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An Ecological Niche model was developed for skipjack tuna (Katsuwonus pelamis, SKJ)

in the Eastern Central Atlantic Ocean (AO) and Western Indian Ocean (IO) using an

extensive set of presence data collected by the European purse seine fleet (1998–2014).

Chlorophyll-a fronts were used as proxy for food availability while mixed layer depth, sea

surface temperature, dissolved oxygen, salinity, current intensity, and height anomaly

variables were selected to describe SKJ’s abiotic environmental preferences. The

resultant ecological niche included both mesoscale eddy-type productive features that

displayed latitudinal range in the IO to large scale upwelling systems that shrink and

swell seasonally in the AO. Overall, 83% of all free swimming school sets (FSC) and

75% of drifting fish aggregating device sets (dFAD) that contained SKJ occurred within

25 km of favorable feeding habitat. In the AO, 34% of dFAD sets were made more than

100 km away from this habitat, mostly in the surface chlorophyll-a poor environment

of the Guinea Current. These distant sets represent 10% of dFAD sets in the IO and

8% of all FSC sets. Our results suggest that the Mozambique Channel in the IO, with

its simultaneously favorable feeding and spawning conditions, may seasonally offer a

better SKJ nursery habitat than the Guinea Current which shows a substantially poorer

feeding capacity. With the exception of this latter area, our results also suggest that

fishing accessibility will be higher in months where the size of the favorable feeding

habitats are reduced, likely because this reduction drives a geographical contraction

in SKJ populations. The observed relationship between the annual size of favorable

feeding habitat and both annual catch rates and total catches in the IO is consistent

with the near-full exploitation of this stock that has occurred since the 2000s. Moreover,

it suggests that annual habitat size could be used as an indicator of growth capacity

for this highly productive stock. Habitat monitoring, as part of a dynamic fisheries

management approach, should contribute to the sustainable exploitation of SKJ by

providing information on the climate-dependent aspects of stock variability and the

effects of dFAD deployment in food-rich habitats.
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(Figure 6A). The fraction of total catches (in weight) made up by
EU fleet dFAD sets in this area increased from 50 to 75% prior to
2005 to 88–93% after 2006.

In comparison, annual catch rates and favorable feeding
habitat size showed clear trends and variations in the Western
IO (Figure 6B). From 1998 to 2003–2004, habitat size increased
38% while catch rates increased 56%, However, from 2003 to
2004 onwards, habitat size decreased 42% while catch rates

decreased 57%. In the IO, favorable feeding habitat size and
catch rates were significantly correlated with a Spearman’s rank
correlation coefficient of 0.8 (p < 0.001). Despite probable
differences in fishing effort and fishing efficiency, total catches
also showed substantial correlation with feeding habitat size
(r = 0.7, p < 0.001). Habitat size, catch rates and total
catches showed markedly lower levels from 2007. From 2009
onwards, the fraction of SKJ caught (in weight) on dFAD

FIGURE 3 | Continued
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FIGURE 3 | Seasonal favorable feeding habitat and fishing activity defined by presence fishing sets on skipjack tuna (Katsuwonus pelamis) in the Eastern Central

Atlantic between (A) November and January 2002–2003, (B) July and September 2003, (C) November and January 2012–2013, (D) July and September 2013 and in

the Western Indian Ocean between (E,F) April and September 2002 and (G,H) 2012. The drifting fish aggregating device associated sets (dFAD) presence data (red

crosses) and the free-swimming school sets (pink circles) were overlaid with their respective numbers of presence data. The monthly ranges and years presented in

these figures were chosen specifically to show stark contrasts in terms of fishing mode and habitat size i.e., small (A,C,E,G) vs. large (B,D,F,H). Favorable feeding

habitat is defined by the presence of favorable environmental variable values and expressed as a frequency of occurrence. The blank areas correspond to habitat

coverage below 1% of the total number of days in the considered time period.
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sets made by the EU fleet showed an overall increasing trend,
rising from about 85% to about 95% of total purse seine
catches.

DISCUSSION

Modeling Methods
The application of a common model parameterization across
ocean basins and the substantial volume of data used in this
study enabled us to successfully identify the ecological niche of
SKJ in the Eastern Central AO and Western IO. In this study,
we were fortunate enough to obtain presence data that covered
a wide geographical extent and data for an extensive range of
environmental conditions. Moreover, relatively long time-series
(1998–2014/2015) were available for these data sets. This allowed
us to derive a robust ENM for SKJ. We assumed that large
productive fronts are more resilient than smaller features and
thus, more able to sustain well-developed food chains on which
SKJ can feed (Olson et al., 1994). Thus, in this study, the linear
function linking daily favorable feeding habitat values with the
size of gradCHL values provided an estimate of feeding capacity
across productive fronts of differing sizes.

