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1.  INTRODUCTION 

Many marine organisms produce planktonic off-
spring which may spend minutes to months in the 
water column as eggs or larvae before recruiting 

to  juvenile and/or adult habitats. These planktonic 
stages connect populations of sedentary or demersal 
species and have the potential to recruit over a wide 
area (White et al. 2014, Shima et al. 2018). However, 
the supply and settlement of larvae are extremely 
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ABSTRACT: Biophysical models are often used to estimate larval dispersal patterns for the assess-
ment of marine metapopulation spatial structure. However, comparisons of these models with 
field observations are relatively rare, and the extent to which models reproduce true marine con-
nectivity patterns is unclear. We developed a biophysical model for larvae of the blacktail 
seabream Diplodus capensis (Sparidae), an abundant recreational and subsistence fishery species 
along the south-east coast of South Africa, and compared outputs from various configurations of 
that model to results from a field study conducted in a large regional embayment (Algoa Bay). 
Seasonal patterns of dispersal and recruitment produced by the model agreed best with field 
observations when thermal constraints on spawners and larvae were included. Spatial gradients 
in settling larvae also matched well, with the model capturing observed high settler densities 
within the lee of a major headland. Nevertheless, stronger spatial gradients were observed in lar-
val densities from the field study when compared with model results, which may be explained by 
behavioural post-settlement processes. Model-based dispersal patterns revealed up to 5 subpop-
ulations along the southern coast, with barriers to connectivity between subpopulations generally 
linked to hydrographic features. Overall, our results suggest that thermally mediated spawning 
behaviour, physical transport and post-settlement processes all play important roles in determin-
ing marine connectivity for the blacktail seabream. Refining physiological larval constraints may 
be an important component that needs to be considered going forward.  
 
KEY WORDS:  Larval dispersal · Population dynamics · Biophysical model · Seabream · Diplodus 
capensis 

Contribution to the Theme Section ‘Marine functional connectivity’ OPENPEN
 ACCESSCCESS

§Advance View was available March 23, 2023; with a subse-
quent update February 6, 2024

https://crossmark.crossref.org/dialog/?doi=10.3354/meps14272&amp;domain=pdf&amp;date_stamp=2024-03-13


Mar Ecol Prog Ser 731: 89–104, 2024

variable, as they are affected by multiple factors 
which operate at different spatial and temporal 
scales (Jenkins et al. 1998, Porri et al. 2006, Pineda et 
al. 2010). This variability has large consequences for 
connectivity and population dynamics (Marshall et 
al. 2009, Garavelli et al. 2016). Understanding this 
variability in recruitment can help fisheries man-
agers to establish sustainable exploitation levels and 
marine spatial managers to develop appropriate con-
servation measures that promote populations that are 
resilient to exploitation, environmental change and 
habitat degradation (Hutchings 2000, Miller 2007). 

Apart from the initial factors controlling larval sup-
ply, such as egg production and fertilization, recruit-
ment is largely affected by processes of dispersal and 
mortality. Rates of mortality may be extremely high 
during the planktonic period (Rumrill 1990), and dis-
persal may not only be determined by large-scale 
ocean processes but also by local, small-scale ones 
(Morgan et al. 2009, Nickols et al. 2015, Weidberg et 
al. 2019, Pattrick et al. 2021). Early work on larval dis-
persal highlighted the potential for larvae to disperse 
over large distances (Scheltema 1971), leading to 
populations being perceived as relatively open, i.e. 
having high population connectivity. While large-
scale ocean processes may be disproportionately re-
sponsible for affecting the available supply of larvae 
(Pineda 2000), localised small-scale processes may 
also modify local distribution and settlement patterns 
(Pineda 1994, Pattrick et al. 2013, Treml et al. 2015). 
High rates of self-recruitment have been discovered 
for a range of marine species from various coastal 
habitats (e.g. Jones et al. 2005, Almany et al. 2007, 
Porri et al. 2014, Green et al. 2015, Weidberg et al. 
2015), indicating that populations may have lower 
connectivity than previously suspected. The unknown 
scales of larval dispersal and population connectivity 
present a problem for marine ecologists, fishery man-
agers and spatial planners, as these factors have im-
portant implications for population persistence and 
protection of genetic diversity (Sponaugle et al. 2002, 
Treml et al. 2015). Effective spacing and positioning 
of marine protected areas (MPAs) is critically impor-
tant, but direct measurements of mean larval distri-
bution and transport are challenging for individual 
species and extremely difficult for entire communi-
ties. Combinations of genetic analyses, modelling and 
measurement of ocean currents have therefore been 
advocated to elucidate larval dispersal and connectivity 
and assist fisheries management (Kirkman et al. 2021). 

Estimating population connectivity nevertheless re -
mains a difficult task due to the number of unknown 
biological and/or behavioural factors that are unique 

to a species during the planktonic stage (Lowerre-
Barbieri et al. 2017), but also because of the highly 
complex and variable hydrography of the coastal en-
vironment (Becker et al. 2007, Cowen & Sponaugle 
2009). Biophysical modelling approaches allow the in-
tegration of these biological and physical processes so 
as to improve our understanding of these complex 
mechanisms and estimate possible dispersal and re-
cruitment scenarios (Cowen et al. 2006, Gallego et al. 
2007). Advances in oceanographic models have eluci-
dated the role of hydrographic features responsible 
for larval transport and retention as well as its annual 
variability (Roberts & Mullon 2010, Garavelli et al. 
2014), while coupling with individual-based models 
(IBMs) allows for incorporation of the biological as-
pects of each individual in relation to its physical en-
vironment. Here, we developed a spatially explicit 
biophysical model, which incorporates known early-life 
characteristics with a regional 3-dimensional oceano -
graphic model, to study the dispersal and connectivity 
patterns of a coastal tele ost species, Diplodus capensis 
(Smith, 1844), commonly known as blacktail sea -
bream, along the southern coast of South Africa. 

The blacktail seabream is an important species for 
recreational and subsistence fishing, contributing a 
large component to average catch, and is common 
throughout its South African distribution from Cape 
Point up to southern Mozambique (Heemstra & Heem -
stra 2004). Adults are resident to shallow surf-zone 
habitats associated with rocky reefs (Mann & Buxton 
1992). Spawning of the pelagic eggs takes place 
throughout the year, predominantly during spring 
and summer in shallow (<30 m) coastal waters (Coetzee 
1986, Mann & Buxton 1998). Incubation of the pelagic 
eggs typically takes 35−40 h, followed by a planktonic 
larval phase for a further 17−35 d (Mac pherson & 
Raventos 2006). While no direct evidence for larval 
vertical migration exists for this species, eggs and early-
stage larvae of the congeneric D. sargus and other 
members of the Sparidae family appear to be more 
commonly distributed in the surface layers (<10 m) 
than at greater depths (>30 m) (Olivar & Sabatés 1997, 
Leis et al. 2006). Shallow, subtidal rock pools and gullies 
function as preferred juvenile nursery habitats, partic-
ularly where rocky embayments provide shelter from 
the exposed South African coastline (Strydom 2008). 

In this study, we modelled the effects of the physi-
cal environment (currents and temperature) on the 
spatial and temporal distribution of larvae of the 
blacktail seabream along the southern coast of South 
Africa. The results were compared with those from a 
2 yr field study, which was conducted in a large 
embayment, approximately 60 km wide, to deter-
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mine to what degree an ocean circulation dispersal 
model with temperature-based constraints on spawn-
ing and larval survival can explain the observed vari-
ance in distribution of settlement-stage blacktail. We 
hypothesised that temperature-based constraints on 
the release and survival of larvae are necessary to 
reproduce observed seasonal recruitment rates. Model 
outputs were further used to assess the potential bar-
riers to dispersal along the southern coast of South 
Africa, and the resulting population structure is eval-
uated with regard to the existing MPA network. 

