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ABSTRACT: Defining the trophic relationships of marine predators and their dietary preferences
is essential in understanding their role and importance in ecosystems. Here we used stable isotope
analysis of skin samples (8'°N values reflecting trophic level and §'*C values reflecting foraging
habitat) to investigate resource partitioning and spatial differences of the feeding ecology of
dusky dolphins Lagenorhynchus obscurus and Heaviside's dolphins Cephalorhynchus heavisidii
from 2 coastal study sites separated by 400 km along the coast of central (Walvis Bay) and south-
ern (Lideritz) Namibia in the Benguela upwelling ecosystem. Overall, isotopic niches of both
predators were significantly different, indicating partitioning of resources and foraging habitats.
Despite their smaller body size, Heaviside's dolphins fed at a significantly higher trophic level
than dusky dolphins. Stable isotope mixing models revealed that both species fed on high trophic
level prey (i.e. large Merluccius spp., large Sufflogobius bibarbatus, and Trachurus t. capensis) at
Walvis Bay. The diet of both dolphin species included smaller pelagic fish and squid at Luderitz.
Spatial differences highlight that Heaviside's and dusky dolphins may exhibit dietary plasticity
driven by prey availability, and that they likely form distinct population segments. Important prey
for both dolphin species, specifically Merluccius spp. and T. t. capensis, are the main target of
trawl fisheries in the Benguela upwelling ecosystem, highlighting potential resource overlap
between dolphins and fisheries.
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1. INTRODUCTION

Understanding the trophic interactions of preda-
tors is critical to assess their role and importance in
marine ecosystems (Bowen 1997, Estes et al. 2016).
Small cetaceans can be locally abundant and have
the potential to consume a considerable amount of
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high-quality prey due to their high metabolic rates
(Katona & Whitehead 1988, Bowen 1997, Spitz et al.
2012). As a consequence, they have the potential to
strongly affect the structure and dynamics of commu-
nities and ecosystems (Bowen 1997, Kiszka et al.
2015, Estes et al. 2016). In addition to their roles as
consumers in food webs, small cetaceans can also
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translocate and contribute to the recycling of nutri-
ents within and across ecosystems (Bowen 1997,
Kiszka et al. 2015). Understanding the trophic rela-
tionships of marine predators, such as small ceta-
ceans, is thus central to understanding how these
consumers can be affected by fisheries, particularly if
resources are depleted or under intense exploitation
(Read 2008).

Investigating the diet of free-ranging dolphins is
challenging. These predators are elusive, and their
foraging behavior is rarely observed. Traditionally,
stomach content analyses of caught or stranded ani-
mals have been employed. Stomach content analyses
generate the most qualitative and quantitative infor-
mation on the diet of marine predators, providing a
snapshot of their diet over 1-3 d of feeding behavior
(Pierce & Boyle 1991, Polito et al. 2011, Giménez et
al. 2017b, Petta et al. 2020). However, samples from
either stranded or bycaught animals may not always
be available. Additionally, stomach content analyses
may be biased due to differential digestion rates of
the various prey items (Polito et al. 2011, Petta et al.
2020), and contents may differ between stranded and
non-stranded animals (Sekiguchi et al. 1992). In-
creasingly, analyses of stable isotopes of various ele-
ments (most commonly carbon and nitrogen) in the
tissues of animals is used to assess the trophic inter-
actions of small cetaceans (e.g. Walker & Macko
1999, Kiszka et al. 2014, Rossman et al. 2015, Loizaga
de Castro et al. 2016a,b). The ratios of stable isotopes
of elements within the tissues of a consumer reflect
both those of its prey and its habitat, providing a use-
ful method of characterizing its feeding ecology.
Heavier isotopes are typically retained in tissues
while lighter ones are secreted and thus lost in the
transition of nutrients between prey and their con-
sumers, creating a predictable increase in the ratios
of stable nitrogen isotopes (A°N) at each trophic
level. The minimal increase in carbon isotope ratios
(A'®C) reflects primary production at the base of the
food chain, and is used to identify foraging habitats
and sources of primary production (Post 2002, New-
some et al. 2007, 2010). Isotope values in certain tis-
sues (skin, muscle, bone, etc.) have the advantage of
being assimilated slowly in comparison to stomach
contents, and therefore represent trophic interac-
tions over a much longer time period (Walker &
Macko 1999, Newsome et al. 2010).

