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INTRODUCTION

Spatial distributions of carbon and nitrogen stable
isotopes at the base of marine food webs are affected
by oceanic variables such as sea surface temperature
and CO2 concentration (Rau et al. 1982, Goericke & Fry

1994), biochemical processes and the composition of
primary producers (Saino & Hattori 1980). This base-
line signal is then transmitted along the food chain in a
predictable manner and is ultimately reflected in
organisms at higher trophic levels (Cherel & Hobson
2007). This effect has been widely used to investigate
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cating seasonal stability in environmental conditions and feeding habits of the adults. There were,
however, local discrepancies on the south coast that indicated movement of adults occurred outside
the breeding season possibly in response to a lower abundance of food in this region. Overall, the
results indicate that the influence of regional oceanic conditions on the base of the food web can
 penetrate to the predator level, but that local effects can be incorporated within this pattern.
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spatial and temporal aspects of the feeding ecology of
oceanic predators (Burton & Koch 1999, Quillfeldt et al.
2005, Cherel & Hobson 2007), but rarely used in large-
scale studies involving higher trophic level organisms
of intertidal ecosystems (but see Atkinson et al. 2005).
δ13C has been particularly exploited at the lower tro -
phic levels to distinguish between the 2 main potential
sources of carbon in intertidal habitats: nearshore ben-
thic and offshore pelagic primary production (Fry &
Sherr 1984, France 1995, Post 2002). Recently, based
on the 13C and 15N signatures of rocky shore, primary
producers and consumers, Hill et al. (2006) and Hill &
McQuaid (2008) described 4 isotopic regions and con-
tinuous gradients of δ13C and δ15N ratios between the
Mozam bican and Namibian coasts (Fig. 1). These re -
flected variations in coastal hydrographic features
along the coastline and the shift between oligotrophic
and eutrophic conditions set, respectively, by the Agul-
has Current that brings warm waters from the Mozam-
bique Channel along the east and south coasts (Lutje-
harms 2004) and the nutrient-rich Benguela upwelling
system that flows northwards along the west coast
(Shannon 1985).

The trophic structure of southern African rocky
shores has also been profoundly influenced by the acci-
dental introduction of the Mediterranean mussel

Mytilus galloprovincialis to the west coast of South
Africa in the 1970s (Grant & Cherry 1985). The arrival
of this invasive species has caused major changes in
the structure and functioning of intertidal communities
on these rocky shores (Robinson et al. 2007). Because
of its higher physiological performances, dispersal
rates and ability to colonize free space (Branch & Stef-
fani 2004, Erlandsson et al. 2006), this invasive species
has replaced the indigenous mussels Aulocomya ater
and Choromytilus meridionalis as the dominant mussel
on the mid and low shores on the west coast (Robinson
et al. 2007). Moreover M. galloprovincialis outcom-
petes adult limpets (Scutellastra argenvillei and S. gra -
nu laris) for primary space on exposed rocky shores on
the west coast (Hockey & van Erkom Schurink 1992,
Steffani & Branch 2003). The Mediterranean mussel
was also introduced for aquaculture in Port Elizabeth
on the south coast in 1988 (McQuaid & Phillips 2000).
The distributions of the indigenous Perna perna and M.
galloprovincialis now overlap in this region. But where
they co-occur they exhibit partial spatial segregation,
and M. galloprovincialis dominates the upper mussel
zone, P. perna the lower zone and a mix of the 2 species
occurs in the mid-mussel zone (Bownes & McQuaid
2006). At the start of the 21st century, M. galloprovin-
cialis occurred along 2000 km of shoreline from
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Fig. 1. Haematopus moquini. Breeding sites where African black oystercatchers and prey were sampled (open squares). Isotopic
regions described in Hill et al. (2006) and Hill & McQuaid (2008) are delineated by dotted ellipses. Inset shows location of study 

area in southern Africa
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Namibia to South Africa and dominated intertidal bio-
mass on the west coast (Robinson et al. 2005).

Although the arrival of Mytilus galloprovincialis on
the southern African coasts had mostly negative effects
for the rocky shore communities, it has benefited a
near-threatened endemic shorebird species, the Afri -
can black oystercatcher Haematopus moquini (ABO).
Since the 1980s, the reproductive output of ABOs has
increased in response to a combination of conservation
measures and en hanced mussel biomass owing to the
invasive species on the west coast (Hockey & Van
Erkom Schurink 1992, Hockey 1997, Williams et al.
2004, Tjørve & Underhill 2006). As a consequence, in
the past 30 yr, the overall population has increased
from 4800 (Hockey 1983) to ~6000 birds (Hockey et al.
2005), which might be an underestimation of the pre-
sent population size. The breeding range of this shore-
bird has also expanded eastwards (Vernon 2004,
Brown & Hockey 2007). This seems to reflect a
spillover effect, in which vagrant individuals from the
burgeoning west coast populations are spreading far-
ther east (Vernon 2004), rather than a direct conse-
quence of the eastward spread of M. galloprovincialis,
as this mussel is present at only low abundances at
most sites on the southeast coast (von der Meden et al.
2008). The breeding range of ABOs now extends from
the Lüderitz region of southern Namibia to the south-
east coast of South Africa, with a gap between the
Lüderitz region and Cape Columbine on the west coast
(Hockey et al. 2005; our Fig. 1). ABOs are nonmigra-
tory and are territorial during the breeding season,
which is from October to March in South Africa
(Hockey et al. 2005) and from January to June in Nami -
bia (J. Kemper pers. obs.). They depend exclusively on
intertidal invertebrates, mostly mussels and limpets,
for their food (Hockey & Underhill 1984). This set of
features makes them excellent biological model organ-
isms with which to study the influence of physical pro-
cesses and biological perturbation on intertidal com-
munities. In particular, it makes them ideal for the
study of how conditions at the base of the intertidal
food web are transmitted to higher trophic levels under
different environmental conditions.

