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ABSTRACT: Small pelagic fish play a significant role in regulating the foraging activities and
population trends of marine top predators in upwelling ecosystems, yet there is little information
on oceanographic drivers of fish assemblages at temporal and spatial scales relevant to their pred-
ators. The survival of the Endangered African penguin Spheniscus demersus is closely linked to
the availability of pelagic fish prey. This study assesses the influence of oceanographic variables
on the spatio-temporal dynamics of pelagic fish in Algoa Bay, South Africa, where half of the world
population of African penguins breed on 2 islands, St Croix and Bird. Using small-scale acoustic
surveys and an array of underwater oceanographic data recorders spread across the bay during
3 yr, we reveal the complex and variable nature of this system, with fish responding differently to
physical processes around each island. Chlorophyll a concentrations were good predictors of
relative fish abundance around Bird Island but had little influence around St Croix Island, possibly
due to the masking effect of purse-seine fishing around this site. The horizontal distribution of fish
schools around Bird Island was more aggregated under upwelling conditions (cooler sea surface
temperatures) and the vertical distribution of fish around both islands was strongly influenced by
stratification and mean temperatures. Mechanistic drivers of upwelling included northeasterly
winds and offshore Natal pulses, both of which are predicted to have an increasingly more
significant effect on the suitability of habitat for pelagic fish and associated predators under the
influences of climate change and industrial fishing.

KEY WORDS: Marine top predators - Schooling fish - Oceanographic processes - Acoustic surveys -
Spheniscus demersus - Benguela upwelling - Predator—prey interaction - Algoa Bay
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INTRODUCTION

Small pelagic fish, or forage fish, play a crucial role
in influencing both upper and lower trophic levels
in marine upwelling ecosystems (Cury et al. 2000,
Bakun 2006, Shannon et al. 2008). They comprise a
major food source for many top predators, such as

*Corresponding author: amcinnes3@gmail.com

seabirds and marine mammals, whose populations
are often mediated by the availability of these prey
(Crawford et al. 2000, 2008, Cury et al. 2011).
Research linking the influences of physical drivers to
pelagic fish distribution and abundance typically
have quantified these relationships at broad geo-
graphic scales (Agenbag et al. 2003, Palomera et al.
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2007, Katara et al. 2011) and often over decadal tem-
poral scales (Chavez et al. 2003, Bertrand et al. 2004,
Shannon et al. 2004, Blamey et al. 2015). This is not
surprising given the economic significance of small
pelagic fish species, which contributed 19 % of global
marine and freshwater fishery catches by mass in
2012 (FAO 2014), and the need to investigate causes
of population-level variability. Studies of the inter-
actions between physical processes and small pela-
gic fish at finer spatiotemporal scales are less com-
mon (but see e.g. Bertrand et al. 2008, 2014), despite
being relevant to top predator species that are often
confined to smaller geographic regions and are there-
fore significantly influenced by local variations in
prey abundance. Top predators include seabird
species endemic to these upwelling areas that have
undergone significant decreases in their populations
over the last few decades and have therefore become
the focus of research to determine the causes of their
population declines (Crawford & Jahncke 1999,
Jahncke et al. 2004, Crawford et al. 2014, Paleczny et
al. 2015).

The Benguela upwelling region (BUR) is one of 4
major eastern-boundary upwelling ecosystems glob-
ally (Chavez & Messié 2009). Three threatened sea-
bird species endemic to the BUR are largely reliant
on small pelagic fish species for their survival: Cape
gannet Morus capensis, Cape cormorant Phalacro-
corax capensis and African penguin Spheniscus
demersus (Crawford & Jahncke 1999). These species
differ in terms of their foraging ranges, with the
African penguin, the only non-flighted species,
having the most limited foraging range, especially
during the breeding season (Heath & Randall 1989,
Wilson et al. 1989, Petersen et al. 2006, Pichegru et
al. 2012). The conservation status of this species has
recently been uplisted to 'Endangered’ (BirdLife
International 2016) following a >60 % decrease in its
population during the first decade of the 21st century,
which is believed to be largely driven by local de-
creases in the availability of their principal prey,
anchovy Engraulis encrasicolus and sardine Sardi-
nops sagax (Crawford et al. 2011, Sherley et al. 2013,
Weller et al. 2014). Understanding the natural vari-
ability in the availability of these prey species is lim-
ited by a lack of research on the interactions between
physical processes and small pelagic fish distribution
and abundance at scales relevant to African pen-
guins. These include spatial scales that incorporate
their mean foraging range during the breeding sea-
son, <45 km (Petersen et al. 2006, Pichegru et al.
2012), and at temporal frequencies that can poten-
tially signal variation in processes aligned to the pen-

guin's phenology, notably periods leading up to and
including the breeding season. Determining biophysi-
cal associations at these scales is crucial to informing
reliable ecosystem models that allow projections of
the species’ population trends to be assessed under
different scenarios of climate change and fishing
pressure.

Two of the largest breeding colonies of African
penguins globally are situated in Algoa Bay, on the
St Croix and Bird island groups, which together are
home to >50 % of the global population (Crawford et
al. 2014). During their breeding season (February—
August), adult penguins from Algoa Bay mostly for-
age within 32 km of their colonies where they pre-
dominantly dive to depths between 22 and 34 m with
a maximum recorded dive depth of 93 m (Pichegru et
al. 2012, 2013). The distribution of African penguins
during the non-breeding season has only been as-
sessed for penguins caught on Bird Island and was
found to be surprisingly similar to breeding birds, i.e.
mostly recorded within 35 km of the island (Harding
2013). Diet samples of breeding penguins provision-
ing chicks showed that the majority of prey con-
sumed (>82% by mass) constituted 3 small pelagic
fish species: anchovy (566-97 %), sardine (5-23 %)
and redeye Etrumeus whiteheadi (5%) (Randall &
Randall 1986, Pichegru et al. 2012). More recently,
chokka squid Loligo reynaudii has been identified as
an important self-provisioning prey item for African
penguins in this region (Connan et al. 2016). The bay
also supports the largest breeding colony of gannets
globally (Crawford et al. 2007) and large numbers of
Indo-Pacific bottlenose dolphins Tursiops aduncus
(Reisinger & Karczmarski 2010), both of which large-
ly feed on small pelagic fish.