In order to identify and set the model parameterization,
we conducted separate cluster analysis on the biotic and
abiotic variables. We undertook these analyses separately because
there were fewer CHL-related data points available (a 2.5-
fold difference in the IO and an 8-fold difference in the
AO) than data for the abiotic variables. The use of a cluster
analysis that combined both sets of variables would not
have accounted for as much abiotic variability. By using a
clusteringmethod, we ensured that environmental characteristics
that may be important for SKJ but under-represented in the
presence data were captured. This was essential for correctly
identifying their overall ecological niche. Furthermore, themodel
parameterization excluded the biotic cluster that represented
near-null gradCHL values to ensure that the resultant habitat,
in combination with the abiotic preferences (established from
the cluster analysis of the abiotic variables), only described the
feeding behavior.

Habitat Characteristics of Skipjack Tuna
and Their Ecological Role
The common feeding niche identified for SKJ emphasized the
highly contrasting oceanographic regimes across the two ocean
basins. In the IO, the seasonal occurrence of eddy-type mesoscale
productive features were observed whilst in the AO, large scale
upwelling systems that shrink and swell seasonally due to the
influence of trade wind systems in the boreal summer periods
were noted (Herbland et al., 1983; McGlade et al., 2002). The
threshold ranges we identified through the cluster analysis for
our environmental variables were consistent to those reported
in field observations (e.g., Lopez et al., 2017) although the
latter often refer to near lethal levels rather than preferences.
The preferred SST range we identified (21.6–30.0◦C) is nearly
identical to the extreme SST range measured at-sea by the
French purse seine fleet at SKJ set locations (21.5–30.0◦C; IRD,
unpublished data). A similar range was also obtained from the
fishery-independent (Lopez et al., 2017) and fishery-dependent

based preference models developed for SKJ (Andrade, 2003;
Arrizabalaga et al., 2015; Tanabe et al., 2017). For O2, Barkley
et al. (1978) found that a minimum value of 3–3.5 ml.l−1 (134–
156 mmol.m−3) was necessary for the long-term survival of SKJ
while Arrizabalaga et al. (2015) found that a value around 3.8
ml.l−1 (170 mmol.m−3) was preferred by for SKJ across the
world’s oceans. Here, we found that the minimum preferred
value was 4.4 ml.l−1 (196 mmol.m−3) which is consistent with
previous findings, noting that the present study area is smaller
and in this case, the threshold relates to preference not survival.
The preferred range for MLD ranged from 6 to 158m and is
consistent with the distributions found by Arrizabalaga et al.
(2015) and Tanabe et al. (2017). Our observed minimum limit
appears to be near the extreme observed level. The preferred
SSC distribution compiled by Arrizabalaga et al. (2015) for the
world’s oceans (ca. 33.0–37.2 PSU) was different to the values we
observed (30.3–36.2 PSU). The lower minimum value obtained
in this study was driven by the large number of fishing sets in
the Gabon upwelling where salinity levels are particularly low
(Longhurst and Pauly, 1987). Arrizabalaga et al. (2015) global
range for SSHa (ca. −0.4 to 0.8 m) was slightly broader, but
nonetheless consistent with our findings (−0.20 to 0.67 m) given
that our study area was smaller.

In both oceans, about 12% of all SKJ sets with suitable habitat
coverage were located more than 100 km away from a favorable
feeding habitat. We also noted differences in these distances
between fishing modes and ocean basins. Distant sets (beyond
100 km) were proportionally, four times more frequent for
FSC sets and more than three times more frequent for dFAD
sets in the AO, compared to the IO. The apparent latitudinal
migration of SKJ in the IO matched the transition periods
between the peaks of productivity predicted by the habitat
model off Somalia (July–November) and in the Mozambique
Channel (April). We also noted an agreement with the spatial
seasonality of EU purse seine fleet activity in the IO (Davies
et al., 2014). In the AO, although fishing sets coincided with
favorable feeding habitat within upwelling areas, there was no
relationship in the Guinea Current. Here, the peak number
of dFAD sets occurred from December to March, a period
characterized by the absence of productive fronts, high SSTs,
high SSHas and low O2 levels. These variables are representative
of poor feeding conditions compared to the upwelling areas
(Pérez et al., 2005). It appears that some SKJ may migrate from
productive and relatively cool upwelling areas to the poorer
and warmer equatorial waters (see apparent movements by
conventional tagging in Bard, 1986; ICCAT, 2014). Although, SKJ
are known to spawn opportunistically year-round (Grande et al.,
2014), we hypothesize that the Guinea Current may represent a
preferred nursery area, as these environmental conditions favor
larval survival (i.e., thermal stability and the lower presence
of predators). In particular, we noticed that the SST ranges
associated with most of the sets made in the Guinea Current
(i.e., 5–95th percentile values of 25.2–29.4◦C) had little overlap
with the SST ranges associated with sets made in the upwelling
areas (Mauritanian values are 21.6–25.9◦C and Gabon values
are 22.6–27.7◦C). Thus, productivity hotspots for adult SKJ
feeding in the AO may actually be unfavorable for larvae given
their temperature requirements for survival. SKJ larvae were
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FIGURE 4 | Monthly boxplots of the distances between skipjack tuna (Katsuwonus pelamis; SKJ) presence data and the closest favorable feeding habitat boundary

