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A B S T R A C T   

Even though incidental captures in fisheries are one of the major threats to seabirds, bycatch has been difficult to 
quantify and specific risk areas are rarely identified. The present study evaluates the potential fisheries bycatch 
effect on two of the most emblematic seabird species wintering off continental Portugal, the critically endangered 
Balearic Shearwater and Northern Gannet. Information was collected by on-board observers and voluntary 
logbooks kept by fishing boat captains. Each species' Potential Biological Removal (for the study area) was based 
on the respective population abundance estimated through aerial surveys. The analysis of bycatch mortality 
identified the Fixed Gear in the Polyvalent fleet and Purse Seiners as the fisheries with the highest Balearic 
Shearwater bycatch rate. Longline and Fixed Gear fisheries had the highest Northern Gannet bycatch rate. The 
Potential Biological Removal thresholds were 41 Balearic Shearwaters per year (CI ¼ 20–83) and 2345 Northern 
Gannets per year (CI ¼ 2049–2680). The overlap between the predictive species distribution maps and fisheries 
density maps allowed for a seabird Bycatch Risk Assessment. The higher Balearic Shearwater bycatch risk was 
obtained for Fixed Gear and Purse Seines and the highest Northern Gannet bycatch risk was obtained for Longline 
and Fixed Gear fisheries. Bycatch mitigation measures should be applied in fisheries presenting the higher 
bycatch risks. This study identifies the potential areas where Balearic Shearwater and Northern Gannet bycatch is 
more likely to occur, including some of the already designated Special Protection Areas where management and 
conservation measures should urgently be applied.   

1. Introduction

Seabirds are the most threatened group of birds, with nearly half of 
the species experiencing population declines (Croxall et al., 2012; Dias 
et al., 2019). The main threats to seabirds are invasive alien species at 
breeding sites (particularly rats and cats), climate change/severe 
weather impacts (due to habitat shifting and alteration, and temperature 
extremes), pollution (i.e. light pollution from coastal and insular com
munities, ships at sea and oil platforms) and bycatch (Phillips et al., 
2016; Dias et al., 2019; Rodríguez et al., 2019). Fisheries bycatch has 
been postulated as the most serious threat to many large marine 
megafauna species (Moore et al., 2009; Lewison et al., 2014). 

Worldwide, hundreds of thousands of seabirds are annually bycaught in 
Trawl (e.g. Baker et al., 2007; Maree et al., 2014), Longline (e.g. 
Anderson et al., 2011), Gillnet (e.g. �Zydelis et al., 2013) and Purse Seine 
(e.g. Suazo et al., 2017) fisheries. 

There are several studies that focused on identifying which fishing 
gears produce the highest seabird bycatch estimates, particularly in 
gillnets and longline gears (see Pott and Wiedenfeld, 2017) whereas the 
effects of other gears such as purse seines or other fixed gears are less 
known (e.g. Wise et al., 2019). Worldwide, bycatch rates vary consid
erably by fishing gear and by area (Tuck et al., 2011). For example, 
whereas the highest and lowest estimated seabird bycatch rates have 
been respectively attributed to trawl fisheries and set-net fisheries in 
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New Zealand (Richard et al., 2017), in the United Kingdom the highest 
estimated seabird bycatch rates were attributed to static nets and 
offshore longlines, and the lowest estimated bycatch rates were attrib
uted to midwater trawls (Northridge et al., 2020). In Portuguese Con
tinental Waters (PCW), bycatch rate estimates are available for marine 
birds in general (Oliveira et al., 2015) and for a particular region around 
the Berlengas Special Protection Area (SPA) (Calado et al., 2021; Oli
veira et al., 2020). However, to date there were no bycatch rate esti
mates and average removal values concerning particular species across 
the entire Portuguese Continental Waters. 

Seabirds are sometimes attracted to fishing vessels (Dunn and Steel, 
2001; Anderson et al., 2011) and seabird's morphologies, sizes, sensory 
features and their behaviour may contribute to bycatch (Heswall et al., 
2021). Furthermore, potential competition for resources may lead to 
seabird and fisheries overlap (Karpouzi et al., 2007). 

In the last years, assessing the spatio-temporal overlap between 
fisheries and seabirds has been increasingly used to identify areas of 
potential interactions (e.g. Waugh et al., 2016; le Bot et al., 2018; Clay 
et al., 2019). A recent study, conducted in Portuguese Continental Wa
ters (PCW) shows an overlap between fishing activity and marine 
predators, reflecting competition for resources in some cases (Wise et al., 
2019). Another study also conducted in PCW, showed a low spatial 
overlap between Cory's Shearwater and purse seiners, trawlers and fixed 
gear and (Pereira et al., 2021). 

Worldwide, several studies assessed spatio-temporal overlap using 
seabird distribution data obtained from biologging overlapped with 

fishing vessels' data obtained from the Automatic Identification System 
(AIS) (e.g Clay et al., 2019; Fischer et al., 2020; Pereira et al., 2021) or 
the Vessel Monitoring System (VMS) (e.g. Sugishita et al., 2015; Sztu
kowski et al., 2017). However, in the present study, to understand 
seabird interaction levels with fisheries in Portuguese Continental Wa
ters, we performed a spatial-temporal assessment, overlapping AIS 
fisheries data with seabirds distribution models, based on aerial survey 
data collected in the study area. 