Algoa Bay is influenced by a diverse array of phys-
ical processes that influence productivity, including
frequent, short-term (3-7 d) wind-induced upwelling
associated with northeasterly winds during summer
(Schumann et al. 1982, 2005, Goschen & Schumann
2011, Goschen et al. 2012); shear-edge upwelling in
the vicinity of Port Alfred with cooler waters propa-
gating into the eastern region of Algoa Bay (Lutje-
harms et al. 2000); and infrequent (averaging 2
events per year) but more persistent (10-40 d) and
widespread upwelling events associated with Natal
pulses in the Agulhas Current (Goschen & Schumann
1988, Lutjeharms & Roberts 1988, Goschen et al.
2015). The vertical thermal structure of Algoa Bay
varies seasonally. Stratification predominantly occurs
during summer, with the thermocline situated at
20-30 m, while a well-mixed water column typically
occurs during winter (Goschen 1991, Goschen &
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Schumann 2011). Bird and St Croix islands are situ-
ated at opposite ends of the Bay, and thus often expe-
rience contrasting oceanographic conditions.

This study assesses the extent to which oceano-
graphic factors influence forage fish assemblages at a
response scale relevant to African penguin foraging
activity and hence, potentially, their survival. To
achieve this, both in situ sea temperature and wind
data, and satellite-derived sea surface temperature
(SST) and chlorophyll a (chl a) concentrations are
compared to acoustic-derived pelagic fish survey
data in the core foraging ranges of African penguins
from the Bird and St Croix island groups. We exam-
ine fish parameters that are known to influence pred-
ator responses: relative fish abundance (Cairns 1987,
Piatt 1990, Cury et al. 2011), spatial co-location of
schools (i.e. clustered versus dispersed school aggre-
gations) (Wilson 1985, Fauchald 2009) and vertical
distribution (Zamon et al. 1996, Boyd et al. 2015).
Oceanographic data include indicators of primary
production and vertical thermal structure (i.e. SST,
profiled temperature data and thermal stratification),
factors known to influence the distribution and abun-
dance of pelagic fish (Agenbag et al. 2003, Palomera
et al. 2007, Bertrand et al. 2008, Katara et al. 2011).
Two sets of models are used: the first uses all fish
aggregated for each survey, and the second uses
measurements of individual schools to gauge the
influence of environmental processes on the variabil-
ity of different school attributes. The influences of

..

mechanistic forces, i.e. wind and mesoscale offshore
processes, on proxies for primary production, i.e.
chl a concentrations and SSTs, are investigated to
better understand the underlying drivers of produc-
tivity within the context of pelagic fish habitat in this
region. The outcomes of these analyses are assessed
in terms of their relevance to the current biogeo-
graphical location of Algoa Bay, i.e. at the eastern
range limit of many BUR endemics, and the signifi-
cance this may have on future changes to this system.

METHODS
Oceanographic data

SST and chl a data were obtained from the NASA
ocean colour group's Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite array, quanti-
fied into 1 x 1 km grid cells and extracted for the
period October 2011 to July 2013. These data were
sampled over a 20 km radius around each island
group (excluding land areas) to encompass the full
extent of the acoustic survey routes (Fig. 1). Due to
spatially incomplete datasets on days with cloud
cover, 30 d mean composite spans were used to
ensure adequate coverage of the study area: here-
after denoted as SST30 and CHL30. SST30 was used
as an indication of upwelling intensity and CHL30 as
a proxy for primary production. The lag times associ-

Fig. 1. Study area in Al-
goa Bay showing loca-
tions of fish survey tran-
sects around St Croix and
== | Bird islands, and under-

_____ g water temperature recor-

4 i ders (UTRs) (ABC, Algoa
Bay Central; BIO, Bird Is-
land Offshore). Colours
show sea surface temper-
ature skewness (SST
skew) (3 yr composite:
2011-2013) with promi-
nent upwelling regions
appearing in blue. Dotted

Bathym. (m) lines: 50% (dark shades)

I 110 and 95% (light shades)
= gg - utilisation distribution ker-
130 nels of African penguins

[ 1o from St Croix Island (red)

I F and Bird Island (blue) ex-

tracted from data used in
Pichegru et al. (2012)
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ated with trophic exchanges from upwelling to zoo-
plankton production have been estimated at 10-15d
based on modelled simulations for the BUR (Moloney
1992). As refined estimates of these lag times have
not been determined for the Algoa Bay region, it is
possible that the selected composite span of 30 d may
have incorporated more than one productivity event
and, for the purposes of this study, is therefore re-
garded as a cumulative index of productivity.

Underwater temperature data were extracted from
semi-permanently moored Onset Hobo Pro V2 under-
water temperature recorders (UTRs) moored at
5-10 m depth intervals throughout the water column
and with a recording accuracy of +£0.2°C. We used
data from 2 UTR moorings maintained by the
South African Environmental Observation Network
(SAEON): Algoa Bay Central (ABC, maximum depth
=55m, 5 x 10 m intervals, 1 x 5 m interval) and Bird
Island Offshore (BIO, maximum depth = 70 m, 10 m
intervals) (Fig. 1), selected because of their proximity
to our fish survey routes. Two metrics were calcu-
lated from the UTR data: mean temperature (depth
averaged temperature at 12:00 h) and thermal strati-
fication (calculated as the standard deviation of tem-
perature in the upper 30 m following Boyd et al.
(1992), also at 12:00 h), which is an effective index of
thermocline strength (Fiedler 2010). Mean tempera-
ture was included to account for thermal tolerance
levels of forage fish (Mhlongo et al. 2015), while
stratification was used as a proxy for thermocline
strength and the influence this has on the vertical
distribution and concentration of chl a and associated
primary and secondary trophic processes in the
water column (Shannon et al. 1984). Only data series
with complete coverage for all depths on a given day
were used in these analyses.

