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a b s t r a c t
We used satellite tags to record the patterns of depth utilisation for four ocean sunﬁsh (Mola mola) and two
leatherback turtles (Dermochelys coriacea) moving in broadly the same area off South Africa. Individuals were
tracked for between 2 and 8 months and dive data relayed via satellite. For all the sunﬁsh and one of the turtles,
we received binned data on depth distribution, while for the second turtle we received individual dive proﬁles
along with the proportion of time spent diving. Leatherback turtles dived almost exclusively within the upper
200 m, spending only 0.6 and 0.2% of their time N 200 m. There were times when sunﬁsh likewise occupied
these relatively shallow depths. However, there were also protracted periods when sunﬁsh spent the majority
of their time much deeper, with one individual remaining around 500 m for many hours at a time. These results
suggest that sunﬁsh sometimes exploit deeply distributed prey which is beyond the foraging range of
leatherback turtles. We conclude that while both species are believed to feed predominantly on gelatinous
zooplankton, the fact that sunﬁsh do not need to come to the surface to breathe means that they can occupy an
expanded vertical niche compared to the leatherback turtle.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
There are many examples of convergent evolution by taxonomically
dissimilar species towards foraging on similar prey. However, while
diets may be similar across taxa, some aspects of behaviour may still be
constrained by phylogeny. For example hirundine birds (e.g. swifts and
swallows) and many insectivorous bats feed on ﬂying insects. However
the daily patterns of activity by these bird and mammal aerial
insectivores are constrained by their ﬂying ability and prey perception
abilities. Hirundines feed visually and forage during daylight, using their
fast ﬂying speed to avoid aerial predators such as sparrow hawks. In
contrast, insectivorous bats ﬂying during the daylight are highly
susceptible to aerial predators and this is thought to constrain their
pattern of activity to darkness where they use echolocation to ﬁnd their
prey (Speakman et al., 2000; Duverge et al., 2002). In marine systems an
analogy to aerial insectivory is predation on zooplankton, i.e. animals
feeding on highly abundant but relatively tiny prey. Planktivory is seen
in a number of taxonomically unrelated marine species and, interestingly, in many cases ocean planktivores are also giants: for example
baleen whales feed on a variety of plankton including euphausiids (krill),
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while basking sharks also target crustacean zooplankton such as
calanoid copepods and euphausiids. Two ocean giants, the ocean
sunﬁsh (Mola mola) and the leatherback turtle (Dermochelys coriacea)
are both thought to feed heavily on gelatinous zooplankton such as
scyphozoan jellyﬁsh, salps and pyrosomes (Thys, 1994; Bjorndal, 1997),
despite the relatively low nutritional energy content of these groups
(Doyle et al., 2007). Leatherback turtles are the largest extant species of
sea turtle with adults typically attaining a size of several hundred kilos
(Georges and Fossette, 2006). Ocean sunﬁsh are the largest bony ﬁsh
with individuals attaining a size of up to 1500 kg (Freedman and Noakes,
2002). While they share attributes of size and diet, sunﬁsh and
leatherbacks are fundamentally different in that sunﬁsh extract oxygen
from the water with their gills, while leatherbacks have to come to the
surface to breathe. This physiological dichotomy might be expected to
lead to a relative constraint on the range of vertical depths that can be
successfully exploited by these two species.
Sometimes gelatinous zooplankton are found near the surface
(Houghton et al., 2006). In other cases gelatinous zooplankton undertake diel vertical movements, being closer to the surface at night and
deeper during the day (Andersen et al., 1992, 1997). We would expect
that similarities in depth use by sunﬁsh and leatherbacks will vary across
these different scenarios, with both species being expected to exploit
shallow prey, but only sunﬁsh exploiting deeper prey. However there is
wide disparity in what is known about these two species. There have
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been many previous studies of the diving behaviour of leatherback
turtles in a range of ocean basins (e.g. Eckert et al., 1989; Hays et al.,
2006; Sale et al., 2006). For sunﬁsh, published accounts of depth
distribution have so far been limited to short term data-sets (a few
hours) collected by direct acoustic tracking (Cartamil and Lowe, 2004) or
short term deployments of data-loggers (Watanabe and Sato, 2008).
Leatherback turtles show a range of dive behaviours, very occasionally
diving to N1000 m, although most of their dives are restricted to the
upper 200 m (Bradshaw et al., 2007a; Houghton et al., 2008). Leatherback turtles have also been shown to display a range of diel dive patterns
(e.g. Sale et al., 2006). Sometimes (e.g. at high latitude in the North
Atlantic), leatherbacks show a day and night near-surface distribution in
the upper 50 m, presumably reﬂecting continuous near-surface
distribution of their prey (Hays et al., 2006). However, nearer the
equator in the Atlantic and during the breeding period when they are
near their tropical nesting beaches, leatherback turtles display a diel
pattern in diving, with lots of shallow near-surface diving at night and
then infrequent diving during the day (Eckert et al., 1989; Hays et al.,
2006; Myers and Hays, 2006). This diel dive pattern is widely thought to
reﬂect turtles feeding at night on zooplankton that are exhibiting normal
diel vertical migration with the suggestion that during the daytime in
these cases prey are too deep for successful foraging by turtles. We might
expect that in these circumstances prey that is deeply distributed in the
daytime might still be available to sunﬁsh.
Understanding how depth use varies spatially and temporally in
sunﬁsh and leatherbacks may also have applied beneﬁts. Both species
are suspected to suffer high mortality in ﬁsheries targeting more
commercial valuable species such a swordﬁsh, sharks, mackerel and
tuna (e.g. Silvani et al., 1999; Lewison et al., 2004; Petersen, 2005;
Petersen and McDonell, 2007). Information about sunﬁsh and
leatherback turtle depth use might potentially be used to design
measures to reduce ﬁshery bycatch. Additionally, as reports of harmful
gelatinous zooplankton blooms increase (e.g. Doyle et al., 2008;
Purcell et al., 2007), knowledge of how and which predators are
capable of effectively foraging on and reducing such rising pest
populations is becoming of greater importance worldwide.
Given these fundamental and applied interests, we compare the
patterns of depth utilisation by ocean sunﬁsh and leatherback turtles
occupying broadly the same area. We re-analyse previous data
collected for leatherback turtles off South Africa (Sale et al., 2006)
and compare these with new data collected from ocean sunﬁsh
equipped with depth recording tags for many months.
2. Materials and methods
In 2004 and 2006 four ocean sunﬁsh were equipped with Wildlife
Computer PAT 3 and PAT 4 Pop-off Archival Tags (PATs) respectively.
Surface basking ﬁsh were located by zodiac and a team of four to six
snorkelers were deployed to surround and stabilize the ﬁsh while tags
were manually attached behind the dorsal ﬁns. Tags were secured
externally using a large nylon dart attached to the tag using 300 lb test
monoﬁlament line and stainless steel crimps. Each PAT was programmed to pop-off after 6 months, upon which time depth data were

