10.1111/brv.12001
http://www.ncbi.nlm.nih.gov/pubmed/23190144


34. Douglas D. Douglas Argos-Filter Algorithm Software. USGS, Alaska Science Center. Available: http://
alaska.usgs.gov/science/biology/spatial/software.html

35. R Development Core Team. R: A language and environment for statistical computing. R Foundation
for Statistical Computing. 2013. Available: http://www.R-project.org/

36. Hijmans RJ, Phillips S, Leathwick J, Elith J. Species distribution modelling (Package ‘dismo’). 2015.
Available: https://cran.r-project.org/web/packages/dismo/vignettes/sdm.pdf

37. Elith J, Phillips SJ, Hastie T, Dudík M, Chee YE, Yates CJ. A statistical explanation of MaxEnt for ecolo-
gists. Diversity Distrib. 2011; 17: 43–57.

38. Merow C, Smith M, Silande JA. A practical guide to Maxent: what it does, and why inputs and setting
matter. Ecography. 2013; 36(10): 1–12.

39. Muscarella R, Galante P J, Soley-Guardia M, Boria RA, Kass JM, Uriate M et al. ENMeval: An R pack-
age for conducting spatially independent evaluations and estimating optimal model complexity for Max-
ent ecological niche models. Methods Ecol Evol. 2014; 5(11): 1198–1205.

40. Swets JA. Measuring the accuracy of diagnostic systems. Science. 1988; 240(4857): 1285–1293.
PMID: 3287615

41. Elith J. Quantitative methods for modeling species habitat: Comparative performance and an applica-
tion to Australian plants. In: Ferson S, BurghamM, editors. Quantitative Methods for Conservation Biol-
ogy. Springer; 2002. pp. 39–58.

42. Johnston DW,Westgate AJ, Read AJ. Effects of fine-scale oceanographic features on the distribution
and movements of harbour porpoises Phocoena phocoena in the Bay of Fundy. Mar Ecol Prog Ser.
2005; 295: 279–293.

43. Mikkelsen L, Mouritsen KN, Dahl K, Teilmann J, Tougaard J. Re-established stony reef attracts harbour
porpoises Phocoena phocoena. Mar Ecol Prog Ser. 2013; 481: 239–248.

44. Torres LG, Read A. Fine-scale habitat modelling of a top marine predator: do prey data improve predic-
tive capacity? Ecol Appl. 2008; 18(7): 1702–1717. PMID: 18839765

45. Fauchald P, Skov H, Skern-Mauritzen M, Hausner V H, Johns D, Tveraa T. Scale-dependent response
diversity of seabirds to prey in the North Sea. Ecol. 2011; 92: 228–239.

46. Goodwin L. Diurnal and tidal variations in habitat use of the harbour porpoise (Phocoena phocoena) in
Southwest Britain. Aqua Mamm. 2008; 34: 44–53.

47. Bailey H, and Thompson PM. Using marine mammal habitat modelling to identify priority conservation
zones within a marine protected area. Mar Ecol Prog Ser. 2009; 378: 279–287.

48. Jones AR, Hosegood P, Wynn RB, De Boer M N, Butler-Cowdry S, Embling CB. Fine-scale hydrody-
namics influence the spatio-temporal distribution of harbour porpoises at a coastal hotspot. Prog Ocea-
nogr. 2014; 128: 30–48.

49. Bolding K, Büchmann B, Jørgensen JU, Bergøe TE. Hydrografi. VVM-redegørelse for Kriegers Flak
Havmøllepark. 2015. Available: http://www.ens.dk/sites/ens.dk/files/supply/renewable-energy/wind-
power/offshore-wind-power/new-offshore-wind-tenders/kriegers_flak_havmoellepark_vvm_
hydrografi_baggrundsrapport.pdf

50. Dähne M, Gilles A, Lucke K, Peschko V, Adler S, Krügel K, et al. Effects of pile-driving on harbour por-
poises (Phocoena phocoena) at the first offshore wind farm in Germany. Environ Res Lett. 2013; 8:
025002.

51. Bethany LR, Read AJ. Field assessment of C-POD performance in detecting echolocation click trains
of bottlenose dolphins (Tursiops truncatus). Mar MammSci 2014; 31 169:190.

52. Benke H, Bräger S, Dähne M, Gallus A, Hansen S, Honnef CF, et al. Baltic Sea harbour porpoise popu-
lations: status and conservation needs derived from recent survey results. Mar Ecol Prog Ser. 2014;
495: 275–290.

53. Feistel R, Weinreben S, Wolf H, Seitz S, Spitzer P, Adel B, Nausch G, Schneider B, Wright DG. Density
and Absolute Salinity of the Baltic Sea 2006–2009. Ocean Sci. 2010; 6: 3–24.

54. Verfuss UK, Honnef CH, Meding A, Dähne M, Mundry R, Benke H. Geographical and seasonal varia-
tion of harbour porpoise (Phocoena phocoena) presence in the German Baltic Sea revealed by passive
acoustic monitoring. J Mar Biol Ass U.K. 2007; 87: 165–176.