Wind direction and speed data were provided at
14:00 h daily for 2 South African Weather Service
(SAWS) recording stations located at Bird Island and
Port Elizabeth Harbour. Wind direction was classified
into 2 bearing ranges based on the predominant
directions: northeasterly winds (bearing range: 11—
79°) are responsible for upwelling, and southwesterly
winds (bearing range: 191-259°) for mixing in the
bay. For the comparative time-series plots, a 14 d
running mean was calculated on wind speeds for
both directional bins.

To facilitate a visual assessment of the distribution
of potential upwelling areas around the 2 penguin
breeding colonies during the study period, SST
skewness was calculated over the greater regional
expanse of Algoa Bay for 3 yr, commencing in 2011.
This was done by, first, calculating a 2 wk running

mean for each 1 x 1 km grid cell, and, second, calcu-
lating skewness over these averages. In the context
of this region, negative skewness values are indica-
tive of areas prone to a higher propensity and/or
intensity of cool upwelling events.

Fish acoustic data

Pelagic fish surveys were conducted around Bird
and St Croix islands between October 2011 and July
2013. We used a Furuno DFF3 recreational fish-finder
with a transom-mounted 200 kHz transducer operat-
ing at a variable ping rate between 4 and 10 s™! and
using a 3 dB beam angle of 11°. Surveys were con-
ducted on a 7.6 m catamaran ski boat at 7 knots along
transects traversing the known foraging ranges of
African penguins (Pichegru et al. 2010, 2012, Fig. 1),
at seabed depths ranging from 20 to 98 m in condi-
tions suitable for operating a small boat and conduct-
ing observations, i.e. winds <15 knots and swell
<2.5 m. All surveys were carried out during daylight
hours between 07:00 and 16:00 h.

Echo returns were processed using Fish-finder
Image Segmentation Helper (FISH) software (Mc-
Innes et al. 2015). Aggregation rules and the mini-
mum size classification for pelagic fish schools fol-
lowed Coetzee (2000) and Lawson et al. (2001): a
minimum linking ellipse of 10 x 2 m (length x height)
was chosen as the aggregator and an aggregated
school area of 10 x 5 m (length x height) was chosen
as the minimum school size. A correction factor was
applied to the density estimates of each school, the
mean backscattering coefficients (s, ), to correct for
oversaturation following the methods described in
MclInnes et al. (2015) using the scenario 2 regression
equation:

y= 10—5.59+ 102300x (1)

where y and x are the corrected and uncorrected
mean backscattering coefficients (s, ), respectively.

Relative pelagic fish abundance was determined
using 2 metrics. First, for aggregated (survey level)
estimates, the nautical area scattering coefficient (s4)
(m? nmi~2) of all schools aggregated over the survey
length was used, given the formula:

sa = 4m(1852)2s, 2)

where 4m(1852)? is the nautical mile-derived scaling
factor and s, is the integral of the mean backscatter-
ing coefficients (s, ) over a range interval. In the con-
text of this study, the range interval is the height of all
schools weighted by the length of all schools for
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schooling fish targets only. Second, for assessing the
influence of individual school biomass, total volumet-
ric abundance (TVA, kg) was calculated as:

Sy—TSa
TVA=10 10 xV (3)

where S, is the mean volume backscattering strength,
TS, is the target strength (dB kg™') for anchovy at a
caudal length of 13 cm using the formula of Barange
et al. (1996) and V is the school volume (m®) assum-
ing a cylindrical shape for the school using the for-
mula V = nr?h, where ris half the school length (m)
and h is the school height (m). Anchovy was selected
to calculate target strength because it is the most
common prey species of African penguins in Algoa
Bay (Crawford et al. 2011, Pichegru et al. 2012), and
the 13 cm caudal length was the most common size
class measured from penguin diet samples collected
in 2012 and 2013 (A. M. Mclnnes & L. Pichegru
unpubl. data).

Aggregation patterns of forage fish schools were
determined by a fish dispersal index (FDI), calculated
as the variance to mean ratio of the number of fish
schools recorded in 1 km segments along the survey
routes; higher values indicate more aggregated spa-
tial patterns whereas lower values indicate more dis-
persed patterns. A school altitude index (Al) was cal-
culated as the average height above the seabed of
schools relative to the seabed depth with values of 1
approaching the sea surface and values close to 0
indicating fish near the seabed. The selection of this
relative index of vertical distribution was motivated
by its potential to distinguish between the 3 domi-
nant small pelagic fish species in Algoa Bay and, in
particular, to distinguish the more benthic redeye
from the more pelagic species, anchovy and sardine
(Lawson et al. 2001); anchovy and sardine are tar-
geted the most by African penguins in this region
(Randall & Randall 1986, Pichegru et al. 2012). For
survey-level models, this metric was aggregated over
all schools using the mean altitude index (MAI). Data
associated with survey locations that had broken or
absent seabeds in the echo returns were removed
from analyses that used Al as a response variable.

To distinguish potential morphometric and/or an-
cillary fish school characteristics that could help
interpret potential species assemblages from our
non-classified echo returns, we plotted species-
specific school parameters: (1) MAI (2) S, as a meas-
ure of school density, and (3) school cross-sectional
area from the DAFF spawner biomass surveys con-
ducted during November of each year between 2010
and 2014 (DAFF unpubl data). These surveys used

intermittent mid-water trawls to sample small pe-
lagic fish species for morphometric and identification
purposes and quantified catches in terms of the pro-
portional species composition of 3 small pelagic fish
species found in this region, sardine, anchovy and
redeye. All data were filtered to include only samples
from Algoa Bay within a similar depth range covered
by our surveys, i.e. <120 m, and only for fish sampled
between 08:00 and 16:00 h.