Stable isotope analysis can be used to examine re-
source partitioning between sympatric species (e.g.
Fernandez et al. 2011, Browning et al. 2014b, Ans-
mann et al. 2015) and to estimate the relative contri-
butions of prey resources to the diet of a consumer

(e.g. Giménez et al. 2017b). Specifically, the size of an
animal's niche can be measured from ellipses fitted
over the bivariate isotope data which incorporate a
set percentage (e.g. 95%) of these data. These
ellipses can also be used to measure the degree of
overlap between multiple species, indicating an over-
lap in resource use (Newsome et al. 2007). Further,
using the stable isotope values of tissue samples from
both prey and predators, mass-balance mixing mod-
els estimate the contribution of various prey to the
diet of a predator (Parnell et al. 2010, Stock et al.
2018). These mixing models account for the difference
in stable isotopes between consumers and prey,
known as the diet-tissue discrimination factor or
trophic enrichment factor (TEF; Caut et al. 2011, Bor-
rell et al. 2012, Browning et al. 2014c, Giménez et al.
2016, Stock et al. 2018). TEFs vary widely based on a
number of factors (e.g. species, tissue type, and age,
among others), creating a potential source of error in
stable isotope mixing models (Browning et al. 2014c,
Kiszka et al. 2014, Giménez et al. 2016). This is espe-
cially true given that the best available TEF values for
small cetaceans are derived from feeding experiments
with limited prey sources (Browning et al. 2014c,
Giménez et al. 2016). Despite limitations, these niche
investigations and mixing models contribute to im-
prove our understanding of the trophic ecology of
small cetaceans (e.g. Fernandez et al. 2011, Kiszka et
al. 2014, Giménez, et al. 2017a,b).

Dusky dolphins Lagenorhynchus obscurus (here-
after DD) and Heaviside's dolphins Cephalorhynchus
heavisidii (HD) are 2 relatively abundant sympatric
coastal species in the Benguela upwelling marine
ecosystem off the coast of Namibia (Martin et al.
2020). In this region, both species occur in nearshore
and shelf habitats, although HD have a more inshore
distribution than DD (Elwen & Gopal 2018, Alafaro-
Shiguieto et al. 2019, De Rock et al. 2019). In Namib-
ian waters, DD occur from shallow waters to the shelf
edge (Findlay et al. 1992). HD mostly prefer waters
less than 100 m deep, with some evidence that they
exhibit diel movements in response to prey move-
ments and behavior (Findlay et al. 1992, Elwen et al.
2006, Leeney et al. 2011, Golaski 2013). DD are
larger than HD (190 vs. 175 cm maximum body
length; Best 2007), and are considered as generalist
feeders throughout their range, feeding on either
pelagic schooling fish or demersal prey (Sekiguchi et
al. 1992, Best 2007, Van Waerebeek & Wiirsig 2009,
Loizaga De Castro et al. 2016a). Stomach content
analysis from stranded, bycaught, and captured indi-
viduals of both species from 1966 to 1990 in South
African and Namibian waters (Sekiguchi et al. 1992)
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indicate that hake (Merluccius spp.) and bearded
goby (Sufflogobius bibarbatus) were the main prey
of HD, whereas DD fed on a wider variety of prey,
including hake, squids (Todarodes spp.), horse mack-
erel Trachurus trachurus capensis, and small pelagic
and meso-pelagic fishes.

The Benguela ecosystem is characterized by cold-
water upwelling cells that generate areas of high
productivity that create a diverse and abundant eco-
system with strong spatial structure (Best 2007,
Blamey et al. 2015, De Rock et al. 2019). The coastal
waters in southern Namibia have a strong and per-
manent wind-driven upwelling cell, and constitute
the main source of nutrients for the northern Ben-
guela ecosystem (Hutchings et al. 2009, Blamey et al.
2015). Primary production and associated life, includ-
ing juvenile Merluccius spp. and dolphins, are more
abundant downstream (i.e. northwards) of the strong
upwelling in less turbulent waters (Elwen et al. 2010).
Therefore, there are higher concentrations of phyto-
plankton off the central Namibian coast near Walvis
Bay than off the Luderitz upwelling cell itself (Hutch-
ings et al. 2009). The waters in north-central Namibia
surrounding Walvis Bay are characterized by a high
productivity which attracts schools of small pelagic
fish, particularly Sardinops sagax, Engraulis japoni-
cus, and juvenile T. t. capensis. Shallow-water Cape
hake M. capensis are more abundant off central
Namibia in summer and south-central Namibia in
winter (Burmeister 2001, Mecenero et al. 2006b, Wil-
helm et al. 2015). A well-established commercial fish-
ery off Namibia targets a variety of fish species, in-
cluding Merluccius spp. and T. t. capensis (Chiri-
panhura & Teweldemedhin 2016). The Benguela up-
welling ecosystem has undergone significant changes
due to increased fisheries pressure and global climate
change (Watermeyer et al. 2008, Roux et al. 2013),
potentially affecting the prey availability for pelagic
predatorsin the region.