We investigated the trophic ecology of this rocky
shore predator across the full extent of its breeding
range, relating this to spatial changes in the local as -
semblages of prey species in its habitat and to larger
oceanic processes. Analysis of stable carbon and nitro-
gen isotope signatures allowed us to examine the bal-
ance between biogeographic and local effects and to
test whether the ABO responded more strongly to
large-scale oceanic characteristics, conforming to pre-
viously defined isotopic provinces (Hill et al. 2006), or
whether local physical and biological conditions have a
more powerful influence.

MATERIALS AND METHODS

Sample collection. Breeding oystercatchers and
their chicks were sampled during 3 consecutive breed-
ing seasons (from December 2007 to April 2010), at 13
sites from Lüderitz (26° 38.8’ S, 15° 9.2’ E) on the south
coast of Namibia to East London (33° 3.2’ S, 27° 52.4’ E)
on the southeast coast of South Africa (Fig. 1). Adult
birds were caught at the nest during incubation with a
walk-in trap and chicks (10 d to 7 wk old) were caught
by hand. Blood samples (0.5 ml) were taken from the
tarsal vein of both the adults and chicks and subse-
quently preserved in 70% ethanol. Body feathers (5 to
8) were collected from each adult and from large
chicks (5 to 7 wk old). All captured birds were tagged
with a uniquely engraved ring (SAFRING) before their
re lease. In addition, potential prey species were col-
lected at each site for stable isotope analysis. Collec-
tion focused on mussel and limpet species as they are
known to form the bulk of oystercatcher diet on rocky
shores (Hockey & Underhill 1984, Hockey & Van
Erkom Schurink 1992, Kohler et al. 2009). Five simi-
larly sized specimens of each species were collected at
each breeding area and stored at −20°C until further
processing. Across the whole study area, the prey spe-
cies collected comprised the mussels Perna perna,
Myti lus galloprovincialis, Choromytilus meridionalis,
Aulo  comya ater and the limpets Cymbula oculus, Scu -
tel lastra argenvillei, S. cochlear, S. granatina, S. granu-
laris and S. longicosta. Not all of these species occur
throughout the study region, which comprises 2 major
biogeographic provinces. In addition, the Benguela
system and the Agulhas Current give rise to broad geo-
graphic differences in nutrient concentration, inter-
tidal primary  production and ultimately species assem-
blages and biomass along the coastline (Emanuel et al.
1992, Busta mante & Branch 1996). Intertidal biomass is
greater on the west coast than on the south and east
coasts, which are in turn characterized by higher spe-
cies richness. Local hydrography plays an important
role in the ecosystem dynamics of rocky shore commu-
nities (Menge et al. 2003). On the South African coast-
line in particular, temporal variability in hydrographic
processes may profoundly affect the composition and
distribution of nearshore suspended particulate matter
(SPM) and subsequently its 13C signatures (Hill et
al. 2008). Consequently, prey species and oystercatch-
ers at a given site were sampled during the same
breeding season as far as possible to limit temporal ef -
fects on isotope signatures. However, in order to cover
the entire study area (~2000 km) and sample sufficient
numbers of birds, it was logistically necessary to sam-
ple over 3 breeding seasons (see Table 1).

Sample preparation and isotope analysis. Whole
blood has a rapid turnover rate and for birds gives
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information on the diet integrated over a few weeks
before sampling (Hobson & Clark 1992a, Bearhop et
al. 2002). Isotopic signatures of blood collected in
summer were therefore used as a proxy for the diet of
adults and chicks during the breeding season. Adult
feathers are produced during moult and remain meta-
bolically inert once fully grown (Mizutani et al. 1990).
No published data exist on the moult of ABOs; how-
ever, it is believed that this takes place from March to
September, i.e. during the nonbreeding season (L. G.
Underhill pers. obs.). Moreover, other shorebirds
(Klaassen et al. 2001, Atkinson et al. 2005) and oyster-
catcher species (Dare & Mercer 1974, Hulscher 1977)
are known to moult during the wintering/nonbreed-
ing season. Therefore, we assume that the isotopic
composition of adult body feathers reflects their diet
during the nonbreeding season (Jaeger et al. 2009).
Different tissues have different protein turnover rates
and routings. Consequently, 13C and 15N signatures
vary from one tissue to the other and this must be
taken into consideration when comparing isotopic sig-
natures of different tissues (Tieszen et al. 1983, Van-
derklift & Ponsard 2003, Cherel et al. 2005). In large
chicks, the isotopic composition of blood and newly
grown feathers is representative of the diet integrated
over about the same period of time. For this reason, in
addition to blood, body feathers were also collected
from 20 large chicks to estimate differences in
diet−tissue isotopic discrimination between blood and
feathers. Prey species were analysed by means of
their muscle tissues because of their slow isotopic
turnover rate and because they are unlikely to be
affected by short-term environmental fluctuations
(Goro khova & Hansson 1999). Consequently, the ad -
ductor muscle of mussels and the foot muscle of
limpets were analysed for their isotopic composition
to provide an isotopic signal integrated over a period
of months (Hill & McQuaid 2009). A limpet’s foot rep-
resents the majority of their body mass, while the
adductor tissue of a mussel is only a small part of the
whole animal. However, adductor tissue and whole
mus sels only differ by a 13C-enrichment of 0.5‰
in their stable isotope signature (S. A. Kohler et al.
un   publ. data). Therefore, conclusions regarding geo -
gra ph ic changes in the stable isotope signatures of
benthic invertebrates and outputs of stable isotope
mixing models (see below) are likely to be unaltered
(Lefebvre et al. 2009). Blood samples were dried
(60°C, 24 h) and reduced to a homogenous powder.
Pooled body feathers from a given individual were
cleaned of surface contaminants and lipids by immer-
sion in a 2:1 chloroform: methanol solution, placed in
an ultrasound bath for 2 min and then rinsed with dis-
tilled water and dried (60°C, 24 h). Muscle tissues of
mussels and limpets were cut out, rinsed thoroughly