Aggregated (survey level) biophysical models

The purpose of these models was to gauge the
influence of oceanographic variables on aggregated
fish parameters at the approximate scale of African
penguin foraging ranges around each site. We con-
sidered the influence of mean temperature, stratifica-
tion, SST30 and CHL30 on 3 fish variables: relative
fish abundance (s), FDI and MALI for surveys around
each penguin breeding island modelled separately.
The response variables in each of these models com-
prised 1 aggregated metric per survey with lagged
explanatory variables being aggregated in the 30 d
period before each survey date. We initially used
generalised additive models (GAMs) to gauge poten-
tial non-linear trends in the explanatory variables. If
a linear relationship was evident (i.e. estimated de-
grees of freedom = 1), the model was re-fitted as a
generalised linear model (GLM). Depending on the
nature of the response variable and the model diag-
nostic outputs, 1 of 2 error distributions was used: a
gamma distribution with a log link function was used
for continuous, positive-value responses that were
skewed to the right, and a Gaussian distribution with
an identity link function was used for symmetrically
distributed responses (either on the original or log-
transformed scale). For models including satellite-
derived data (SST30 and CHL30) where the explana-
tory variable was a composite of 30 d, we weighted
the observations in the regression model by the
frequency of data points for each satellite-derived
sample. Periods with better coverage (i.e. less cloud
cover) therefore had a stronger influence on the rela-
tionship between these variables and the response.
All computations were carried out in R (R Core Team
2015). The ‘mgcv' package (Wood 2006) was used to
fit the GAMs. Penalised regression splines were
employed as smoothing functions and generalised
cross-validation was used to determine the degree
of smoothness. Goodness-of-fit statistics for GLM
models were calculated using maximum likelihood
pseudo R? values with the ‘pscl’ package (Jackman
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2015). To explore potential density-dependent influ-
ences on fish dispersal, we applied the same model-
ling protocol to assess the relationship between s,
and FDI for data from each island.

Disaggregated (school level) biophysical models

Disaggregated models were fitted to examine the
response of individual fish school characteristics
to oceanographic variables to explore the variation
underlying these associations. Mixed-effects models
were used to assess the relative significance of
oceanographic and temporal variables on 2 respon-
ses using pelagic fish school data, specifically TVA,
as an indication of school biomass, and Al. The fol-
lowing oceanographic covariates were used: CHL30,
SST30, stratification and mean temperature. Tempo-
ral covariates included year and season (summer:
October—April; winter: May-September) to control
for possible annual and seasonal variation, and sur-
vey date was included as a random effect. All models
were run for each island separately. As with the mod-
elling protocol adopted for the aggregated models,
we initially explored the potential for non-linear rela-
tionships using generalised additive mixed-effects
models (GAMM) and, if linear relationships were
evident, resorted to either generalised linear mixed
effects (GLMM) or linear mixed effects (LMM) models.
For the GLMMs and GAMMS, a gamma error distri-
bution with a log link function was employed when
the response was skewed, otherwise a Gaussian dis-
tribution with an identity link was specified (after
applying a log transformation to the response where
necessary). Akaike's information criterion (AIC; Akaike
1973) was used to assess the best-fitting model fol-
lowing a step-wise procedure by initially including
all explanatory variables and dropping non-signifi-
cant terms sequentially until the lowest AIC value
was achieved. All computations were carried out in R
using the ‘mgcv' package for the GAMMs and the
‘Ime4’ package (Bates et al. 2015) for the GLMMs
and LMMs.

Mechanistic drivers of primary production

Generalised least squares regressions were used to
gauge the influence of monthly averages of north-
easterly and southwesterly wind speeds on monthly
composites of chl a around Bird and St Croix islands.
To account for potential non-independence of these
time series, an autocorrelation structure of order 1

(determined using the ‘acf’ function in R) was in-
cluded in the model (i.e. corAR1 using the 'nlme’
package in R; Pinheiro et al. 2015). To approximate
the assumptions of a normal error distribution, the
response variable was log-transformed.

Upwelling events associated with Natal pulses
were identified by a decrease in average bottom tem-
peratures over 7 d or more (Goschen et al. 2015). The
UTR data from Algoa Bay Central at the 50 and 55 m
depth gauges were used to signal the initial stages of
these events. Visual inspection of daily SST satellite
images (MODIS) over these flagged periods was
used to confirm these events.

RESULTS
Fish surveys and school characteristics

A total of 36 acoustic fish surveys were conducted
in Algoa Bay between October 2011 and July 2013:
18 surveys each around Bird (mean + SD survey
length: 64.4 + 6.6 km) and St Croix islands (85.5
+ 15.2 km) (Table S1 in the Supplement at www.
int-res.com/articles/suppl/m569p187_supp.pdf). Rel-
ative fish abundance (s,) was consistently greater
around Bird Island (median + interquartile range
(IQR): Bird Island, 1001.9 + 1528.6 m? nmi~?; St Croix
Island, 328.7 + 651 m? nmi~?; Mann-Whitney test, w =
232, p = 0.03) and fish schools occurred significantly
higher above the seabed around St Croix than Bird
Island (MAI + SD: Bird Island, 0.2 + 0.06; St Croix
Island, 0.3 + 0.06; t-test, t=-2.5, p = 0.02). There was
no significant difference in FDI values between sites
(median + IQR: Bird Island, 4.9 + 3.2; St Croix Island,
3.6 + 2.1; Mann-Whitney test, w = 207, p = 0.16).