In Portuguese continental waters, although other seabird species are 
accidentally captured by fisheries (e.g. Cory's Shearwaters, Common 
Scoter and Alcids), Balearic Shearwaters (Puffinus mauretanicus) and 
Northern Gannets (Morus bassanus) present the most representative 
bycatch levels in several fisheries (Vingada and Eira, 2018). In fact, both 
Balearic Shearwaters and Northern Gannets are widely affected by 
incidental captures in fisheries (Arcos et al., 2008; Abell�o and Esteban, 
2012; Bou�e et al., 2013, Oliveira et al., 2015; Genovart et al., 2016; Pott 
and Wiedenfeld, 2017; BirdLife International, 2021). Also, the study 
area represents very important post-breeding, migratory or wintering 
grounds for both species (Ramírez et al., 2008; Meirinho, 2009; Fort 
et al., 2012; Guilford et al., 2012; Oppel et al., 2012; Santos et al., 2013; 
Meirinho et al., 2014; Araújo et al., 2017). Considering the global 
Balearic Shearwater population values reported by Arroyo et al. (2014), 
24.43% to 39.16% of the global population was present in Portuguese 
Continental Waters between 2010 and 2015 (Araújo et al., 2017). 
During the same period, the Northern Gannet was found to be the most 
abundant pelagic seabird in Portuguese Continental Waters (Araújo 

Fig. 1. Overview of the study area. Grey rectangle indicates the IXa ICES division. Stars indicate the 15 major fishing harbors in continental Portugal. Harbour names 
indicate the places where observations and/or voluntary logbooks were performed. 
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et al. Unpublished results). Furthermore, the Balearic Shearwater is one 
of the most threatened seabirds in the word (BirdLife International, 
2018a), with an evaluated annual decline of approximately 14%, and an 
average extinction time of 61 years if the current trend is maintained 
over time (Genovart et al., 2016; BirdLife International, 2021). 

In this study we will evaluate whether Balearic Shearwater and 
Northern Gannet fisheries removal rates are sustainable in Portuguese 
continental waters. We will also evaluate which fisheries contribute 
more to Balearic Shearwater and Northern Gannet removal rates and 
where is bycatch more likely to occur within Portuguese Continental 
Waters. 

2. Methods

2.1. Study area and characterisation of the fishing fleet

The study was conducted within Portuguese Continental Waters - 
latitudes ranging from 36.5�N to 41.5�N (Fig. 1). The study area rep
resents the Portuguese IXa ICES division, where the majority of the 
Portuguese continental fishing fleet operates. Recent data indicate that 
3249 fishing vessels operate in Portuguese Continental Waters, which 
land 137,669 tons of fish per year representing 295,341,000 euros (INE, 
2020). In the study period, 2010–2015, the most representative fishing 
fleets included the Polyvalent fleet using Fixed Gears (including gill and 
trammel nets) followed by the Purse Seine, Bottom Trawl and Bottom 
Longline fleets, as well as the artisanal Beach Seines (INE, 2016). 

The Polyvalent fleet (hereafter referred as Fixed Gear fisheries) 
officially included 1802 fishing boats, most of them (1447) with LOA 
(Length Overall) < 10 m and 355 with LOA > 10 m (INE, 2016). This 
fleet uses a large variety of fishing gears including fixed nets (gill and 
trammel nets). Official statistics referred the existence of 1363 trammel 
net and 1443 bottom gill net licenses issued during the study period. In 
this analysis, we considered boats with LOA > 10 m. Following a con
servative approach, to avoid overestimating the Fixed Gear fleet impact 
(considering the difficulty in estimating the number of days at sea and/ 
or gear being used) and to account for unforeseen problems that may 
prevent fishing operations, we considered that 10% of this fleet does not 
operate each year (Vingada and Eira, 2018). The Purse Seine fleet was 
represented by 138 fishing boats (INE, 2016). In addition to the fleet 
dedicated exclusively to purse seining, there is a part of the Fixed Gear 
fleet that periodically use purse seine gears. However, due to the small 
size of these vessels, it was not possible to monitor Polyvalent boats 
operating purse seines. In the Purse Seine fleet, effort and bycatch were 
extrapolated to a group of 88 vessels, since onboard observers and 
logbooks monitored vessels over 18 m. The number of Bottom Trawlers 
(hereafter Trawlers) has not changed meaningfully in the last years, with 

80 licenses issued for bottom trawls targeting demersal fish and crus
taceans (INE, 2016). The Bottom Longline fleet (hereafter Longliners) 
was composed by 39 fishing boats that essentially captured black 
swordfish in deep waters beyond the slope (INE, 2016). Beach Seine is an 
artisanal fishing gear with 50 fishing licenses during the study period 
(INE, 2016), although only 36 boats - operating to the north of Nazar�e - 
were monitored (Table 1). Information regarding fishing gear charac
teristics for each fleet (e.g., mesh size, net size and soak time) is available 
in DGRM (2018). 

2.2. By-catch assessment

By-catch can be defined as capture of non-target species by a 
particular fishery that can lead to mortality (Hall, 1996). Estimates of 
accidental mortality in fisheries can be obtained through surveys, ob
servers on board of fishing boats, electronic monitoring systems, fishers' 
voluntary declarations and analyses of stranded animals (Moore and 
Z̆ydelis, 2008). In general, it is assumed that the standard method to 
assess fisheries bycatch relies on direct motorization performed by on
board observers (Moore and Z̆ydelis, 2008; American Bird Conservancy, 
2011; Pierre, 2019). Despite the broad use of this methodology, there 
are several aspects that might bias data collection, such as observers 
experience and awareness, fishers' behavioral change in the presence of 
onboard observers, observers' operational constraints (e.g. reduced 
space on small fishing boats or crew size limitations) and inadequate 
sampling designs (cost reduction might lead to insufficient monitoring 
efforts). 

By using data previously obtained during several conservation pro
jects (SafeSea www.safeseaproject.org, FAME www.fameproject.eu, 
LIFEþ MarPro www.marprolife.org), it was possible to maximize the 
amount of available information, to increase fleet coverage effort and to 
compare and validate different research techniques. Thus, data was 
obtained through onboard observers and voluntary logbooks kept by 
fishing boat captains. 