with distilled water and dried (60°C, 24 h). All dried
samples were then reduced to a homogenous powder.
Relative isotope abundance of carbon (13C/12C) and
nitrogen (15N/14N) were determined from ~1 mg sub-
samples of the homo genous powder in a continuous
flow isotope ratio mass spectrometer (IRMS) after
sample combustion in an online Carlo-Erba prepara-
tion unit. Results are ex pressed relative to the interna-
tional standards of Pee Dee belemnite for carbon and
atmospheric N2 (air) for nitrogen. The standard nota-
tion is δX [(Rsample/Rstandard) − 1] × 1000 (‰), where X is
the element considered and R is the ratio of heavy to
light isotope. Precision of replicate determinations
was <0.10‰ for carbon and <0.13‰ for nitrogen. All
samples were analyzed at the Stable Light Isotope
Unit of the University of Cape Town, South Africa.

Trophic enrichment factors (TEF). Isotopic enrich-
ment between diet and consumer tissues results from
isotopic fractionation during assimilation, protein syn-
thesis and excretion (Ponsard & Averbuch 1999). The
estimation of prey contribution using stable isotope
mixing models requires knowledge of an estimated
TEF. TEFs can vary among species or taxa and have
been widely investigated in seabirds (Hobson & Clark
1992b, Bearhop et al. 2002, Cherel et al. 2005), but to
our knowledge in only one shorebird species, the dun-
lin Calidris alpina pacifica (Evans Ogden et al. 2004).
TEFs found between diet and whole blood of dunlins
were +1.3‰ for δ13C and +2.9‰ for δ15N. As δ13C is the
major discriminant between mussels and limpets
(Kohler et al. 2009), the TEF for δ13C needs to be as reli-
able as possible (Dalerum & Angerbjörn 2005). There-
fore, we estimated the TEF for δ13C and δ15N by com-
paring the isotopic compositions of oystercatcher blood
and their prey at 4 sites where only one type of prey
(either mussels or limpets) was available and where
extensive feeding observations confirmed that this
unique prey was the main food ingested by oyster-
catchers (S. A. Kohler unpubl. data). Results showed
mean (±SD) TEFs of +0.2‰ (±0.4‰) for δ13C and
+2.7‰ (±0.4 ‰) for δ15N, which are within the range of
values found for other marine birds (Hobson & Clark
1992b, Bearhop et al. 2002, Cherel et al. 2005), but the
TEF for δ13C was noticeably different from that for dun-
lins (Evans Ogden et al. 2004).

Prey contributions. To investigate variations in the
relative contribution of mussels and limpets to the diet
of oystercatchers along the coastline, we used the
Bayesian stable isotope mixing model SIAR. The SIAR
package (Parnell et al. 2010, available at http://cran. r-
project. org/ web/packages/siar/index.html), running
on the statistical software R (R Development Core
Team 2008), allows the incorporation of standard devi-
ations of mean sources and consumers signatures as
well as uncertainty regarding diet−consumer discrimi-
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nation. We used mean (±SD) signatures of oyster-
catcher blood (Table 1) and prey (Table 2) and the
TEFs given above to calculate prey contributions at
each location. No limpets were present on the feeding
grounds at De Hoop, Dana Baai and Goukamma, but
for reasons of comparison, limpet signatures from
nearby areas (less than 50 km away) were included to
run the model for these sites (see footnotes in Table 2).
With the SIAR outputs, an a posteriori aggregation
(Phillips et al. 2005) was carried out to pool results for
limpet species on one side and for mussel species on
the other side.

Statistical analyses. All statistical analyses were per-
formed with R Statistical software (R Development
Core Team 2008). When data sets did not meet the
assumptions of normal distribution (Shapiro-Wilks test,
p < 0.05) or homoscedasticity (Bartlett’s test, p < 0.05),
nonparametric procedures were used. Although the
purpose of this study was not to investigate differences
between individuals at a local scale, we tested local dif-
ferences between age groups to see whether adults
and chicks from the same site could be considered as a
homogenous local population. A 2-way ANOVA (α =
0.05) was performed with sites (n = 13) and age (chicks
or adults) as factors and δ13C or δ15N as response vari-
ables for each site. There was a significant effect of site
on individuals for both δ13C (F12,123 = 13.66, p < 0.01)
and δ15N (F12,123 = 24.57, p < 0.01) values. Chicks were
slightly but significantly depleted by 0.4‰ in 13C
(F1,122 = 5.85, p = 0.02) and by −0.3‰ in 15N (F1,122 = 30,
p < 0.01) compared with adults. There was no interac-
tion between site and age (δ13C: F11,122 = 1.27, p = 0.25;
δ15N: F11,122 = 1.46, p = 0.15) and adult and chick iso-
tope signatures showed very strong correlations (δ13C:

R²adults-chicks = 0.85, p < 0.01; δ15N: R²adults-chicks = 0.93, p <
0.01), meaning that adult and chick signatures covar-
ied along the coastline. Geographic variations of chick
and adult blood signatures are represented separately
and correlation tests were performed for each age
group. We pooled chicks and adults for the estimation
of the contributions of limpet and mussel to the diet of
ABOs along the coastline (see ‘Prey contributions’ in
‘Materials and methods’) because the SIAR model
incorporates individual variability in the output. Geo-
graphic grouping of δ13C and δ15N values of adult tis-
sues were analyzed with a K-means cluster analysis,
and then subsequently tested with a discriminant func-
tion analysis (DFA). We also tested whether the pres-
ence of Mytilus galloprovincialis and/or limpets on the
feeding grounds had an effect on the overall contribu-
tion of mussels (estimated from SIAR) to the ABO diet,
using a 2-way ANOVA (α = 0.05).