Comparisons between the frequency and composi-
tion of pelagic fish schools caught during DAFF sur-
veys are shown in Fig. 2. Most (68 %) fish aggrega-
tions comprised more than 1 species. Of the single
species aggregations caught, anchovy schools were
recorded significantly higher in the water column
than other species (median + IQR AI: anchovy, 0.9 +
0.04; round herring, 0.38 + 0.7; sardine 0.36 + 0.23;
Kruskal-Wallis test, xz = 38.7, p <0.001); sardine
schools were significantly denser (median + IQR S;:
anchovy, —44.6 + 10.87 dB; round herring, -54.44 +
5.44 dB; sardine, —30.16 + 2.7 dB; Kruskal-Wallis test,
x? =111, p < 0.001); and sardine schools were signif-
icantly larger (median + IQR cross-sectional area:
anchovy, 54.13 + 97.19 m?; round herring, 22.79 +
45.24 m?; sardine, 100.95 + 117.42 m?; Kruskal-Wallis
test, % = 52, p <0.001).
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Fig. 2. Boxplots showing medians and interquartile ranges
of 3 forage fish school parameters. (a) Mean school altitude
index (MAI), (b) mean school density using volume back-
scattering strength (S,;) and (c) school cross-sectional area
for 4 fish school categories: anchovy only, mixed species
schools, redeye only and sardine only. Results are from the
Department of Agriculture, Forestry and Fisheries (DAFF)
spawner biomass survey data collected between 2010 and
2014 in Algoa Bay

Aggregated (survey level) biophysical models

All smoothing terms in the initial GAM outputs for
the biophysical models approximated linear relation-
ships and these models were therefore refitted as
GLMs. There was a significant positive correlation
between CHL30 and s, around Bird Island (Fig. 3a),
explaining 18 % of the variation in fish abundance at
this site (Table 1). However, CHL30 did not have a
strong influence on s, around St Croix Island. Nei-
ther SST30, water stratification nor mean tempera-
ture had much effect on s, around either island
(Table 1).

While there was little influence of oceanographic
variables on fish dispersal around St Croix Island,
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Fig. 3. Model outputs comparing relationships between ag-
gregated fish data (by survey) and oceanographic variables
for surveys conducted around Bird and St Croix islands. (a)
Relative fish abundance using the nautical area scattering
coefficient (s,) versus chlorophyll a concentration composite
over a 30 d lag period (CHL30). (b) Fish dispersal index (FDI)
versus sea surface temperature composite over a 30 d lag
period (SST30). (c) Log-transformed mean altitude index
(MAI) versus SST30. (d) Log(MAI) versus thermal stratifi-
cation (SD of temperature within the upper 30 m). Shaded
areas denote 95 % confidence intervals

there was a strong negative correlation between FDI
and SST30 around Bird Island, with cooler SSTs coin-
ciding with increased fish aggregation (high FDI val-
ues; SST explained 46 % of variation in FDI at this
site; Fig. 3b). There was a strong positive correlation
between FDI and relative fish abundance up to ca.
1000 m? nmi~2 around both sites, with fish generally
being more dispersed when fish were less abundant
(Fig. 4a,b). Results of the linear regression were
highly significant for St Croix Island (R? = 0.53, t =
4.47, p < 0.001), but for Bird Island there was no
apparent trend at s, values >1000 m? nmi~2 (Fig. 4b).
These disparities between sites are likely due to the
relatively low s, values recorded around St Croix
Island, with the highest s, estimated at 1142 m? nmi2
during April 2013 at this site, compared with Bird
Island, which had a maximum of 6803 m? nmi~ re-
corded during May 2012 (Table S1 in the Supplement).

The MAI did not vary with oceanographic condi-
tions around Bird Island, although both SST30 and
stratification had positive influences on MAI around
St Croix Island (Fig. 3c,d) explaining 51 and 38 % of
variation, respectively (Table 1). SST30 and stratifi-
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Table 1. Model outputs for aggregated pelagic fish school data (by survey) and the influence of oceanographic explanatory

variables using generalised linear models (GLM) and linear regression models (LM). Coefficients () and standard errors (SE)

are given for the following variables: CHL30, chlorophyll a composite over 30 d lag; SST30, sea surface temperature composite

over 30 d lag; strat, stratification (SD of temperature within the upper 30 m); mtemp, mean temperature through the water
column. Bold outputs denote significant outcomes at the 5% level. ***p <0.001, **p < 0.01, *p <0.05

Explanatory Response variables
variables Sa FDI MAI
Model B(SE) R? Model  B(SE) R? Model B(SE) R?
Bird Island
CHL30 GLM  0.41(0.19)* 0.18 LM  0.29(0.39) 0.03 LM -0.003 (0.01) 0.01
SST30 GLM -0.27(0.21) 0.08 LM  -1.00 (0.27)** 0.46 LM  0.01(0.01) 0.08
strat GLM -0.39 (0.47) 0.04 LM -0.44(0.77) 0.02 LM -0.004 (0.03) 0.002
mtemp GLM  0.25(0.13) 0.17 LM -0.11(0.25) 0.01 LM  0.01(0.01) 0.08
St Croix Island
CHL30 GLM 0.02 (0.11) 0 GLM -0.06 (0.05) 0.07 GLM -0.02 (0.04) 0.02
SST30 GLM 0.10 (0.13) 0.02 GLM 0.09 (0.06) 0.11 GLM  0.12 (0.03)** 0.51
strat GLM -0.18 (0.25) 0.02 GLM 0.07 (0.12)  0.02 GLM  0.17 (0.06)** 0.38
mtemp GLM -0.12 (0.14)  0.05 GLM -0.08 (0.07) 0.07 GLM -0.06 (0.04) 0.14
Bird Island St Croix Island Fig. 5a). For St Croix Island, only
i o SST30 was included in the best-fitting
a 1b i I
4 model, which was positively correlated
to fish school biomass (Table 2, Fig. 5b).
5 The sample of schools recorded off
Bird Island was reduced to 2046
schools to eliminate unreliable school
0] altitude measures (see Methods) for
the biophysical models that used Al as
2 ] o e a response. For the best-fitting models
1. (Table 2), SST30 had a significant pos-
I B m e . . . | | itive influence on school altitude and
0 1000 3000 5000 7000 200 400 600 800 1000

sa (M2 nmi?)

Fig. 4. Influences of relative fish abundance (s,) on fish dispersal index (FDI)
for fish recorded around (a) Bird and (b) St Croix islands. High FDI values in-
dicate school clustering. For Bird Island, a generalised additive model was
used with the rug plot denoting the sample effort. For St Croix Island, a linear
regression was used. Shaded areas denote 95 % confidence intervals

schools were significantly elevated
under cooler mean water temperature
profiles around both islands (Table 3,
Fig. 6a-d). Fish schools were re-
corded at higher altitudes during win-
ter around both islands and these dif-

cation were positively correlated (Spearman's rank
correlation, r = 0.67, s = 3178, p = 0.003), with fish
schools recorded higher up in the water column as
SST30 and stratification increased.