The total mortality rate (Mrtotal) per monitored fishing event was 
calculated as the total of reported bycaught animals (ntotal) divided by 
the total number of monitored events (e). The mortality rate per events 
monitored by observers (Mrobs) was calculated as the number of 
bycaught animals reported by observers (nobs) divided by the number of 
events monitored by observers (eobs). The mortality rate per events 
monitored by logbooks (Mrlogb) was calculated as the number of re
ported bycaught animals in logbooks (nlogb) divided by the number of 
events monitored by logbooks (elogb). 

Mrtotal ¼ ntotal
�

etotal; or Mrobs ¼ nobs
�

eobs; or Mrlogb ¼ nlogb
�

elogb 

Average removal (Ar): it results from scaling up the Mortality rate 
(Mrtotal) for each fishing gear annual effort (Ef), assuming that mortality 
rates are homogeneous across the area and throughout the year (as in 
Anderson et al., 2011). 

Ar ¼ Mrtotal�Ef 

Fishing event: in the case of the Fixed Gear, Purse Seine and Beach 
Purse Seine, fishing effort (Ef) corresponds to the annual number of 
hauls (fishing events) per year. In the case of Trawls and Longlines, the 
fishing effort was estimated considering the number of fishing days 
(Table 1). 

Uncertainties of estimated mortality rates and Average Removal 
values, expressed as 95% confidence intervals, were obtained through 
standard non-parametric bootstrapping techniques (Canty and Ripley, 
2012). 

2.2.1. Onboard observers

The dedicated fishery observer scheme and the placement of onboard 
observers were preceded by all necessary authorisations. Observers were 
placed on-board fishing boats from April 2010 to December 2015, 

Table 1 
Characterisation of fishing fleets on ICES IXa division - Portuguese Continental 
Waters.  

Fishing 
gear 

Type of 
effort 

Boats/ 
fishing 
licenses 

Fishing 
days per 
boat 

Hauls 
per 
boat 

Hauls 
per year 

Days at 
seaa 

Fixed 
gear 

Fishing 
event  

320  180  4b  230,400  

Purse 
seine 

Fishing 
event  

88  115  2  20,240  

Trawl Fishing 
days  

80  152    12,160 

Longline Fishing 
days  

39  183    7137 

Beach 
seine 

Fishing 
event  

36  150c    5400  

a It was assumed that all the days at sea were fishing days. 
b Based on observers' reports, each boat uses on average 4 gill and/or trammel 

nets per day. 
c The fleet operates 60 days with a mean of 2.5 trips per day. 
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covering four types of fishing gear: Trawl, Longline, Fixed Gear (gill 
nets, trammel nets) and Purse Seine. Beach Seiners were monitored 
between May and October by inland observers (herein included in the 
onboard observer group). When onboard, the observers systematically 
recorded the vessel's activity, position (using a handled GPS), weather 
and sea conditions. This process was interrupted whenever the vessel 
changed its activity. The observer was located in the most favourable 
position to observe the operation and the sea surface, looking for ceta
ceans and seabirds including Balearic Shearwaters and Northern Gan
nets. Observers recorded every interaction and bycatch event. Data 
collected by on-board observers for the period 2010–2012 were partially 
presented in Oliveira et al. (2015). 

2.2.2. Voluntary logbooks

Between January 2010 and December 2015, fishing events and 
incidental bycatch were reported in voluntary logbooks kept by boat 
captains using trawls, longlines, fixed Gear (gill nets, trammel nets), 
purse seines and beach seines. Bycatch events were usually registered in 
a simple but time-consuming form, detailing only the strictly necessary 
information, such as: date, boat position, species involved, and the 
number of animals captured. In cooperation with handpicked fishing 
boat captains, displaying a high level of confidence in terms of infor
mation accuracy, this data collection system allowed to substantially 
increase bycatch datasets. 

Table 2 
Fisheries monitoring effort (events or days) and bycatch of Balearic Shearwater and Northern Gannet. notal, total number of individuals recorded as bycatch; nobs, 
number of individuals recorded as bycatch by observers; nlogb, number of individuals recorded as bycatch by logbooks. Mortality rate total (Mrtotal), bycaught in
dividuals per monitored fishing event. MrObs, bycaught individuals per events monitored by observers; MrLogb bycaught individuals per events monitored by logbooks. 
Average removal (Ar), Annual average number of individuals removed by gear type. Confidence intervals (CI) and Coefficient of Variation (CV) are presented between 
brackets.  

Fishery Monitored events (e) Balearic shearwater Northern gannet  

Total  ntotal  Mrtotal (CI, CV)  Arb (CI, CV) ntotal  Mrtotal (CI, CV)  Arb (CI, CV)  

Observers  nObs  MrObs (CI, CV)   nObs  MrObs (CI, CV)   

Logbooks  nLogb  MrLogb (CI, CV)   nLogb  MrLogb (CI, CV)  

Fixed 
gear  

9659   71  0.004 
(0.001–0.009, 
0.49)  

924 
(215–2077, 
0.49)  

58  0.006 
(0.002–0.011, 
0.41)  

1383 
(457–2571, 
0.41)   

8462   30  0.026 
(0.004–0.057, 
0.60)   

14  0.012 
(0.003–0.023, 
0.48)   

1197   41  0.005 
(0–0.011, 
4.73)   

44  0.005 
(0.002–0.010, 
0.41) 

Purse 
seine  

5167   94  0.018 
(0.006–0.038, 
0.44)  

356 
(121–768, 
0.44)  

40  0.008 
(0.004–0.014, 
0.34)  

155 (74–286, 
0.34)   

812   56  0.070 
(0–0.169, 
0.62)   

11  0.0134 
(0.003–0.032, 
0.58)   

4355   38  0.009 
(0.003–0.019, 
0.47)   

29  0.007 
(0.002–0.015, 
0.48) 

Trawl  529a   0  0  0  12  0.022 
(0.009–0.039, 
0.35)  

272 
(115–483, 
0.35)   

315   0  0   5  0.015 
(0–0.041, 
0.74)   