Understanding the trophic interactions and feeding
ecology of marine top predators along the coast of
Namibia is critical to understanding their trophic role
in the Benguela upwelling ecosystem, and to predict
how these species could potentially be impacted by
fisheries and global change through competitive in-
teractions. Long-term research on the diet of Cape fur
seals Arctocephalus pusillus pusillus has shown that
their diet in Namibia has changed dramatically over
the past few decades due to changes in prey avail-
ability (Mecenero et al. 2006b,c), notably the collapse
of the sardine fishery in the 1970s (Utne-Palm et al.
2010, Cedras et al. 2011, van der Bank et al. 2011).
This collapse caused an increase in abundance of S.

bibarbatus and T. t. capensis which became more
prevalent in the diet of seals (Mecenero et al. 2006c).
In addition, the diet of Cape fur seals at colonies in
central Namibia differs greatly from those in southern
Namibia, which has been correlated with spatial dif-
ferences in prey availability between those areas
(Mecenero et al. 2006b).

In this study, we investigated resource use and par-
titioning of DD and HD off the Namibian coastline
using stable isotope analyses from skin samples col-
lected out of Walvis Bay and Lideritz, Namibia. We
examined the contribution of a variety of prey to the
diet of these 2 dolphin species using Bayesian mass-
balance stable isotope mixing models, and compared
our results with previously published stomach con-
tent analyses (Sekiguchi et al. 1992) to investigate
changes in dolphin diet over time. Based on trends
found for Cape fur seals in the same region, we hypo-
thesized that (1) results from stable isotope analyses
would be consistent with previous stomach content
results (Sekiguchi et al. 1992), but with increased im-
portance of S. bibarbatus and T. t. capensis as they
have increased in the area, and (2) resource use by
DD and HD would differ spatially in relation to prey
availability (i.e. Walvis Bay and Luderitz).

2. MATERIALS AND METHODS
2.1. Data collection

Skin samples of DD and HD were collected during
boat-based surveys out of Walvis Bay (22°55'S,
14°30'E) and Luderitz (26°36'S, 15°8'E) between
2009 and 2013, as part of a broader project investigat-
ing the abundance and habitat use of these species
(Fig. 1). Walvis Bay is a shallow (<15 m deep on aver-
age) and sandy-bottomed bay approximately 10 x
10 km. The bay is highly affected by anthropogenic
activities, including tourism, shipping, aquaculture,
and fishing activities (Griffiths et al. 2004, Elwen et al.
2010). The same human activities occur at Lideritz,
but on a smaller scale, making it less impacted than
Walvis Bay (Griffiths et al. 2004, Leeney 2011). The
Lideritz area is a mix of rocky shores with several
smaller sandy-bottomed bays. Samples were col-
lected from bow-riding dolphins during calm sea con-
ditions, using a '‘Hawaiian sling’ fitted with a 20 mm
long x 10 mm external diameter stainless-steel corer
with internal barbs to retain the sample. Tips were
only used once per day and cleaned and disinfected
thoroughly between uses to prevent any contamina-
tion. Samples were kept on ice until processed.
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Fig. 1. Sampling locations off the coast of Namibia: Walvis

Bay and Luderitz, including currents (arrows) and areas of

wind-driven upwelling (i.e. upwelling cells), where cold

water and nutrients rise to the ocean surface. Made using
the WGS 84-Pseudo-Mercator coordinate system

2.2. Stable isotope analysis

Blubber was removed from each sample, and only
skin was frozen at —20°C until further processing.
Skin samples were dried at 50°C for 48 h to remove
any water. Samples were ground into a fine powder,
and aliquots of approximately 0.6-0.7 mg were
weighed into tin capsules. Isotopic analysis was
undertaken by IsoEnvironmental (Botany Depart-
ment, Rhodes University, South Africa) on a Europa
Scientific 20-20 isotope ratio mass spectrometer
linked to an ANCA SL Prep Unit. All results are ref-
erenced to Vienna Pee Dee belemnite for carbon iso-
tope values, and to air for nitrogen isotope values.
Results are expressed in delta notation on a per mille
scale using the standard equation:

6X(%°) = [(Rsample/Rstandard - 1] x 1000 (1)

where X = N or ®C and R represents "N/"“N or
13C/12C, respectively. Analytical precision was <0.14 %o
for 8**C and <0.09 %o for 8!°N.

The presence of lipids in skin samples can deplete
8!3C values, which is indicated by a C:N ratio >3.5.
As all of our samples had C:N ratios >3.5, a correc-
tion factor was applied as per Cloyed et al. (2020) to
remove any bias as follows:

ABC = 6.43 - 20.25/C:Npux (2)

This correction factor was selected as it is specific
for correcting the effect of lipids in dolphin skin sam-
ples (Cloyed et al. 2020).