Disaggregated (school level) biophysical models

For biophysical models using school biomass (TVA)
as a response, we used a total of 2807 and 2591 pe-
lagic fish schools recorded around Bird and St Croix
islands, respectively. The best-fitting model for TVA
around Bird Island only included CHL30, which pos-
itively influenced fish school biomass (Table 2,

ferences were accentuated around

Bird Island (Table 3, Fig. 6). The best-
fitting model for Bird Island included a positive influ-
ence of thermal stratification on Al values (Table 3,
Fig. 6e) and a strong year effect with schools signifi-
cantly lower in the water column during 2012 and
2013 (Table 3). The best-fitting model for St Croix
Island included CHL30, which had a significant pos-
itive influence on school altitude (Table 3, Fig. 6f).

Mechanistic drivers of primary production
As expected, northeasterly winds had a positive asso-

ciation and southwesterly winds had a negative as-
sociation with chl a around both islands (Table 4).
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Table 2. Linear mixed-effects models used to determine the influence of oceano-  These relationships were stronger
graphic and temporal covariates on fish school data for surveys conducted around around St Croix Island, especially
Bird and St Croix islands. Akaike's information criterion (AIC) and the difference
in AIC of each model from the lowest AIC for each nested model set (AAIC) are .
given. Abbreviations: TVA, total volumetric abundance of fish (kg); Al, school alti- winds, although none of these re-
tude index; CHL30, chlorophyll a concentration composite over 30 d lag period; sults were significant. To ascertain
SST30, sea surface temperature composite over 30 d lag period; strat, stratification the potential influence of wind on
(SD of temperature within the upper 30 m); mtemp, mean temperature through
the water column. For all models, survey date was included as a random effect.
Shaded rows represent best-fitting models for each nested set

for the influence of northeasterly

the differences in chl a levels be-
tween the summers of 2011-2012
and 2012-2013, we compared aver-

Model Model AIC  AAIC age wind speeds for northeasterly
no. and southwesterly winds between
these 2 periods (Table 5). There
Bird Island were no significant differences be-
BT1 log(TVA)~CHL30+SST30+strat+mtemp+year+season 11936.84 17.36 tween these summers for northeast-
IBT2 log(TVA)~CHL30+SST30+strat+year+season 11932.02 12.54 1 ind d both islands. but
BT3 log(TVA)~CHL30+SST30+year+season 11929.82 10.34 erly winds around both islands, bu
BT4 log(TVA)~CHL30 +year+ season 1192524  5.76 southwesterly winds were signifi-
BT5 log(TVA)~CHL30 + season 11921.6 2.12 cantly stronger around Bird Island
BT6 1og(TVA)~CHL30 11919.48 0 during the summer of 2011-2012
BA1 AI~CHL30+SST30+strat+mtemp+year+season -2587.81 0.6 compared with 2012-2013 (Table 5,
BA2 AI~SST30+strat+mtemp+year+season -2588.41 0 . . .
St Croix Island Fig. 7a). Five potential Natal pulse
ST1 log(TVA)~CHL30+sst30+strat+mtemp-+year+season  10006.48 10.2 events were identified during the
ST2 log(TVA)~CHL30+sst30+strat+mtemp-+year 10004.14  7.86 study period, of which 2 events
ST3 log(TVA)~CHL30+sst30+strat+year 10001.64  5.36 were confirmed through visual in-
ST4 log(TVA)~CHL30+sst30+year 10001.05  4.77 spection of SST images, each last-
ST5 log(TVA)~CHL30+SST30 9998.75  2.47 ing ca. 2 wk from 11 April 2012 and
ST6 1log(TVA)~SST30 9996.28 0 .
SA1 AI~CHL30+SST30+strat+mtemp+year+season -2632.9 4.3 from 19 May. 2013 (F_lg' 8). Th? 2012
SA2  AI~CHL30+SST30+strat+mtemp+season 263599 1.21 event coincided with the highest
SA3 AI~CHL30+SST30+mtemp+season -2637.2 0 levels of monthly chl a around both
islands for 2012 (Fig. 7b).
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Fig. 5. Linear mixed-effects model predictions for the influences of 30 d composite lags of (a) chlorophyll a concentration
(CHL30) and (b) sea-surface temperature (SST30) on normalised total volumetric fish abundance (TVA) for Bird and St Croix
islands, respectively. Grey shaded areas represent 95 % confidence intervals
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Table 3. Best-fitting model coefficients () and standard errors (SE) used to
determine the influence of oceanographic and temporal covariates on fish
school data for surveys conducted around Bird and St Croix islands. Vari-
able abbreviations: TVA, total volumetric abundance of fish (kg); Al
school altitude index; CHL30, chlorophyll a concentration composite over
30 d lag period; SST30, sea surface temperature composite over 30 d lag
period; strat, stratification (SD of temperature within the upper 30 m);
mtemp, mean temperature through the water column; season, winter (W).

***p <0.001, **p <0.01, *p < 0.05

2011), obtain most of their energy from
zooplankton, although anchovy and red-
eye tend to consume larger zooplankton
than filter-feeding sardine (James 1987,
1988, Van Der Lingen 2002). In the BUR,
temporal lapses associated with trophic
exchanges between upwelling, plankton
and small pelagic fish are probably >10 d

Explana- Model no. (response) (sensu Moloney 1992) and will vary ac-
tory Bird Island St Croix Island cording to the different feeding prefer-
variables  BT6 (TVA)  BA2 (A]) ST6 (TVA)  SA3 (Al ences of the dominant small pelagic fish
CHL30 0.21 (0.07)** B ~ 0.09 (0.03)** spec1es p'r(?sent apd site spe.c1f.1c blophys-
SST30 _ 0.19 (0. 04).” 0.19 (0.09)* 0.23 (0.03)*** ical conditions. Given the limitations im-
strat - 0.19 (0.07)** - - posed on this study in obtaining finer
mteH}Iz)Olz) - —8 gg (8 gg; - -0.10 (0.04)** assessments of detailed trophic relation-
year - - e - - .
year (2013) B ~0.88 (0.27)** B _ §h1ps, the results prese.nted here must be
season (W) _ 1.01 (0.23)*** _ 0.25 (0.07)*** interpreted as cumulative or cruder forms
of the actual processes prevalent during