for free-swimming school sets (FSC; upper panels) and drifting fish aggregating device associated sets (dFADs; lower panels) in (A) the Eastern Central Atlantic Ocean

and (B) the Western Indian Ocean from 1998 to 2014. Negative values correspond to presence data points observed inside the favorable feeding habitat. The width of

the boxes is proportional to the monthly number of sets while the box length corresponds to the interquartile range (median value in red, whiskers cover 99.3% of data

if normally distributed, red crosses are outliers). The monthly sizes of favorable feeding habitats were overlaid (right axis, mean fraction of ocean area).
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FIGURE 5 | Detailed histograms and statistics of relating to the distances observed between skipjack tuna (Katsuwonus pelamis; SKJ) presence data (free-swimming

school set (FSC) data shown in the upper blue graph and drifting fish aggregating device associated sets (dFAD) shown in the lower red graph) to the closest favorable

feeding habitat boundary in (A) the Eastern Central Atlantic Ocean and (B) the Western Indian Ocean. Negative distance values correspond to presence data points

observed within the favorable feeding habitat. Note the different ranges on the x-axis between the two study areas.
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FIGURE 6 | Annual indices of habitat size (green squares) and catch rate (red diamonds) of skipjack tuna (Katsuwonus pelamis; SKJ) scaled to the maximum values in

the time-series of total catches (dashed gray line, tons, right axis) in (A) the Eastern Central Atlantic Ocean and (B) the Western Indian Ocean. The proportion of dFAD

catches (in weight; black stars) is overlaid (%, left axis). To avoid issues associated with cloud coverage, two independent time-series of annual favorable feeding

habitat size were derived for the Atlantic using SeaWiFS (1998–2010) and MODIS-Aqua (2003–2014) data.
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TABLE 2 | Proportion of presence data within favorable feeding habitat and more than 100 km away, by ocean basin and fishing mode (%).

Eastern central atlantic ocean Western indian ocean

n F
<0km* (inhabitat) (%) F

>100km** (distantfromhabitat) (%) n F
<0km* (inhabitat) (%) F

>100km** (distantfromhabitat) (%)

Skipjack tuna FSC 2,447 61 16 4,255 57 4

dFADs 3,159 34 34 2,6143 47 10

*F<0 km: Presence data within 3-day composite mean defined favorable feeding habitat (%).

**F>100 km: Presence data more than 100 km away from 3-day composite mean defined favorable feeding habitat (%).

Bold and italic represents better distinguish the two types of data shown (number of samples and %).

