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Abstract
Determining the drivers that are responsible for the fine-scale distribution of cetacean species is fundamental to understand 
better how they respond to changes in their environment. We utilized information theoretic approach to carry out a compre-
hensive investigation of the key environmental and anthropogenic correlates of habitat use and relative density of harbour 
porpoises. In all, 273 daily boat surveys over a period of 38 months, between April 2014 and November 2017, were spent 
in the field monitoring 9417 km along the coastal and shelf waters of Northwest Spain. Throughout this period, there were 
70 encounters with harbour porpoises and 712 encounters with common bottlenose dolphins. The observed unequal use of 
available habitat indicates that harbour porpoises present a fine-scale pattern of habitat selection along the study area, which is 
likely related to the variation in oceanographic variables and human disturbance mainly caused by marine traffic and fisheries. 
While differences in habitat use between harbour porpoises and bottlenose dolphins were observed, interspecific competition 
with bottlenose dolphins (as competitive exclusion hypotheses) did not appear to play an important role in the distribution 
and relative density of harbour porpoises. These findings highlight the importance of considering both environmental and 
anthropogenic variables in ecological studies, in addition to highlighting the importance of using a multi-species ecology 
approach in research and conservation management planning.

Introduction

Habitat choice is the outcome of decisions that balance the 
trade-off between resource availability and predation risk 
(Lima and Dill 1990). Understanding the habitat use and 
determining the factors that are responsible for the distri-
bution of marine predators, such as the harbour porpoise 
(Phocoena phocoena, Linneaus 1758), are fundamental to 
understand better how these potentially vulnerable species 
respond to changes in their environment. The harbour por-
poise is a highly mobile cetacean species found throughout 
the waters of the Northern Hemisphere (Gaskin et al. 1974). 

While some surveys have recorded this species in offshore 
waters (MacLeod et al. 2003; Bjørge and Øien 1995), the 
harbour porpoise is generally distributed in highly produc-
tive coastal areas with upwelling and high tidal flow (Ham-
mond et al. 2002; Skov and Thomsen 2008; Marubini et al. 
2009), at depths up to 200 metres (Otani et al. 1998; Booth 
et al. 2013).

With the expansion of human activities in coastal and 
shelf waters, there has been general concern over the status 
of harbour porpoises in European waters and the establish-
ment of Special Areas of Conservation (SACs) has been sug-
gested as a method to protect this cetacean species (Embling 
et al. 2010; Hammond et al. 2013). The designation of these 
SACs for harbour porpoises, as required under the EU ‘Hab-
itats Directive’ (Directive 92/43/EEC), is especially chal-
lenging, because harbour porpoises are small, highly mobile, 
spend limited time at the surface, and change behaviour in 
response to boats (Westgate et al. 1995; Otani et al. 1998).

Fluctuations in the use of habitat of harbour porpoises 
have been the subject of several studies in different parts 
of its range, almost exclusively from analysis of the rela-
tionship with oceanographic features that could determine 
food availability and abundance (e.g., Johnston et al. 2005; 

Responsible Editor: D.E. Crocker.

Reviewed by S. Isojunno and an undisclosed expert.

 * Bruno Díaz López 
 bruno@thebdri.com

1 Bottlenose Dolphin Research Institute (BDRI), Av. Beiramar 
192, O Grove, 36980 Pontevedra, Spain

2 Université Bordeaux, UMR CNRS 5805 EPOC, Allee 
Geoffroy St Hilaire, 33615 Pessac Cedex, France

http://orcid.org/0000-0002-0388-3289
http://crossmark.crossref.org/dialog/?doi=10.1007/s00227-018-3345-8&domain=pdf


 Marine Biology  (2018) 165:92 

1 3

 92  Page 2 of 11

Marubini et al. 2009; Edrén et al. 2010; Embling et al. 2010; 
Booth et al. 2013). Few studies have included anthropogenic 
explanatory variables (such as the presence of fishing nets, 
fishing vessels, and marine traffic) in the habitat models for 
harbour porpoises, although the species is known to be sen-
sitive to anthropogenic noise (Johnston 2002; Dähne et al. 
2013; Thompson et al. 2013). Moreover, all these previous 
studies were only based on a single species approach that 
ignores potential effects of sympatric competitors on harbour 
porpoises’ habitat use. It is likely that harbour porpoises 
select habitats that have high food availability (Johnston 
et al. 2005; Sveegaard et al. 2011). Likewise, other ceta-
cean species with similar food preferences and commercial 
fisheries will be present in these rich habitats (Ross and Wil-
son 1996; Jepson and Baker 1998; Díaz López and Methion 
2017), in which harbour porpoises may have to trade off 
food and the safety when selecting a habitat to occupy (see 
Lima and Dill 1990 for a review of behavioural choices 
made under risk). Little or no attention has been given to 
the effects caused by the presence of sympatric cetacean 
species on the fine-scale distribution and numbers of harbour 
porpoises.