Table 4. Generalised least square regression coefficients (j)

and standard errors (SE) for correlations between mean

monthly wind speed (NE, northeasterly; SW, southwesterly)

and chlorophyll a concentrations (chl a) for Bird and St Croix
islands between 2011 and 2013

Explanatory Response (chl a)
variables Bird Island St Croix Island
NE wind 0.05 (0.26) 0.35 (0.25)
SW wind -0.08 (0.11) -0.17 (0.10)

Table 5. Wind speed comparisons between the summers of
2011-2012 and 2012-2013 at Bird Island and Port Elizabeth
Harbour weather stations, given as medians (interquartile
range, IQR). Mann-Whitney test statistics (w) and corre-
sponding p-values are provided for statistical comparisons
between years for northeasterly and southwesterly winds
at each site. *p < 0.05. Bold outputs denote significant
outcomes at the 5% level

Station 2011-2012 2012-2013 w P
Northeasterly
Bird Island 6.5 (4.4) 7.6 (4.7) 246 0.31
PE Harbour 7.5 (4.8) 5.9 (3.3) 615 0.16
Southwesterly
Bird Island 6.1 (4.2) 52(3.2) 3278 0.03*
PE Harbour 9.8 (5.1) 8.8(4.9) 4760 0.14
DISCUSSION

Influence of oceanographic factors on fish
abundance

The 3 dominant species of forage fish in Algoa Bay,
which are the main prey of adult African penguins in
the area (Randall & Randall 1986, Crawford et al.

the study period. Nevertheless, the bio-
physical associations determined from this research
provide interesting hitherto undocumented relation-
ships between relative indices of trophic coupling
that have an important bearing on marine top pre-
dators in Algoa Bay.

CHL30 had the greatest influence on relative fish
abundance around Bird Island for both aggregated
fish abundance and for school biomass, and was the
only oceanographic variable remaining in the best-
fitting model explaining fish school biomass (Table 3).
In contrast to these findings around Bird Island,
CHL30 had little influence on relative fish abun-
dance around St Croix Island (Tables 1 & 3). Levels of
chl a were consistently greater around Bird Island
than St Croix Island (Fig. 7b), which corresponds to
the greater propensity for upwelling near Bird Island
over the study period (Fig. 1). Despite the differences
in productivity between sites, mean monthly chl a
exhibited similar temporal concentration trends
around both islands (Fig. 7b), which fails to explain
the lack of a response by fish to CHL30 around St
Croix Island. This inter-site discrepancy could be
better explained by the differences in fish abundance
between sites, due to greater and more variable fish
abundance around Bird Island (Fig. 7e). Such dif-
ferences may be related to disparate top-down pro-
cesses operating across the bay. During the study
period, the waters around both islands were subject
to experimental fishing closures, with Bird Island
being closed to fishing during 2012 and 2013 and St
Croix Island being open to fishing during this period.
This was part of an island-closure feasibility study
implemented by DAFF to gauge the effects of purse-
seine fishing on survival indices of African penguins
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Fig. 6. Generalised linear mixed-effects model predictions for the influences of oceanographic variables. (a,b) 30 d composite
lags of sea surface temperature (SST30), (c,d) mean temperature through the water column, (e) stratification (SD of temperature
within the upper 30 m) and (f) 30 d composite lags of chlorophyll a concentration (CHL30) on normalised school altitude index
values (Al) for Bird and St Croix islands. Hatched lines represent 95 % confidence intervals for summer (red) and winter (black)
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Influence of oceanographic factors
on fish dispersal

Aggregation patterns of pelagic fish
beyond the level of schools, i.e. from
clusters of schools to the population,
are believed to be environmentally
mediated (Bertrand et al. 2008). Around
Bird Island, increased -clustering of

Fig. 8. Satellite-derived sea surface temperature maps showing 2 Agulhas
meanders, so-called Natal pulse events, recorded during the study period.
Arrows point to the centres of the core meanders with propagating cooler
waters shown via plumes inshore in the region of Algoa Bay. White pixels

represent cloud cover

(Pichegru et al. 2010). It is possible that removal of
fish around St Croix Island may have masked the
natural biophysical processes here. This phenome-
non has been inferred to influence similar associa-
tions between oceanography and pelagic fish in the
Black Sea (Daskalov 2003) and in the eastern Medi-
terranean (Katara et al. 2011), albeit over longer
time-spans. An alternative hypothesis is that Bird
Island is closer to a more stable source population of
pelagic fish that expand their range into the eastern
part of the bay during favourable periods more
frequently than they reach the western part of Algoa
Bay. However, this hypothesis is not supported by
the results of the regional distribution of small
pelagic fish collected by DAFF during the 3 yr of this
study (Shabangu et al. 2011, 2012, Mhlongo et al.
2013).

The positive relationship between SST and fish
abundance around St Croix Island closely resembles
the association of sardines and SST at coarser scales
(Agenbag et al. 2003). Agenbag et al. (2003) used
the locations of purse-seine catches to establish
environmental preferences of small pelagic fish spe-
cies caught off South Africa. Their results show a
strong positive relationship between sardine catches
and SSTs up to 22°C, in contrast to anchovy and
redeye catches, which decreased significantly at
SSTs >15°C and >18°C, respectively. These di-
verging SST preferences may relate to more sardine
schools being present around St Croix Island during
warmer SST periods. The largest and most dense
schools recorded by DAFF in this region between
2010 and 2014 were sardine schools (Fig. 2b,c) and
the presence of these schools during this study is
likely to have had a pronounced influence on the
range of fish school biomass (TVA) values recorded
under different SST scenarios.