55. Hammond PS, Bearzi G, Bjørge A, Forney K, Karczmarski L, Kasuya T, et al. Abundance of harbour
porpoise and other cetaceans in the North Sea and adjacent waters. J Appl Ecol. 2002; 39(2): 361–
376.

56. Gillespie D, Berggren P, Brown S, Kuklik I, Lacey C, Lewis T, et al. Relative abundance of harbour por-
poises (Phocoena phocoena) from acoustic and visual surveys of the Baltic Sea and adjacent waters
during 2001 and 2002. J Cetacean Res Manag. 2005; 7(1): 51–57.

Harbour Porpoise Distribution

PLOS ONE | DOI:10.1371/journal.pone.0158788 July 27, 2016 15 / 16

http://alaska.usgs.gov/science/biology/spatial/software.html
http://alaska.usgs.gov/science/biology/spatial/software.html
http://www.R-project.org/
https://cran.r-project.org/web/packages/dismo/vignettes/sdm.pdf
http://www.ncbi.nlm.nih.gov/pubmed/3287615
http://www.ncbi.nlm.nih.gov/pubmed/18839765
http://www.ens.dk/sites/ens.dk/files/supply/renewable-energy/wind-power/offshore-wind-power/new-offshore-wind-tenders/kriegers_flak_havmoellepark_vvm_hydrografi_baggrundsrapport.pdf
http://www.ens.dk/sites/ens.dk/files/supply/renewable-energy/wind-power/offshore-wind-power/new-offshore-wind-tenders/kriegers_flak_havmoellepark_vvm_hydrografi_baggrundsrapport.pdf
http://www.ens.dk/sites/ens.dk/files/supply/renewable-energy/wind-power/offshore-wind-power/new-offshore-wind-tenders/kriegers_flak_havmoellepark_vvm_hydrografi_baggrundsrapport.pdf


57. Siebert U, Gilles A, Lucke K, Ludwig M, Benke H, Kock K-H, et al. A decade of harbour porpoise occur-
rence in German waters—Analyses of aerial surveys, incidental sightings and strandings. J Sea Res.
2006; 56(1): 65–80.

58. Viquerat S, Herr H, Gilles A, Peschko V, Siebert U, Sveegaard S, Teilmann J. Abundance of harbour
porpoises (Phocoena phocoena) in the western Baltic, Belt Seas and Kattegat. Mar Biol. 2014; 161(4):
745–754.

59. Hijmans RJ. Cross-validation of species distribution models: removing spatial sorting bias and calibra-
tion with a null model. Ecology. 2012; 93(3): 678–688.

60. Bombosch A, Zitterbart DP, Opzeeland IV, Frickenhaus S, Burkhardt E, Wisz MS, Boebel O. Predictive
habitat modelling of humpback (Megaptera novaeangliae) and Antarctic minke (Balaenoptera bonaer-
ensis) whales in the Southern Ocean as a planning tool for seismic surveys. Deep-Sea Res I 2014; 91:
101–114.

61. Cobben MMP, van Treuren R, Castañeda-Álvarez NP, Khoury CK, Kik C, van Hintum TJL (2014)
Robustness and accuracy of Maxent niche modelling for Lactuca species distributions in light of collect-
ing expeditions. Plant Genet Resour.2014. 13(2): 153–161.

62. Sveegaard S, Teilmann J, Berggren P, Mouritsen KM, Gillespie D, Tougaard J. Acoustic surveys con-
firm the high-density areas of harbour porpoises found by satellite tracking. ICES J Mar Sci. 2011; 68
(5): 929–936.

63. Dietz R, Galatius A, Mikkelsen L, Nabe-Nielsen J, Rigét FF, Schack H, et al. 2015. Marine Mammals—
Investigations and preparation of environmental impact assessment for Kriegers Flak. 2015. Available:
http://energinet.dk/SiteCollectionDocuments/Engelske%20dokumenter/Anl%C3%A6g%20og%
20projekter/Kriegers%20Flak%20Offshore%20Wind%20Farm_Marine%20mammals_Technical%
20report_June%202015.pdf.

Harbour Porpoise Distribution

PLOS ONE | DOI:10.1371/journal.pone.0158788 July 27, 2016 16 / 16

http://energinet.dk/SiteCollectionDocuments/Engelske%20dokumenter/Anl%C3%A6g%20og%20projekter/Kriegers%20Flak%20Offshore%20Wind%20Farm_Marine%20mammals_Technical%20report_June%202015.pdf
http://energinet.dk/SiteCollectionDocuments/Engelske%20dokumenter/Anl%C3%A6g%20og%20projekter/Kriegers%20Flak%20Offshore%20Wind%20Farm_Marine%20mammals_Technical%20report_June%202015.pdf
http://energinet.dk/SiteCollectionDocuments/Engelske%20dokumenter/Anl%C3%A6g%20og%20projekter/Kriegers%20Flak%20Offshore%20Wind%20Farm_Marine%20mammals_Technical%20report_June%202015.pdf