Recent studies suggest that harbour porpoises from the 
Northwestern coast of the Iberian peninsula (Spain and Por-
tugal) and Mauritania could well represent a distinct ecotype 
from those from the NE Atlantic continental shelf waters (P. 
phocoena meridionalis) (Fontaine et al. 2014). This area 
has been identified as a zone of high density of harbour 
porpoises (López et al. 2004; Pierce et al. 2010; Fernández 
et al. 2013), and it has been suggested to be suitable for the 
creation of possible Special Areas of Conservation (SACs) 
under the EU Habitats Directive. Harbour porpoises and 
common bottlenose dolphins (Tursiops truncatus, Montagu 
1821) are distributed along the coastal and shelf waters of 
Galicia (Northwest Spain) with different geographical pat-
terns of relative abundance (López et al. 2004; Pierce et al. 
2010; Díaz López and Methion 2017). The diets of these 
two species follow a similar pattern in these waters (San-
tos and Pierce 2003; Santos et al. 2007; Méndez-Fernández 
et al. 2012), which is consistent with all two marine top 
predators exploiting the same locally abundant resources. 
Complementary approaches based on the analysis of for-
aging niche segregations (Méndez-Fernández et al. 2012; 
Fernández et al. 2013) proposed that trophic competition 
occurs between harbour porpoises and common bottle-
nose dolphins in Galician waters as also suggested in other 
adjacent areas of the Northeast Atlantic (Spitz et al. 2006). 
Aggressive, non-predatory interactions between these two 
sympatric species have been often documented in different 
regions including the Northwestern coast of Spain (López 
and Rodríguez 1995; Ross and Wilson 1996; Jepson and 
Baker 1998). However, the reasons for bottlenose dolphins’ 
attacks, some of which were fatal on harbour porpoises, are 

often unclear and the ultimate causes may be complex (Ross 
and Wilson 1996; Díaz López et al. 2017).

In this paper, we present a comprehensive investigation 
of the key environmental and anthropogenic correlates of 
habitat use and relative density of harbour porpoises along 
the Northwestern coast of Spain. As such, investigating these 
fluctuations in their coastal habitat utilization and relative 
density is essential for a better understanding of the ecol-
ogy and for the conservation of this potentially vulnerable 
small cetacean species. Moreover, a competitive exclusion 
hypothesis was tested including, as part of the environmental 
correlates, the presence of bottlenose dolphins in the model 
framework. Indeed, we examined temporal and spatial link-
ages between the presence and relative abundance of harbour 
porpoises and the presence of bottlenose dolphins in the 
area.

Methods

Study area

The shelf waters off Galician coastline (Northwest Spain) 
correspond to the northern zone of the Canary Upwelling 
System, one of the four major upwelling regions in the world 
(Santos et al. 2011). The complex shoreline and topography 
along this coastline is penetrated by a series of flooded tec-
tonic valleys (named rías), which support very high primary 
production (Prego et al. 1999).

The study area extends approximately 450 km2, inshore 
and offshore the largest and most productive of the Galician 
rías, the Ría of Arousa (Fig. 1). Along this area, upwelling 
practically reaches the coastline, penetrating the Ría of 
Arousa (Prego et al. 1999). The entire system is subjected 
to a strong tide regime, with a tidal range of 1.1 and 3.5 m 
during neap and spring tides, respectively (Alvarez et al. 
2005). These waters are subject to significant use by humans 
including professional fisheries, shellfish aquaculture indus-
try, and important marine traffic (Vieites et al. 2004; Díaz 
López and Methion 2017).

Data collection

Data for this study were collected as part of a longitudinal 
study carried out by the Bottlenose Dolphin Research Insti-
tute BDRI (http://www.thebd ri.com) about the ecology of 
cetacean species inhabiting the Galician waters. Boat-based 
surveys on-board a 12 m research vessel were conducted 
between April 2014 and November 2017. In all, 38 months 
were spent in the field. Surveys were done when the sea 
conditions were up to 3 on the Douglas sea force scale 
(approximately equivalent to the Beaufort wind force scale) 
and visibility was not reduced by rain or fog. Because of 
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Marine Biology  (2018) 165:92  

1 3

Page 3 of 11  92 

bad weather conditions during December, we were unable 
to complete surveys in this month.