2.3. Data analysis

Data were tested for normality and homogeneity
using a Shapiro-Wilk test and Levene's test, respec-
tively. A MANOVA followed by post hoc ANOVAs
were used to assess the effect of species and study site
(Walvis Bay vs. Liuderitz, Fig. 1) on the stable isotope
values of carbon (8'3C) and nitrogen (8'°N) in dolphin
skin. Stable isotopes incorporate into tissues based on
species and tissue-type-specific turnover rates. Half-
life turnover rates (+ SD) are 24.2 + 8.19 d for 13C and
47.6 = 19 d for ’N (Giménez et al. 2016), estimated
from bottlenose dolphin Tursiops truncatus skin sam-
ples. Therefore, isotopes in DD and HD skin are re-
flective of foraging activities several weeks prior to
sample collection. Isotopic niche width and overlap
for both dolphin species were calculated using Stable
Isotope Bayesian Ellipses in R (SIBER) metrics (Jack-
son et al. 2011). We calculated the Bayesian standard
ellipse area (SEAg) and the SEA corrected for small
sample size (SEAc), which are used to account for any
biases caused by differences in sample size and the
small (<30) number of DD samples.

Bayesian mass-balance stable isotope mixing mod-
els were performed using the 'MixSIAR' package
(Stock et al. 2018) to estimate the relative contribution
of potential prey to the diet of DD and HD at Walvis
Bay and Luderitz. Isotope values from white muscle
tissue of potential prey species were taken from pre-
vious studies conducted in Namibia (Table 1; van der
Lingen & Miller 2011, litembu et al. 2012, Erasmus
2015, litembu 2015). Potential prey species were se-
lected based on previous research on the diet of DD
and HD using stomach content analyses (Sekiguchi et
al. 1992). As many of these potential prey species as
possible were taken from one source (i.e. litembu
2015), as this sampling was done during a similar time
period as dolphin sampling and included numerous
potential prey. Merluccius spp. were separated into
large (>40 cm) and small (<40 cm) size classes. Fish
species were grouped using a k-means cluster analysis
in R (Kaufman & Rousseeuw 1990), which included
3N and §'3C, and habitat as grouping variables (see
Fig. S1 in the Supplement at www.int-res.com/articles/
suppl/m699p227_supp.pdf). The optimal number of 5
clusters was determined using the ‘Silhouette Method'
outlined by Kaufman & Rousseeuw (1990), as 5 had the
highest average ‘silhouette.” Average ‘silhouette’ is a
measure of the quality of clustering based on how well
each data point falls within the cluster. Habitat and
trophic level for each prey species were obtained from
FishBase (www.fishbase.org) and SeaLifeBase (www.
sealifebase.org).
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Table 1. Prey species used for mixing model analysis of dolphin diet, including the sample size (n), mean + SD of §!3C and §'°N, habitat,
o average trophic level (TL), source, and year of sampling for each group (A-E). Groups were defined based on k-means cluster analysis.

y

(o) Habitat and trophic level for each prey were taken from FishBase and SeaLifeBase

(&)

| .

O | Species n dtc 3N TL Source Sampling

_E years

=)

< Group A: small pelagic prey 211 -16.97 £ 0.59 11.91 £0.84
Sufflogobius bibarbatus (<5.7 cm) 15 -16.6 = 0.05 11.24 £ 0.05 2.55 van der Bank et al. (2011) 2008
Diaphus meadi 21 -17.24+0.82 11.73+1.19 3.00 Erasmus (2015) 2012-2014
Lampanyctus australis 28 -16.99 +0.79 11.8+£1.16 3.33 Erasmus (2015) 2012-2014
Etrumeus whiteheadi 127  -16.79 £ 0.59 12.19 £ 1.05 3.40 van der Lingen & Miller (2011) 2009
Lampanyctodes hectoris 20 -17.24+0.72 12.6 £ 0.73 3.16 Erasmus (2015) 2012-2014
Group B: mid-size pelagic prey 127 -16.1 £ 0.22 12.11+04
Sufflogobius bibarbatus (5.8-9.0 cm) 21 -16.1 £ 0.05 11.82+£0.11 2.80 van der Bank et al. (2011) 2008
Engraulis japonicus 105 -16.2 = 0.60 12.1+1.1 3.00 litembu et al. (2012) 2008
Histioteuthidae 1 -16 £ 0 1240 4.11 litembu et al. (2012) 2008
Group C: small demersal fish 86 -16.62 +0.69 13.17 £ 0.63
Merluccius capensis (<40 cm) 34 -16.62+1.0 12.87 £ 0.82 3.23 litembu (2015) 2011
M. paradoxus (<40 cm) 26 -16.65+0.50 13.06 +0.64 3.33 litembu (2015) 2011
M. paradoxus (>40 cm) 26 -16.58 +0.56  13.57 +0.42 0.46 litembu (2015) 2011
Group D: large pelagic fish 11 -16.5 £ 0.40 13.6 £ 0.40
Trachurus t. capensis 11 -16.5 +0.40 13.6 £ 0.40 0.97 litembu et al. (2012) 2008
Group E: large demersal fish 60 -15.63+£0.29 13.69 +0.44
M. capensis (>40 cm) 19 -1576+0.52  13.26 + 0.74 4.49 litembu (2015) 2011
Sufflogobius bibarbatus (>9.0 cm) 41 -155+0.05 14.12+0.14 3.05 van der Bank et al. (2011) 2008