schools was favoured by lower SST30
values (Fig. 3b) and, to some extent,
this can be explained by increasing rel-
ative fish abundance under these con-
ditions (Fig. 4a), i.e. an increase in the
incidence of upwelling events and
associated productivity. However, at s,
values >1000 m? nmi~?, there was greater variation in
FDI values for Bird Island and relative fish abun-
dance does little to explain this relationship. Rather,
it suggests that cooler average surface temperatures
promote the aggregation of fish schools regardless
of associated relative fish abundance. This may be
related to the patchy nature of bottom-up processes
(notably those influencing zooplankton distribution)
during cooler upwelling periods. The patchy nature
of community structuring from the bottom-up has
been demonstrated in other systems (e.g. Benoit-Bird
& McManus (2012) for inshore pelagic habitat in
Hawaii and Bertrand et al. (2014) for the upwelling
ecosystem off Peru). In both these studies, strong
environmental forcing could be gauged by the re-
sponse of higher trophic organisms at scales <10 km.

Influence of oceanographic factors on the vertical
distribution of prey

The thermal profile played a significant role in the
vertical distribution of pelagic fish schools around
both islands. Conditions that favoured the elevation
of schools in the water column resembled thermo-
cline conditions that are known to predominate in
this region during summer (Schumann et al. 2005),
with the mixed surface layer typically occurring
down to depths of 20-30 m during this season (Go-
schen 1991). Such conditions favour enrichment of
nutrients below the mixed surface layer (Goschen &
Schumann 1988) and thus promote responses at
higher trophic levels (Cury et al. 2000). The positive
correlation between CHL30 and school altitude
around St Croix Island may be due to differential
species-specific preferences, with sardines generally
occurring at higher altitudes (Lawson et al. 2001)
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(Fig. 2) and potentially favouring recently upwelled
areas.

Despite similar SSTs around both islands during the
course of this study (Fig. 7c), stratification was gener-
ally stronger around Bird Island (Fig. 7d), which
probably explains the differential effects of this vari-
able on school altitude between islands (Table 3). The
propensity for fish schools to be higher in the water
column during winter was biased to some extent by
the earlier part of this season (May-June) when fish
were found at higher altitudes compared with during
July (Table S1 in the Supplement) when strong south-
westerly winds were associated with vertical mixing
of the water column (Fig. 7a,d). Deep vertical mixing
is likely to suppress primary and secondary produc-
tion, potentially driving pelagic fish into deeper more
productive waters and likely making them less ac-
cessible to predators such as African penguins (van
Eeden et al. 2016). The accentuated seasonal differ-
ences in school altitude around Bird Island may relate
to a disproportionate influx of redeye into this region
during summer. Redeye was the only pelagic fish
species recorded in the east of Algoa Bay in all 3 No-
vember spawner biomass surveys between 2011 and
2013 (Shabangu et al. 2011, 2012, Mhlongo et al.
2013) and this species tends to be distributed more in-
shore during summer (Roel & Armstrong 1991) and at
relatively low altitudes (Lawson et al. 2001).

Mechanistic drivers of primary production

Low levels of primary production during the 2011-
2012 summer were related to strong southwesterly
winds during this season (Table 4, Fig. 7a), which
promote mixing of the water column (Lutjeharms et
al. 1996) and suppress upwelling activity in areas
south of the prominent capes, such as around Bird
Island (Goschen & Schumann 1995). In comparison,
strong northeasterly winds around Bird Island during
2013 and weaker southwesterly winds would have
favoured stronger and more frequent upwelling.

The anomalous spike in chl a around both islands
during April and May 2012 (Fig. 7b) was linked to a
Natal pulse offshore in the Agulhas Current and the
associated influx of cool, upwelled waters into the
bay (Fig. 8). This event likely played an important
role in driving primary and secondary production,
leading to the increase in fish abundance 1 mo later,
especially around Bird Island (Fig. 7b,e). The Natal
pulse event in May 2013 also coincided with rela-
tively high chl a values, but this event was preceded
by even higher chl a values in the month leading up

to this event (Fig. 7b), which was probably linked
to a combination of wind-induced and shear-edge
upwelling events.

Implications of biophysical associations for African
penguins and other predators

Our results indicate the complex and highly vari-
able nature of marine habitats in Algoa Bay. This is
significant for the African penguin population be-
cause 2 of this species' largest colonies are situated at
either end of the bay. The St Croix Island population
is currently the largest globally (8685 pairs in 2014,
South African Dept of Environmental Affairs (DEA)
unpubl. data), with more than double the population
of Bird Island (2837 pairs, DEA unpubl. data), yet the
biophysical associations as determined from this
study indicate that conditions for their prey are more
favourable around Bird Island. Consequently, the
probability of density-dependent effects on the St
Croix Island population are likely to be substantially
higher and, coupled with increased anthropogenic
activities around this island linked to nearby har-
bours, these factors are likely to increase the vulner-
ability of this population to further declines.

Oceanographic influences on the horizontal (FDI)
and vertical (AI and MAI) distribution of small
pelagic fish in Algoa Bay are significant in terms of
the access and predictability of prey available to
African penguins and other predators. Seabirds are
known to associate with productive oceanographic
features (e.g. Nel et al. 2001, Hyrenbach et al. 2006,
Cotté et al. 2007, Cox et al. 2013) and systems that
exhibit predictable but patchy community struc-
turing, as has been inferred from these results, are
likely to play a significant role in shaping the forag-
ing strategies of these species (e.g. Bon et al. 2015).
For diving species, such as penguins and gannets,
the vertical distribution of prey is a critical determi-
nant of the types of assemblages they target (Zamon
et al. 1996, Boyd et al. 2015). Our results demonstrate
how these prey parameters vary both in space and
time with marked seasonal and site-specific differ-
ences in prey availability. To refine and identify spe-
cific aspects of the biophysical associations emerging
from this study that have a more direct bearing on
the foraging performance of African penguins, infor-
mation on the vertical and horizontal distributions of
prey targeted by this species in Algoa Bay will need
to be assessed.

Seabird species endemic to the BUR have shown
marked eastward shifts in their distributions since
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