relayed via Argos. However, in some cases PATs detached prematurely
as indicated by time spent continuously at the surface and repeated
Argos locations until the batteries exhausted.
Geolocations of the sunﬁsh were estimated from light level and sea
surface temperature (SST) data recorded by the PATs, using the methods
described by Teo et al. (2004). Longitude was estimated by calculating
the time of local noon from the light level data using WC-GPE
(v1.02.0005, Wildlife Computers). Sea surface temperature data from
the tags were then combined with corresponding light level longitude
estimates to obtain daily latitude estimates. For a given day, the latitude
at which the tag-recorded SSTs best matched the corresponding
remotely sensed SSTs, along the light level longitude estimate, was
considered the latitude estimate for the day. The SST matching process
was constrained to the area that the ﬁsh could have realistically moved
for each day (120 nm day− 1) and where the bathymetry of the area was
deeper than the maximum diving depth of the sunﬁsh for the day. We
also improved the geolocation algorithm with the addition of the capacity to switch to cloud-free, microwave-based, remotely sensed SST data
(TMI/AMSRE, ftp://ftp.discover-earth.org/sst/) during periods with high
cloud cover, and an improvement to the algorithm used to ensure the
movement path did not cross land. Depending on area and species, PATs
have root mean square errors of approximately 0.55–1.30° and 1.16–1.89°
for longitude and latitude estimates, respectively (Teo et al., 2004).
Depth was measured every 60 s by these PATs and then these data
were binned into depth intervals. For three of the tags, the data were
binned over 12 h intervals, but in one case the interval was 6 h (Table 1).
Times are given in GMT which was local time minus 2 h. The depth
intervals were: b5 m, 5–10 m, 10–20 m, 20–50 m, 50–100 m, 100–
150 m, 150–200 m, 200–300 m, 300–400 m, 400–650, 650–1000 m. In
addition, PATs relayed information on the minimum and maximum
depth obtained during each binning interval, i.e. either 6 h or 12 h. Due
to limited bandwidth of the Argos system, not all binned depth data
actually collected by the PATs were received.
The leatherback turtle data we consider here have previously been
described by Sale et al. (2006). In short, satellite tags were attached to
female turtles that had just completed nesting on beaches in Kwa-Zulu
Natal, South Africa. Two types of satellite transmitter were attached. An
ST-6 transmitter (Telonics Inc., Mesa, AZ, USA) provided depth data for
4-h intervals that was compressed into pre-selected depth bins. In
essence these data were similar to those provided by the PATs attached
to sunﬁsh, with the depth intervals for the turtle data being: 0–10 m,
10–30 m, 30–70 m, 70–120 m, 120–200 m, 200–300 m, 300–500 m,
500–1400 m. Secondly a Satellite Relayed Data Logger (SRDL) (Sea
Mammal Research Unit, University of St. Andrews, UK) provided actual
dive proﬁles including the maximum depth attained on individual dives
as well as summary information detailing the proportion of time spend
diving to N10 m.
To allow direct comparison with the sunﬁsh data, we converted
the ST-6 data into the depth ranges 0–10 m, 10–50 m, 50–100 m,
100–200 m and N200 m, by linear interpolation through the original
bins. We converted the SRDL data into these same bins by using the
dive proﬁle information relayed for individual dives along with the
summary information that detailed the proportion of time spent