2.  MATERIALS AND METHODS 

2.1.  South African coastline 

The southern African marine environment has 
been described as one of the most diverse, complex 
and highly variable in the world, with 
most of the coastline being exposed 
to high wave action and currents and 
possessing few large embayments 
(Lutjeharms et al. 2001, Hutchings et 
al. 2002). The oceanography of the 
eastern and southern coast is strongly 
influenced by the Agulhas Current 
(Fig. 1a), which causes retroflections, 
meanders and eddies, while coastal 
up welling occurs in localised areas 
when winds are favourable and the 
Agulhas Current is driven offshore 
by the widening continental shelf of 
the Agul has Bank (Lutjeharms et al. 
2001). Periodic shoreward intrusions 
of Agulhas Current waters onto the 
continental shelf may be associated 
with large losses of larvae as they are 
en trained in the current and ad -
vected from coastal regions (Porri et 
al. 2014). A marked seasonal change 
occurs on the southern coast in re -
lation to the north−south seasonal 
migration of atmospheric high-pres-
sure cells. Strong westerly winds 
dominate in austral winter, causing 
large swell and deep mixed layers. 
During summer, intense thermoclines 
develop, although frequent strong 
easterly winds may drive upwelling 
at headlands, causing abrupt changes 
in sea temperature of more than 
10°C within a few hours (Schumann 

et al.  1988, 1995, Goschen & Schumann 1995). Al -
though deeper waters generally flow westwards, 
shallow layers are largely driven by winds which 
blow from either the west or east (Hutchings et al. 
2002). The cold ridge, a feature on the central Agul-
has Bank, leads to a clockwise circulation where 
nearshore surface waters tend to flow eastwards in 
the region near Mossel Bay (Hutchings et al. 2002, 
Roberts & van den Berg 2005). Situated towards the 
east of the southern coast, Algoa Bay is a large log-
spiral bay with a prominent cape, Cape Recife. Near-
shore currents within the bay are predominantly 
wind driven, alternating almost equally between 
eastward and westward alongshore flows, with 
velocities commonly ranging between 4 and 8 cm s−1 
for the western and eastern sectors of the bay, 
respectively (Schumann et al. 2005, Pattrick et al. 
2013). Interactions between the nearshore and off-
shore processes result in a dynamic environment, 
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Fig. 1. (a) Geographic location of the study area (black box), showing dominant 
currents and retroflections of the southern African oceans and Agulhas Bank 
to the south associated with a widening of the continental shelf indicated by 
100 and 200 m isobaths. (b) Particle release and recruitment zones within the 
study area shown along the coast as gridded (~11 × 5 km) polygons. (c) 
Enlarged region for recruitment sites in Algoa Bay classified as leeward 
(western, dark blue) and windward (eastern, light blue) zones corresponding  

to the sites sampled by Pattrick & Strydom (2014)
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with periodic intrusions of Agulhas Current plumes 
(Schumann et al. 1988). Strong easterly winds lead to 
upwelling at the cape, with cold water being driven 
into the bay by sub sequent westerly winds (Goschen 
& Schumann 1995). 

2.2.  Hydrodynamic and biophysical models 

The Lagrangian particle dispersion modelling tool 
Ichthyop version 3.3.3 (Lett et al. 2008) was used to 
simulate the dispersal of eggs and larvae of the 
blacktail seabream Diplodus capensis from and to 
coastal habitats along the southern coast of South 
Africa (Fig. 1). Ichthyop uses time series of ocean cur-
rent velocity and temperature fields archived from 
hydrodynamic model simulations to study the physi-
cal and biological factors affecting ichthyoplankton 
dynamics (Lett et al. 2008). We used the outputs of 
a  2.5 km resolution configuration of the Regional 
Ocean Modeling System (ROMS) covering the domain 
from 32 to 36° S and from 20 to 29° E (Fig.  1a,b) 
(Bailey et al. 2022). This configuration was devel-
oped to resolve high-resolution bay- and shelf-scale 
ocean processes using a multi-nested approach and 
validated using in situ instrument mooring data and 
remote sensing products for the period January 2011 
to November 2015 (Bailey 2020) (see Figs. S1 & S2 in 
the Supplement at  www.int-res.com/articles/suppl/
m731p089_supp.pdf). This period primarily incorpo-
rates a ‘neutral period’ but includes the end of La 
Niña and start of El Niño phases according to the 
oceanic Niño index (https://fews.net/el-ni%C3%B1o-
and-precipitation). 

Release areas were designed as coastal, alongshore 
sections of approximately 0.1° of longitude (~11 km). 
Coastal areas were chosen based on the adult habitat 
of blacktail seabream as shallow (<30 m) rocky coast, 
where spawning also takes place for this highly resi-
dent species (Mann & Buxton 1992, 1998, Cowley 
et al. 2002). Unsuitable habitats, such as long contin-
uous sandy beaches (Fig. 1b), were not included 
as release or recruit zones in our simulations. Coastal 
habitat types were mapped using data from the 
2011 South African National Biodiversity As sessment 
(https://bgis.sanbi.org/SpatialDataset/Detail/414, ac -
cessed 10 October 2021). Suitable habitat, defined as 
areas classified in the National Biodiversity Assess-
ment as being rocky bottom, was then expanded 
5 km in the offshore direction to include subtidal reef 
and mixed habitat, and then the large polygons were 
broken into 0.1° (or ~11 km) alongshore sections. 
Each of the resulting small zones was considered to 

be both release and recruitment habitat, as settling 
late-stage or juvenile blacktail are found to inhabit 
the same shallow subtidal to intertidal rocky coast-
line as adults (Strydom 2008, Strydom et al. 2014). 
Particles (n = 1000) were released every day over the 
study region among the 102 release zones through-
out the 5 yr study period with the probability of larval 
release within a zone being proportional to the rela-
tive area of that zone. Particles were also randomly 
released throughout the water column at depths 
between 0 and 30 m. No attempt was made to esti-
mate the true larval output of the populations; one 
model particle may therefore represent many indi-
vidual larvae, and ultimately, it is relative as opposed 
to absolute recruitment rates that are of interest in 
this study. A pelagic larval duration (PLD) of up to 
40  d was used, and the criterion used for potential 
settlement was for larvae to be in recruitment areas 
anytime during the competency period extending 
from day 19 after release, which corresponds to 
shortly after flexion, to day 40, which corresponds 
to the early juvenile phase (Macpherson & Raven-
tos 2006, Connell 2012). Vertical migration behav-
iour was not included in simulations, as this be -
haviour has not been resolved for this species (or 
genus), with studies showing a homogeneous distri-
bution in the upper water column (<30 m) (Tilney 
et al. 1996, Olivar & Sabatés 1997), or evidence of 
reverse diel vertical migration (Trassierra 2018). Hor-
izontal movement behaviour was not incorporated 
due to the predominantly pre-flexion nature and 
poor development of early-stage blacktail larvae. 
Recruitment zones, which extended up to 5 km off-
shore, were considered large enough to account for 
the potential for active or directional swimming. The 
full time period (2011−2015) was used to elucidate 
general dispersal patterns, while only 2011−2012 
was used for comparisons with field observations 
(see Section 2.4). 

2.3.  Model configurations 

Three configurations of the biophysical model were 
evaluated in post-processing of simulations which 
were run from January 2011 to November 2015, re -
ferred to as M0−M2. The base model, M0, did not 
include any biological constraints on survival, i.e. 
recruitment was solely related to advection by cur-
rents. Model configuration M1 included thermal con-
straints on spawning, i.e. release of particles only 
occurred when temperatures within the release zones 
were within 16−20°C. Model configuration M2 ex -
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tended the conditions of M1 to also include thermal 
constraints on larvae. If larvae experienced tempera-
tures below 16°C or above 20°C anytime during the 
PLD (release to settlement), they were removed. This 
thermal range is based on average water tempera-
tures observed along the study region during the 
peak period for spawning and larval recruitment 
(Strydom et al. 2014, Pattrick et al. 2016) and the 
thermal range for spawning in the Diplodus sargus 
species complex, which includes D. capensis (Potts et 
al. 2013). 

Two additional model configurations were con-
sidered in preliminary tests by adding daily larval 
mortality rates (M) to M0 and M2, with a range 
of rates from M = 0.05 to M = 0.43 being tested 
(McGurk 1986). Survival probability to a given age 
was calculated using M as (1 − M) age, with age 
being the number of days since the start of the 
competency period (day 19, mortality prior to com-
petency having no impact on relative recruitment 
rates). As model outputs found that most recruit-
ment occurred in the very first days of the compe-
tency period (90% within the first 10 d), larval 
mortality produced only minor changes in relative 
recruitment rates and simulated connectivity pat-
terns. As such, results from these 2 additional model 
configurations including larval mortality are not 
re presented here. 

