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Abstract

The shallow-water shrimp fishery is an important social and economic sector in Mozam-
bique. However, catches of shrimps have been declining over the last decades, presumably
due to poor recruitment. Climate change has been proposed as a potential cause of
increased mesoscale eddy activity over the Mozambique Channel, which may have played
a role in poor shrimp recruitment. Indeed, stronger eddies could transport matter, including
increased numbers of shrimp larvae, from the coast to unfavourable offshore areas. In this
study we used a biophysical model to investigate the influence of eddies on the dispersal of
larvae of two commercial shrimp species (Penaeus indicus and Metapenaeus monoceros)
from their spawning areas on the Sofala Bank. We found some 5 large events of offshore or
southward transport loss (>10% loss) from the Sofala Bank caused by eddies, occurring
sporadically. The northern and central Sofala Bank areas were the most affected by larvae
lost offshore. Simulations revealed that temperature-induced larval mortality, associated
with cold-core cyclonic eddies, could also play a role in larval loss of up to 40%, which is
greater than the larval transport loss associated with the eddy circulation. However, when
they survived, larvae transported offshore could travel long distances (600—-1600 km in 15
days), potentially promoting connectivity with other stocks in the region.

1. Introduction

Most penaeid shrimp species occur in shallow waters influenced by river estuaries [1]. They go
through a complex life history comprising adults spawning in deep water in the sea (referred
to hereafter as offshore), eggs floating to the sea surface offshore, and passively drifting larvae
being transported into coastal estuarine brackish water [1]. Here, juveniles settle on the sea-
floor and develop into sub-adults, which return to the sea [2-4]. Such a life cycle is completed
in about one year [4], with the shoreward pelagic larval stage lasting 10-15 days [5, 6],
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depending on ambient conditions. The passively drifting larval stages of marine organisms can
be affected by environmental processes and events, such as temperature, salinity, tides, cur-
rents, and upwelling [7-9], potentially decreasing recruitment of offspring [10], with negative
consequences for the adult stocks and for the fisheries that catch them [11, 12].

The Sofala Bank on the central Mozambican coast between 16 and 2°S (Fig 1) is a key natu-
ral habitat for the largest population and stock of penaeid shrimps in the Southwestern Indian
Ocean [13]. It supports the most important multi-species (six native and two recently-discov-
ered invasive species) and multi-sectoral (artisanal, semi-industrial and industrial) shallow-
water shrimp fishery in Mozambique [14-16]. Collectively, Penaeus indicus (H. Milne
Edwards, 1837) and Metapenaeus monoceros (Fabricius, 1798) are the two most important
commercially-targeted species, particularly for the semi-industrial and industrial sectors, con-
tributing more than 80% of the total catch (e.g., [14, 15, 17]). The industrial and semi-indus-
trial shallow-water shrimp fishing sectors constitute some of the main components of fisheries
exports in Mozambique, providing foreign income for the country’s economy [16]. The arti-
sanal fishery is critical for sources of food and livelihoods of coastal communities [16-18]. In
the last two decades, however, the Sofala Bank shallow-water shrimp catches declined to a
minimum (~2000 tons) in 2012, and the stock biomass remains low [16]. The decline is sus-
pected to be related to poor recruitment into the fishery.

Penaeid shrimp catches depend largely on recruitment of juveniles entering the fishery [19,
20], which in turn depends on successful larval transport from spawning areas [20]. Ocean
currents are important in transporting pelagic larvae [9], particularly at the sea surface where
currents are stronger compared to the bottom [3]. In the absence of a permanent continuous
current, the ocean circulation in the Mozambique Channel is dominated by a series of both
warm-core anticyclonic and cold-core cyclonic mesoscale eddies propagating southward [21-
25]. On average, about four to six large anticyclonic eddies and rings occur per year, with
strong currents of up to 2 m s at their edges [22-24]. Mozambique Channel mesoscale eddy
activity has been increasing over time, as indicated by a significant eddy kinetic energy trend
derived from altimetry observation during the historical period between 1993 and 2009 [26];
this trend is still present in the recently extended period from 1993 to 2022 [27]. Moreover, a
projection from the past (1860) into the future (2090), based on the Coupled Model Intercom-
parison Project (CMIP6) framework for ongoing anthropogenic climate change, also shows an
increase in mesoscale eddy activity [28]. These eddies result mainly from barotropic and baro-
clinic instabilities in the northern Mozambique Channel [24]. Such instability results from
increasing sea temperatures and horizontal temperature gradients through the warming
ocean, highlighting the impact of climate change on mesoscale eddies [29]. The highly turbu-
lent eddy field, in particular dipole pairs with associated strong frontal currents, can strongly
influence the shelf waters and circulation on the Sofala Bank [30, 31]. Previous studies showed
that Mozambique Channel eddies can advect coastal production offshore [32, 33]. Eddies have
been reported to control transport of oceanic fish larvae [34-38], but the impact of offshore
mesoscale eddies on dispersal of shallow-water shrimp larvae is not well known.