The study area was monitored during daylight hours at 
a constant speed, between 6 and 8 kn, with at least three 
experienced observers, stationed on the flying bridge (4 m 
above sea level), scanning 360° of the sea surface in search 
of cetacean species (with the naked eye and/or 10 × 50 bin-
oculars). Systematic surveys were attempted to equally cover 
certain fixed track lines designed to cover all the study area 
on each month, although the geographic distribution of effort 
could vary according to weather conditions and time con-
straints. On each survey, the time, position, vessel speed, the 
presence of cetaceans (within a 1000 m radius of the boat’s 
position), and environmental and anthropogenic data were 
recorded as an instantaneous point sample every 20 min 
(Díaz López and Methion 2017). These 20 min sets were 
used to summarize field conditions and distribution of the 
survey effort since the beginning until the end of each survey 
irrespective of cetacean’ presence. The spatial resolution of 
this 20 min interval was approximately 2 nm (given a 6–8 
kn speed). The presence–absence (visual detection–no detec-
tion) of cetaceans was recorded instantaneously during all 
of the 20 min sampling points.

Upon sighting a group of cetaceans, searching effort 
(on-effort time) ceased and the vessel slowly manoeuvred 
towards the group (off effort time) to minimise distur-
bance during the approach. A group of harbour porpoises 
was defined as one or more individuals observed within a 

100 m radius. Size of the aggregations and composition were 
estimated before and after the harbour porpoises had been 
approached based on the total count of individuals observed 
at one time in the area. Because the research vessel often 
stayed with the animals, we could observe animals at close 
ranges (< 100 m) and for long durations (> 15 min). After 
the end of an encounter, the searching effort continued along 
the previously planned route.

Exploratory variables were chosen according to data 
availability and relevance to the environmental and anthro-
pogenic conditions that could potentially affect harbour por-
poises’ use of habitat (Skov and Thomsen 2008; Marubini 
et al. 2009; Edrén et al. 2010; Embling et al. 2010; Isojunno 
et al. 2012; Booth et al. 2013; Dähne et al. 2013; Dyndo 
et al. 2015). The environmental and anthropogenic varia-
bles listed below were initially considered to have potential 
ecological significance, and were available for each 20 min 
sample recorded during the study.

• Environmental variables: date, time (UTC), position 
(UTM longitude and UTM latitude, WGS 84 UTM Zone 
29N), depth (m), bottom slope gradient (the maximum 
rate of change in depth in a given grid cell and expressed 
as percent slope), bottom slope aspect (the compass ori-
entation of the slope, ranging from − 180° to + 180° with 
respect to true north), tide level (m), tide cycle (rising 
with the flooding tide and falling with the ebbing tide), 
sea-surface temperature (SST in °C), sea-surface salin-

Fig. 1  Map of the study area surveyed along the Northwestern coast of Spain, including 20 min sampling points searching for cetaceans (on 
effort) represented by circles
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ity (SSS in parts per thousand), chlorophyll-a (Chl-a in 
mg/m3), wind speed (m/s) and direction (°), Douglas 
sea force scale, sea level pressure in tenths of hectopas-
cals (hPa), and presence/absence of bottlenose dolphins 
within a 1000 m radius from the boat’s position.

• Anthropogenic variables: distance to the coast (m), num-
ber and type of vessels (professional fishing vessels and 
motor boats) within a 2 nm visual range.

The date, time, position, depth, vessel speed (kt), and 
SST were obtained by a GPS-Plotter Map Sounder asso-
ciated with an 83–200 kHz echo-sounder transducer. The 
echo-sounder signal contained audible energy up to at least 
200 kHz for the porpoises and dolphin species monitored, 
which encompassed most of their hearing range (Díaz López 
2011; Dyndo et al. 2015). SSS was measured with an optical 
refractometer on a scale of 0–100 ppt. The wind speed and 
direction were measured when the vessel was stationary dur-
ing 1 min at the end of each 20 min set, by a cup anemometer 
and compass situated 4 m above the sea level. Tide level (m) 
and tidal cycle (presence/absence of food tide) were obtained 
for the harbour of Vilagarcia de Arousa, sited inside of the 
Ría of Arousa, from the Galician weather service (http://
www.meteo galic ia.gal). Bottom slope gradient and slope 
aspect were computed from the bottom depth obtained from 
a bathymetric chart data set, with a 500 m × 500 m resolu-
tion, digitized from two 1:50,000 scale nautical charts from 
the Instituto Hidrográfico de la Marina (Spain). This data set 
was converted to a raster format and then interpolated using 
QGIS software (http://www.qgis.org) terrain analysis tools. 
All distances to coast were minimum distances in metres 
from the GPS position of each 20 min point sample to the 
perimeter of the feature, taking into account the coastal pro-
file and calculated via spatial analyst tools using QGIS soft-
ware. Chlorophyll-a data were obtained as daily rasters, with 
a spatial resolution 1 km × 1 km, for the position of each 
20 min set from the COPERNICUS Marine Environment 
Monitoring Service website (http://marin e.coper nicus .eu).