Table 1
Details of the tag deployments
Species/id

Size (cm)
(weight)

Unit attached

Binning interval
for depth data

Number of intervals/dive
proﬁles obtained

Date of ﬁrst
depth data

Date of ﬁnal
depth data

Sunﬁsh/415
Sunﬁsh/418
Sunﬁsh/204
Sunﬁsh/205
Leatherback/T1
Leatherback/18262

160 (213 kg)
160 (213 kg)
108 (67 kg)
110 (70 kg)
168 (441 kg)
170 (455 kg)

PAT 3
PAT 3
PAT 4
PAT 4
ST-6
SRDL

12 h
12 h
6h
12 h
4h
n/a

34
154
132
46
805
1267

26/1/04
27/1/04
12/3/06
11/3/06
1/2/99
29/1/03

12/7/04
22/8/04
24/8/06
14/5/06
7/10/99
15/7/03

Size for leatherback turtles refers to curve carapace length and for sunﬁsh refer to total length.
Weights are estimated using previously published length weight relationships for ocean sunﬁsh (Watanabe and Sato, 2008) and leatherback turtles (Georges and Fossette, 2006).
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diving. Again the limited bandwidth of the Argos system meant that
not all the depth data collected by either the ST-6 or SRDLs were
actually received. Locations for both type of tag attached to turtles
were calculated by Argos and ﬁltered as described by Sale et al. (2006).
We used data from a further seven leatherback turtles (where we
did not have depth data) in comparative analysis of speed of travel.

These leatherbacks were again equipped with satellite tags while
nesting in Kwa-Zulu Natal and their tracks are described in full in
Lambardi et al. (2008) Given the inaccuracies of light-based geolocation estimates (Bradshaw et al., 2007b; Teo et al., 2004), to calculate
the speed of travel for the ocean sunﬁsh we simply used the time and
distance between the tagging and pop-off locations. To provide a

Fig. 1. Maps showing the tracks of (a–d) four ocean sunﬁsh and (e–f) two leatherback turtles. Arrows show the overall direction of travel for the leatherbacks.
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comparable speed estimate for the leatherback turtles, despite the
continuous Argos positions we received, we simply used the tagging
point and ﬁnal location, assumed turtles could not cross land and used
a maximum of two locations along the route to take account of any
gross course changes.
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3. Results
Depth data spanning several months were obtained for four ocean
sunﬁsh and two leatherback turtles (Table 1). The animals moved
broadly within the same area off South Africa. Both leatherbacks

Fig. 2. Overall patterns of depth utilisation for all the individuals, (a–d) shows data for the sunﬁsh 415, 418, 204 and 205 respectively. (e and f) show data for turtles T1 and 16282
respectively.
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travelled down the SE coast of South Africa and then around Cape of
Good Hope and into the South Atlantic. The sunﬁsh remained for months
in the same general area off the southern coast of South Africa (Fig. 1).
The distances between tagging location and pop-off location for the four
sunﬁsh were 772 km, 333 km, 1174 km and 270 km equating to

minimum speeds of travel of 4.6,1.6, 7.1 and 4.2 km day− 1. By contrast the
minimum distances distance between the start and end points of the
two leatherback tracks were 3550 km and 3450 km, equating to speeds
of travel of 15.9 and 20.5 km day− 1. For a further seven tracked
leatherbacks, speeds of travel were 36.2, 11.0, 20.3, 28.3, 6.3, 10.4 and

Fig. 3. For sunﬁsh 415, 418, 204 and 205 the percentage of time spent N 200 m at different times of year (a–d) and the mean depth (e–h). Each point represents a value of the time
windows (6 h or 12 h) over which the depth data were binned (see Table 1 for details).
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Fig. 4. For sunﬁsh 415, 418, 204 and 205 the “% depth range traversed” (see text for details) versus the date (a–d) and the “% depth range traversed” versus the maximum depth. Each
point represents a value of the time windows (6 h or 12 h) over which the depth data were binned (see Table 1 for details).
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Fig. 5. For sunﬁsh 204 the mean depth at different times of day. Open circles show data
recorded between 12 March and 12 June, closed symbols show data recorded between
17 June and 24 August. Times are listed as GMT and refer to the start of each 6-h
integration period for depth data. In mid-April, time of sunrise and sunset (in GMT) at
the location of sunﬁsh were 05:10 and 16:15 respectively.

hours) they were also generally moving up and down the water
column and coming close to the surface.
To examine patterns of diel vertical migration (DVM) by sunﬁsh we
focused on sunﬁsh 204 since this was the only individual where the
time window for depth bins was 6 h. This individual showed a marked
temporal variation in dive behaviour with more time spent at greater
depths after 12 June. We therefore examined the extent of DVM both
before and after this date. For each 6 hour period of the 24-h cycle, we
calculated the mean depth. Between 12 March and 12 June when this
sunﬁsh occupied shallow depths, there was no evidence of DVM with
similar depths occupied throughout the day and night. However
between 17 June and 24 August there was a clear pattern of DVM with
mean daytime depths of around 280 m and mean night time depths of
around 50 to 75 m (Fig. 5). Although the 12 h binning intervals for
depth data made it difﬁcult to assess the extent of DVM for the other