RESULTS

Benthic invertebrates: isotopic variation among sites,
trophic groups and species

Across the study region, individual carbon isotope
signatures for mussels ranged from −18.9‰ (Choro -
mytilus meridonalis, Lüderitz) to −13.7‰ (Mytilus gal lo -
provincialis, Tsitsikamma) and for limpets from −16.1‰
(Scutellastra granatina, Lüderitz) to −5.3‰ (S. longi cos -
ta, East London). Filter feeders and grazers were sepa-
rated by their δ13C values with mussels being depleted
in carbon at all sites compared with limpets (Fig. 2).
Differences in their carbon isotope signatures, how-

Sites  Blood (adults + chicks) Feathers (adults only)                               N                             Sampling 
                                   δ13C (‰)           δ15N (‰)             δ13C (‰)           δ15N (‰)          Adults    Chicks     Total            seasonsa

Lüderitz                   –15.2 ± 0.5        12.4 ± 0.7          –13.8 ± 0.2        13.6 ± 0.9              3             1             4                  2010
Langebaan              –14.9 ± 0.2        13.2 ± 0.4          –14.5 ± 1.0        14.9 ± 0.3              4             2             6                  2009
Koeberg                   –14.6 ± 0.6        11.6 ± 0.3          –13.8 ± 0.4        13.2 ± 0.1              4             4             8          2008 and 2009
Walker Bay              –14.4 ± 0.1        11.6 ± 0.2              –13.5                  12.8                   1             3             4          2009 and 2010
Arniston                   –15.6 ± 0.3         11.3 ± 03          –14.9 ± 0.3        12.8 ± 0.2              6             1             7                  2009
De Hoop                  –14.8 ± 0.6        11.8 ± 0.4          –14.9 ± 0.3        12.8 ± 0.2              5             7            12                 2009
Dana Baai                –15.9 ± 0.5        10.5 ± 0.4          –15.8 ± 0.3        13.8 ± 0.1              2             8            10                 2009
Goukamma             –15.5 ± 0.5        11.4 ± 0.4          –15.0 ± 0.4        13.3 ± 0.3              8             9            17                 2009
Plettenberg Bay      –15.3 ± 0.8        11.0 ± 0.6          –14.9 ± 0.6        12.8 ± 0.2              5             2             7                  2009
Tsitsikamma            –13.2 ± 0.0        11.3 ± 0.2              –12.3                  12.8                   1             1             2                  2010
Cape Recife             –13.6 ± 0.8        11.9 ± 0.4          –13.1 ± 1.0        13.5 ± 0.4             12            6            18         2008 and 2009
Kenton                     –14.4 ± 0.9        11.2 ± 0.4          –13.7 ± 0.9        12.7 ± 0.4             10            7            17         2008 and 2009
East London            –13.0 ± 1.4        10.5 ± 0.6          –11.6 ± 1.6        11.4 ± 0.5             11           13           24                 2008

aThe breeding season spans consecutive years; therefore ‘2008’, ‘2009’ and ‘2010’ correspond respectively to the 2007–2008,
2008–2009 and 2009–2010 austral summers

Table 1. Haematopus moquini. Carbon and nitrogen stable isotope values of blood (adults and chicks) and body feathers (adults 
only) of African black oystercatchers. Values are mean ± SD
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ever, were not always significant (Table 2) and in
Lüderitz, M. galloprovincialis and the limpet S. granat -
ina both had a mean δ13C ratio of −15.7‰. Overall no
consistent separation in the δ15N values of mussels and
limpets was observed (Table 2, Fig. 2). However, west
of Cape Agulhas (Namibia excluded), the only mussel
present, M. galloprovincialis, was significantly de -
pleted in 15N compared with the dominant limpets,
S. argenvillei and S. granularis (Table 2).

The invasive mussel Mytilus galloprovincialis and
the indigenous brown mussel Perna perna co-occurred
at 6 locations (Table 2). No significant differences in
carbon or nitrogen isotope ratios were recorded be -
tween the 2 species at a local scale (Table 2, Fig. 2). In
Namibia, M. galloprovincialis was significantly en -
riched in 13C compared with the indigenous mussels
Choro mytilus meridionalis and Aulocomya ater
(Table 2). When Scutellastra longicosta was present,
this limpet was always enriched in 13C compared with
other limpets (Table 2, Fig. 2). Overall, the different
limpet species had similar δ15N values throughout the
sampling area (Table 2).

Muscle δ13C values of mussels and limpets did not
show any geographic trends along the coastline. The
lowest mean 13C signatures for both mussels and
limpets were observed in Lüderitz, while the highest
signatures for mussels were in Tsitsikamma and for
limpets in Arniston, near Cape Agulhas. However, it is
worth noting that the mean δ13C signatures of limpets

presented in Fig. 3a were affected by
the presence or absence of Scutellastra
longicosta, which was particularly
enriched in 13C.