Seawater temperature is a critical environmental factor influencing shallow-water shrimp
larvae [4]. Cold water (below 25°C [39, 40]) directly affects shrimp development and can be
lethal [4, 41], as shown for Litopenaeus vannamei in aquaculture [42, 43]. In addition to sea-
sonal temperature variations (range of 5°C), with cool conditions in winter (~25°C [32]), cold-
core cyclonic eddies also decrease water column temperatures at their cores, with potential
impacts on larval survival. Since mesoscale eddy activity is increasing in the highly turbulent
Mozambique Channel [26, 27], shrimp larvae are likely to be exposed to greater influences of
eddy-induced circulation and cooler temperatures in the future, aggravating the poor recruit-
ment that currently occurs. Therefore, understanding patterns of shrimp larval dispersal and
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survival is pivotal to appraising the depleted shallow-water shrimp stock on the Sofala Bank.
This improved understanding is needed to assist in developing possible strategies of adaptation
and resilience when planning sustainability of the traditional fishery under climate change.

In-situ observations of shallow-water shrimp larvae are not available in Mozambique.
Using a coupled biophysical Lagrangian model based on [44], we investigated larval transport
for P. indicus and M. monoceros on the Sofala Bank. We tested two main hypotheses: (i)
whether shallow-water shrimp larvae are transported away from favourable estuarine ecosys-
tems by propagating mesoscale eddies, and (ii) the extent to which cool temperatures decrease
the survival of shrimp larvae. Together, these two factors could result in poor shrimp recruit-
ment into the fishery. In the introduction section (1) we provide an overview of the life history
of penaeid shrimps, and how physical factors might affect larval transport and mortality of the
two species considered here. In the methods section (2) we describe the larval dispersal model
for the shrimp species and how ocean circulation and temperature effects were investigated.
The results section (3) describes larval dispersal from spawning areas and the impacts of eddies
on offshore transport and temperature-related mortality. Finally, in the discussion section (4)
we relate the set of results to existing knowledge.

2. Materials and methods
2.1. Biophysical model of larval dispersal

Biophysical models have been useful to investigate egg and larval dynamics as they consider
both physical processes and biological factors, and incorporate interactions between the two at
different early life-history and spatio-temporal scales [45]. In this study, we simulated larval
dispersal with a biophysical model for the two most important commercial shallow-water
shrimp species on the Sofala Bank, P. indicus and M. monoceros. We used the modelling tool,
Ichthyop (v. 3.1, freely available at http://www.ichthyop.org), a Java package developed and
described by [44], coupled to a Regional Ocean Modeling System (ROMS [46]) high-resolu-
tion configuration especially developed for the Sofala Bank [31]. The model domain is large
enough to encompass the shallow waters of the entire Sofala Bank at a fine-resolution grid (~2
km, referred to as “child”), embedded into a large grid (~ 6 km, referred to as “parent”) cover-
ing the adjacent offshore waters (Fig 1). Because this study focused on the influence of offshore
eddies on coastal larval dispersal and export/loss, we only used the large parent domain. The
lateral open boundaries were forced by the South-West Indian Ocean Model (also developed
on ROMS [24]) to ensure good reproduction of Mozambique Channel eddy activity. The
ROMS configuration included river discharges and tides, both of which are important pro-
cesses for the Sofala Bank circulation [31]. Detailed information on the Sofala Bank oceano-
graphic model configuration and its validation are provided by [31]. Outputs used here
consisted of 3D current velocities (m s™), temperature (°C) and salinity fields averaged every
3 days for five climatological years after the simulation reached its equilibrium stability in
model year 4 (i.e. years 4, 5, 6, 7 and 8) [31].

Simulations consisted of the release of 30 000 combined P. indicus and M. monoceros virtual
eggs within their release areas every 3 days and tracking their trajectories for 15 days, the
pelagic larval duration for these species. Individuals changed stages depending on their age,
from eggs through larvae to settled larvae. It was assumed that shrimp eggs hatch within a few
hours (10-14 h) after spawning [5], set to 12 h in the model, and larvae drifted at the surface
until they eventually settled at the bottom after 15 days.