Model configurations M0−M2 were compared for 
the total number of simulated recruits and their loca-
tion, dispersal distance and seasonality of recruit-
ment. Non-parametric tests, including the Wilcoxon 
rank test and Kruskal-Wallis chi-squared test, were 
used to compare differences between model configu-
rations. To determine if the number of particles 
released in simulations was sufficient to obtain statis-
tically stable recruitment estimates, we used the 
approach suggested by North et al. (2009). We ran 
simulations using 500, 1000, 5000, 10 000 and 15 000 
particles under the same model configurations for 
8 release dates and compared the outputs. The dif-
ference in the numbers of particles released did not 
have a notable influence on the total percentage of 
potential settlers, with the difference never more 
than 6% (Table 1). 

2.4.  Model−data comparison 

Results from M0−M2 were then compared with 
field observations from Pattrick & Strydom (2014), 
who sampled 10 surf-zone sites in Algoa Bay, South 
Africa (Fig. 1c). Pattrick & Strydom (2014) sampled 

ichthyoplankton over a 2 yr period (January 2011−
October 2012), with 2 consecutive months per season 
for summer (December and January), autumn (March 
and April), winter (June and July) and spring (Sep-
tember and October). Five sampling sites were posi-
tioned along each of the western (leeward, sites L1–
L5) and eastern (windward, sites W1–W5) sides of 
the bay. Sampling was carried out using a larval 
seine net with a mesh aperture of 0.5 mm and a total 
width of 4.5 m and height of 1.5 m. The seine was 
pulled parallel to the shore for 25 m in shallow water 
of less than 1.5 m depth. Catch per unit effort was 
estimated as the total number of fish larvae captured 
per net haul, with 3 replicate hauls performed at 
each site. For the purposes of model−data compari-
son, the 10 recruitment zones sampled by Pattrick & 
Strydom (2014) were added to our model configura-
tions despite these areas having only limited suitable 
recruitment habitat (Fig. 1c). Only simulation data 
which corresponded with the period of the field 
study (sampling dates of 2011 and 2012) were used 
for comparison. 

2.5.  Identification of subpopulations 

Connectivity matrices were produced for each of 
the model configurations M0−M2 in order to identify 
potential barriers to dispersal and subpopulation 
structure. Subpopulations were identified using the 
methodology proposed by Jacobi et al. (2012) and 
implemented using the R package ‘ConnMatTools’ 
by Kaplan et al. (2017). The method identifies 
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Release date                 Particle number                         Max. 
                          15 000   10 000     5000     1000      500     diff. (%) 
 
01 Jan 2012        51.2       50.6       48.6      54.1       51.9         5.5 
02 Jan 2012        51.2       51.6       52.2      52.4       55.8         4.6 
01 Jun 2012        51.2       51.1       51.8      50.0       47.3         4.5 
02 Jun 2012        50.7       50.2       51.3      50.0       52.3         2.3 
01 Mar 2013       63.0       63.5       64.5      60.8       64.3         3.7 
02 Mar 2013       64.9       65.4       65.4      62.3       59.8         5.6 
01 Nov 2013       56.7       57.4       58.1      57.4       58.1         1.4 
01 Nov 2013       56.4       56.5       56.7      54.5       55.2         2.2 

Mean                  55.7       55.8       56.1      55.2       55.6         3.7

Table 1. Results for simulations run on 8 dates using the 
same model configurations, but different numbers of 
released particles. Values show percentage of simulated 
particles that meet conditions for potential recruitment, 
maximum difference in recruitment rates among simula-
tions (Max. diff.) with different particle release numbers per 
release date, and averaged values across all release dates 
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approximately independent subpopulations by cal-
culating a set of subpopulations that minimise con-
nectivity between subpopulations (Jacobi et al. 2012). 
The method uses the mean connectivity between an 
area i and an area j, calculated as the average con-
nectivity between these areas, . Connectivity 
matrix columns were not normalised, as per Gar-
avelli et al. (2016, 2014), as this would eliminate the 
effect of habitat area limitation. The level of aggre-
gation or disaggregation in identified subpopulations 
is controlled by a tunable parameter, beta, with a 
value near 0 leading to a greater number of subpop-
ulations (approximately 1 subpopulation per release 
zone), and larger, positive values leading to a single 
subpopulation which includes all release zones 
(Fig. S3). Using the formula of Jacobi et al. (2012), a 
set of beta values were produced which ranged from 
slightly greater than zero to values above one. This 
resulted in a set of potential subdivisions of the study 
domain, each having a different number of subpopu-
lations. For each such subdivision, the percentage of 
self-recruitment (fraction of settlers originating in the 
same subpopulation), the average percentage of lar-
vae exchanged between adjacent subpopulations 
and the quality or ‘leakage’, i.e. the percentage of 
exchange among all subpopulations, were calculated. 
The different subdivisions were then compared, and 
the final subpopulation arrangement was selected by 
finding (1) a set of subpopulations where barrier or 
division locations were consistent among multiple 
beta values, (2) no redundant subpopulations existed, 
i.e. where net export was greater than local reten-
tion, and (3) structure displayed low leakage values 
of no more than 35%. While this approach produces 
a reasonable set of subpopulations, given that 35% 
leakage was chosen somewhat arbitrarily as a cut-
off, in Fig. S3 we have included subpopulation divi-
sions for a number of different beta values, as well as 
how leakage between populations varies as a function 
of the number of subpopulations in order to illustrate 
the method of selection described above. All analyses 
were performed using R (version 3.6.3) (R Core Team 
2018), and maps were created using the ‘sf’ (Pe besma 
2018) and ‘ggplot2’ (Wickham 2016) packages. 

3.  RESULTS 

3.1.  Model recruitment 

The base model (M0) had the highest number of 
recruited larvae, with 33% of all released larvae en -
countering recruitment habitat during the 19 to 40 d 

competency period. Model configurations which in -
cluded thermal thresholds on spawning (M1) or both 
spawning and larvae (M2) had significantly lower 
values of recruitment (paired Wilcoxon signed rank 
test, p < 0.001) with 18 and 12%, respectively. Re -
cruitment was highest at the beginning of the com-
petency period and declined rapidly up to day 40. 
Most larvae (56%) were within recruitment zones on 
the first day of competency (day 19), and nearly 80% 
were within recruitment zones in the first 5 d of com-
petency (days 19 to 23). Subsequently, the addition of 
daily larval mortality from the onset of the compe-
tency period had a minor impact on relative patterns 
of potential settlement and connectivity, and models 
including a daily mortality rate were not considered 
any further. Large numbers of larvae were exported 
out of the domain at the western extent of the study 
area (20−21° E). This loss of larvae due to export out 
of the domain declined rapidly, as losses were less 
than 10% between 22 and 27° E. Recruitment success 
was also low for particles released from the eastern 
extent of the study region (27−29° E) and dispersal dis-
tances were high, suggesting that prevailing along-
shore currents transported larvae mostly offshore or 
far from release sites along the coast (Fig. 2a,b). Re -
cruitment varied considerably with the site of release, 
with clear peaks in successful recruitment occurring 
within embayments. Greater recruitment success was 
observed for larvae released between 21 and 23° E 
and around 26° E (Fig. 2a). Embayments were also 
associated with lower average dispersal distances 
and greater retention near the site of release (Fig. 2b). 
The general patterns in recruitment success did not 
strongly differ between model configurations, show-
ing the same peaks and troughs (Fig. 2a). Despite 
a  small number of individuals travelling more than 
600  km, most recruitment took place near release 
zones, with 97% of all recruits travelling less than 
200 km from release zones, 86% less than 100 km 
and 65% less than 50 km. 

None of the model configurations displayed any 
significant variability in recruitment amongst years 
(Kruskal-Wallis chi-squared, p > 0.1). M0 did not 
show any seasonal variability in recruitment either 
(p = 0.1), but for M1 and M2 there was an expected 
significant variability in the seasonal recruitment 
(p < 0.01), with the lowest values obtained in austral 
summer or autumn and the highest in spring (Fig. 3). 
Dispersal distances for all models (M0−M2) exhibited 
significant seasonal variability (p < 0.001). The highest 
mean (±SD) values occurred in summer (63 ± 62 and 
53 ± 45 km for M0 and M2, respectively) and the low-
est in winter (43 ± 60 and 43 ± 48 km for M0 and M2, 

Cij +C ji

2
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respectively) while autumn and spring were interme-
diate with 55 ± 56 and 45 ± 55 km, respectively, for M0. 