76.5 km day− 1. On average leatherbacks traveled faster than ocean
sunﬁsh (means 25.0 km day− 1 and 4.1 km day− 1 respectively, T8 = 2.9,
p = 0.02).
The overall patterns of depth utilisation showed that both species
spent long periods near the surface (Fig. 2). However, there were also
very clear differences between the species in their depth distribution.
For example, the percentages of time spent N200 m by the four sunﬁsh
were 6.7%, 3.9%, 18.0% and 8.1% respectively which was, on average, 92
times that spent at this depth range by the two leatherbacks (0.6% and
0.2%). Overall the mean depth of each of the four sunﬁsh across
individual 6 or 12 hour integration windows for the depth data
(85.4 m, 55.2 m, 104.4 m and 59.2 m respectively) was signiﬁcantly
greater than the mean depth of both the leatherback turtles (26.3 m
and 12.2 m respectively) (One-way ANOVA F5 = 95.8, P b 0.001; paired
t-tests, tN 33 N 4.2, P b 0.001 in all pair-wise comparisons).
We examined the depth of individual dives made by turtle 18262.
This was the only turtle for which we had a record of individual dive
depths. Throughout the period of tracking the vast majority (99.5%) of
dives were shallower than 200 m. Of 1267 dive proﬁles recorded there
were only seven deeper than 200 m and these occurred irregularly over
time.
To consider how sunﬁsh used deeper depths, we examined the
proportion of time spent N200 m in each integration period (i.e. 6 or
12 h). This analysis revealed considerable temporal patterns in their
use of deep water. While all four ﬁsh had times of the year when they
spent long periods N200 m, these periods were not consistent across
individuals (Fig. 3). Deep residence occurred mainly in February and
May for sunﬁsh 415, during February for sunﬁsh 418 and during March
for sunﬁsh 205. Sunﬁsh 204 spent long periods N200 m in both March
and July–August. Between 21 June and 5 July, 14 6-hour records of
depth distribution were received for this ﬁsh. Six of these 14 6-hour
records showed the ﬁsh to be continually N200 m with mean depths
between 423 and 525 m. This ﬁsh also had the deepest mean depth of
any of the four sunﬁsh.
For the four sunﬁsh, we considered the extent of their vertical
movements over short time scales by calculating the % of their
maximum depth that they traversed within each integration period
(i.e. 6 or 12 h), i.e.:
% depth range traversed = ðmaximum depth − minimum depthÞ
= maximum depth
The % of the depth range traversed was generally very high (b90%)
for all the sunﬁsh and was not related to the maximum depth (Fig. 4).
In essence this result means that even though sunﬁsh had a range of
preferred depths that changed over time, over short time-scales (a few

Fig. 6. The amplitude of DVM (the difference between the mean daytime and the mean
night-time depths) versus the mean daytime depths. Each point represents a successive
time intervals when there were depth data for a 6 or 12 h period in both the day and
night. (a) sunﬁsh 415 (F1,40 = 19.7, P b 0.0001, r2 = 0.33); (b) sunﬁsh 418 (F1,48 = 304,
P b 0.0001, r2 = 0.86); (c) sunﬁsh 204 (F1,27 = 510, P b 0.0001, r2 = 0.95).

Author's personal copy
G.C. Hays et al. / Journal of Experimental Marine Biology and Ecology 370 (2009) 134–143