Unlike carbon signatures, nitrogen
isotope signatures showed a clear geo-
graphic pattern. The δ15N values of
mussels varied from 9.6‰ in Lüderitz
(west coast, Namibia) to 7.1‰ in East
London (southeast) and they displayed
a significant depletion (Pearson’s corre-
lation test: R²mussels-longitude = 0.80, p <
0.01) from the west to the southeast
coast (Fig 3b). Geographic patterns in
δ15N signatures of limpets were not as
clear and a marginally significant de -
pletion was only ob served from
Arniston (close to Cape Agulhas) and
eastwards (Pearson’s correlation test:
R²limpets-longitude = 0.76, p = 0.05). Particu-
larly high 15N signatures were ob -
served for both mussels and limpets at
Langebaan on the west coast com-
pared with neighbouring sites and to a
lesser extent, this was also the case on
the south coast for Cape Recife com-

pared with Kenton and Tsitsikamma (Fig. 3b). In
Walker Bay, limpets displayed depletion in 15N com-
pared with those sampled at the nearest sites, Koeberg
to the west and Arniston to the east (Fig 3b).

African black oystercatchers: geographic and  
tissue-specific variations in their isotopic signatures

Altogether, 136 oystercatchers (53% adults and 47%
chicks) were sampled during this study. Oystercatcher
blood showed δ13C values (from −16.7‰ in Dana Baai
to −10.8‰ in East London) that were intermediate
between those of mussels and limpets (Fig. 2). δ15N val-
ues ranged from 9.3‰ (East London) to 13.8‰ (Lange-
baan) and on average were enriched by +2.7‰ (±0.4)
compared with benthic invertebrates (Fig. 2).
Blood−feather discrimination in adults was +0.5‰
(±0.5) for δ13C and +1.6‰ (±0.4) for δ15N (n = 71).
Mean blood−feather isotopic discrimination of the 20
largest chicks sampled was not strongly different:
+0.9‰ (±0.3) for δ13C and +1.2‰ (±0.3) for δ15N.

No significant correlation existed between the geo-
graphic variations of δ13C values of mussels or limpets
and the blood of ABOs (Spearman’s rank corre -
lation test, adults: R²blood-mussels = 0.41, p = 0.16 and
 R² blood-limpets = 0.01, p = 0.98; chicks: R²blood-mussels = 0.47,
p = 0.10 and R²blood-limpets = 0.20, p = 0.55), nor did blood
display clear geographic patterns in 13C signatures.
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Fig. 2. Stable carbon and nitrogen isotope ratios (‰) of African black oystercatch-
ers, mussels and limpets across the sampling area. Individual isotope ratios of
blood (n, adults and chicks, n = 136) and feathers (h, adults, n = 72). Mean ± SD
isotopic values of blood (m, adults and chicks) and feathers (j, adults). Mean ±
SD isotopic values of mussels ( , AA: Aucolomya ater; CM: Choromytilus merid-
ionalis; MG: Mytilus galloprovincialis; PP: Perna perna) and limpets ( , CO:
Cymbula oculus; SA: Scutellastra argenvillei; SC: S. cochlear; SGT: S. granatina; 

SGL: S. granularis; SL: S. longicosta)
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However, an increase in the 13C signatures in blood
was visible between Plettenberg Bay and the more
easterly sites. Overall, blood δ13C values varied be -
tween the mean values of mussels and limpets along
the coastline, suggesting that the 13C signatures of
ABOs were dependent on the relative consumption of
filter feeders or grazers. Carbon isotope signatures for
the blood and feathers of adults displayed identical pat-
terns across the ABO breeding range (Fig. 3a) and
showed a strong correlation (Pearson’s correlation test:
R²blood-feathers = 0.92, p < 0.01).

The δ15N variations of ABO tissues
along the coastline showed very simi-
lar patterns to mussels (Pearson’s cor-
relation test, adults: R²blood-mussels =
0.86, p < 0.01; chicks: R²blood-mussels =
0.85, p < 0.01). Significant de pletion
was observed from Lüderitz to East
London in the blood of adults and
chicks (Pearson’s correlation test,
adults: R²blood-longitude = 0.61, p = 0.03;
chicks:  R² blood-limpets = 0.69, p < 0.01)
and in adult feathers (Pearson’s corre-
lation test: R²feathers-longitude = 0.57, p =
0.04). Blood and feathers of adults dis-
played very  significant correlations
along the coastline (Pearson’s correla-
tion test: R²blood-feathers = 0.81, p < 0.01)
between Namibia and the southeast
coast of South Africa (Fig. 3b).

K-means classifications based on
the δ13C and δ15N ratios of blood and
feathers of adults showed a similar bio-
geographic pattern between tissues
(Fig. 4a,b). Classifications were subse-
quently confirmed by a DFA with
100% accuracy. Group A was charac-
terized by enriched 13C signatures in
blood (Group A centroids: δ13C =
−13.1‰, δ15N = 11.4‰) and grouped 3
of the 4 most eastern sites together
(Tsitsi kamma being at the eastern
limit of the southwest coast) (Fig. 4a).
Group B had intermediate 13C signa-
tures and en riched 15N signatures
(Group B centroids: δ13C = −14.7‰,
δ15N = 11.9‰) compared with other
groups and was composed not only of
all the western sites but also Kenton
(southeast coast) and De Hoop (south-
west coast). Group C was exclusively
composed of southwest coast sites and
was defined by depleted 13C signa-
tures and 15N signatures similar to
those of Group B (Group C centroids:

δ13C = −15.3‰, δ15N = 11.3‰). Feather classification
displayed a similar pattern, with the exception of Cape
Recife that fell into Group B with the western sites, De
Hoop and Kenton.

Trophic relationships between benthic invertebrates
and African black oystercatchers along the coastline

The relative contributions of mus sels and limpets to
the diet of ABOs varied greatly across the sampling
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area, and a contrast was evident be -
tween the west/ southwest coasts and
the southeast coast (Fig. 5). ABOs
relied almost exclusively on mussels
be tween Langebaan (95.0%) and Gou -
kamma (91.7%) while the contribu-
tions of mussels and limpets were more
balanced in Namibia (60.1 and 39.9%,
re spectively) and at the eastern sites,
between Plettenberg Bay and Kenton
(minmussels = 38.2 ± 14.8%, maxmussels =
72.1 ± 7.4%). In East London, 74.1% of
the overall diet of ABOs was composed
of limpets.