3.2.  Comparison with observed  
recruitment patterns 

Field data of larval Diplodus capensis captures 
from Algoa Bay, South Africa, collected over 2 yr 
(Pattrick & Strydom 2014) showed a strong sea-
sonal pattern in abundance (Fig. 4). A total of 3814 D. 
capensis larvae were captured over the study dura-
tion; a significant majority of these were in the post-
flexion stage of development (Pattrick & Strydom 
2014). The highest numbers were captured in austral 
spring (78% of total catch), followed by winter 
(14%), autumn (7%) and summer (<1%). The base 

model configuration (M0) was a poor predictor of 
seasonal larval occurrence, with the highest values of 
recruitment occurring in autumn and the lowest in 
spring. Subsequent models (M1 and M2) produced 
improved seasonal patterns of larval recruitment, 
with the highest values in spring and the lowest in 
summer, which was more consistent with field data 
(Fig. 4). 

Catches made by Pattrick & Strydom (2014) from 
the leeward side of the bay accounted for nearly 90% 
of the total catch (Fig. 5). Model outputs produced 
similar results for all configurations, with the majority 
of recruitment occurring within the leeward side of 
the bay (86, 84 and 82% of the total Algoa Bay 
recruitment for M0, M1 and M2, respectively; Fig. 5). 
For both field and model results, a single leeward 
site, L5, accounted for the majority of catches. The 
next most abundant site was located on the wind-
ward side of the bay at W2 followed by L1 with 8 and 
4% of the total catch, respectively, while remaining 
sites contributed 2% or less. Simulated model com-
parisons produced a more even recruitment among 
sites; site L5, as the single largest contributor to re -
cruitment of larvae, accounted for 38% of recruit-
ment for M0, 37% for M1 and 33% and M2. Site 
L4 followed with approximately 13% while remain-
ing sites each contributed less than 8% of total 
recruitment. 

3.3.  Patterns of connectivity for Algoa Bay recruits 

Simulations revealed considerable connectivity 
along the southern coast, with recruits in Algoa Bay 
originating up to 363 km from recruitment sites for 
the base model (M0), 351 km for M1 and 306 km for 
M2 (Fig. 6). For M0, more than half of the recruits 
originated from the bay (57%), travelling a mean 
haversine distance of only 32 km, though notable 
numbers of recruits originated from the west (22%) 
and east (21%) of the bay, travelling a mean distance 
of 103 and 155 km, respectively. 

There was a considerable seasonal effect on the 
origin of recruits, with the greatest average distance 
travelled in autumn (115 ± 80 km) and the lowest in 
spring (88 ± 89 km). Autumn had the lowest level of 
recruitment for larvae originating within the bay 
(47%), while spring had the highest rate (68%). 
Recruits from outside of the bay were predominantly 
from the west in summer and autumn and from the 
east in winter and spring. For model configurations 
M1 and M2, high numbers of recruited larvae origi-
nated within the bay, with 56 and 59%, respectively. 
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3.4.  Barriers to dispersal 

Separation of the study area into subpopulations 
based on their levels of connectivity produced rea-
sonably consistent results between model configura-
tions, although the increased seasonal effect of M1 
and M2 resulted in additional barriers to larval 
exchange. Fig. 7 shows the most con-
sistent separations into subpopulations 
for each of the model configurations 
based on the consistency of barrier 
positions and quality index (leakage). 
For M0, barriers to dispersal were 
identified at 27.5 and 24.5° E (Fig. 7a). 
Larval exchange from the west was 
minimal, with 5% or less movement 
from western to eastern adjacent sub-
populations, while movement from the 
east was greater, ranging from 10 to 
30% resulting in mean values of 8 
and 16% exchange be tween subpopu-
lations. Self-recruitment was high for 
all subpopulations, but lower for the 
easternmost subpopulation. An addi-
tional separation at 22° E was obtained 
with M1, where the eastward ex change 
between subpopulations 4 and 1 was 
reduced (Fig. 7b). Self-recruitment of 
subpopulations remained high along 

the western and southern region, and overall larval 
exchange reduced to 30%. Finally, for M2, another 
additional barrier occurred at ~26° E, separating 
Algoa Bay from eastern regions (Fig. 7c). The barri-
ers to exchange produced 5 subpopulations along 
the region of study with the lowest percentage of 
total larval exchange at 21%. 
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4.  DISCUSSION 

Although all model configurations 
tested predicted the observed spatial 
gradients in recruit density within 
Algoa Bay quite well, only models 
that in cluded thermal constraints on 
spawners and additionally larvae pre-
dicted the observed seasonality. In -
cluding biologically relevant thermal 
constraints in model configurations 
produced seasonal recruitment pat-
terns which more closely reflected 
the spring peak of spawning and re -
cruitment of the blacktail sea bream, 
as also indicated by gonado-somatic 
index data (Mann & Buxton 1998) 
and the presence of larvae in recruit-
ment habitats (Strydom et al. 2014). 
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In particular, M2 displayed a seasonal recruitment 
pattern in Algoa Bay which most closely resembled 
the findings of Pattrick & Strydom (2014). Neverthe-
less, whereas the seasonal proportion of recruits 
agreed with field data in summer, autumn and 
spring, winter recruitment values from M2 were 
considerably greater than the field results. This dis-
crepancy may be related to the effect of photoperiod 
on gonad maturation, as Mann & Buxton (1998) sug-
gested that the spawning season of blacktail along 
the southern coast is correlated with photoperiod 
and water temperature. However, peak spawning 
occurs in late winter at the species’ eastern extent of 
distribution and in summer at the western edge 
(Coetzee 1986, Connell 2012). This suggests that 
while photoperiod may be a contributing factor, 
temperature and its variability may more directly 

influence peak spawning activity, 
together with a suite of other possible 
factors such as phenological adapta-
tions to local conditions along the 
coastline. 

Recruitment success and dispersal 
distance were strongly influenced by 
the area of release. Larvae released 
within embayments along the south-
ern coast were twice as likely to suc-
cessfully recruit when compared with 
those released outside of these areas. 
Additionally, larvae released in em -
bayments typically exhibited lower 
dispersal distances indicating settle-
ment closer to their site of release. 
Sheltered marine environments, such 
as bays, commonly exhibit greater re -
tention of eggs and larvae than open 
coastlines (Wing et al. 2003, Breheny 
et al. 2012, von der Meden et al. 2012), 
and even small embayments in the lee 
of headlands may provide retention 
opportunities (Roughan et al. 2005, 
Morgan et al. 2011). The value of 
these areas along the southern coast, 
where nearshore flows are broken by 
topographic features, cannot be under-
stated for a coastline which has been 
described as one of the smoothest and 
least convoluted in the world (Hutch-
ings et al. 2002). 

When comparing recruitment val-
ues between the western (leeward) 
and eastern (windward) side of Algoa 
Bay, there was considerable agree-

ment between model results and field data, with 
most recruitment occurring on the leeward side. This 
is predominantly due to the overwhelmingly high 
catches from a single site, L5 (Fig. 5). There was little 
variation in the relative spatial pattern of recruitment 
at the various sites across model configurations, sug-
gesting that seasonality, due to thermal constraints, 
had limited effect on dispersal patterns at the small 
scale of Algoa Bay. Slightly higher values of recruit-
ment on the windward side with M2 compared to M0 
may be attributed to the predominance of eastward 
flow in the Bay over spring compared to predomi-
nantly westward flow over autumn (Roberts 2010). 
Elevated values at station L5, for both simulated and 
field results, may be related to topographical features 
where eggs and larvae are retained in the lee of a 
headland (Morgan et al. 2011), although habitat 
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availability may also play a role for field results. Sta-
tions L5 and L1 were unique among the other sam-
pling sites, offering mixed rocky shore-associated 
surf zones, compared with all other sites, which were 
noted as sandy beach surf zones (Pattrick & Strydom 
2014). These mixed shore habitats offer advantages 
to early recruits in terms of reduced wave action and 
current flow and better feeding opportunities. As 
such, these areas have been identified as preferred 
nursery habitats for newly settled blacktail larvae 
and/or early juveniles (Strydom 2008). High densities 
of postflexion/early-settled blacktail at L5 collected 
by Pattrick & Strydom (2014) may in part be driven 
by active behavioural processes and habitat selec-
tion. For example, larval fish may be choosing not to 
settle in other sandy-bottom portions of the bay, 
thereby re sulting in an accumulation of recruits at L5 
with its extensive rocky-bottom habitat. Indeed, 
blacktail settlement-stage larvae are capable swim-
mers, able to cover large distances, up to 6 km, with-
out food or rest at swimming speeds up to 19 cm s−1, 
which exceeds the modal current velocity in the 
Algoa Bay nearshore of 8 cm s−1 (Pattrick & Strydom 
2009). This may explain the consistently stronger 
spatial gradients in settler density in observations 
than in our simulations. Nevertheless, our results 

demonstrate that dispersal models based exclusively 
on ocean circulation are capable of reproducing to a 
large extent spatial gradients in Algoa Bay. This was 
similarly shown by Teske et al. (2016), whose rela-
tively simple circulation models were able to explain 
high levels of genetic structure and self-recruitment 
along the southern Australian coastline. 