Data analysis and modelling framework

Overall 3114 samples were collected instantaneously every 
20 min of which 1677 were on effort (searching for ceta-
ceans). A total of 70 harbour porpoise encounters (20 min 
presence points) were available for modelling. An absence 
data set was generated by selecting at random 500 samples 
on effort (35% of the total 20 min absence points), where 
harbour porpoises had not been sighted in the area covered 
by surveys. By down-sampling the on-effort data, the lack of 
independence arising from consecutive samplings was lim-
ited, avoiding the influence of variations in the observation 
effort, and limiting pseudo-replication problems.

Following Burnham and Anderson (2002), only pre-
dictors with strong biological relevance (based on a priori 
investigation of the literature: Skov and Thomsen 2008; 
Marubini et al. 2009; Edrén et al. 2010; Embling et al. 
2010; Isojunno et al. 2012; Booth et al. 2013; Dähne et al. 
2013; Dyndo et al. 2015) were included from the outset, 
to prevent over-parameterization. Thus, based on the avail-
able data and past experience with factors that appear to 
affect cetaceans’ distribution and abundance, 17 predictor 
variables were selected, including 12 environmental and 5 
anthropogenic variables. Coordinates were not included as 
covariates, because they were correlated with sea-surface 
temperature, sea-surface salinity, human activities, and water 
depth, which were included instead due to their biological 
interpretability (Forney 2000).

Data exploration protocols described by Zuur et al. (2010) 
were used to identify outliers, data variability, and relation-
ships between covariates and response variable. Modelling 
was initiated using a basic GLM to assess collinearity of 
covariates (Zuur 2012). Explanatory variables were tested 
for multicollinearity by examining the variance inflation fac-
tor (VIF); when VIF > 5, we discarded the variable from the 
analysis (Dormann et al. 2013); following this procedure, 
we excluded distance to the coast, aspect, Douglas sea force 
state, and wind direction from the analyses.

A generalized additive modelling (GAM) framework was 
used to investigate variables affecting the two response vari-
ables selected in this study: the presence and number of har-
bour porpoises. One of the advantages of the use of GAMs 
is that they allow for flexible relationships between the pre-
dictor and response variables (Hastie and Tibshirani 1990). 
We modelled the presence–absence of harbour porpoises 
as a binomial GAM with a logistic link function, and for 
numbers of harbour porpoises seen (given presence), a Pois-
son distribution was assumed. GAMs require a method for 
representing the smooth functions and deciding how smooth 
they should be. The smooth functions were represented by 
cubic regression splines (Wood 2006). For all continuous 
explanatory variables, smoothers were constrained to a max-
imum k value of 5 (i.e., a maximum of 4 df), thus limiting 
relationships to plausible simple forms and avoiding overfit-
ting. The GAMs’ results and diagnostic information about 
the fitting procedure were implemented from the package 
mgcv (Wood 2006) in v. 1.8.1. of the statistics and graphics 
tool R (R Development Core Team 2011). Model assump-
tions were checked by visual inspection of the residuals and 
regression fits were examined using plots of residuals against 
fitted values. The Durbin–Watson test [from the package 
“lmtest” (Zeileis and Hothorn 2002)] and auto-correlation 
functions (ACF) were used to check for serial correlation, 
both in our raw data and in the residuals from the models. 
The optimum final model (hereafter referred to as global 
model) was selected based on the lowest Unbiased Risk 
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Estimator (UBRE), which can be viewed as an approxima-
tion to an Akaike’s Information Criterion (AIC) for many 
GAMs (Hastie and Tibshirani 1990), and there were no clear 
patterns in the residuals.

Due to the large number of possible combinations of 
covariates, model simplification and selection were per-
formed using a multi-model inference approach based 
on the methods and recommendations of Burnham and 
Anderson (2002) and Grueber et al. (2011). The informa-
tion theoretic approach, and specifically model averaging, 
can lead to robust predictions without the need to identify 
a unique solution “best model”, but rather to account for 
uncertainty in model selection by making inferences from 
an ensemble of possible solutions (Burnham and Anderson 
2002). We used the R package ‘MuMIn’ (Barton 2011) to 
produce a candidate model set consisting of all simplified 
versions of the global model and compared them based on 
their AIC corrected for small sample sizes (AICc) (Grueber 
et al. 2011). To ensure that the most parsimonious models 
were maintained within the best supported model set, the 
models with ΔAICc < 2 to identify the relative importance 
of each model term in predicting the response variable and 
to estimate the effect sizes of the predictors (Burnham and 
Anderson 2002). Ecological conclusions were then drawn 
from the direct comparison of this set of competing mod-
els that provided substantial support. Models were ranked 
from the best to the worst using the difference in AICc 
between the particular model and the first-ranked model 
(Δi) (Δi = AICc(i) − AICc(min)) and the Akaike weights (wi) 
were calculated to give the relative support for a given model 

compared with the others (Grueber et al. 2011). Moreover, 
the relative importance of a predictor variable (RVI) was 
calculated as the sum of the Akaike weights over all of the 
models in which the predictor appears (Burnham and Ander-
son 2002). Partial predictions with 95% confidence intervals 
were plotted for each covariate included within the best sup-
ported model set.