The presence/absence of limpets on
feeding grounds (see Fig. 5) had no ef-
fect on the overall dietary composition
of birds (ANOVA: F1,11 = 2.20, p = 0.17).
The presence of Mytilus galloprovin-
cialis, however, had a significant effect
expressed as an increase in the relative
contribution of mussels to ABO diets
(ANOVA: F1,11 = 5.54, p = 0.04). Addi-
tionally there was no significant inter-
action between the effects of M. gallo-
provincialis and whether limpets were
present (ANOVA: F2,10 = 3.27, p = 0.08).

DISCUSSION

The δ13C and δ15N signatures of ABOs
in this study allowed us to discriminate
between oystercatchers from different
biogeographic locations and group
them into 3 distinct clusters. Birds from
the west coast were enriched in 15N,
birds from the southeast coast were en -
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riched in 13C and birds from the southwest coast had
depleted δ13C ratios (see Fig. 4). This clear isotopic pat-
tern in biogeography is similar to those found in previ-
ous studies conducted from lower trophic levels to top
predators in the region (Hill et al. 2006, Hill & McQuaid
2008, Jaquemet & McQuaid 2008), where organisms
from the Agulhas and Benguela systems could be segre-
gated by their carbon and nitrogen signatures. Further-
more, differences in δ13C sig natures of oystercatchers
among sites re flected variations in the relative consump-
tion of mussels and limpets as so ci ated with changes in
prey community structure (Hockey & van Erkom Schu -
rink 1992, Bustamante & Branch 1996).

Oligotrophic versus productive systems

Clear 15N enrichment was observed be tween the
southeast and west coasts in oystercatchers and mus-
sels, and to a lesser extent in limpets. This westward
enrichment was previously described for rocky shore
mussels and other benthic filter feeders on the South
African coastline (Hill et al. 2006, Hill & McQuaid
2008) and for Cape gannets Morus capensis on off-
shore islands (Jaquemet & McQuaid 2008). Presum-
ably the δ15N gradient between organisms from the
regions dominated by the Agulhas Current and the
Benguela upwelling system mirrors the isotope shift
described by Saino & Hattori (1980) between waters
that are oligotrophic (reliance on recycled nitrogen, i.e.
15N depleted) to those that are eutrophic (rich in
nitrates, i.e. 15N en riched). Surprisingly, however, the
southeast−west coast increase in δ15N was disjointed
and samples collected in Cape Recife, just outside Port
Elizabeth, and Langebaan located within Saldanha
Bay, displayed high nitrogen-isotope ratios compared
with adjacent sampling sites. This may be the result of
increased nitrogen-loading through anthropogenic
inputs (Heaton 1986, Schaal et al. 2010) associated
with urban, industrial and tourist activities in these
areas. Another discrepancy was observed in Walker
Bay where the limpet Scutellastra granularis displayed
15N-depleted signatures. We do not have a clear expla-
nation for this pattern other than possible local deple-
tion in the δ15N ratios of the benthic algae on which this
limpet grazes. Overall local and large-scale patterns of
nitrogen-isotope ratios in benthic invertebrates and
oystercatchers confirm that large scale physical pro-
cesses affecting patterns of primary productivity are
transmitted up through the intertidal food web to a
rocky shore predator.

Carbon signatures of ABOs and their prey showed
clear differences from biogeographic patterns of 13C
en richment in SPM and mussels from the east coast
to Cape Agulhas, which were suggested to mirror

changes in the overall composition of nearshore SPM
(phytoplankton versus macroalgae detritus; Hill et al.
2006, see also Bode et al. 2006). Our mussel data
showed consistent δ13C ratios across the board of ca.
−15.7‰ (±0.5) between Arniston and East London,
with one exception (Tsitsikamma = −14.2 ± 0.2‰). This
difference from previous studies probably reflects the
type of local and interannual changes in coastal
hydrography described by Hill et al. (2008). In contrast,
the δ13C depletion in mussels, limpets and oystercatch-
ers sampled off the Namibian coast conformed to
expected biogeographic patterns (Hill et al. 2006) and
thus appears to be consistent through time and visible
at multiple levels of the intertidal food web. The mech-
anisms behind this depletion are not well understood
and further isotopic investigations into nutrient dynam-
ics and upwelling processes of the Benguela ecosystem
are needed. With the exception of Lüderitz, the geo-
graphic variations of limpet δ13C ratios (Fig. 3a)
appeared to be linked to the species pool rather than
environmental conditions. For example, the territorial
limpet Scutellastra longicosta displayed particularly
13C-enriched signatures, which confirmed its reliance
on gardens of Ralfsia verrucosa (McQuaid & Froneman
1993, Hill & McQuaid 2008) and clearly departed from
the δ13C displayed by other species. This obviously
increased the mean δ13C values for limpets on the
southwest and southeast coasts when S. longicosta was
present (see Table 2). Some significant localized varia-
tions and large standard deviations in limpets (see
Table 2) also suggested local and micro-scale variabil-
ity, either in the composition of the benthic algae
and/or the conditions (e.g. carbon source, light inten-
sity, temperature) affecting photosynthesis and there-
fore isotopic fractionation of the benthic primary pro-
ducers on which the limpets graze (Wong & Sackett
1978, Burkhardt et al. 1999).