No TEFs have been calculated for either DD or HD variates of species and area, then compared these

tissues. Therefore, we used TEFs from the skin of bot-
tlenose dolphins which were based on feeding experi-
ments which took place over 350 d, ensuring that iso-
topes stabilized in the samples before calculation of
TEFs (Giménez et al. 2016). The TEFs (+ SD) used
here were 1.01 + 0.37 %o for 8'3C and 1.57 = 0.52 %o for
8!°N. A mixing polygon was constructed (see Smith et
al. 2013) to evaluate whether the TEF was appropriate
for predators and sources (see Fig. 3b). Mixing models
were run using 3 Monte Carlo chains of 300 000 draws
and a burn-in rate of 200000 draws. Convergence
was checked using Gelmin-Rubin and Geweke diag-
nostics. We fitted 4 different models including the co-

Table 2. Mean + SD of '3C and §'°N values of skin samples
of dusky dolphin Lagenorhynchus obscurus and Heaviside's
dolphin Cephalorhynchus heavisidii at Walvis Bay and
Luderitz, Namibia. Within columns, different superscript let-
ters indicate significant differences (p < 0.05) between paired
values, estimated from Tukey's post-hoc testing

N (@ 15N
Lideritz 51
Dusky 10 -15.09 = 0.40* 14.28 + 0.58¢4
Heaviside's 41 -14.49 + 0.43%>  14.97 + 0.70¢
Walvis Bay 39
Dusky 7 -14.67 £ 0.24¢ 15.19 + 0.55°¢
Heaviside's 32 -15.08 + 0.45*¢  15.26 = 0.63°

models using the leave-one out cross-validation
(LOO) and the widely applicable information criterion
(WAIC; also known as the Watanabe-Aikaike infor-
mation criterion) to determine which model was the
most appropriate (Table S1 in the Supplement). All
statistical analyses were performed in R v.4.0.0.

3. RESULTS
3.1. Stable isotope ratios

A total of 90 skin biopsy samples from adult DD
(n=17) and HD (n = 73) were collected from Walvis
Bay and Lideritz, Namibia (Table 2). In the overall
dataset with data combined for both locations, HD
had significantly higher §'°N values (F = 5.1, df = 1,
p = 0.026) than DD, but not 8'3C values (F= 1.9, df =
1, p = 0.17). When species data were pooled, sam-
pling location had a significant effect on §°N (F =
6.30, df = 1, p = 0.014), with higher values at Walvis
Bay. There was no significant difference in 83C val-
ues between sampling locations; however, the inter-
action between species and sampling location was
significant (F = 18.78, df = 1, p < 0.0001). Pairwise
post hoc testing revealed that at Luderitz, HD were
significantly (p < 0.05) enriched in §'*C values com-
pared to DD. Additionally, HD at Liideritz were also
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significantly (p < 0.05) enriched in
d!13C values compared to HD from
Walvis Bay.

Table 3. Percentage of area overlapped of each row by each column, from
Bayesian ellipses of dusky dolphin Lagenorhynchus obscurus and Heaviside's
dolphin Cephalorhynchus heavisidii stable isotope samples taken in Walvis Bay

and Lideritz, Namibia

3.2. Isotopic niche partitioning

Dusky — Heaviside's - Dusky — Heaviside's —
Lideritz Lideritz ~ Walvis Bay Walvis Bay

HD had a wider overall isotopic
niche than DD based on SEAjg cal-
culations (1.18%> [95% CI =
0.91-1.46%0%] vs. 0.59 %02 [95% CI =

Dusky - Luderitz
Heaviside's — Lideritz 16.8 25.0 18.2
Dusky — Walvis Bay 17.5 52.9 53.0
Heaviside's — Walvis Bay  13.0 13.3 18.3

24.7 11.6 24.4

0.31-0.90%0%]). The DD area over-

lapped the HD area by 68.9 %, with a 30.9 % overlap
of the HD area with the DD niche (Table 3, Fig. 2).
The extent of isotopic niche overlap varied between
the 2 sampling locations (Fig. 2), with a higher over-
lap between the 2 species at Walvis Bay then at
Lideritz (Table 3). HD sampled at Walvis Bay had
the widest isotopic niche (0.98%02 [95% CI = 0.65—
1.33%0%); Fig. 2). At Walvis Bay, the range in §"°N val-
ues was 1.75%o for HD, and 1.5%. for DD. The range
in 83C values were larger for HD (2.05%0) than for
DD (0.5 %o).