The identification of blacktail subpopulations from 
the connectivity matrices highlighted robust patterns 
of connectivity and barriers to dispersal along the 
southern coast. For all model configurations, 2 com-
mon major separations were identified at 27.5 and 
24.5° E (Fig. 7a). Subsequent barriers were identified 
for M1 and M2 at approximately 22 and 26° E, sug-
gesting that up to 5 relatively isolated subpopula-
tions may exist along the southern coast when ther-
mal constraints on spawning or larval survival are 
included and seasonality of settlement is affected. 
The first major barrier at 27.5° E is consistent with the 
transition from the subtropical Natal province biore-
gion on the east to the warm-temperate Agulhas 
region on the west (Spalding et al. 2007). The transi-
tion of these bioregions is related to the position of 
the gradual deflection of the southward-flowing 
Agulhas Current from the coast (Fig. S2). This leads 
to divergent upwelling near the coast (Fig. 8), which 
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most likely prevents further eastward transport, 
while the prevailing nearshore current drives larvae 
southwards and offshore, thus reducing settlement to 
the west (Hutchings et al. 2002). There is further sup-
port for the role of this mechanism in shaping the 
connectivity of coastal fish populations with Golla et 
al. (2020) and Von der Heyden (2009) using genetic 
techniques, finding that this region forms a barrier to 
the genetic connectivity of a range of coastal marine 
species. 

The addition of the dispersal barrier at 24.5° E, 
which leads to the study region being separated 
into a western, central and eastern part, may be ex -
plained by coastal alongshore current dynamics. 
Due to the influence of the Agulhas Current, west-
ward flow dominates on the Agulhas Bank, al -
though a counter-current retroflection occasionally 
leads to nearshore eastward flows opposing the 
greater shelf flow (Roberts 2005, Roberts & van den 
Berg 2005). A ‘current-closure scenario’ cell has 
been proposed for this region (Fig. 8), where coastal 
upwelling causes offshore displacement of surface 
layers (Fig. 8), followed by westward drift on the 
mid-shelf and return to the coast with subsequent 
nearshore eastward drift (Tilney et al. 1996). While 
this scenario is only applicable to spring/summer 
circulation, due to the prevalence of upwelling over 
this period, Tilney et al. (1996) also suggested that 
coastal longshore oscillations (Fig. 8) caused by 
coastal trapped waves would predominate during 
winter, reducing alongshore dispersal. The ‘current-
closure scenario’ is also ex pected to be bounded in 
the west by the cool-water ridge off the coast at 
Mossel Bay (22° E) (Tilney et al. 1996), which forms 
the third barrier to exchange identified in models 
M1 and M2 where recruitment was predominantly 
in spring. The mollusc Turbo sarmaticus has genetic 
breaks near this location (Von der Heyden 2009), 
suggesting that transport from the east is also inhib-
ited for this species. 

The final barrier to transport, identified for M2, 
occurs in Algoa Bay seemingly bisecting the embay-
ment itself. Turpie et al. (2000) identified a discon-
tinuity in coastal fish distributions in this area, sug-
gesting this region forms the edge of the core 
distribution for a number of coastal fish species. A 
large, semi-permanent upwelling cell (Fig. 8) lies to 
the East of Algoa Bay near Port Alfred (~26° E), com-
monly causing colder water to move onto the eastern 
parts of the Agulhas Bank and into Algoa Bay (Lutje-
harms et al. 2000, Roberts 2010). Upwelling events in 
this region and other headlands along the south coast 
can lead to dramatic changes in temperature of up to 

10°C or more in less than a day and affect the distri-
butions of marine organisms (Schumann et al. 1988), 
potentially providing barriers to gene flow. Indeed, 
Von der Heyden et al. (2008) found that populations 
of Clinus cottoides were effectively isolated between 
Port Alfred and Haga Haga (26.8−28.2° E), exhibiting 
low connectivity with populations to the west or east 
of this range. However, upwelling-related barriers 
are fluid in nature and commonly display spatial and 
temporal variability, particularly when wind regime 
shifts, such as occurs during La Niña conditions, in -
crease both the frequency and intensity of coastal 
upwelling (Duncan et al. 2019). Thus, these variable 
and ‘soft’ barriers may not always limit connectiv-
ity. For example, Neethling et al. (2008) and Teske et 
al. (2010) failed to observe any genetic structuring 
along the southern coast for coastal and resident 
fishes. 

Knowledge of larval dispersal and connectivity 
patterns is vital information for management of 
fishery stocks and the design of marine reserves. 
Decisions based on incorrect assumptions of lar-
val dispersal and population connectivity may lead 
to the implementation of ineffective conservation 
measures (Cowen et al. 2000). The current South 
African MPA network appears to show some cov-
erage for all of the identified subpopulations along 
the southern coast (Fig. 9). Considering how the 
observed barriers to dispersal were supported by 
oceanographic features and genetic barriers, the 
current network likely facilitates the conservation 
of many coastal species to some extent. However, 
while movement patterns and dispersal abilities 
are highly variable, the general spacing of reserves 
has previously been recommended to be less than 
15−20 km (Green et al. 2015, Mann et al. 2016). 
Along the southern coast of South Africa, 20−40 km 
spacings for reserves has been suggested as op -
timal based on tag−recapture and modelling stud-
ies (Attwood & Bennett 1995, Griffiths & Wilke 
2002). 

The current South African MPA network shows 
an average nearest-neighbour distance of 35 km (SD 
39.5) (Kirkman et al. 2021). However, within the 
study region, this distance is higher (46.8 ± 16 km) 
and exceeds the modelled dispersal distance found 
for many zones along the coast (Fig. 2b). Behavioural 
processes such as active swimming are believed to 
increase local retention (Leis 2006, Leis et al. 2011, 
Lett et al. 2019), thereby enhancing local population 
persistence in individual MPAs but reducing ex -
changes between protected areas and therefore 
weakening network resilience to shocks or popula-
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tion failures in individual MPAs. This may be partic-
ularly relevant for the subpopulation identified 
between 24.5 and 26° E, where a single small MPA 
is  located (Fig. 9), which may be insufficient to be 
either self-persistent or contribute to an MPA net-
work effect. 

Though biophysical dispersal models have con-
tributed to our understanding of large-scale disper-
sal patterns, recruitment and connectivity (Miller 
2007), limitations of oceanographic models and im -
plemented larval behaviour prevent these models 
from replacing empirical methods (Kaplan et al. 
2017). For instance, biophysical models can fail 
to  reproduce fine-scale coastal hydrodynamic pro-
cesses, such as those which occur along jagged 
coasts or headlands (Briton et al. 2018). Poor know -
ledge on the behaviour and biology of larvae, par-
ticularly with regards to how these characteristics 
change during early ontogeny (Leis 2007, Leis 
et al. 2007), also impedes the production of realis-

tic outputs. As such, a combination 
of ap proaches has been suggested 
where, for example, biophysical 
models, genetic analyses, physical 
sampling methods and biological and 
behavioural studies could be used as 
complementary methods in order to 
determine dis persal and connectivity 
(Kirk man et al. 2021). Although weak-
nesses in any approach should be 
acknowledged and even genetic 
methods may provide little clarifica-
tion with regards to gene flow and 
population connectivity (Teske et al. 
2015), a combination of methods can 
indeed improve agreement of esti-
mates (Skogen et al. 2021). 

  
Acknowledgements. This project was 
developed under the Programme Année 
Bleue de l’Océan Indien 2021−22, funded 
by  France though its FSPI instrument, on 
the  occasion of the French Presidency of 
the  Indian Ocean Commission in 2021−
2022. The programme was designed to 
promote innovative development in the 
Blue Economy space in 8 countries in the 
Southwest Indian Ocean. We acknowl-
edge the Pôle de  Calcul et de Données 
Marines (PCDM, www.ifremer.fr/fr) for 
providing DATARMOR storage, data 
access, com putational resources, visuali-
zation and support services. This publica-
tion is based upon work from COST Action 
Unifying Approaches to Marine Connec-
tivity for Improved Resource Management 

for the Seas (SEA-UNICORN) CA19107, supported by 
COST (European Cooperation in Science and Technology, 
www.cost.eu). 
 