Results

Survey effort and presence of harbour porpoises

The field effort entailed over four consecutive years of field-
work from April 2014 to November 2017. In all, 273 daily 
boat surveys over a period of 38 months were spent in the 
field covering 9417 km. A total of 1015 h were spent in 
satisfactory conditions (up to 3 on the Douglas sea force 
scale and absence of rain or fog). During this time, 3114 
instantaneous sets were recorded every 20 min, of which 
1677 were on effort (searching for cetaceans). Throughout 
this period, there were 712 encounters with common bot-
tlenose dolphins (average sighting distance = 475 ± 52 m) 
and 70 encounters with harbour porpoises (average sighting 
distance = 190 ± 26 m) (Fig. 2).

A total number of 338 harbour porpoises were seen on 35 
different days at sea (13% of total number of daily surveys). 
This species was encountered in coastal and shelf waters 
throughout the study area and in all seasons of the year.

Fig. 2  Spatial distribution of bottlenose dolphins (Tursiops trunca-
tus) and harbour porpoises (Phocoena phocoena) represented by the 
encounter ratio (number of on-effort samples with the presence of 

one species in each 2 nm × 2 nm cell of a grid divided by the total 
number of on-effort samples collected in each cell)
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Harbour porpoises’ group size and composition were 
examined for 70 independent groups monitored during 
1109 min. Each group was frequently observed during an 
average of 15.8 ± 2 min. Group size ranged from 1 to 25 
individuals (mean 4.8 ± 0.5). The most commonly observed 
were pairs of individuals (20% of the groups) followed by 
solitary individuals (19%) and aggregations of five harbour 
porpoises (16%). Most encountered groups (89%) contained 
less than 9 animals. Group composition showed that 95% of 
the observed harbour porpoises were considered adults; thus, 
the remaining 5% were categorized as dependent calves. 
Calves were present in 17% of the observed groups. Group 
size was not related with the presence of dependent calves in 
the group (Spearman ρ 0.17, p > 0.05). Likewise, the number 
of adult individuals in the group was not significantly higher 
in the presence of dependent calves  (meanwith calves 5.25 ± 0.9 
vs.  meanwithout calves 4.14 ± 0.4) (Mann–Whitney, p > 0.05).

Environmental and anthropogenic factors affecting 
harbour porpoises’ presence

The global model explained around 45.3% of the variation in 
the data (R2 = 0.4, UBRE = − 0.528, AICc = 270.4). We pro-
duced a candidate model set consisting of all 1024 simplified 
versions of the global model and compared them based on 
their AICc. The three models with ΔAICc < 2 were used 
to produce model-averaged parameter estimates (Table 1).

Variables, including depth, number of motor boats, water 
temperature, wind speed (as a measure of the sea state), and 
number of fishing vessels, were all retained in each model 
within the candidate model set having a relative variable 
importance (RVI) of 1 in the final average model (Table 2). 
Sea-surface salinity and tidal cycle had a relative variable 
importance (RVI) of 0.24 and 0.23 in the final averaged 
model, respectively. Time of the day, slope, and presence of 
bottlenose dolphins were not present in the top model set, 
indicating that these covariates were not important predic-
tors of the presence of harbour porpoises. Harbour porpoise 

occurrence was predicted to be more likely at greater depths, 
moderate water temperatures, moderate number of fishing 
boats, in the absence of wind, and tended to decrease with a 
higher number of motor boats (Fig. 3, Table 3).

Effects of environmental and anthropogenic factors 
on the number of harbour porpoises seen

The global model explained around 48.1% of the variation 
in the data (R2 = 0.21, UBRE = 1.06, AICc = 381.1). Out of 
1024 simplified versions of the global model, 4 models with 
ΔAICc < 2 were used to generate model-averaged parameter 
estimates (Table 4). Covariates including depth, time of the 
day, number of motor boats, tidal cycle, and water tempera-
ture were retained in each model within the candidate model 
set having a relative importance (RVI) of 1 in the final aver-
age model (Table 5). The salinity and wind speed had an 
RVI of 0.60. The number of fishing boats and wind speed, 
however, was only retained in one of the top models with a 
RI of 0.16. The presence of bottlenose dolphins and slope 
was not present in the top model set, indicating that these 
covariates were not important predictor of the number of 
harbour porpoises seen.