214   0  0   7  0.033 
(0.009–0.056, 
0.38) 

Longline  128a   0  0  0  41  0.321 
(0.109–0.649, 
0.43)  

2288 
(779–4629, 
0.43)   

30   0  0   31  0.848 
(0.098–1.833, 
0.57)   

98   0  0   10  0.101 
(0.020–0.184, 
0.46) 

Beach 
seine  

6996   11  0.002 
(0–0.004, 
0.72)  

9 (0–22, 
0.72)  

0   0 0   

778   11  0.014 
(0–0.004, 
0.66)   

0  0   

6218   0     0   
Total  22,479   176      151       

3132   97   1289   61   4098    
19,347   79   (226–2867)   90   (1415–7969)  

a Fishing days. 
b Based on fleet effort, see Table 1. 
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2.3. Seabird abundance and predictive distribution maps

Aerial survey campaigns have proved to be an effective method to 
provide unbiased seabird abundance estimates and probability distri
bution maps (e.g. Pettex et al., 2017; Rogan et al., 2018). Those unbiased 
seabird abundance estimates are essential to assess the impact of acci
dental or intentional removals of individuals from their respective 
population (Garthe and Hüppop, 2004). Aerial surveys were conducted 
within the Portuguese Continental waters during September and/or 
October between 2010 and 2015, following the methodology described 
in Araújo et al. (2017). Habitat predictive models for Balearic Shear
waters and Northern Gannet were computed using a maximum entropy 
algorithm on MaxEnt 3.3.3 and the obtained predictive distribution 
maps were based on occurrence probability. Model performance was 
compared using different sets of predictive variables, i.e., Sea Surface 
Temperature (SST), Chlorophyl Concentration (Chla), Bathymetry and 
Slope. 

2.4. Potential biological removal

The relationship between estimates of accidental mortality in fish
eries and population estimates can be used to estimate the highest 
number of individuals removed from a given population by accidental 
catch - Potential Biological Removal (PBR) - which should not 
compromise the population at biological level (Wade, 1998). PBR is a 
measure of sustainable human-caused mortality to a population (Wade, 
1998) and is calculated as: 

PBR ¼ Nmin 1=2 Rmax f  

where Rmax is the maximum annual recruitment rate, equaling (λmax� 1),

where λmax is the maximum potential annual growth rate,f is a recovery 
factor between 0.1 and 1, andNmin is the minimum population estimate, 
which is calculated taking the 20th percentile of the distribution of 
population size, following the equation (Dillingham and Fletcher, 2008): 

Nmin ¼ N
�

exp
�
0:842√ln

�
1þCVN

2� �

Balearic Shearwater and Northern Gannet population estimates (N) 
and respective Coefficient of Variation (CVN) were obtained from aerial 
surveys during the period 2010–2015. For the Balearic Shearwater we 
set f at a conservative value of 0.1, typical for endangered species and for 
the Northern Gannet we set f at a conservative value of 0.5, typical for 
stable populations (Dillingham and Fletcher, 2008). 

2.5. Fisheries-seabird overlap assessment

We quantified the spatiotemporal overlap between Balearic Shear
water and Northern Gannet distributions and fishing effort, to evaluate 
the potential for interactions between fisheries and the studied seabirds. 

The AIS-based fishing effort dataset (Version 1.0) for the period 
2012–2016 equated to 50–70% of the global fishing effort (n > 70,000 
vessels, Kroodsma et al., 2018). Data on daily fishing effort and vessel 
presence were obtained from the Global Fishing Watch's community 
page (https://globalfishingwatch.force.com/gfw/s/data_download) 
(accessed 1st July 2017). These data were binned into grid cells 0.01 
degrees on a side, measured in hours by flag state and gear type, for 
September and October (aerial surveys' period) of 2012–2015 (available 
fishing effort data for the study period). The data derived from AIS 
contained date, latitude and longitude, the flag state of the fishing effort, 
gear type, vessel hours and fishing hours (for more information see 
Kroodsma et al., 2018). This AIS data was converted into shape file 
format using Global Mapper 13 and clipped on to the study area. Values 
with fishing hours equal to zero were removed. 

Fishing density maps (distribution of fishing effort) were created for 
each type of fishing gear (except for Beach Seiners, which are not 
equipped with AIS transmitters), for the overall period (September and Ta
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October of 2012–2015) and for independent years (September and 
October data only), using the Gaussian Kernel featured in the Density 
Grid tool in Global Mapper 13. Density maps were resampled to 4 � 4 
km grids to fit the Balearic Shearwater and Northern Gannet predictive 
distribution map. 

The fishing density maps, per fishing type and all types combined, 
were intercepted with the 50th percentile distribution of the overall 
predictive distribution maps of the Balearic Shearwater and Northern 
Gannet in Portuguese Continental Waters. The 50th percentile is often 
used to define the core area of use (Ford and Krumme, 1979; Soanes 
et al., 2013; Sansom et al., 2018). For each pair-wise comparison, we 
calculated the degree of overlap, defined between 0 (no overlap) and 1 
(strong overlap) by multiplying the fishing effort by the species pre
dictive distribution maps (Raster Calculator tool in QGIS 2.12.0). This 
methodology is commonly used to measure the overlap between fishing 
effort and seabird density (e.g., Waugh et al., 2016). 

The Bycatch Risk Index corresponds to the overlap of the species 
occurrence probability and the fishing density. According to the overlap 
degree, the Bycatch Risk Index was low (0–0.25), moderate (0.25–0.75) 
or high (0.75–1). 

3. Results

3.1. Bycatch assessment

Between 2010 and 2015, 22,479 fishing events were monitored, 
including 3132 events directly monitored by onboard observers and 
19,347 events declared by fishing boat captains through voluntary 
logbooks (Table 2). Records show a total of 176 Balearic Shearwaters 
incidentally captured in the fishing events monitored during the study 
period, of which 97 were reported by observers and 79 by logbooks. 
With respect to the 151 incidentally captured Northern Gannets, ob
servers reported 61 and logbooks reported 90 individuals. 