3.3. Stable isotope mixing models

In the mixing polygon simulation (Fig. 3b), a num-
ber of predators fell outside of the 95 % contour, and
as such, these were removed from the mixing models
(HD =11, DD = 1). The mixing model using both spe-
cies and area as fixed effects was the most supported
based on LOO and WAIC and was therefore used
here (see Stock et al. 2018). All contributions are pre-
sented as mean + SD. At Walvis Bay, large demersal
fish (47.9 = 16.2%) and large pelagic fish (24.5 +
20.4 %) contributed most to DD diet, with smaller
contributions from mid-size pelagic prey (13.7 +
7.8 %) and mid-size demersal fish (10.2 + 12.6 %), and
high individual variation (as demonstrated by high
SD). At Luderitz, mid-sized pelagic prey (42.3 +
14.0 %) and large demersal fish (39.3 + 10.4 %) were
the only 2 major contributors to DD diet (Fig. 4). The
diet of HD consisted primarily of 2 prey groups at
both study sites (Fig. 4). At Walvis Bay, their diet con-
sisted primarily of large demersal fish (55.5 + 4.5%)
and large pelagic fish (27.1 + 21.1%). At Lideritz,
HD diet also consisted primarily of large demersal
prey (60.8 £ 6.5 %), with a 24.9 + 7.1 % contribution of
small demersal fish and lower individual variation.
No other prey group contributed >10 % to HD diet at
either location; however, small demersal fish did con-
tribute 9.4 + 13.1 % at Walvis Bay.
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Fig. 3. (a) Average 8'°N and §'3C values (error bars = SD) of dusky dolphins Lagenorhynchus obscurus and Heaviside's dol-

phins Cephalorhynchus heavisidii skin samples and their prey taken from Namibia. All animals were grouped as per Table 1,

and the trophic enrichment factor from Giménez et al. (2016) was applied to prey values (1.01 + 0.37 %o for 8!3C and 1.57 *

0.52 %o for 8'°N). LU: Liideritz; WB: Walvis Bay. (b) Simulated mixing region for the biplot in (a). The dolphin consumers (black

dots) are shown, with the average sources (white crosses). The contours are the probability contours, and the colours represent

this probability. The contours are at every 10 %, with 5% at the outer contour (i.e. 95% probability contour). All consumers
falling outside of the 95 % mixing region (red dots) were removed from mixing models

4. DISCUSSION

The results presented here are the first to investi-
gate the trophic interactions and feeding ecology of
DD and HD in the Benguela upwelling ecosystem off
the coast of Namibia using stable isotope analyses.
Isotopic niche analysis and stable isotope mixing
models are increasingly being used to better under-
stand the trophic interactions and ecological roles of
predators in marine ecosystems (Jackson et al. 2011,
Browning et al. 2014c, Stock et al. 2018). Investiga-
tions of isotopic niches can provide information on
how sympatric animals partition resources and for-
aging habitats (Schoener 1974, Pinela et al. 2010, Fer-
nandez et al. 2011, Kiszka et al. 2011, 2012, Browning
et al. 2014a,b), which is important for understanding
community dynamics and potential competitive inter-
actions within predator guilds. Increasing efforts to
reduce bias by improving lipid extraction calcula-
tions, TEFs, and understanding of tissue turnover
rates have improved these models (Post et al. 2007,
Caut et al. 2009, Tarroux et al. 2010, Browning et al.
2014c, Giménez et al. 2016, 2017c, Cloyed et al.
2020). The main limitation in our study remains the

choice of TEFs employed in the mixing model, as
these are the largest potential sources of error in
these models (Caut et al. 2011, Borrell et al. 2012,
Browning et al. 2014c, Kiszka et al. 2014, Giménez et
al. 2016). To minimize this potential error, TEFs from
experiments on bottlenose dolphins were used
(Giménez et al. 2016), as no specific TEFs have been
calculated for HD and DD, and it is generally ac-
cepted that TEFs of taxonomically close species will
be similar (Giménez et al. 2016, Healy et al. 2018). It
should also be noted that biopsy sampling can poten-
tially be biased, as some individuals (males vs. fe-
males, adults vs. immatures) can occur closer to the
research vessel than others, and can therefore be
more accessible for sampling. Published research
suggests that sex ratio biases can occur, but infre-
quently (Bilgmann et al. 2007, Quérouil et al. 2010,
Kellar et al. 2013, Loizaga De Castro et al. 2013).
Sampling biases are challenging to assess and could
not be quantified in the present study.