Large scale δ13C patterns at the base of marine food
webs in relation to spatial variability of CO2 concentra-
tion, water temperature and growth rates of primary
producers (Rau et al. 1982, Goericke & Fry 1994) have
been widely used to investigate animal migration pat-
terns (see review in Hobson 1999) and foraging move-
ments in marine predators (Burton & Koch 1999,
Quillfeldt et al. 2005). δ13C ratios can also be used to
identify the ultimate sources of carbon for consumers
when the 13C signatures of food sources differ (Post
2002), and in the case of higher level predators, can
help to determine the main component of the diet. This
latter aspect was clearly shown in this study as the
blood δ13C variations in ABOs did not correlate with
the geographic variations displayed by either mussels
or limpets, but instead oscillated between the contrast-
ing 13C signatures of the 2 main prey items. This con-
firms that although primary/secondary consumer ratios
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may reflect geographic differences in nutrient/primary
productivity regimes, variations in the δ13C signatures
of ABOs are primarily due to the proportion of grazers
and filter feeders in their diet across the sampling
range.

Effect of prey assemblages on the diet of African
black oystercatchers

The blood δ13C signatures of oystercatchers varied
significantly along the coastline, ranging between
ca. −11.0‰ and −17.0‰, with maximum δ13C values
observed between Tsitsikamma and East London, and
the lowest value on the southwest coast. Limpets were
enriched in 13C compared with mussels throughout the
study area, which is an isotopic segregation typically
observed between grazers and filter feeders (Post 2002,
Schaal et al. 2008). In contrast, the 15N signatures of
mussels and limpets were very similar at a local scale,
with the exception of the west coast, and varied mostly
in relation to changes in primary production processes
associated with the Benguela and Agulhas ecosystems.

Broadly contrasting δ13C ratios and local differences
in δ15N ratios between prey allowed the application of
the stable isotope mixing model SIAR to relate geo-
graphic variations in ABO isotope signatures to poten-
tial changes in the assimilation of mussels or limpets in
their diet along the coastline. The SIAR model revealed
a biogeographic pattern in the contribution of different
prey to the diet of ABOs with the diet largely domi-
nated by mussels on the west and southwest coasts of
South Africa and a mixed diet of mussels and limpets in
Namibia and on the southeast coast of South Africa.
Finally, on the eastern boundary of the study area,
limpets made up nearly 75% of the prey items assimi-
lated by ABOs (Fig. 5). This shift in diet along the coast-
line indicates that ABO prey selection is influenced by
prey availability, which reflects biogeographic trends
in species composition and abundances along the
coastline (Bustamante & Branch 1996). The extremely
high abundances of the invasive Mediterranean mus-
sel on the west coast have a particularly clear effect on
bird diets (see ‘Results’).

The west coast supports a higher intertidal inverte-
brate biomass than do the south and east coasts, reflect-
ing the higher productivity of the Benguela upwelling
system as opposed to the oligotrophic Agulhas Current.
Following the arrival of the invasive Mediterranean
mussel on the west coast in the 1980s (Grant & Cherry
1985), the benthic biomass on rocky shores in this re -
gion became largely dominated by this species (Robin-
son et al. 2007). In Saldanha Bay, a change in the feed-
ing habits of ABOs following the invasion by Mytilus
galloprovincialis in the 1980s has been described for 3

offshore islands, based on direct observations or collec-
tions of emptied mollusc shells left by adults feeding
their chicks (Hockey & van Erkom Schurink 1992,
Coleman & Hockey 2008). ABOs had shifted from a
mixed diet of mussels (the ribbed mussel Aulocomya
ater and the black mussel Choromytilus meridionalis)
and limpets (mainly Scutellastra granularis on these
islands) before the invasion, to a diet dominated by
M. galloprovincialis in the late 1980s and 1990s. Our
results show an even more extreme scenario in Lange-
baan in 2009 (also situated in Saldanha Bay, but on the
mainland), where M. galloprovincialis accounts for
95% of the prey versus 5% for the limpet S. argenvillei.
In Walker Bay and Koeberg, similar preference for the
invasive mussel was observed (Fig. 5) despite the pres-
ence of the limpets S. granularis or S. argenvillei previ-
ously favoured by ABOs (Hockey & Underhill 1984).
During the 1979−1980 breeding season in the Lüderitz
region, Namibia, the diet of ABOs was almost exclu-
sively composed of limpets (average, 96.8%; Hockey &
Under hill 1984). M. galloprovincialis is now well estab-
lished on the southern Namibian coast and dominates
rocky shores in the Lüderitz re gion (B. Currie pers.
comm.). Results from the present study show that mus-
sels have become the predominant source of food for
ABOs here; although, limpets still contribute signifi-
cantly (39.9 ± 0.6%). Even though the diet of oyster-
catchers remains more balanced in Namibia than on
the South African west coast, the increasing reliance
on the Mediterranean mussel reflects a clear dietary
shift in response to changes in prey availability. On the
southwest coast, mussels also dominated the diet of
ABOs (between 72 and 95%), except at the eastern
boundary of the region (only 40%) in Tsitsikamma (see
Fig. 5). This is not surprising as limpets were scarce or
even absent from the oystercatchers’ feeding grounds
between De Hoop and Goukamma. The inverse pro-
portions of filter feeders and grazers in the diet of
ABOs between Plettenberg Bay (mussels = 72%,
limpets = 28%) and Tsitsikamma (mussels = 38%,
limpets = 62%) is surprising, however, considering that
the 2 sites are separated by only ~50 km (see Fig. 1).
Bownes & McQuaid (2006) investigated the potential
for M. galloprovincialis to replace the indigenous mus-
sel Perna perna on the south coast, in Plettenberg Bay
and Tsitsikamma. They observed that mussel abun-
dance was significantly lower in Tsitsi kamma than in
Plettenberg Bay, which forms a focal point of high
M. galloprovincialis abundance along this coast (von
der Meden et al. 2008), and mixing model outputs from
our study support this finding. P. perna and M. gallo-
provincialis co-occurred at 6 sites, but were sometimes
the only prey available. Based on empty shell and feed-
ing area analysis, Kohler et al. (2009) reported ABOs
actively selected the invasive mussel instead of
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the indigenous mussel to feed their chicks at Port Eliz-
abeth, probably be cause M. galloprovincialis has
weaker attachment strength than does P. perna (Zardi
et al. 2007). Unfortunately, the lack of differences in
δ13C and δ15N signatures between these 2 mussel spe-
cies prevented confirmation of this selective behaviour
farther west where they often co-occur. This empha-
sizes the need to combine stable isotope analyses with
more conventional techniques (e.g. feeding behaviour
observations, collection of food remains) in the study of
marine predators when possible.