No Balearic Shearwater bycatch was recorded in Trawlers and 
Longliners and no Northern Gannet bycatch was recorded in Beach 
Seines. The highest Balearic Shearwater total annual mortality rate was 
obtained in Purse Seines (0.018, CI ¼ 0.006–0.038) while the highest 
Northern Gannet total annual mortality rate was obtained in Longlines 

(0.321, CI ¼ 0.109–0.649). Whereas the Balearic Shearwater mortality 
rate estimate based on observer data ranged between 0.014 and 0.070, 
mortality rate estimates based on logbook data ranged between 0.005 
and 0.009 for all fisheries. With respect to Northern Gannet mortality 
rates based on observers and on logbook data, the respective values were 
0.012 and 0.005 in Fixed Gear, 0.013 and 0.007 in Purse Seines and 
0.848 and 0.101 in Longlines. Following an inverse pattern, in Trawls 
the Northern Gannet mortality rate based on observers was 0.0033 and 
the mortality rate based on logbook data was 0.015 (Table 2). 

The CV for the for Balearic Shearwater mortality rate estimates based 
on logbooks was overly high and therefore logbook data was not used to 
calculate average removal (Table 2). With respect to Balearic Shear
waters, estimates of average annual bycatch mortality predicted that 
924 (215–2077) individuals were removed by the monitored fisheries. 
Likewise, the Northern Gannet average annual bycatch mortality pre
dicted that 4098 (1415–7969) individuals were removed by the moni
tored fisheries (Table 2). 

3.2. Potential biological removal

The Balearic Shearwater population estimate N for the overall period 
was equal to 10,182 individuals (CI ¼ 4902–20,436), and CVN was equal 
to 0.27 (see Table 3 for annual data details). A conservative estimate of 
Nmin was calculated at 8171 (CI ¼ 3934–16,400) Shearwaters for the 
overall period, ranging between 1757 (2010) (CI ¼ 826–3210) and 
16,575 (2012) (CI ¼ 7740–35,176). Considering the λmax ¼ 1.101 esti
mated by Genovart et al. (2016), we obtained a PBR of 41 (CI ¼ 20–83) 
individuals per year considering the overall period, with a minimum of 9 
individuals in 2010 (CI ¼ 4–16) and maximum of 84 in 2012 (CI ¼
38–178) (Table 3). 

For the overall period, the Northern Gannet population estimate N 
was 82,405 individuals (CI ¼ 71,993–94,175) and CVN was 0.06 (see 
Table 3 for annual data details). The Northern Gannet minimum abun
dance population (Nmin) was 78,165 individuals (CI ¼ 68,289–89,329) 
for the overall period, varying between 45,335 (2014) (CI ¼
33,557–60,555) and 110,049 (2015) (CI ¼ 87,166–138,507). Consid
ering the λmax ¼ 1.12 estimated by Russell (1999), we obtained a PBR of 
2345 (CI ¼ 2049–2680) individuals per year considering the overall 

Fig. 2. Overall predictive distribution map for (a) Balearic Shearwaters and (b) Northern Gannets. Bathymetric profile of the area showing the 200 m (dark grey 
line), 1000 m (grey line) and 3000 m isobaths (light grey line). 
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period, ranging between 1360 (CI ¼ 1007–1817) individuals in 2014 
and 3301 (2615–4155) in 2015 (Table 3). 

3.3. Species occurrence probability

According to the species predictive distribution maps, the Balearic 

Shearwater occurrence probability was generally higher in wider areas 
of the continental shelf, particularly close to the coastline in the center 
and north regions of the Portuguese coast (Fig. 2a). As for Northern 
Gannets, individuals were distributed throughout the Portuguese con
tinental shelf, particularly in areas located 3 to 20 nm away from the 
shore (Fig. 2b). Predictive distribution models for both species showed 
good performances (Balearic Shearwater: AUC ¼ 0.929, SD ¼ 0.013; 
Northern Gannet: AUC ¼ 0.876, SD ¼ 0.003). Chla presented the highest 
contribution to explaining Balearic Sheawater occurrence probability 
followed by SST, Bathymetry and Slope. Chla was also the most 
important predicting variable in the Northern Gannet model followed by 
Bathymetry, SST and Slope (Data not show). 

3.4. Fisheries-seabird overlap assessment

3.4.1. Fisheries effort

Fishing density maps, for the September and October months be
tween 2012 and 2015, show different hotspots for all fishing types 
combined and for each of the gear types (Fig. 3a, b). The Purse Seine 
fleet is mostly concentrated in the Continental shelf up until a 6 nm 
distance from shore (inside the 200 m bathymetry) in the extreme north 
of the area, around the Berlengas archipelago, south of the Tejo estuary 
and south of the Sado estuary, and in the Algarve region. The highest 
Trawler fishing effort varies regionally according to their operating 
depths: in the south and southeast regions they concentrate between the 

Fig. 3. Fishing Density Map with (a) all fishing gear types combined and (b) the different fishing fleets, in September and October for the period 2012–2015. 
Bathymetric profile of the area showing the 200 m (light grey line), 1000 m (grey line) and 3000 m isobaths (dark grey line). 

Table 4 
Percentage (%) of overlap between seabird (Balearic Shearwater and Northern 
Gannet) distribution maps and fisheries. Seabird bycatch risk for each of the 
pair-wise overlap.   