three sunﬁsh, for sunﬁsh 415 and 418 the two binning intervals were
largely during the day (04:00–16:00) and night (16:00–04:00)
respectively. Sunﬁsh 418 also showed a period of deep water
occupation at the start of the tracking period. During this time (27
January to 27 February) there was a large and signiﬁcantly different
mean depth occupied during the day (mean 159.2 m) and night (mean
45.9 m) (t13 = 6.7, P b 0.001).
To examine more closely this suggestion that DVM was more
pronounced at times when the sunﬁsh were deeper, we looked at all
three data sets that had some element of diel timing to the depth data
(sunﬁsh 415, 418 and 204). Where there were successive time
intervals when there were depth data for a 6 or 12 h period in both
the day and night, we calculated the difference between the mean
daytime and mean night-time depths, i.e. the amplitude of DVM. We
then plotted this day-night difference against the daytime depth. For
all three ﬁsh, there were highly signiﬁcant relationships between the
mean daytime depth and the amplitude of DVM (Fig. 6). So while Fig. 4
shows active vertical movement within individual 6 or 12 h data
integration windows, Fig. 6 shows systematic differences in day versus
night vertical distribution.
4. Discussion
The advent of small reliable data-loggers and transmitters has
allowed a huge number of studies to record both horizontal and
vertical movements of a whole gamut of marine species (e.g. Hays,
2008; Hindell, 2008). To date most studies have tended to be
autecological: focussing on single species. However, a central focus
now is to try and compare results across taxa and identify
commonalities and differences between species. Such synecological
studies may shed light on fundamental foraging rules that apply
across taxa and how physiology and anatomy constrain behaviour (e.g.
Sims et al., 2008). Set against this backdrop, our comparison of the
depths occupied by ocean sunﬁsh and leatherback turtles reveals how
physiology may constrain behaviour.
While we focussed on the vertical dimension, geolocation of
animals showed that they were tracked moving in broadly the same
area. We have shown previously how the horizontal movements of
leatherback turtles in this area are tightly coupled to mesoscale
features: in short leatherbacks are advected by the southerly ﬂowing
Aghulas current when they leave their nesting beaches and may then
be entrained for long periods in mesoscale eddies (Luschi et al., 2006;
Lambardi et al., 2008). The sunﬁsh tracks were based on light and
temperature based geolocation, which typically has relative large
errors with individual location estimates often being N100 km from
the true position (Teo et al., 2004). Nevertheless the tracks clearly
show that the ﬁsh showed prolonged residence off South Africa. For
leatherback turtles tracked in the North Atlantic and Paciﬁc, very
extensive pan-oceanic movements have been identiﬁed (Hays et al.,
2006; Shillinger et al., 2008). Similarly for some ﬁsh including blueﬁn
tuna in the North Atlantic (Block et al., 2005), great white sharks
equipped with satellite tags off South Africa (Bonﬁl et al., 2005); and
tiger sharks equipped with satellite tags in Australia (Heithaus et al.,
2007), pan-oceanic movements have been identiﬁed. The long
distance movements in these diverse groups may be associated with
the search for widely distributed prey that may be far from breeding
areas. The fact that ocean sunﬁsh remained broadly off South Africa,
implies that this area likely provides a suitable year-round habitat for
these species. However, leatherback turtles, despite their similar diets
to sunﬁsh, tended to travel more extensively. This difference might be
related to the more restricted vertical foraging niche for leatherbacks
as discussed below.
The key drivers dictating a suitable habitat for these species are
presumably a suitable water temperature and prey availability. Sea
surface temperature off South Africa in the area occupied by
leatherbacks remains N15 °C year-round (Sale et al., 2006), which is
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thought to be the lower thermal limit for prolonged occupation by
leatherbacks (McMahon and Hays, 2006). The thermal climate
envelope for sunﬁsh has not yet been deﬁned, but may be revealed
through continued deployments of satellite tags onto ﬁsh in other
areas of the world that span the range for the species.
Both sunﬁsh and leatherback turtles are thought to feed predominantly on gelatinous zooplankton. However, it should be noted
that direct observations of feeding in both groups are rare and hence it
is possible that both species may have more catholic diets than
presumed. Jellyﬁsh are certainly very abundant off South Africa and
this might explain the co-occurrence of leatherback turtles and ocean
sunﬁsh in this area. Indeed in the Benguela system off South Africa it
has recently been reported that jellyﬁsh abundance now exceeds the
abundance of ﬁnﬁsh (Lynam et al., 2006). This switch from a ﬁsh to
jellyﬁsh dominated ecosystem is thought to be a least partly due to
overﬁshing (Pauly and Maclean, 2003), with the implication that
jellyﬁsh biomass may be on an upward trend in some parts of the
world (Purcell et al., 2007). If this trend does occur widely, we can
broadly predict an improved foraging environment for ocean sunﬁsh
and leatherback turtles: they may be inadvertent benefactors from
overﬁshing.
While the vertical distribution of gelatinous zooplankton is fairly
poorly deﬁned, it is known that they may occur at a range of depths
(Andersen et al., 1992, 1997; Houghton et al., 2006). Our results
suggest that sometimes gelatinous zooplankton may be found
maximally near the surface, when they may be targeted by both
sunﬁsh and leatherbacks, but at other times the deep occurrence of
sunﬁsh implies a much deeper distribution of gelatinous zooplankton.
It might be argued that the difference in depth distribution
between sunﬁsh and leatherbacks is an inevitable consequence of the
need for the turtle to ascend to the surface and breathe. This
requirement means that even if both animals are targeting the same
depth zones, then because of time spent in transit as well as time
spent at the surface, the amount of time spent at the targeted foraging
depth will inevitably be much lower in the turtle. However this
explanation alone cannot explain the different depth distributions
because when the analysis of leatherbacks data considered only the
maximum depth of each dive it was clear that dives are still shallower
than the depths occupied by sunﬁsh. We are aware that we have only
one long record for a turtle off South Africa where individual dive
proﬁles were recorded. However, we have collected a much larger
sample size in the North Atlantic. For example for nine leatherbacks
each tracked from a minimum of 8 months in the North Atlantic, we
obtained a total of 17,618 dive proﬁles of which only 279 (1.6%) were
deeper than 200 m (Bradshaw et al., 2007a). This dataset reiterates the
patterns seen off South Africa with only very rare dives N200 m by
leatherbacks. In short it is clear that while leatherbacks rarely target
depths N200 m, these depths may be targeted by sunﬁsh for
protracted periods.
Freed from the constraint to return to the surface to breathe,
sunﬁsh can spend extensive periods of time much deeper than
leatherback turtles. It may also be that deep dives are energetically
more costly for turtles than they are for sunﬁsh or that sunﬁsh are
taking advantaging of deeper prey species that are simply easier to
catch or more desirable, allowing them to reap caloric beneﬁts that
may outweigh additional dive costs. However, it was noteworthy that
over the 6 or 12 h integration interval for depth data, the sunﬁsh
generally travelled between their maximum depth and the surface.
The implication is that there is active vertical movement by sunﬁsh
even when they are targeting a speciﬁc depth. It has been suggested
that a range of marine species may engage in vertical movements
whereby they generally stay at the same depth with occasional large
steps to different depths (Sims et al., 2008). This pattern of vertical
movement may be an optimal search strategy for patchily distributed
prey. It may be that sunﬁsh are following this same pattern.
Alternatively there have been other suggestions for why ﬁsh might
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come to the surface from deep water including the need to re-warm or
to re-oxygenate after being in sub-oxic depths for prolonged periods
(e.g. Holland et al., 1992; Dagorn et al., 2000). However, off South
Africa, deep water to 500 m is fairly well oxygenated (5–6 ml O2/l)
(Boyer et al., 2006), suggesting that re-oxygenation is probably not the
ultimate reason for surfacing by sunﬁsh in this area.
There may also be seasonal changes in the extent of DVM in line
with seasonal changes in the length of the day and night with
zooplankton spending less time near the surface during the summer
(Hays, 1995). Furthermore, zooplankton may respond to the ambient
light level changes from day to day such that their depth of daytime
residence is deeper when surface light conditions are brighter (Buskey
et al., 1989). These factors might be expected to drive deeper foraging
by sunﬁsh during the summer. However, there were differences
between individual sunﬁsh in when they foraged deeply, suggesting
that consistent seasonal changes in the depth of their prey did not
fully explain when the ﬁsh spent longer at greater depths. It is known
that the oceanographic conditions off South Africa are characterised
by many intense mesoscale features (Lambardi et al., 2008) and this in
turn would be expected to drive marked spatial patchiness in plankton
populations and indeed patchy distribution of gelatinous zooplankton
has been revealed by acoustic surveys and net tows (Brierley et al.,
2001; Lynam et al., 2006). Therefore a more parsimonious explanation
for the different seasonal occurrence of deep water occupation by the
sunﬁsh is their individual responses to patchily distributed plankton
prey which is sometimes distributed deeply but sometimes at
shallower depths.
The one sunﬁsh for which we had a short integration window for
the depth data, clearly demonstrated that there was little diel vertical
migration (DVM) when the overall depth distribution was shallow, but
that there was marked DVM when the depth distribution was deeper.
DVM had been very widely reported in a range of zooplankton and it
has been widely shown how the diel diving behaviour of a range of
predators (including some ﬁsh, marine mammals, penguins and
turtles) may change both spatially and temporally, presumably in
response to different vertical movements of their prey (for review see
Hays, 2003). It is clear that likewise ocean sunﬁsh show pronounced
diel vertical movements, albeit at different times and locations,
presumably tracking the vertical movements of their prey.
In conclusion, we have shown how for ocean sunﬁsh and leatherback turtles, which have broadly the same diet of gelatinous zooplankton, there are times when there is vertical niche portioning with
sunﬁsh being able to target deeper prey. While leatherback turtles are
only able to target prey that are relatively shallow (b200 m), ocean
sunﬁsh have a far more extensive capacity for foraging on target prey
throughout the water column to depths greater than 500 m.
Acknowledgements
Thanks to Phil Lovell for helping convert SRDL data in depth bins. G.C.
Hays was supported by the Natural Environment Research Council of the
UK (NERC). Pat Garratt and additional staff members from the Two
Oceans Aquarium in Cape Town, South Africa were instrumental in the
ocean sunﬁsh ﬁeldwork. Steve Katz offered helpful comments on an
earlier draft. This work was funded in part by a PADI Project Aware grant
(to Two Oceans Aquarium), a National Geographic CRE grant #7369-02
to T.M. Thys and an AAAS Women's International Science Collaboration
(WISC) grant to T.M. Thys, H. Dewar and Nathalie Nicolaai. [SS]
References
Andersen, V., Sardou, J., Nival, P.,1992. The diel vertical migrations and vertical distributions
of zooplankton and micronekton in the northwestern Mediterranean Sea. 2.
Siphonophores, hydromedusae and pyrosomids. Journal of Plankton Research 14,
1155–1169.
Andersen, V., Sardou, J., Gasser, B., 1997. Macroplankton and micronekton in the
northeast tropical Atlantic: abundance, community composition and vertical dis-