The two shrimp species spawn all year round on the Sofala Bank [14]. To investigate sea-
sonal variability of larval transport, simulations were run continuously for a period of five
years. Individuals were characterized by their state variables: identity number, position
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Fig 1. Map of the Sofala Bank. The green line in the top left inserted Fig shows the model domain. The nine release areas used in the simulations
are indicated by the colours. Red, green, and blue are the main actual spawning zones for the two shrimp species on the Sofala Bank, whereas grey
and yellow are non-spawning zones. Dark and light colours respectively indicate the inshore (in) and offshore (off) parts of the zones. Dark and
light grey lines respectively indicate the 50 and 200 m isobaths. Base layers used to create this map are Diva-GIS country outlines, administrative
divisions and rivers in the public domain (https://www.diva-gis.org/gdata).

https://doi.org/10.1371/journal.pcim.0000414.9001

(longitude, latitude in degrees east and south respectively, and water depth in meters), age
(days) and status (settled, lost or dead for the temperature experiment). Model outputs con-
tained all the state variables recorded every 4 hours.

2.1.1. Simulated Release and loss areas. Nine release areas were defined for all simula-
tions (Fig 1). These areas fell within the three actual spawning zones identified for the two spe-
cies on the Sofala Bank [47]: the northern zone (area 1), the central zone (split into areas 3
inshore and 7 offshore), and the southern zone (areas 5 and 9). In addition, two non-spawning
zones were defined: the north-central zone (areas 2 and 6) and the south-central zone (areas 4
and 8). These nine release areas were used to test the hypothesis that natural selection would
cause organisms to spawn in locations most favourable to their fate, here being locations lead-
ing to highest coastal retention of larvae.

Since P. indicus tend to spawn more inshore and M. monoceros more offshore [47], the
release areas were divided into a shallow inshore area (between the 10 and 35 m isobaths) and
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a deeper offshore area (between the 35 to 50 m isobaths), except for the northernmost area
(area 1) which is too narrow (Fig 1).

Because these spawning areas are assumed to be the same as the recruitment areas [14],
simulated larvae found outside the release areas at the end of the simulation were considered
lost from the Sofala Bank coastal stock or population. The mean percentages of larvae lost are
available in [48].

2.1.2. Movement of eggs and larvae. Movements of eggs and larvae included horizontal
and vertical advection using a forward-Euler time-stepping scheme [44]. The model time step
(At) was set to 2400 s (40 min), which meets the CFL criterion defined as At << L/U, .,
where L is the ROMS grid size (6200 m; the parent domain to cover the Sofala Bank and adja-
cent waters) and U,,,,, is the maximum recorded current velocity (~ 2 m s—1), hence At
<3100 s. At each time step Ichthyop interpolates the information from ROMS (current veloci-
ties, temperatures, and salinities) and calculates the updated larval state variables. Egg buoy-
ancy was set at 1 g cm—3 and larvae were forced to drift at the surface. Horizontal diffusion
was implemented following [49].

2.1.3. Cool temperature mortality simulations. To investigate the potential effect of cool
water temperature on larval mortality, we tested six values of lethal temperature thresholds
from 20 to 25°C for one of the simulated years. Only one year (model year 5) was used because
it was too costly in terms of computations required to run all six temperature simulations for
each of the five model years. Low temperature tolerance for the two species is not well defined
in the literature. We assumed lethal temperatures might occur from 25°C, the middle to low
optimum range for most reared and wild penaeid species around the world (e.g., [1, 12]), to
20°C, the low temperature tolerance [1, 12, 50]. For each simulation (20, 21, 22, 23, 24 and
25°C) it was assumed that larvae died when exposed to water temperatures cooler than the
threshold values. Mean larval mortality from each of the six temperatures are available in [48].

2.2. Analysis of model outputs

2.2.1. Calculation of travel distances. We calculated the distance travelled by the simu-
lated larvae between two points using the R function distHaversine of the package geosphere
[51], based on the Haversine function. The total distance travelled was obtained by summing
up all distances between consecutive points along the trajectory for all larvae. The linear dis-
tance from origin to final location, i.e. displacement, was also computed. Distances travelled
data alongside with R code to plot them can be found in [48].

2.2.2. Self-organizing map (SOMs). We used self-organizing maps (SOM:s), an artificial
neural network classification method, and a non-linear cluster analysis [52] to identify and
extract the main patterns of mesoscale eddy activity off the Sofala Bank from the ROMS Sea
Surface Height Anomalies following [31]. A small 2x2 SOM map, i.e. 4 SOM patterns, was
extracted using the R package Kohonen [53] to represent dominant modes of the Mozambique
Channel eddy fields. The probability of occurrence of each pattern was defined by the Euclid-
ean distance.