Bycatch risk (%)

Area overlap 
(%) 

Low Moderate High 

Balearic 
shearwater 

All fisheries 
combined  

47.3  55.1  33.7  11.2 

Fixed gear  42.0  67.1  26.6  6.3 
Purse seine  27.7  53.8  38.5  7.7 
Trawlers  15.4  69.0  24.1  6.9 
Longliners  0  0  0  0 

Northern 
gannet 

All fisheries 
combined  

34.6  73.1  23.6  3.4 

Fixed gear  25.5  74.1  21.6  4.3 
Purse seine  11.8  76.3  20.1  3.6 
Trawlers  20.4  76.7  19.6  3.7 
Longliners  4.2  67.2  26.8  6.0  
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200 m and 1000 m bathymetry and in the North and Central areas of 
Portugal they concentrate inside the continental platform until the 200 
m bathymetry, in all cases beyond the 6 nm distance from the shore. The 
Longliner fleet presents the highest fishing effort beyond the 25 nm 
distance from shore, and it is distributed across the study area (around 
the 1000 m bathymetry), with exception of the Nazar�e canyon (see 
Fig. 3b). Fixed gear fisheries have a more concentric distribution around 
the major harbors in the western Portuguese coast. 

3.4.2. Balearic shearwater

There was a 47.3% overlap between the 50th percentile Balearic 
Shearwater predictive distribution map and the fishing density map. The 
overlap with fisheries was particularly noticeable off the Aveiro Region 
and in the Aveiro-Nazar�e SPA (Table 4 and Fig. 4). The most important 
overlap involved Fixed Gear (42.0%) and Purse Seines (27.7%). The 
Balearic Shearwater distribution also overlapped with Purse Seines at 
the north of Cape Raso and inside the Cape Raso SPA. There was no 
overlap between Longliners and Balearic Shearwaters. Their overlap 
with trawlers (15.4% overlap) occurred mostly in the area in front of 
Aveiro Region and south of Figueira da Foz, within the Aveiro-Nazar�e 
SPA (Table 4 and Fig. 5). 

The Balearic Shearwater bycatch risk was high for all fisheries 
combined in 11.2% of the overlap and moderate in 33.7%. For Fixed 
Gears, 6.3% of the overlap was considered as high risk and 26.6% as 
moderate. For Trawlers, 10.3% of the overlap was considered as high 
risk and 24.1% as moderate risk (Table 4). The Purse Seine shows 

moderate risk also in front of Aveiro Ria and in the shallow waters of 
Aveiro-Nazar�e SPA, with high risk also in the Aveiro-Nazar�e SPA and 
inside of the Cabo Raso SPA (7.7% of the total overlapped areas of high 
risk and 38.5% of moderate risk). 

3.4.3. Northern gannet

There was a 34.6% overlap between all fisheries combined and the 
50th percentile of the Northern Gannet distribution map. Overlap 
occurred mainly between the 14 and 35 nm distances from shore 
(Table 4 and Fig. 6). The most expressive overlap occurred with Fixed 
Gear (25.5%), Trawls (20.4%) and Purse Seines (11.8%). The Fixed Gear 
fishery overlapped with the Northern Gannet predicted distribution 
throughout the west coast, showing areas of strongest overlap between 
Aveiro and the northern Portuguese Continental Waters limit, with 
scattered high overlap areas within the Aveiro-Nazar�e SPA. With respect 
to Longlines, the overlap occurred mostly around the 1000 m bathym
etry, between the 30 and 50 nm distances from shore, except around the 
Nazar�e Canyon and to the south of the Tejo and Sado estuary, where this 
overlap occurs closer to the shoreline. Purse Seines overlap with 
Northern Gannets mostly in areas near the shoreline in the extreme 
north of the study area, to the south of the Sado estuary, to the South of 
the Tejo estuary and around Berlengas islands (inside of the Ilhas Ber
lengas SPA). The Trawler fishery overlap with Northern Gannets 
occurred most intensely in the southern region between the 200 m and 
1000 m bathymetries and 10 nm off Ria the Aveiro in the edge of the 
Aveiro-Nazar�e SPA (Table 4 and Fig. 7). 

The bycatch risk was high for all fisheries combined in 3.4% of the 
overlap with Northern Gannet distribution and Moderate in 23.6% of the 
distribution. For Purse Seines the bycatch risk was high in 3.6% and 
moderate in 20.1% of the overlap with gannet distribution. For Fixed 
Gear, 4.3% of the overlap was considered of high risk and 23.6% as 
moderate. For Trawls, 3.7% of the overlap was considered as high risk 
and 19.6% as moderate risk overlap. Considering high and moderate risk 
overlap as a whole (6.0 þ 26.8%), Longliners present the greatest 
bycatch Risk (32.8%) for Northern Gannets. 

4. Discussion

Worldwide, hundreds of thousands of seabirds are captured in 
various types of fishing gear every year (Anderson et al., 2011; �Zydelis 
et al., 2013) resulting in the decline of many pelagic seabirds (Croxall 
et al., 2012; Phillips et al., 2016). This unsustainable level of bycatch 
mortality is even more concerning when dealing with Balearic Shear
waters, one of the most threatened seabirds in the world. In the study 
period, the estimated Balearic Shearwater average bycatch mortality 
exceeded the PBR threshold. Furthermore, the estimated Northern 
Gannet average bycatch mortality also exceeded the PBR threshold in 
the study area. Bycatch risk for each species varied across fishing gear 
types and location within the study area, with some Special Protection 
Areas presenting concerning degrees of bycatch risk. 