 

LITERATURE CITED 
 
Almany GR, Berumen ML, Thorrold SR, Planes S, Jones GP 

(2007) Local replenishment of coral reef fish populations 
in a marine reserve. Science 316: 742−744  

Attwood CG, Bennett BA (1995) Modelling the effect of mar-
ine reserves on the recreational shore-fishery of the 
South-Western Cape, South Africa. S Afr J Mar Sci 16: 
227−240  

Bailey D (2020) Ocean dynamics of the shelf and bays of the 
Eastern Agulhas Bank. PhD dissertation, Nelson Man-
dela University, Port Elizabeth 

Bailey DF, Hermes J, Penven P, Bornman TG, Goschen W 
(2022) An investigation of sea level and circulation 
response during a coastal trapped wave event on the 
Eastern Agulhas Bank, South Africa. Cont Shelf Res 240: 
104698  

Becker BJ, Levin LA, Fodrie FJ, Mcmillan PA (2007) Complex 
larval connectivity patterns among marine invertebrate 
populations. Proc Natl Acad Sci USA 104: 3267−3272  

101

36º 

28º
S 

30º 

32º 

34º 

15º E 

34º 

33º
S 

20º 25º 30º 

25º 23º 21º E 26º 27º 28º 24º 22º 

Fig. 9. Marine protected area (MPA) network of South Africa (excluding the 
Prince Edward Islands MPA to the south) (top); below is the MPA network 
within the study region (in black) overlapped with subpopulations obtained  

from M2 (in colour). Top map shows 100, 200 and 300 m isobaths in grey

https://doi.org/10.1126/science.1140597
https://doi.org/10.2989/025776195784156458
https://doi.org/10.1016/j.csr.2022.104698
https://doi.org/10.1073/pnas.0611651104


Mar Ecol Prog Ser 731: 89–104, 2024

Breheny N, Beckley L, Wakefield C (2012) Ichthyoplankton 
assemblages associated with pink snapper (Pagrus aura-
tus) spawning aggregations in coastal embayments of 
southwestern Australia. J R Soc West Aust 95: 103−114 

Briton F, Cortese D, Duhaut T, Guizien K (2018) High-reso-
lution modelling of ocean circulation can reveal reten-
tion spots important for biodiversity conservation. Aquat 
Conserv 28: 882−893  

Coetzee PS (1986) Diet composition and breeding cycle of 
blacktail, Diplodus sargus capensis (Pisces:  Sparidae), 
caught off St Croix Island, Algoa Bay, South Africa. S Afr 
J Zool 21: 237−243 

Connell A (2012) Marine fish eggs and larvae from the east 
coast of South Africa. http: //fisheggs-and-larvae.saiab.
ac.za/ 

Cowen RK, Sponaugle S (2009) Larval dispersal and marine 
population connectivity. Annu Rev Mar Sci 1: 443−466  

Cowen RK, Lwiza KMM, Sponaugle S, Paris CB, Olson DB 
(2000) Connectivity of marine populations:  open or 
closed? Science 287: 857−859  

Cowen RK, Paris CB, Srinivasan A (2006) Scaling of connec-
tivity in marine populations. Science 311: 522−527  

Cowley PD, Brouwer SL, Tilney RL (2002) The role of the 
Tsitsikamma National Park in the management of four 
shore-angling fish along the south-eastern coast of South 
Africa. S Afr J Mar Sci 24: 27−35  

Duncan MI, James NC, Bates AE, Goschen WS, Potts WM 
(2019) Localised intermittent upwelling intensity has 
increased along South Africa’s south coast due to El 
Niño−Southern Oscillation phase state. Afr J Mar Sci 41: 
325−330  

Gallego A, North EW, Petitgas P (2007) Introduction:  status 
and future of modelling physical−biological interactions 
during the early life of fishes. Mar Ecol Prog Ser 347: 
121−126  

Garavelli L, Kaplan DM, Colas F, Stotz W, Yannicelli B, Lett 
C (2014) Identifying appropriate spatial scales for marine 
conservation and management using a larval dispersal 
model:  the case of Concholepas concholepas (loco) in 
Chile. Prog Oceanogr 124: 42−53  

Garavelli L, Colas F, Verley P, Kaplan DM, Yannicelli B, Lett 
C (2016) Influence of biological factors on connectivity 
patterns for Concholepas concholepas (loco) in Chile. 
PLOS ONE 11: e0146418  

Golla TR, Pieterse L, Jooste CM, Teske PR (2020) Discovery 
of populations endemic to a marine biogeographical 
transition zone. Divers Distrib 26: 1825−1832  

Goschen WS, Schumann EH (1995) Upwelling and the 
occurrence of cold water around Cape Recife, Algoa Bay, 
South Africa. S Afr J Mar Sci 16: 57−67  

Green AL, Maypa AP, Almany GR, Rhodes KL and others 
(2015) Larval dispersal and movement patterns of coral 
reef fishes, and implications for marine reserve network 
design. Biol Rev Camb Philos Soc 90: 1215−1247  

Griffiths MH, Wilke CG (2002) Long-term movement pat-
terns of five temperate-reef fishes (Pisces:  Sparidae):  
implications for marine reserves. Mar Freshw Res 53: 
233−244  

Heemstra PC, Heemstra E (2004) Coastal fishes of southern 
Africa. NISC (PTY) LTD., Grahamstown 

Hutchings JA (2000) Collapse and recovery of marine fishes. 
Nature 406: 882−885  

Hutchings L, Beckley LE, Griffiths MH, Roberts MJ, Sundby 
S, Van der Lingen C (2002) Spawning on the edge:  
spawning grounds and nursery areas around the south-

ern African coastline. Mar Freshw Res 53: 307−318  
Jacobi MN, André C, Döös K, Jonsson PR (2012) Identifica-

tion of subpopulations from connectivity matrices. Ecog-
raphy 35: 1004−1016  

Jenkins GP, Keough MJ, Hamer PA (1998) The contributions 
of habitat structure and larval supply to broad-scale 
recruitment variability in a temperate zone, seagrass-
associated fish. J Exp Mar Biol Ecol 226: 259−278  

Jones GP, Planes S, Thorrold SR (2005) Coral reef fish larvae 
settle close to home. Curr Biol 15: 1314−1318  

Kaplan DM, Cuif M, Fauvelot C, Vigliola L, Nguyen-Huu T, 
Tiavouane J, Lett C (2017) Uncertainty in empirical esti-
mates of marine larval connectivity. ICES J Mar Sci 74: 
1723−1734  

Kirkman SP, Mann BQ, Sink KJ, Adams R and others (2021) 
Evaluating the evidence for ecological effectiveness of 
South Africa’s marine protected areas. Afr J Mar Sci 43: 
389−412  

Leis JM (2006) Are larvae of demersal fishes plankton or 
nekton? Adv Mar Biol 51: 57−141  

Leis JM (2007) Behaviour as input for modelling dispersal 
of fish larvae:  behaviour, biogeography, hydrodynamics, 
on togeny, physiology and phylogeny meet hydrography. 
Mar Ecol Prog Ser 347: 185−193  

Leis JM, Hay AC, Trnski T (2006) In situ ontogeny of behav-
iour in pelagic larvae of three temperate, marine, demer-
sal fishes. Mar Biol 148: 655−669  

Leis JM, Hay AC, Lockett MM, Chen JP, Fang LS (2007) 
Ontogeny of swimming speed in larvae of pelagic-
spawning, tropical, marine fishes. Mar Ecol Prog Ser 349: 
255−267  

Leis JM, Siebeck U, Dixson DL (2011) How Nemo finds 
home:  the neuroecology of dispersal and of population 
connectivity in larvae of marine fishes. Integr Comp Biol 
51: 826−843  

Lett C, Verley P, Mullon C, Parada C, Brochier T, Penven P, 
Blanke B (2008) A Lagrangian tool for modelling ichthy-
oplankton dynamics. Environ Model Softw 23: 1210−1214  

Lett C, Barrier N, Ourmières Y, Petit C, Labonne M, Bourjea 
J, Darnaude AM (2019) Modeling larval dispersal for the 
gilthead seabream in the northwestern Mediterranean 
Sea. Mar Environ Res 152: 104781  