The number of harbour porpoises was predicted to change 
with environmental variables (depth, wind speed, water 

Table 1  Most likely models explaining the variation in the presence 
of harbour porpoises in relation with environmental and anthropo-
genic variables

Only three most candidate models (Δi ≤ 2) of the 1024 are presented
df degrees of freedom, Δi difference in AIC between the particular 
model and the first-ranked model, wi Akaike weight showing the rel-
ative support of a given model compared to the others, D depth, W 
wind speed, SST sea-surface temperature, SSS sea-surface salinity, TC 
tidal cycle, MB number of motor boats, FB number of fishing boats

Model df logLik AICc Δi wi

MB/D/FB/SST/W 13.68 − 117.0 262.1 0.00 0.53
MB/D/FB/SST/W/SSS 14.18 − 117.3 263.7 1.60 0.24
MB/D/FB/SST/W/TC 14.69 − 116.8 263.8 0.70 0.23

Table 2  Model-averaged coefficients, adjusted standard error (SE), z 
value, and relative variable importance (RVI) estimated by a general-
ized additive model to determine the effects of depth (D), wind speed 
(W), sea-surface temperature (SST) and salinity (SSS), tidal cycle 
(TC), number of motor boats (MB), and number of fishing boats (FB) 
on harbour porpoises’ presence (n = 570)

Superscript numbers represent the smooth terms of the spline with 4 
degrees of freedom

Estimate Adj. std error z value P RVI

Intercept − 4.41 0.89 4.93 < 0.001
MB − 0.27 0.10 2.74 0.006 1
D1 2.50 1.27 1.28 0.050 1
D2 1.17 0.64 1.84 0.066
D3 3.49 1.30 2.68 0.007
D4 3.31 1.06 3.12 0.001
W1 − 0.87 0.26 3.33 < 0.001 1
W2 − 1.19 0.29 4.16 < 0.001
W3 − 1.49 0.61 2.45 0.014
W4 − 2.12 2.11 1.00 0.316
FB1 0.22 0.54 0.40 0.689 1
FB2 1.95 0.83 2.36 0.018
FB3 − 1.75 3.76 0.47 0.640
FB4 − 100 129 0.78 0.435
SST 2.25 1.61 1.39 0.164 1
SSS 0.06 0.13 0.54 0.592 0.24
Tc (Flood) 0.27 0.36 0.74 0.457 0.23
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temperature, and salinity), number of motor and fishing 
boats, and time of the day (Fig. 4, Table 3).

Discussion

The multitude of different environmental and anthropo-
genic factors in near-shore and shelf waters has cumulative 
impacts on marine predators’ distribution and density at 
different spatial and temporal scales (Tittensor et al. 2010; 
Ross et al. 2011). This represents an important challenge 
when trying to understand the ecology and protect coastal 
cetacean populations. In this context, our study provides new 
and relevant insights into the understanding of how both 
environmental and anthropogenic features impact on the 
presence and relative density of harbour porpoises along the 
Northwestern coast of Spain. This information is particularly 
important for the conservation of this species, because recent 
studies have identified strong barriers to gene flow that iso-
late almost completely the Iberian population (Fontaine et al. 
2014). In addition to these data, we also tested for the first 
time a competitive exclusion hypothesis, including as part 
of the correlates the presence of a sympatric species, the 
bottlenose dolphin, in the model framework.

Over the last years, model averaging, specifically infor-
mation theoretic approaches based on Akaike’s information 

criterion (IT–AIC approaches), have had a major influence 
on statistical practices in the field of ecology (Grueber et al. 
2011; Nakagawa and Freckleton 2011). The importance of 
this study lies within the broad temporal range of data and 
the use of model averaging approach to evaluate fluctuations 
in occurrence and relative density of harbour porpoises. 
Multi-model inference is based on weighted support from 
several models (model averaging). Such procedure leads to 
more robust and stable results than those based on choosing 
one best single model (Richards et al. 2010).

Our findings reveal that both environmental and anthro-
pogenic variables play an important role in the variation 
of presence and relative density of harbour porpoises. Spe-
cifically, depth, water temperature, and marine traffic were 
important predictors in the data, for both porpoise pres-
ence and relative abundance. All models in the confidence 
set included these three variables and the model-averaged 
parameter estimates highlighted how changes in both the 
presence and the number of harbour porpoises are affected 
by these oceanographic variables and marine traffic. The 
observed unequal use of available habitat indicates that har-
bour porpoises present a fine-scale pattern of habitat selec-
tion along the study area, which is mostly related to the 
variation in both environmental and anthropogenic variables.