In the study area, the highest Balearic Shearwater bycatch rate was 
produced by the Purse Seine and Fixed Gear fleets in agreement with 
Oliveira et al. (2015) but in contrast with other studies performed in the 
Bay of Biscay (Ruiz et al., 2021) and in the Berlengas archipelago in 
Portugal (Calado et al., 2021) where there were no bycatch events 
leading to mortality. However, in the Mediterranean (where breeding 
areas are located) demersal Longlines seem to be the most problematic 
gear causing Balearic Shearwater bycatch (Cort�es et al., 2017; BirdLife 
International, 2021). The different type of gear causing the largest 
bycatch rates in different study areas is probably related with the vari
ation in the distribution of the species over different areas of their 
breeding and wintering range. In the study area, the Balearic Shearwater 
is mostly present in shallow shelf and coastal waters particularly in the 
widest portions of the continental shelf (Araújo et al., 2017). This area is 
not widely used by Trawlers or demersal Longliners. Furthermore, 
demersal Longliners in Portugal are mainly small boats, rarely allowing 

Fig. 4. Overlap between Balearic Shearwater predictive distribution models 
and all fishing gear types for the period 2012–2015; black polygons show SPAs 
with identifying labels. Bathymetric profile of the area showing the 200 m (light 
grey line), 1000 m (grey line) and 3000 m isobaths (dark grey line). 
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Fig. 5. Overlap between Balearic Shearwater predictive distribution models and different fishing gear types for the period 2012–2015. Bathymetric profile of the 
area showing the 200 m (light grey line), 1000 m (grey line) and 3000 m isobaths (dark grey line). 
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observers on board, leading to a possible uncounted bycatch. 
In the present study, the purse seine fleet presented a lower Balearic 

Shearwater bycatch rate in relation to the Fixed gears fleet. However, 
the highest number of bycaught individuals was recorded in Purse 
Seines. According to Louzao et al. (2011), in the Mediterranean bycatch 
events in Purse Seines may involve up to a hundred or more birds in a 
single event but usually occur on an irregular basis. The artisanal Beach 
Seine fishery presented the lowest mortality rate and does not seem to 
have a high impact on species mortality. 

Our PBR estimates point to an overall sustainable removal of 41 (CI 
¼ 20–83) Balearic Shearwaters per year (ranging between 9 individuals 
in 2010, CI ¼ 4–16 and 85 individuals in 2012, CI ¼ 38–178). However, 
our estimates revealed that on average, 1289 (CI ¼ 226–2867) in
dividuals were removed annually due to bycatch, a much higher value 
than the estimated PBR value. Even when using a conservative approach 
for Fixed Gear fishing effort estimates, our results indicate that the 
impact of bycatch in PCW, considering the global fishing efforts, may 
well exceed the estimated thresholds of the potential Biological Removal 
particularly for the Balearic Shearwater. We emphasise that this 
extrapolation should be faced with caution and considered as a mathe
matical exercise because we applied means of bycatch mortality rates 
from a subset of fisheries to the wider fleet what could overestimate 
bycatch (Luck et al., 2020). Also, data from logbooks in Fixed Gear were 
not considered due to the high uncertainty associated with the estimated 
results. In the future, the validity of using logbook data should be 
reassessed and the need for better fishing effort and bycatch monitoring 

methods should be reinforced. In order to improve data accuracy, an 
increase in fleet monitoring should be integrated with environmental 
and ecological variables effects on seabird bycatch (Zhou et al., 2020). 
One the other hand, we should also emphasise that there are other 
sources of accidental mortality, i.e. entanglement in marine debris 
(Costa et al., 2020), which were not considered in this study. 

The number of Balearic Shearwaters in the study area in late sum
mer/early autumn, the so-called post-breeding period, was used as the 
reference population abundance in the PBR estimate. Obviously, the 
global population is larger (24,000–26,500 individuals, Arroyo et al., 
2014). However, by using the regional total numbers as reference points, 
the calculated thresholds yield the range of extra mortality likely sus
tained by the regional and total populations (Genovart et al., 2016). 

All the examined fisheries potentially overlapped with the Balearic 
Shearwater predicted distribution areas, except for Longliners since they 
operate beyond the 25 nm distance from the shore (Larger AIS-equipped 
boats mostly operating in bottom longline areas). The largest overlap 
was found in Fixed Gears and Purse Seines, 42.0% and 27.7% respec
tively. In our study we obtained a higher overlap percentage between 
Balearic Shearwaters and purse seines (27.7%) than that reported in 
Wise et al. (2019) for similar periods and area. These differences are 
possibly related with the different data sources for seabird and fishery 
distributions and overlap methodology (airplane using line transects 
versus boat surveys using ESAS, fisheries distribution based on AIS 
versus data from VMS and logbooks, and 50th percentile overlap from 
the species modeled distribution versus the Morisita Index). Along with 
Trawlers (with an overlap of 15.4%), Fixed Gears and Purse Seines have 
the largest overlap with the Balearic Shearwater distribution inside or 
around the SPAs Ria de Aveiro, Aveiro-Nazar�e, Cabo Raso and Berlen
gas. These areas are known Balearic Shearwater occurrence hotspots 
(Ramírez et al., 2008; ICNF, 2014; Meirinho et al., 2014; Araújo et al., 
2017). Also, pelagic fish is abundant in these areas (Zwolinski et al., 
2010) leading to potential resource competition with fisheries or to 
potential interaction due to feeding activity on fisheries discards (Meier 
et al., 2017). Purse Seine reveal the highest Balearic Shearwater bycatch 
risk (high and moderate risk combined), followed by Fixed Gear and 
Trawls. In the future, when planning for management measures dedi
cated to Balearic Shearwater bycatch mitigation, priority should be 
given to high and moderate risk areas. To address the concerning seabird 
bycatch scenario (Dias et al., 2019) several mitigation measures were 
already tested, including Tori lines and night setting in longline fisheries 
(Jim�enez et al., 2020). In Portuguese Continental Waters a recent study 
in local fisheries tested a bird-scaring device in Purse seiners (Oliveira 
et al., 2020). 