The dietary overlap of the HD niche with the DD
niche was limited (Walvis Bay: 18.3%; Luderitz:
16.8 %), but the DD niche was highly overlapped by
that of HD (68.9 %). This suggests that although there
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Fig. 4. Results of mixing models showing the proportion of each prey group (as defined in Table 1) in diet of dusky dolphins
Lagenorhynchus obscurus and Heaviside's dolphins Cephalorhynchus heavisidii from Walvis Bay (WB) and Luderitz (LU),
Namibia, using skin stable isotope ratios (i.e. 8"*C and §'°N)

is competition for resources within the isotopic niche
of DD, this may have a limited effect on HD, as their
isotopic niche is larger. This is further demonstrated
in the higher 8!°N values of HD, suggesting that de-
spite their smaller body size, they feed on higher
trophic level prey than DD. Mixing model results fur-
ther support this finding as HD fed primarily on high
trophic level prey, including large demersal and
pelagic fish, whereas DD were meso-predators feed-
ing on a variety of prey, especially at Walvis Bay. The

contribution of small pelagic fish, small demersal
fish, and squid to the diet of DD, as well as Trachurus
t. capensis and large Merluccius spp., results in a
lower trophic level of prey overall. Stomach content
analysis from the region showed similar results, with
DD having a more generalized diet (4 prey species
>10 % contribution by volume, including 30 % by vol-
ume from T. t. capensis) than HD, whose stomachs
mainly contained Merluccius spp. (48.9 % by volume)
(Sekiguchi et al. 1992). The difference in isotopic
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niche and diet between dolphin species may be
driven by spatial and/or temporal partitioning of re-
sources as has been shown for other sympatric small
cetaceans (e.g. Gowans & Whitehead 1995, Gross et
al. 2009, Giménez et al. 2017a, 2018a, Oviedo et al.
2018). Evidence from distribution studies suggests
that DD occur farther from shore than HD (Findlay et
al. 1992, Elwen et al. 2009), which may be reflected
in the depleted 8'3C values found for DD at Liideritz.
Temporal overlap remains unknown, and further re-
search is needed to elucidate whether there is a tem-
poral component to resource partitioning.

Spatial differences were detected in dolphin forag-
ing ecology between central (Walvis Bay) and south-
ern (Luderitz) Namibia, highlighting how prey avail-
ability could potentially affect the diet of these marine
predators. Mixing models suggest that large demersal
fish are among the main contributors to the diet of
both dolphins at both locations. This prey group is
comprised of large M. capensis and large Sufflo-
gobius bibarbatus, which are high trophic level fish in
this region. In Walvis Bay, T. t. capensis is the second-
ary prey for both dolphin species, which is also a rela-
tively high trophic level fish. DD also have smaller
pelagic fish and squid and other Merluccius spp. con-
tributing to their diet in this region. Approximately
400 km south, at Luderitz off southern Namibia, T. t.
capensis is not an important prey source for either
species, with mid-sized pelagic prey becoming a main
contributor to the diet of both dolphin species. Our in-
terpretation is limited by the prey samples used, as we
did not have location-specific prey collected at the
same time as dolphin samples. Additionally, baseline
isotopes from primary producers can vary spatially,
potentially affecting isotope values of consumers.
However, known information on fish and other con-
sumers support our results. For example, abundances
of T.t. capensis north of Walvis Bay are significantly
higher than south of Walvis Bay (Krakstad & Kanand-
jembo 2001, Axelsen et al. 2004), which is reflected in
their importance to the diet of DD and HD in Walvis
Bay, but not farther south at Luderitz. S. bibarbatus
have a patchy distribution in northern Namibia, but
the main concentrations occur between Walvis Bay
and Luderitz, where they are fed on by both dolphin
species (Cruickshank et al. 1980). A similar spatial
difference in diet is also observed in Cape fur seals
colonies along the Namibian coastline, which is also
attributed to prey availability (Mecenero et al. 2006a).
In central Namibia, T. t. capensis and Merluccius spp.
are the most consumed species for Cape fur seals,
whereas S. bibarbatus and myctophids are the main
prey at southern colonies (Mecenero et al. 2006b).

The clear spatial differences in dolphin diet presented
here may to be driven by differences in prey availabil-
ity along the coast, which is associated with the strong
oceanographic structure within the Benguela up-
welling ecosystem (Hutchings et al. 2009).