tribution in relation to different trophic environments. Deep-Sea Research Part I 44,
193–222.
Bjorndal, K.A., 1997. Foraging ecology and nutrition of sea turtles. In: Lutz, P.L., Musick, J.A.
(Eds.), The Biology of Sea Turtles. CRC press, pp. 199–231.
Block, B.A., Teo, S.L.H., Walli, A., Boustany, A., Stokesbury, M.J.W., Farwell, C.J., Weng, K.C.,
Dewar, H., Williams, T.D., 2005. Electronic tagging and population structure of
Atlantic blueﬁn tuna. Nature 434, 1121–1127.
Bonﬁl, R., Meÿer, M., Scholl, M.C., Johnson, R., O'Brien, S., Oosthuizen, H., Swanson, S.,
Kotze, D., Paterson, M., 2005. Transoceanic migration, spatial dynamics, and
population linkages of white sharks. Nature 310, 100–103.
Boyer, T.P., Antonov, J.I., Garcia, H.E., Johnson, D.R., Locarnini, R.A., Mishonov, A.V.,
Pitcher, M.T., Baranova, O.K., Smolyar, I.V., 2006. World ocean database 2005. In:
Levitus, S. (Ed.), NOAA Atlas NESDIS, vol. 60. U.S. Government Printing Ofﬁce,
Washington, D.C. 190 pp., DVDs.
Bradshaw, C.J.A., McMahon, C.R., Hays, G.C., 2007a. Behavioral inference of diving
metabolic rate in free-ranging leatherback turtles. Physiological and Biochemical
Zoology 80, 209–219.
Bradshaw, C.J.A., Sims, D.W., Hays, G.C., 2007b. Measurement error causes scaledependent threshold erosion of biological signals in animal movement data.
Ecological Applications 17, 628–638.
Brierley, A.S., Axelsen, B.E., Buecher, E., Sparks, C.A.J., Boyer, H., Gibbons, M.J., 2001. Acoustic
observations of jellyﬁsh in the Namibian Benguela. Marine Ecology Progress Series
210, 55–66.
Buskey, E.J., Baker, K.S., Smith, R.C., Swift, E., 1989. Photosensitivity of the oceanic
copepods Pleuromamma gracilis and Pleuromamma xiphias and its relationship to
light penetration and daytime depth distribution. Marine Ecology Progress Series
55, 207–216.
Cartamil, D.P., Lowe, C.G., 2004. Diel movement patterns of ocean sunﬁsh Mola mola off
southern California. Marine Ecology-Progress Series 266, 245–255.
Dagorn, L., Bach, P., Josse, E., 2000. Movement patterns of large bigeye tuna (Thunnus
obesus) in the open ocean, determined using ultrasonic telemetry. Marine Biology
136, 361–371.
Doyle, T.K., Houghton, J.D.R., McDevitt, R., Davenport, J., Hays, G.C., 2007. The energy
density of jellyﬁsh: estimates from bomb-calorimetry and proximate-composition.
Journal of Experimental Marine Biology and Ecology 343, 239–252.
Doyle, T.K., Haas, H.D., Cotton, D., Dorschel, B., Cummins, V., Houghton, J.D.R., Davenport,
J., Hays, G.C., 2008. Widespread occurrence of the jellyﬁsh Pelagia noctiluca in Irish
coastal and shelf waters. Journal of Plankton Research 30, 963–968.
Duverge, P.L., Jones, G., Rydell, J., Ransome, R.D., 2002. Functional signiﬁcance of
emergence timing in bats. Ecography 23, 32–40.
Eckert, S.A., Eckert, K.L., Ponganis, P., Kooyman, G.L., 1989. Diving and foraging behavior
of leatherback sea turtles (Dermochelys coriacea). Canadian Journal of Zoology 67,
2834–2840.
Freedman, J.A., Noakes, D.L.G., 2002. Why are there no really big bony ﬁshes? A pointof-view on maximum body size in teleosts and elasmobranchs. Reviews in Fish
Biology and Fisheries 12, 403–416.
Georges, J.-Y., Fossette, S., 2006. Estimating body mass in leatherback turtles Dermochelys coriacea. Marine Ecology Progress Series 318, 255–262.
Hays, G.C., 1995. Ontogenetic and seasonal variation in the diel vertical migration of the
copepods Metridia lucens and Metridia longa. Limnology & Oceanography 40,
1461–1465.
Hays, G.C., 2003. A review of the adaptive signiﬁcance and ecosystem consequences of
zooplankton diel vertical migrations. Hydrobiologia 503, 163–170.
Hays, G.C., 2008. Sea turtles: a review of some key recent discoveries and remaining
questions. Journal of Experimental Marine Biology and Ecology 356, 1–7.
doi:10.1016/j.jembe.2007.12.016.
Hays, G.C., Hobson, V.J., Metcalfe, J.D., Righton, D., Sims, D.W., 2006. Flexible foraging movements of leatherback turtles across the North Atlantic Ocean. Ecology 87, 2647–2656.
Heithaus, M.R., Wirsing, A.J., Dill, L.M., Heithaus, L.I., 2007. Long-term movements of
tiger sharks satellite-tagged in Shark Bay, Western Australia. Marine Biology 151,
1455–1461.
Hindell, M., 2008. To breathe or not to breathe: optimal strategies for ﬁnding prey in a
dark, three-dimensional environment. Journal of Animal Ecology 5, 847–849.
Holland, K.N., Brill, R.W., Chang, R.K.C., Sibert, J.R., Fournier, D.A., 1992. Physiological and
behavioral thermoregulation in bigeye tuna (Thunnus obesus). Nature 358, 410–412.
Houghton, J.D.R., Doyle, T.K., Wilson, M.W., Davenport, J., Hays, G.C., 2006. Jellyﬁsh
aggregations and leatherback turtle foraging patterns in a temperate coastal
environment. Ecology 87, 1967–1972.
Houghton, J.D.R., Doyle, T.K., Davenport, J., Wilson, R.P., Hays, G.C., 2008. The role of
infrequent and extraordinary deep dives in leatherback turtles (Dermochelys
coriacea). Journal of Experimental Biology 211, 2566–2575. doi:10.1242/jeb.020065.
Lambardi, P., Lutjeharms, J.R.E., Mencacci, R., Hays, G.C., Luschi, P., 2008. Inﬂuence of
ocean currents on long-distance movement of leatherback sea turtles in the
Southwest Indian Ocean. Marine Ecology Progress Series 353, 289–301.
Lewison, R.L., Freeman, S.A., Crowder, L.B., 2004. Quantifying the effects of ﬁsheries on
threatened species: the impact of pelagic longlines on loggerhead and leatherback
sea turtles. Ecology Letters 7, 221–231.
Luschi, P., Lutjeharms, J.R.E., Lambardi, R., Mencacci, R., Hughes, G.R., Hays, G.C., 2006. A
review of migratory behaviour of sea turtles off Southeastern Africa. South African
Journal of Science 102, 51–58.
Lynam, C.P., Gibbons, M.J., Axelsen, B.E., Sparks, C.A.J., Coetzee, J., Heywood, B.G.,
Brierley, A.S., 2006. Jellyﬁsh overtake ﬁsh in a heavily ﬁshed ecosystem. Current
Biology 16, R492–R493.
McMahon, C.R., Hays, G.C., 2006. Thermal niche, large scale movements and
implications of climate change for a critically endangered marine vertebrate.
Global Change Biology 12, 1330–1338.