As for Northern Gannets, the highest observed bycatch and mortality 
rates were recorded for Fixed Gears (including gill and trammel nets) 
and Longlines. Data reported in the Fixed Gear fleet show that this 
fishery on average removes a significant number of individuals (58 
observed individuals extrapolated to 1383 individuals, CI ¼ 457–2571 
and CV ¼ 0.41). Considering Fixed Gear data (gill and trammel nets), 
our results for the whole area (PCW) indicate a gannet bycatch mortality 
rate of 0.006, which increases to 0.012 when discarding logbook data. 
This value is well in line with that reported to the Berlenga archipelago 
in Portugal, which monitored bottom gillnets only (Oliveira et al., 
2020). Fixed Gear, or particular types of gears used by the Polyvalent 
fishery (e.g. gillnets) were previously identified as a threat to the species 
in the Northeast Atlantic (�Zydelis et al., 2013). As for Longliners, even 
though this fleet had the lowest percentage of monitored fishing events, 
this fleet presented a high bycatch rate. Whereas the gannet mortality 
rate in longlines (Longliners with LOA >12 m) in the present study was 
0.321, Oliveira et al. (2020) and Calado et al. (2021) obtained relatively 
higher mortality rates (both 0.59) in the Berlenga archipelago in 
demersal longlines operated by polyvalent boats. Despite the fishery 
related differences (Longliner vessels versus longlines in Polyvalent 
boats) these results emphasise that some areas concentrate higher 
bycatch mortality than others across the PCW. Our results on Gannet 

Fig. 6. Overlap between Northern Gannet predictive distribution models and 
all fishing gear types combined for the period 2012–2015; black polygons show 
SPAs with identifying labels. Bathymetric profile of the area showing the 200 m 
(light grey line), 1000 m (grey line) and 3000 m isobaths (dark grey line). 
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Fig. 7. Overlap between Northern Gannet predictive distribution models different fishing gear types for the period 2012–2015. Bathymetric profile of the area 
showing the 200 m (light grey line), 1000 m (grey line) and 3000 m isobaths (dark grey line). 
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mortality across the PCW revealed that 2288 (CI ¼ 779–4629) in
dividuals were annually bycaught in demersal longlines, which is in 
agreement with results (3000 individuals) for the neighboring area of 
Galicia (northwestern Spain) obtained from questionnaires (Arcos et al., 
1996). This value amounts to nearly the total threshold PBR for the 
species in the study area (2345 individuals per year considering the 
overall period). Longlines had already been reported as the main 
responsible gear for plunge diving species bycatch, including the 
Northern Gannet (Oliveira et al., 2015; Cort�es et al., 2017; Calado et al., 
2021). Even though the Northern Gannet is currently a Least Concern 
species and the population trend seems to be increasing (BirdLife In
ternational, 2018b), bycatch is responsible for the decline of the popu
lation in some well-studied areas, such as the Rouzic colony in Brittany, 
France (Gr�emillet et al., 2020). Furthermore, the increase in breeding 
populations after the closure of Canadian gillnet fisheries supports the 
idea that bycatch may cause Northern Gannet population declines 
(Regular et al., 2013). Moreover, the Northern Gannet feeding ecology, 
which entails competition with fishing fleets for resources and feeding 
on fishing discards, makes this species extremely vulnerable to bycatch 
(ICES, 2013). 

The overlap between the analysed commercial fisheries and North
ern Gannet distribution revealed fishery-specific high risk areas. The 
percentage of overlap between Northern Gannet distribution and Purse 
Seiners was in line with that presented in Wise et al. (2019). Part of this 
overlap was detected inside the Berlengas SPA where Purse Seine in
teractions were found to involve adults in the migration period and 
immature individuals that remain in the area throughout the year 
(Calado et al., 2021). The overlap with Trawlers occurred mostly in the 
south coast between the 200 m and 1000 m bathymetry, where the 
trawling intense effort coincides with Northern Gannet migratory 
movements to the Mediterranean and to the western African coast (Fort 
et al., 2012). Fixed Gear fisheries overlapped with the Northern Gannet 
predicted distribution throughout the study area except for the south 
coast. This fishery can use several types of gear, usually not at the same 
time. A precautionary approach must be used since not all fixed gears 
have the same bycatch rate and AIS data does not detail effort by type of 
gear. Hence, future studies should be conducted to understand the 
overlap of the species distribution with the effort for each gear type used 
by this fleet. The Longline and Northern Gannet overlap was more 
pronounced around the 1000 m bathymetry, an area of high fishing 
activity. Overall, Longlines and Fixed Gear fisheries presented the 
highest Northern Gannet bycatch risk (areas of High and Moderate risk 
combined). 

4.1. Conclusions

Balearic Shearwater and Northern Gannet fisheries removal rates are 
unsustainable in Portuguese Continental Waters. Fixed gear and Purse 
seines present the highest contributions to Balearic Shearwater removal 
rates whereas Longlines and Fixed gear present the highest contributions 
to Northern Gannet removal rates. 

This study reveals the main areas of high bycatch risk in Portuguese 
continental Waters, thus providing essential information for Maritime 
Spatial Planning and sustainable management of fisheries. Bycatch 
mitigation measures should be applied in fisheries presenting the higher 
bycatch risks. In fact, area and fishery-specific mitigation measures are 
needed to decrease Balearic Shearwater and Northern Gannet bycatch in 
PCW, particularly within some SPAs aiming at the conservation of these 
species. 

The Balearic Shearwater bycatch mortality may play a determinant 
role in the estimated population decline described by Genovart et al. 
(2016). Fisheries observer schemes, inside SPAs and focused on specific 
fishery types and periods (e.g. post-breeding period for Balearic Shear
waters and inter-breeding period for Northern Gannets) are recom
mended. This study used distribution data for vessels with AIS, which is 
mandatory in boats with LOA > 15 m (Directive 2011/15/EU). 

However, the PCW are also largely used by smaller boats mostly using 
Fixed Gear (INE, 2016) and some of them involved in IUU fisheries 
(Vingada and Eira, 2018). These smaller boats probably constitute a 
serious additional bycatch Risk for Balearic Shearwaters and Northern 
Gannets in the study area and further bycatch monitoring programmes 
would be welcome for these boats. Due to their small size, new methods 
or monitoring schemes must be envisaged. 
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