The relationship between depth and harbour porpoises’ 
occurrence and relative density is consistent with the 

Fig. 3  Averaged predictions of harbour porpoise presence for each covariate present in the confidence set of models and their 95% confidence 
limits when all other variables are fixed to their mean value
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literature, and likely associated with the availability of food 
(Northridge et al. 1995; Skov and Thomsen 2008; Marubini 
et al. 2009; Embling et al. 2010; Isojunno et al. 2012). Like-
wise, the observed influence of the sea-surface temperature 
on the fluctuations in the presence and relative density of 
harbour porpoises may be related to changes in prey abun-
dance. Owing to the regularity of upwelling events along 
the Northwestern coast of Spain, the study area exhibits 
enhanced primary production because of the presence of 
nutrient-rich water masses that upwell towards surface lay-
ers. Furthermore, the results of our analysis indicate that the 
tidal cycle could affect the presence and relative density of 
harbour porpoises in the area. Indeed, both the presence and 
relative porpoise density were expected to be higher during 
flood than ebb tide phases. Similar results were observed in 
studies about the fine-scale distribution of harbour porpoises 
using satellite telemetry (Johnston et  al. 2005), report-
ing that tidal cycle facilitates the aggregation of harbour 

Table 3  Examples of the predicted effect of each variable included in 
the model-averaged model on the presence and numbers of harbour 
porpoises, with the other predictors held at their mean

D depth, W wind speed, SST sea-surface temperature, SSS sea-surface 
salinity, TC tidal cycle, T time, MB number of motor boats, FB num-
ber of fishing boats, Na predictor not included in the model-averaged 
model

Predictor Estimated presence of har-
bour porpoises (%)

Estimated number of 
harbour porpoises

D (m)
 50 4.8 ± 2.1 4.0 ± 0.7
 100 14.3 ± 6.6 7.5 ± 1.9

SST (°C)
 12 0.5 ± 0.4 1.9 ± 0.6
 16 3.8 ± 1.8 3.2 ± 0.8

W (m/s)
 0 17.2 ± 6.2 2.1 ± 0.7
 5 1.8 ± 1.1 2.2 ± 0.8

MB
 0 5.8 ± 2.8 2.6 ± 0.6
 10 4.0 ± 1.9 3.2 ± 0.8

FB
 0 3.2 ± 1.6 3.6 ± 0.9
 10 7.0 ± 3.8 2.8 ± 0.8

SSS (ppt)
 30 2.2 ± 1.8 1.2 ± 0.8
 35 4.2 ± 2.0 3.3 ± 0.8

T (h)
 8:00 Na 4.4 ± 1.1
 16:00 Na 2.5 ± 0.7

Tc
 Ebb 3.5 ± 1.9 2.3 ± 0.6
 Flood 4.5 ± 2.3 3.3 ± 0.8

Table 4  Most likely models explaining the variation in numbers of 
harbour porpoises in relation with environmental and anthropogenic 
variables

Only four most candidate models (Δi ≤ 2) of the 1024 are presented
df degrees of freedom, Δi difference in AIC between the particular 
model and the first-ranked model, wi Akaike weight showing the rel-
ative support of a given model compared to the others, D depth, W 
wind speed, SST sea-surface temperature, SSS sea-surface salinity, TC 
tidal cycle, MB number of motor boats, FB number of fishing boats, T 
time of the day

Model df logLik AICc Δi wi

D/MB/SSS/T/SST/Tc 13.05 − 168.6 369.74 0.00 0.44
D/MB/T/SST/Tc 12.48 − 170.0 370.97 1.23 0.24
D/MB/T/SST/Tc/W 15.03 − 166.4 371.7 1.96 0.16
D/MB/SSS/T/SST/FB/TC 14.86 − 166.7 371.7 1.99 0.16

Table 5  Model-averaged coefficients, adjusted standard error (SE), z 
value, and relative variable importance (RVI) estimated by a general-
ized additive model to determine the effects of depth (D), wind speed 
(W), time (T), tidal cycle (TC), number of motor boats (MB), num-
ber of fishing boats (FB), sea-surface temperature (SST) and salinity 
(SSS) on the relative density of harbour porpoises (n = 70)

Superscript numbers represent the smooth terms of the spline with 4 
degrees of freedom