The difference in diet for both DD and HD over a
relatively small spatial scale is indicative of both
dietary plasticity and fine-scale population structur-
ing, where at least 2 population segments of both
species might be driven by oceanographic and biotic
conditions (Fernandez et al. 2011, Giménez et al.
2018b, Brotons et al. 2019). Spatial dietary variation
has been shown in a variety of taxa, including fish
(e.g. Corrigan et al. 2011, Lawton & Pratchett 2012),
birds (e.g. Parrish 2000, Buren et al. 2012, Robinson
et al. 2019), and mammals (e.g. Spitz et al. 2006,
Gulka et al. 2017). These spatial differences largely
occur in response to differences in food availability
(Gulka et al. 2017). Some species may also shift diet
as they move through various habitats in order to ful-
fil energy budgets (Parrish 2000). In some delphinid
species, spatial differences in the feeding ecology of
groups can be so distinct that they distinguish popu-
lation segments, including within genetically defined
populations (e.g. Spitz et al. 2006, Botta et al. 2012,
Meissner et al. 2012, Quérouil et al. 2013, Wilson et
al. 2013, Browning et al. 2014a, Brotons et al. 2019).
For DD and HD off Namibia, it remains unclear
whether the same animals move along the coast and
shift diet depending on prey availability, or whether
distinct population segments of each species occur in
central and southern Namibian waters.

Predominant prey for both HD and DD diets high-
light the potential overlap between the diet of these 2
predators and commercially important fish species in
Namibian waters, particularly Merluccius spp. and T.
t. capensis. These relatively high trophic level spe-
cies form a major part (>50%) of both dolphin diets,
when both study areas are combined. The most re-
cent published catch rates from 2012/2013 were
approximately 147000 t of hake and 287000 t of
horse mackerel from trawling vessels (Chiripanhura
& Teweldemedhin 2016). The effect of overfishing
and prey depletion on marine predators has been
widely documented for a variety of taxa, including
seabirds (e.g. Montevecchi 1993, 2002, Cury et al.
2011), marine mammals (e.g. Shaughnessy et al.
2003, Plaganyi & Butterworth 2009), and sharks (e.g.
Kiszka & van der Elst 2015). In some cases, these de-
clines do coincide with a noticeable shift in predator
diet (Marcalo et al. 2018), but may have other sec-
ondary consequences, including shifts in the fish
community.
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In Namibian waters, the collapse of the sardine
(Sardinops spp.) fishery caused a shift in the fish
community, including an increase in T. t. capensis
and S. bibarbatus in the region (Utne-Palm et al.
2010, Cedras et al. 2011, van der Bank et al. 2011),
which is reflected in the diet of marine predators.
Extensive research on the diet of Cape fur seal in the
region showed the effect of this shift, with an in-
creased importance of both T. t. capensis and S.
bibarbatus as prey (Mecenero et al. 2006a,c). Stom-
ach content research on both dolphin species may
allow us to detect this shift, although direct compari-
son of the results presented here to the stomach con-
tent study on dolphins is limited, as stomach content
research was based on samples from both Namibian
and South African dolphins (Sekiguchi et al. 1992).
However, the contribution of T. t. capensis to the diet
of both dolphins is markedly higher in our study
(stomach content: 4.2% by volume, Sekiguchi et al.
1992; stable isotopes: 24.5-27.1 %, this study). Addi-
tionally, only small pelagic S. bibarbatus were found
in DD stomachs previously (Sekiguchi et al. 1992). In
our study, these lower trophic level pelagic prey are
less prevalent in the diet of dolphins, with a shift to
large demersal S. bibarbatus and Merluccius spp. for
both dolphin species at both of our study areas. This
shift might have had individual and population-level
consequences on both dolphin species, which are
currently unknown. As fishing pressure continues to
increase in the Benguela (Chiripanhura & Tewelde-
medhin 2016), the data presented here will be crucial
in monitoring how these top predators adapt to
changes in prey availability, especially given the
overlap between their diet and the main fisheries in
Namibia.

5. CONCLUSIONS

The results presented here provide evidence of re-
source partitioning between DD and HD in Namibian
waters. They also highlight the effects of prey avail-
ability on dolphin diet, with distinct differences in
prey between central and southern Namibia. There is
a clear overlap with commercial fisheries (i.e. Mer-
luccius spp. and Trachurus t. capensis) and dolphin
diet in the region that requires future monitoring, es-
pecially as dolphins are highly specialized in central
Namibia. Ecological adaptations, including trophic
ecology, have often been considered when assigning
management units in cetaceans, especially as these
can lead to distinct spatial and temporal resource use
with no overlap between sub-groupings (Esteban et

al. 2016, Giménez et al. 2018b, Méndez-Fernandez et
al. 2020). Therefore, future research should also focus
on investigating temporal shifts in dolphin diet, in-
cluding collecting site-specific and temporally vari-
able prey samples to further investigate the spatial
variation in isotopes. Additionally, further research is
needed on the movement patterns and population
ecology of both dolphins in the region. This will give
a better understanding of whether animals migrate
along the coast and shift diet in response to prey
availability (i.e. dietary plasticity), or whether there
are distinct sub-populations in the region, which can
be used in assigning management units. This infor-
mation is critical for understanding how these dol-
phins should be managed along the coastline, and
how they will respond to increasing anthropogenic
pressure on marine environments.
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