found in waters ranging from 24.1 to 28.5◦C in the AO (with
the exception of one larva that was observed at 22.6◦C in the
South AO; Kikawa and Nishikawa, 1980). Meanwhile, increasing
abundances were found in the Pacific Ocean, with an increasing
SST from 23 to 29◦C (Forsbergh, 1989). From this review, we
estimated that the optimal SST range for SKJ larvae was 27–29◦C.
While SST in the Mauritanian upwelling between November and
January (below 24◦C) remained outside this range, SST in the
Guinea Current was particularly favorable for larval survival (see
Figure SI-6A). However, the lack of lipid storage in SKJ muscle
and liver tissues (indicative of an income breeder) observed in IO
individuals (Grande, 2013; Grande et al., 2016) would severely
limit their capacity to effectively use remote feeding grounds for
reproduction. If the Guinea Current supports the most suitable
SST requirements for larval survival between November and
January (and up to March, results not shown), it is possible that
locally available food (Ménard et al., 2000) is present to support
reproductive activity, albeit in substantially lower quantities than
would be provided by productive fronts. This locally available
food would come from subsurface primary production (Figure
SI-6C) which is not detected by the satellite sensors. Similarly
poor feeding habitats (i.e., no productive fronts, high SST,
high SSHa, and low O2 levels) were also observed in the IO,
particularly the Mozambique Channel (from March to May)
but to a lesser extent, across the rest of the study area from
October to December. In the IO, these poorer environments
correspond to an observed distribution of high lipid contents
in SKJ gonads (highest levels in FSC from April to May in the
Mozambique Channel and elevated levels in dFAD sets in the
waters surrounding the Seychelles and Somalia, Grande, 2013).
This observation could be explained by the presence of food-
rich environments at the edge of eddies that occur nearby (Tew
Kai and Marsac, 2010). The association between seabirds and
the fronts that form at the edge of eddies in the Mozambique
Channel found by Tew Kai and Marsac (2010) was closer than
the association identified for tunas. This may be explained by the
dual behavior exhibited by some tuna species who feed at the
edges of eddies and spawn in their centers, while seabirds only
feed at the edges. These contrasting levels of food availability due
to the presence of mesoscale features in the warm waters of the
Mozambique Channel (27–29◦C, Figure SI-6D) suggest that this
area may provide better reproductive conditions than the Guinea
Current, due to the substantially lower levels of subsurface
primary productivity present. Further analysis and data are
required to elaborate on this hypothesis and clarify the ecological

role of the Guinea Current for SKJ populations. Subsurface
productivity was not accounted for in this habitat model because
these environments are considered to be a substantially lower
source of potential SKJ nutrition compared to surface productive
fronts because of the exponential decrease of light with increasing
depth.

Overall, the areas of favorable feeding habitat identified by
our model are supported by the outcomes of stomach contents
studies (see review in Dagorn et al., 2013). In the AO, tuna caught
in association with dFADs (mostly in the Guinea Current) were
more frequently found with empty stomachs, to be in poorer
condition and be slower growing than individuals caught in
FSC (mainly in upwelling areas; Hallier and Gaertner, 2008). In
contrast, dietary differences have not been identified between
dFAD and FSC caught individuals in food-rich areas of the IO.
However, in food-poor areas, tuna caught on dFADs were more
frequently foundwith empty stomachs than those caught in food-
rich areas (Jaquemet et al., 2011). The differences in feeding
capacities observed in the IO’s frontal features (productive and
unproductive) and the AO’s Guinea Current (unproductive)
are likely explained by the fact that dFADs drift passively.
Consequently, in some instances dFADs may act as an ecological
trap, affecting the feeding and condition of associated fishes
(Marsac et al., 2000; Hallier and Gaertner, 2008).

From Habitat Dynamics to Skipjack Stock
and Purse Seine Fishing
Excluding the Guinea Current, the number of fishing sets with
SKJ present in a given month were found to be inversely
proportional to favorable feeding habitat size. This finding
suggests that a reduction in habitat might result in increased
SKJ densities in smaller areas, increasing their availability to
purse seine fishing. Within these smaller areas, fishers will have a
greater chance of detecting SKJ schools, the fishing fleet are likely
to be more concentrated and efficient (due to the active detection
of fleet position) and the short distances between vessels are
likely to favor opportunistic catches. This scenario is particularly
applicable in the IO where an important latitudinal shift in
favorable feeding habitat and SKJ population was observed and
the large majority of both FSC and dFAD sets were made in close
proximity to this preferred habitat. This seasonal relationship
between reduced habitat size and high numbers of fishing sets was
less clear in the AO. Here, although most sets were made when
the favorable feeding habitats were at their smallest (October to
March), a substantial number of dFAD sets occurred when the

Frontiers in Marine Science | www.frontiersin.org 13 October 2017 | Volume 4 | Article 315

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Druon et al. Niche Modeling of Skipjack Tuna Feeding

habitats were at their largest (August and September). In these
instances, most weremade in association with areas of permanent
and productive upwelling. Conversely, the dFAD sets made
between January and March were further away from favorable
feeding habitats (40% were made further than 50 km away). This
may be due to the low subsurface productivity that likely occurs
in the Guinea Current but was not accounted for in this analysis.
The potential role of the Guinea Current as a favorable nursery
area for SKJ may explain these longer distances. It may also
account for the weaker seasonal relationship observed between
habitat size and distance to favorable habitat we observed in the
AO compared with the IO.