The diet of ABOs on the southeast coast was charac-
terized by a significant contribution of limpets; how-
ever, the brown mussel Perna perna was also well
 represented, specifically in Kenton (72%). This is con -
sistent with a previous study (Kohler et al. 2009), where
P. perna represented between 84 and 97% of the rela-
tive prey abundance on 3 of the feeding grounds sam-
pled in this area for the present study. Indeed mussel
dominance on rocky shores is driven by wave exposure
(Bustamante & Branch 1996), which is strong in Kenton
(McQuaid & Lindsay 2007). Mytilus galloprovincialis
remains scarce and site-specific on this part of the
coastline (Bownes & McQuaid 2006) and no invasive
mussels > 16 mm (minimum shell size for consumption
by ABOs, see Hockey & Underhill 1984) were found on
feeding grounds sampled at Cape Recife, Kenton or
East London. Thus, as opposed to the southwest and
west coasts sites, breeding sites sampled on the south-
east coast have so far effectively been unaffected by
the M. galloprovincialis invasion. Thus, the feeding
behaviour of ABOs on the southeast coast can also be
regarded as ‘unaltered’, but will be mediated by ex -
trinsic factors such as wave action and sex-specific or
individual specialization, as documented for other oys-
tercatcher species (Baker 1974, Goss-Custard & Suther -
land 1984, Lauro & Nol 1995).

Seasonal variation in the trophic ecology of the
African black oystercatcher

Variations in stable isotope ratios of blood and feath-
ers displayed very strong correlations along the coast-
line for both δ13C and δ15N. Adult ABOs are known to
be territorial year-round (Hockey 1996), which sug-
gests an overall seasonal stability in the environmental
conditions that influence rocky shore food webs along
the coastline and a consistency in the feeding behav-
iour of adults throughout the year. However, some
local discrepancies were observed between the blood
and feather ratios. In East London for example, the
blood−feather δ15N discrimination factor was +0.6‰
(as opposed to +1.6 ± 0.4‰ for adults throughout the
study area and +1.2 ± 0.3‰ for large chicks). This indi-

cates either a seasonal shift in feeding behaviour, or
that outside the breeding season, ABOs from East Lon-
don feed in areas that have lower δ15N ratios at the
base of the food web than those found in their breeding
site. Another clear blood−feather shift was in Dana
Baai (+2.6‰), which indicated that adults there
seemed to feed in a wintering habitat that has a higher
basal δ15N than does the breeding habitat.

Climate variations between seasons are mild in the
study region compared with the northern hemisphere,
where oystercatchers have to endure harsh winters
and often migrate southwards (Goss-Custard et al.
1996). Consequently, like the other southern hemi-
sphere oystercatcher species, breeding ABOs, espe-
cially those birds that breed on offshore islands on the
west coast of South Africa, do not migrate after repro-
duction but remain territorial year-round (Hockey
1996, Tjørve & Underhill 2006, Coleman & Hockey
2008). However, colour-ringed birds have been re -
sighted in flocks over 10 km east from their breeding
site during the nonbreeding season in the East London
region (SAFRING), while in Kenton, colour-ringed
pairs are rarely spotted on their breeding site outside
the breeding season (S. A. Kohler pers. obs.). Similarly
in Goukamma and Plettenberg Bay, breeding pairs do
not stay on their breeding site; instead, large flocks of
birds gather around river mouths and on beaches dur-
ing winter (J. Huisamen & C. D. McQuaid pers. obs.).
Therefore, it seems that on the southwest and south-
east coasts, adults move around substantially outside
the breeding season. This again reflects a contrast
between the west coast and the rest of the breeding
range for the ABO. One potential explanation may be
that breeders are not bound to their feeding territory
and confines during winter and may choose to move to
more advantageous feeding areas. Conversely, on the
west coast, feeding territories may be profitable for
year-round occupation, because of high food biomass
(Hockey & van Erkom Schurink 1992, Bustamante &
Branch 1996). Further investigation of the wintering
movement strategies of ABOs would require comple-
mentary techniques such as radio telemetry (Warnock
& Takekawa 2003, Wilson et al. 2009)

CONCLUSIONS

Overall, we show that carbon and nitrogen stable iso-
tope ratios in a rocky shore avian predator, the African
black oystercatcher, reflected the integration of large-
scale patterns of both primary productivity and prey
assemblages. This indicates that the influence of major
large-scale current systems penetrates to the top of the
food web, but also that local-scale effects embedded
within this framework can be important. The δ15N vari-
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ations of the tissues of ABOs were indicative of
changes in intertidal nutrient quality in relation to
major oceanic influences along the southern African
coastline and local anthropogenic perturbations. δ13C
ratios and stable isotope mixing models revealed geo-
graphic changes in the main diet of ABOs that
were strongly influenced by the presence of the inva-
sive mussel, Mytilus galloprovincialis. ABOs demon-
strated plasticity in their trophic ecology in connection
with biogeographic provinces, changes in prey com-
munities and seasonality. In the context of global
changes and overexploitation of marine resources, this
could help them face future changes in their trophic
environment.
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