Lowerre-Barbieri S, Decelles G, Pepin P, Catalán IA and 
others (2017) Reproductive resilience:  a paradigm shift in 
understanding spawner−recruit systems in exploited 
marine fish. Fish Fish 18: 285−312  

Lutjeharms JRE, Cooper J, Roberts M (2000) Upwelling at 
the inshore edge of the Agulhas Current. Cont Shelf Res 
20: 737−761  

Lutjeharms JRE, Monteiro PMS, Tyson PD, Obura D (2001) 
The oceans around southern Africa and regional effects 
of global change. S Afr J Sci 97: 119−130 

Macpherson E, Raventos N (2006) Relationship between 
pelagic larval duration and geographic distribution of 
Mediterranean littoral fishes. Mar Ecol Prog Ser 327: 
257−265  

Mann BQ, Buxton CD (1992) Diets of Diplodus sargus 
capensis and D. cervinus hottentotus (Pisces:  Sparidae) 
on the Tsitsikamma coast, South Africa. Koedoe 35: 
27−36  

Mann BQ, Buxton CD (1998) The reproductive biology of 
Diplodus sargus capensis and D. cervinus hottentotus 
(Sparidae) off the South-East Cape Coast, South Africa. 
Cybium 22: 31−47 

Mann BQ, Cowley PD, Kyle R (2016) Estimating the opti-

102

https://doi.org/10.1002/aqc.2901
https://doi.org/10.1080/02541858.1986.11447989
https://doi.org/10.1146/annurev.marine.010908.163757
https://doi.org/10.1126/science.287.5454.857
https://doi.org/10.1126/science.1122039
https://doi.org/10.2989/025776102784528664
https://doi.org/10.2989/1814232X.2019.1656105
https://doi.org/10.3354/meps06972
https://doi.org/10.1016/j.pocean.2014.03.011
https://doi.org/10.1371/journal.pone.0146418
https://doi.org/10.1111/ddi.13162
https://doi.org/10.2989/025776195784156520
https://doi.org/10.1111/brv.12155
https://doi.org/10.1071/MF01148
https://doi.org/10.1038/35022565
https://doi.org/10.1071/MF01147
https://doi.org/10.1016/j.ocecoaman.2016.03.006
https://doi.org/10.4102/koedoe.v35i2.402
https://doi.org/10.3354/meps327257
https://doi.org/10.1016/S0278-4343(99)00092-8
https://doi.org/10.1111/faf.12180
https://doi.org/10.1016/j.marenvres.2019.104781
https://doi.org/10.1016/j.envsoft.2008.02.005
https://doi.org/10.1093/icb/icr004
https://doi.org/10.3354/meps07107
https://doi.org/10.1007/s00227-005-0108-0
https://doi.org/10.3354/meps06977
https://doi.org/10.1016/S0065-2881(06)51002-8
https://doi.org/10.2989/1814232X.2021.1962975
https://doi.org/10.1093/icesjms/fsw182
https://doi.org/10.1016/j.cub.2005.06.061
https://doi.org/10.1016/S0022-0981(97)00255-4
https://doi.org/10.1111/j.1600-0587.2012.07281.x


Muller et al.: Fish connectivity model−data comparison

mum size for inshore no-take areas based on movement 
patterns of surf-zone fishes and recommendations for 
rezoning of a World Heritage Site in South Africa. Ocean 
Coast Manage 125: 8−19  

Marshall DJ, Styan C, McQuaid CD (2009) Larval supply 
and dispersal. In:  Wahl M (ed) Marine hard bottom com-
munities. Springer, Berlin, p 165−176 

McGurk MD (1986) Natural mortality of marine pelagic fish 
eggs and larvae:  role of spatial patchiness. Mar Ecol Prog 
Ser 34: 227−242  

Miller TJ (2007) Contribution of individual-based coupled 
physical−biological models to understanding recruit-
ment in marine fish populations. Mar Ecol Prog Ser 347: 
127−138  

Morgan SG, Fisher JL, Miller SH, Mcafee ST, Largier JL 
(2009) Nearshore larval retention in a region of strong 
upwelling and recruitment limitation. Ecology 90: 
3489−3502  

Morgan SG, Fisher JL, Largier JL (2011) Larval retention, 
entrainment, and accumulation in the lee of a small 
headland:  recruitment hot spots along windy coasts. 
Limnol Oceanogr 56: 161−178  

Neethling M, Matthee CA, Bowie RCK, Von der Heyden S 
(2008) Evidence for panmixia despite barriers to gene 
flow in the southern African endemic, Caffrogobius caf-
fer (Teleostei:  Gobiidae). BMC Evol Biol 8: 325  

Nickols KJ, Wilson White J, Largier JL, Gaylord B (2015) 
Marine population connectivity:  reconciling large-scale 
dispersal and high self-retention. Am Nat 185: 196−211  

North EW, Gallego A, Petitgas P (eds) (2009) Manual of rec-
ommended practices for modelling physical−biological 
interactions during fish early life. ICES Coop Res Rep 
295 

Olivar MP, Sabatés A (1997) Vertical distribution of fish lar-
vae in the north-west Mediterranean Sea in spring. Mar 
Biol 129: 289−300  

Pattrick P, Strydom NA (2009) Swimming abilities of wild-
caught, late-stage larvae of Diplodus capensis and Sarpa 
salpa (Pisces:  Sparidae) from temperate South Africa. 
Estuar Coast Shelf Sci 85: 547−554  

Pattrick P, Strydom NA (2014) The effects of exposure in 
sandy beach surf zones on larval fishes. J Fish Biol 84: 
1354−1376  

Pattrick P, Strydom N, Goschen W (2013) Shallow-water, 
nearshore current dynamics in Algoa Bay, South Africa, 
with notes on the implications for larval fish dispersal. 
Afr J Mar Sci 35: 269−282  

Pattrick P, Strydom NA, Harris L, Goschen WS (2016) Pre-
dicting spawning locations and modelling the spatial 
extent of post hatch areas for fishes in a shallow coastal 
habitat in South Africa. Mar Ecol Prog Ser 560: 223−235  

Pattrick P, Weidberg N, Goschen WS, Jackson JM, McQuaid 
CD, Porri F (2021) Larval fish assemblage structure at 
coastal fronts and the influence of environmental vari-
ability. Front Ecol Evol 9: 684502 

Pebesma E (2018) Simple features for R:  standardized sup-
port for spatial vector data. R J 10: 439−446  

Pineda J (1994) Spatial and temporal patterns in barnacle 
settlement rate along a southern California rocky shore. 
Mar Ecol Prog Ser 107: 125−138  

Pineda J (2000) Linking larval settlement to larval transport:  
assumptions, potentials, and pitfalls. Oceanogr East Pac 
1: 84−105 

Pineda J, Porri F, Starczak V, Blythe J (2010) Causes of 
decoupling between larval supply and settlement and 

consequences for understanding recruitment and popu-
lation connectivity. J Exp Mar Biol Ecol 392: 9−21  

Porri F, McQuaid CD, Radloff S (2006) Spatio-temporal vari-
ability of larval abundance and settlement of Perna 
perna:  differential delivery of mussels. Mar Ecol Prog Ser 
315: 141−150  

Porri F, Jackson JM, Von der Meden CEO, Weidberg N, 
McQuaid CD (2014) The effect of mesoscale oceano-
graphic features on the distribution of mussel larvae 
along the south coast of South Africa. J Mar Syst 132: 
162−173  

Potts WM, Booth AJ, Richardson TJ, Sauer WHH (2013) 
Ocean warming affects the distribution and abundance 
of resident fishes by changing their reproductive scope. 
Rev Fish Biol Fish 242: 493−504 

R Core Team (2018) R:  a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna 

Roberts MJ (2005) Chokka squid (Loligo vulgaris reynaudii) 
abundance linked to changes in South Africa’s Agulhas 
Bank ecosystem during spawning and the early life 
cycle. ICES J Mar Sci 62: 33−55  

Roberts MJ (2010) Coastal currents and temperatures along 
the eastern region of Algoa Bay, South Africa, with impli-
cations for transport and shelf−bay water exchange. Afr 
J Mar Sci 32: 145−161  

Roberts MJ, Mullon C (2010) First Lagrangian ROMS-IBM 
simulations indicate large losses of chokka squid Loligo 
reynaudii paralarvae from South Africa’s Agulhas Bank. 
Afr J Mar Sci 32: 71−84  

Roberts M, van den Berg M (2005) Currents along the Tsit-
sikamma coast, South Africa, and potential transport of 
squid paralarvae and ichthyoplankton. Afr J Mar Sci 27: 
375−388  