Author's personal copy
G.C. Hays et al. / Journal of Experimental Marine Biology and Ecology 370 (2009) 134–143
Myers, A.E., Hays, G.C., 2006. Do leatherback turtles (Dermochelys coriacea) forage
during the breeding season? A combination of novel and traditional data logging
devices provide new insights. Marine Ecology Progress Series 322, 259–267.
Pauly, D., Maclean, J., 2003. In a Perfect Ocean: The State of Fisheries and Ecosystems in
the North Atlantic Ocean (State of the World's Oceans Series). Island Press. 175 pp.,
ISBN 1559633247, 9781559633246.
Petersen, S., 2005. Initial bycatch assessment: South Africa's domestic longline ﬁsher,
2000–2003. Domestic pelagic longline ﬁshery: Bycatch Report 2000–2003. BirdLife
South Africa. 45 pp.
Petersen, S., McDonell, Z., 2007. A bycatch assessment of the cape horse mackerel
Trachurus trachurus capensis mid-water trawl ﬁshery off South Africa. Birdlife/WWF
Responsible Fisheries Programme Report 2002–2005. 30 pp.
Purcell, J.E., Uye, S., Lo, W.-T., 2007. Anthropogenic causes of jellyﬁsh blooms and their
direct consequences for humans: a review. Marine Ecology Progress Series 350,
153–174.
Sale, A., Luschi, P., Mencacci, R., Lambardi, P., Hughes, G.R., Hays, G.C., Benvenuti, S., Papi,
F., 2006. Long-term monitoring of leatherback turtle diving behaviour during
oceanic movements. Journal of Experimental Marine Biology and Ecology 328,
197–210.
Shillinger, G.L., Palacios, D.M., Bailey, H., Bograd, S.J., Swithenbank, A.M., Gaspar, P.,
Wallace, B.P., Spotila, J.R., Paladino, F.V., Piedra, R., Eckert, S.A., Block, B.A., 2008.