Estimate Adj. std error z value P RVI

Intercept 1.22 0.12 10.5 < 0.001
D1 0.21 0.25 0.84 0.398 1
D2 − 0.63 0.19 3.37 < 0.001
D3 0.62 0.23 2.70 0.007
D4 0.32 0.20 1.63 0.103
T − 1.12 0.08 1.55 0.121 1
SST 0.16 0.06 2.45 0.014 1
MB1 0.24 0.18 1.33 0.184 1
MB2 0.005 0.23 0.02 0.980
MB3 − 1.15 0.35 3.31 < 0.001
MB4 0.49 0.33 1.50 0.131
TC (Flood) 0.33 0.13 2.43 0.015 1
SSS1 − 0.21 0.25 0.83 0.406 0.60
SSS2 − 0.11 0.16 0.67 0.503
SSS3 0.57 0.62 0.91 0.361
SSS4 0.15 0.21 0.69 0.490
W1 0.02 0.08 0.19 0.844 0.16
W2 0.05 0.13 0.36 0.719
W3 0.05 0.14 0.36 0.719
W4 − 0.17 0.46 0.37 0.708
FB1 − 0.01 0.04 0.33 0.739 0.16
FB2 − 0.02 0.06 0.36 0.719
FB3 − 0.02 0.07 0.28 0.781
FB4 − 0.002 0.12 0.02 0.984
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porpoises’ preys. The upwelling events, together with strong 
tidal streams, islands wakes, and headland eddies, make the 
Northwestern coast of Spain a suitable foraging habitat for 
harbour porpoises by aggregating and supporting high densi-
ties of their prey (Farina et al. 1997).

On the other hand, these rich waters are subject to signifi-
cant use by humans including professional fisheries, aqua-
culture industry, and important marine traffic (Vieites et al. 
2004; Díaz López and Methion 2017). Our results show 
what appears to be harbour porpoises’ avoidance behaviour 
in response to marine traffic as both the occurrence and the 
relative density of harbour porpoises tended to decrease 
with a higher number of motor boats present. The effects of 
boat traffic on the presence of harbour porpoises have been 
poorly documented, and while there is a general agreement 
that harbour porpoises will evade individual motor vessels 
(Palka and Hammond 2001), to our knowledge, this is the 
first habitat modelling study that concludes that high boat 
traffic levels correlate with both low occurrence and low 
relative density of harbour porpoises. These results are con-
sistent with behavioural responses to vessel noise observed 
in captive harbour porpoises (Dyndo et al. 2015), suggesting 
that vessel noise is a substantial source of disturbance for 
harbour porpoises in shallow water areas.

Furthermore, our results report that the visual detec-
tion from our research vessel might be impacted by the sea 

state conditions. Indeed, the estimated probability to detect 
harbour porpoises decreased as wind force increased. Har-
bour porpoises’ density estimates were also documented as 
depending on sea state in other study areas (Palka 1996).

Interspecific competition with bottlenose dolphins does 
not appear to affect the distribution and relative density of 
harbour porpoises. Data from the top model sets for prob-
ability of encountering harbour porpoises and relative abun-
dance of this species confirmed that the presence of a trophic 
competitor is not an important predictor of the distribution 
and number of harbour porpoises seen. These results dif-
fer from the conclusions reported in other studies carried 
out from land-based observation platforms that described 
a negative relationship between the presence of bottlenose 
dolphins and the presence of harbour porpoises along the 
Northwestern coast of Spain (Pierce et al. 2010). Behav-
ioural observations during field work, including four sight-
ings in which harbour porpoises were present at the same 
time and location than bottlenose dolphins, reinforce our 
modelling results. During these encounters, harbour por-
poises have never been seen avoiding bottlenose dolphins 
and bottlenose dolphins did not display aggressive behaviour 
towards the porpoises. These observations contrast with bot-
tlenose dolphins’ attacks towards harbour porpoises reported 
in British waters, where bottlenose dolphin aggressions 
cause a significant mortality of harbour porpoises in areas, 

Fig. 4  Averaged predictions of number of harbour porpoises (given presence) for each significant covariate in the confidence set of models and 
their 95% confidence limits when all other variables are fixed on their mean value
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where both species occur (Ross and Wilson 1996; Jepson 
and Baker 1998). Different reasons could help to explain the 
observed fine spatial separation between both sympatric spe-
cies such as different prey preference in this particular area, 
or the different tolerance to human disturbance. The latter 
is supported by our results that indicate a harbour porpoise 
avoidance of motor boats, being less tolerant of the boat 
traffic than bottlenose dolphins that have been observed in 
areas characterized by higher levels of marine traffic (Díaz 
López 2017; Díaz López and Methion 2017).

These findings highlight the importance of considering 
the interactions between multiple variables in ecological 
studies on fine temporal and spatial scales, in addition to 
underlining the importance of using a multi-species ecol-
ogy approach in research and conservation management 
planning (Head et al. 2012). Moreover, future studies on 
both harbour porpoises and common bottlenose dolphins in 
different areas could incorporate the methods framework of 
this study to define the role of multiple environmental and 
anthropogenic factors in the distribution of these potentially 
vulnerable odontocete species. From a conservation perspec-
tive, further studies are needed to understand whether the 
observed avoidance of marine traffic can impact the viability 
of the local harbour porpoise population.
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