Roughan M, Mace AJ, Largier JL, Morgan SG, Fisher JL, 
Carter ML (2005) Subsurface recirculation and larval 
retention in the lee of a small headland:  a variation on 
the upwelling shadow theme. J Geophys Res C Oceans 
110:C10027 

Rumrill SS (1990) Natural mortality of marine invertebrate 
larvae. Ophelia 32: 163−198  

Scheltema R (1971) Larval dispersal as a means of genetic 
exchange between geographically separated popula-
tions of shallow-water benthic marine gastropods. Biol 
Bull (Woods Hole) 140: 284−322 

Schumann EH, Rosst GJB, Goschen WS (1988) Cold water 
events in Algoa Bay and along the Cape south coast, 
South Africa, in March/April 1987. S Afr J Sci 84: 
579−584 

Schumann EH, Cohen AL, Jury MR (1995) Coastal sea sur-
face temperature variability along the south coast of 
South Africa and the relationship to regional and global 
climate. J Mar Res 53: 231−248  

Schumann EH, Churchill JRS, Zaayman HJ (2005) Oceanic 
variability in the western sector of Algoa Bay, South 
Africa. Afr J Mar Sci 27: 65−80  

Shima JS, Noonburg EG, Swearer SE, Alonzo SH, Osenberg 
CW (2018) Born at the right time? A conceptual frame-
work linking reproduction, development, and settlement 
in reef fish. Ecology 99: 116−126  

Skogen MD, Ji R, Akimova A, Daewel U and others (2021) 
Disclosing the truth:  Are models better than observa-
tions? Mar Ecol Prog Ser 680: 7−13  

Spalding MD, Fox HE, Allen GR, Davidson N and others 
(2007) Marine Ecoregions of the World:  a bioregion -

103

https://doi.org/10.1007/b76710_11
https://doi.org/10.3354/meps034227
https://doi.org/10.3354/meps06973
https://doi.org/10.1890/08-1550.1
https://doi.org/10.4319/lo.2011.56.1.0161
https://doi.org/10.1186/1471-2148-8-325
https://doi.org/10.1086/679503
https://doi.org/10.1007/s002270050169
https://doi.org/10.1016/j.ecss.2009.09.022
https://doi.org/10.1111/jfb.12360
https://doi.org/10.2989/1814232X.2013.798593
https://doi.org/10.3354/meps11901
https://doi.org/10.3389/fevo.2021.684502
https://doi.org/10.32614/RJ-2018-009
https://doi.org/10.3354/meps107125
https://doi.org/10.1641/B570707
https://doi.org/10.3354/meps13574
https://doi.org/10.1002/ecy.2048
https://doi.org/10.2989/18142320509504069
https://doi.org/10.1357/0022240953213205
https://doi.org/10.2307/1540075
https://doi.org/10.1080/00785236.1990.10422030
https://doi.org/10.1029/2005JC002898
https://doi.org/10.2989/18142320509504096
https://doi.org/10.2989/18142321003714518
https://doi.org/10.2989/1814232X.2010.481153
https://doi.org/10.1016/j.icesjms.2004.10.002
https://doi.org/10.1016/j.jmarsys.2014.02.001
https://doi.org/10.3354/meps315141
https://doi.org/10.1016/j.jembe.2010.04.008


Mar Ecol Prog Ser 731: 89–104, 2024

alization of coastal and shelf areas. Bioscience 57: 
573−584  

Sponaugle S, Cowen RK, Shanks A, Morgan SG and others 
(2002) Predicting self-recruitment in marine populations:  
biophysical correlates and mechanisms. Bull Mar Sci 70: 
341−375 

Strydom NA (2008) Utilization of shallow subtidal bays asso-
ciated with warm temperate rocky shores by the late-
stage larvae of some inshore fish species, South Africa. 
Afr Zool 43: 256−269 

Strydom NA, Booth AJ, McLachlan A (2014) Occurrence of 
larval fishes in a rocky shore-associated nursery area in 
temperate South Africa, with emphasis on temperature-
related growth in dominant Sparidae. Afr J Mar Sci 36: 
125−135  

Teske PR, Forget FRG, Cowley PD, Von der Heyden S, 
Beheregaray LB (2010) Connectivity between marine 
reserves and exploited areas in the philopatric reef fish 
Chrysoblephus laticeps (Teleostei:  Sparidae). Mar Biol 
157: 2029−2042  

Teske PR, Bader S, Rao Golla T (2015) Passive dispersal 
against an ocean current. Mar Ecol Prog Ser 539: 153−163  

Teske PR, Sandoval-Castillo J, van Sebille E, Waters J, 
Beheregaray LB (2016) Oceanography promotes self-
recruitment in a planktonic larval disperser. Sci Rep 6: 
34205  

Tilney RL, Nelson G, Radloff SE, Buxton CD, Tllney RL, 
Radlofft SE, Buxtont CD (1996) Ichthyoplankton distribu-
tion and dispersal in the Tsitsikamma National Park mar-
ine reserve, South Africa. S Afr J Mar Sci 17: 1−14  

Trassierra JA (2018) Environmental drivers of the composi-
tion and distribution of larval fish assemblages off the 
south coast of South Africa. MSc thesis, Rhodes Univer-
sity, Grahamstown 

Treml EA, Ford JR, Black KP, Swearer SE (2015) Identifying 
the key biophysical drivers, connectivity outcomes, and 

metapopulation consequences of larval dispersal in the 
sea. Mov Ecol 3: 17  

Turpie JK, Beckley LE, Katua SM (2000) Biogeography and 
the selection of priority areas for conservation of South 
African coastal fishes. Biol Conserv 92: 59−72  

Von der Heyden S (2009) Why do we need to integrate pop-
ulation genetics into South African marine protected 
area planning? Afr J Mar Sci 31: 263−269  

Von der Heyden S, Prochazka K, Bowie RCK (2008) Signifi-
cant population structure and asymmetric gene flow pat-
terns amidst expanding populations of Clinus cottoides 
(Perciformes, Clinidae):  application of molecular data to 
marine conservation planning in South Africa. Mol Ecol 
17: 4812−4826  

Von der Meden CEO, Porri F, McQuaid CD (2012) New 
estimates of early post-settlement mortality for inter-
tidal mussels show no relationship with meso-scale 
coastline topographic features. Mar Ecol Prog Ser 463: 
193−204  

Weidberg N, Porri F, Von der Meden CEO, Jackson JM, 
Goschen W, McQuaid CD (2015) Mechanisms of near-
shore retention and offshore export of mussel larvae over 
the Agulhas Bank. J Mar Syst 144: 70−80  

Weidberg N, Goschen W, Jackson JM, Pattrick P, McQuaid 
CD, Porri F (2019) Fine scale depth regulation of inverte-
brate larvae around coastal fronts. Limnol Oceanogr 64: 
785−802  

White JW, Morgan SG, Fisher JL (2014) Planktonic larval 
mortality rates are lower than widely expected. Ecology 
95: 3344−3353  

Wickham H (2016) ggplot2:  elegant graphics for data analy-
sis. Springer-Verlag, New York, NY 

Wing SR, Botsford LW, Morgan LE, Diehl JM, Lundquist CJ 
(2003) Inter-annual variability in larval supply to popula-
tions of three invertebrate taxa in the northern California 
Current. Estuar Coast Shelf Sci 57: 859−872

104

Editorial responsibility: Myron Peck,  
 Den Burg, The Netherlands 
Reviewed by: I. Catalán and 3 anonymous referees

Submitted: May 12, 2022 
Accepted: February 20, 2023 
Proofs received from author(s): March 13, 2023

https://doi.org/10.2989/1814232X.2014.899269
https://doi.org/10.1007/s00227-010-1471-z
https://doi.org/10.3354/meps11516
https://doi.org/10.1038/srep34205
https://doi.org/10.2989/025776196784158482
https://doi.org/10.1186/s40462-015-0045-6
https://doi.org/10.1016/S0006-3207(99)00063-4
https://doi.org/10.1016/S0272-7714(02)00416-X
https://doi.org/10.1007/978-3-319-24277-4
https://doi.org/10.1890/13-2248.1
https://doi.org/10.1002/lno.11074
https://doi.org/10.1016/j.jmarsys.2014.11.012
https://doi.org/10.3354/meps09859
https://doi.org/10.1111/j.1365-294X.2008.03959.x
https://doi.org/10.2989/AJMS.2009.31.2.14.886