The significant positive correlation we observed in the IO
between the annual size of favorable feeding habitats and the
annual catch rates from purse seine fishing between 1998 and
2014 is particularly intriguing. This result suggests that catches
are related to the extent of potential favorable feeding habitat.
The decreasing trend in habitat size after 2006 occurred at the
same time as catch rates significantly decreased, suggesting that
the size of potential favorable feeding habitat could also affect
population productivity and carrying capacity. Furthermore,
although fishing pressure has been sustained since 2000, the
latest stock assessment concluded that SKJ was not overfished
and not subject to overfishing in the IO. Indeed, the strength of
the relationship between catch rates and habitat size is reliant
on the stock having been fully-exploited over the time-series
and any substantial changes in exploitation rates would have
weakened this relationship. While a small area of favorable
feeding habitat likely acted to increase school accessibility for
fishers prior to 2006, the decrease in catch rates after 2006
might suggest that population productivity is regulated by habitat
size. Indeed, the reduction of effort since 2008–2010 due to
piracy may explain the decrease of total catches, but catch rates
should have been maintained or even increased, not decreased
as was observed. The multi-annual correlation between catch
rates and habitat size may also reflect the rapid response of
SKJ populations to a change in their environment. SKJ grow
quickly and mature early (Grande et al., 2014; Murua et al.,
2017). Despite the difficulties associated in obtaining absolute age
estimates and the fact that there can be notable inter-individual
variability in growth, mark-recapture data suggests that SKJ are
capable of rapid growth in the first months of life, resulting
in maturity at around 6 months of age (Eveson et al., 2015;
Murua et al., 2017). The overall size of favorable feeding habitat
in the IO may, therefore, be interpreted as an indicator of the
carrying capacity of the environment to sustain the growth of
SKJ populations. This may have important implications from a
management perspective, especially for a species that experiences
intense fishing pressures.

In the AO, we did not observe this relationship. Here, catch
rates have increased by ca. 35% from 2002–2010 to 2012–2015
while habitat size showed no overall trends. This difference might
be explained by the variable access the European purse seine fleet
has had to some fishing grounds due to fishing agreements. For
instance, recent access to Mauritania’s Exclusive Economic Zone
resulted in a major increase in catch rates (de Molina et al., 2014).
The recent increases in catch might also suggest that the stock

has previously been underexploited, a scenario which might also
explain the lack of a correlation between catch rates and habitat
size.

Dynamic Management and Tuna Fisheries
The results from our habitat model indicate that SKJ do have
a preference for habitats in the vicinity of productive surface
frontal features. An exception to this finding is the Guinea
Current area which may represent a major nursery habitat
in the Eastern Central AO. Here, potential feeding habitat is
linked to low-level subsurface productivity. The results also
suggest that the availability of SKJ schools is greater when
the size of favorable feeding habitat is reduced, most likely
because these populations become concentrated in smaller
areas. In turn, this increases fishing opportunities for this
species. Again, the Guinea Current area was an exception
to this pattern. Finally, our model outputs indicated that
SKJ populations respond rapidly to annual changes in the
occurrence of productive surface fronts, thus, suggesting that
habitat size may reflect the ecological carrying capacity of this
species.

The distribution of favorable feeding habitats provides
valuable spatio-temporal information that could be used to
complement traditional stock assessments and the refine
scientific advice provided for management purposes. Monitoring
habitat size may provide indirect and independent information
on both seasonal stock accessibility for fishers and potential
annual carrying capacities (driven by the direct impacts of
seasonal regime shifts and climate change). Such information
may offer extremely valuable insights for interpreting any
changes in stock abundance observed in the assessments carried
out by the tuna Regional Fisheries Management Organizations.
Equally, it might facilitate the development of dynamic catch
levels that could be set in line with changing resource
availabilities. Habitat distribution could also be introduced in
the calculations to standardize catch per unit effort, a move that
might reduce uncertainties in the stock assessments.

While this study did not show clear evidence that dFADs
are acting as ecological traps (Marsac et al., 2000; Hallier and
Gaertner, 2008), the distribution of favorable feeding habitat,
especially in the IO, may help guide efficient dFAD deployment
strategies toward rich environments, either by following (in real
time) or anticipating (with mean hindcasting) the dynamics
of the main feeding grounds. A smarter dFAD deployment
strategy should seek to limit situations in which the dFADs
drift toward poor environments, favor dFAD catches in food-
rich environments and reduce the number of overall deployed
devices while maintaining a set catch level. Meeting these
objectives would reduce costs for fishers and as a consequence,
achieve the loftier goal of reconciling profitability with resource
preservation. More generally, investigating the relationships
between environmental variables and tuna presence (ecological
niche) at different life stages and habitat overlap between species
may further improve our capacity to inform selective fishing
methods and progress overarching sustainability objectives.
The potential of operational ecology and associated dynamic
fisheries management, notably through the mapping of favorable
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feeding habitats, is considerable and particularly important
given our rising global population and its associated protein
demands.
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