143

Persistent leatherback turtle migrations present opportunities for conservation.
PLoS Biology 6 (7), e171. doi:10.1371/journal.pbio.0060171.
Silvani, L., Gazo, M., Aguilar, A., 1999. Spanish driftnet ﬁshing and incidental catches in
the western Mediterranean. Biological Conservation 90, 79–85.
Sims, D.W., Southall, E.J., Humphries, N.E., Hays, G.C., Bradshaw, C.J.A., Pitchford, J.W.,
James, A., Ahmed, M.Z., Brierley, A.S., Hindell, M.A., Morritt, D., Musyl, M.K., Righton,
D., Shepard, E.L.C., Wearmouth, V.J., Wilson, R.P., Witt, M.J., Metcalfe, J.D., 2008.
Scaling laws of marine predator search behaviour. Nature 451, 1098–1102.
doi:10.1038/nature06518.
Speakman, J.R., Rydell, J., Webb, P.I., Hayes, J.P., Hays, G.C., Hulbert, I.A.R., McDevitt, R.M.,
2000. Activity patterns of insectivorous bats and birds in northern Scandinavia
(69°N), during continuous midsummer daylight. Oikos 88, 75–86.
Teo, S.L.H., Boustany, A., Blackwell, S., Walli, A., Weng, K.C., Block, B.A., 2004. Validation
of geolocation estimates based on light level and sea surface temperature electronic
tags. Marine Ecology Progress Series 283, 81–98.
Thys, T., 1994. Swimming Heads. Natural History 103, 36–39.
Watanabe, Y., Sato, K., 2008. Functional dorsoventral symmetry in Relation to lift-based
swimming in the ocean sunﬁsh Mola mola. PLoS ONE 3 (10), e3446. doi:10.1371/
journal.pone.0003446.