2.2.3. Statistical analyses. Cross-correlation analyses, with a maximum lag of 15 days,
were conducted between time series of simulated larval loss and each Euclidian distance to
eddy activity patterns retrieved from SOMs. A similar approach was used in previous biophysi-
cal dispersal modelling studies [54]. Euclidian distance to a particular eddy SOM pattern is
interpreted as a probability of having that pattern in the eddy field at that time. Because the
Euclidian distances were not normally distributed, the Spearman’s rank correlation at a 95%
confidence level was used. When there were positive correlations to a particular SOM pattern,
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eddy pattern was interpreted as having a positive effect on loss of simulated larval, i.e. more
loss, and vice versa.

One-way analysis of variance (ANOVA) was performed to investigate factors determining
the percentage of simulated larvae lost by comparing all nine release areas and six low-lethal
temperatures at o = 0.05 using R software. Where there were significant differences, the post-
hoc Tukey test was conducted to assess whether the difference was among all groups. Prior to
performing the ANOVA, the assumptions of normality and homogeneity of variances were
verified for the simulation outputs. For normality, a visual inspection was conducted on the
frequency distributions of loss for all release areas and all temperatures by plotting both histo-
grams and probability plots (Q-Q plots). For equal variance, both visual inspection of the
residuals and Levene’s test at o = 0.05 were conducted.

3. Results
3.1. Simulated larval dispersal

The highest densities of simulated larvae within the 5-year period were observed on the Sofala
Bank inner shelf (Fig 2A), corresponding to the larval release areas. There were relatively high
densities elsewhere in the domain, with lowest densities in the northern part. There were no
clear dominant larval pathways; however, when looking at trajectories in more detail, three
general larval dispersal patterns were apparent: (i) shelf retention, with nearly all simulated lar-
vae from all release areas retained on the Sofala Bank shelf for the entire pelagic larval duration
of 15 days (e.g., Fig 2B); (ii) southward drift, with most larvae from the northern and central
release areas traveling southwards along the shore throughout the extent of the Sofala Bank
and then exiting at the southernmost limit of the model near Inhambane, whereas larvae
released from the southern areas stayed mostly on the shelf (e.g., Fig 2C); and (iii) offshore
drift, when larvae, also mostly from the northern and central release areas, crossed the shelf
edge into offshore waters (e.g., Fig 2D).

Simulated larvae transported offshore exited the Sofala Bank (referred to as “the Bank”)
from several locations. For instance, in Fig 2D larvae exited the Bank from its central part,
whereas in Fig 2E larvae were advected offshore along two distinct pathways, one in the north
and the other in the center, depending on their release area. In Fig 2F, larvae originating from
the northern release area exited the Bank from its northernmost part, whereas larvae from the
central area travelled southwards and exited to the south. Overall, most larvae from the south-
ern release areas did not move much, being retained on the shelf up to the end of the simula-
tions (Fig 2B-2F).

3.1.1. Simulated larval loss. Time series of simulated loss of larvae originating from all
nine release areas are strongly correlated with loss from only five actual spawning areas (r = 0.
87; p > 0.05), with the same peaks and troughs (Fig 3). There were four to six pulses of elevated
percentage (> 10%) of simulated larvae transported away from the Sofala Bank each year
throughout the time series (Fig 3), with no clear seasonality.

Simulated larvae that were transported away from the Sofala Bank, and therefore consid-
ered lost, came from seven of the nine release areas; the inner shelf of the southern areas off
Beira (areas 4 and 5) had no losses (Fig 4). There were significant differences in mean simu-
lated larval loss among the originating release areas (ANOVA: Fg 117 = 27.1; p < 0.001). The
northernmost release area 1 yielded the highest simulated larval loss, only comparable to the
adjacent offshore release area 6. In the north and central Sofala Bank, larval loss was signifi-
cantly higher when originating from offshore release areas (6 and 7) than from inshore release
areas (2 and 3; Fig 4). In the south-central areas (4 and 8) there was little difference in the
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Fig2. (A) Simulated larval density (numbers km 2, logarithmic scale) at the end of the simulations from all release areas and release times (every 3 days
for five model years) during the five years experiment, and (B-F) examples of trajectories followed by simulated larvae over 15 days when released
(black marks) from the northern (red), central (green) and southern (blue) release areas. For green and blue, dark/light colours respectively indicate
inshore/offshore release areas. Base layer used to create this map is Diva-GIS country outlines in the public domain (https://www.diva-gis.org/gdata).

https://doi.org/10.1371/journal.pcim.0000414.9002

mean larval loss whether larvae were released inshore or offshore (Fig 4), but the southernmost
offshore area (9) experienced slightly greater loss rates than the inshore area (5).

3.2. Mechanisms responsible for larval loss

The hydrodynamic mechanisms responsible for larval loss are illustrated by snapshots of simu-
lated shrimp larval distributions 5, 10 and 15 days after release, superimposed on the corre-
sponding eddy circulation. For simulations where nearly all larvae stayed on the Sofala Bank
(e.g., Fig 5A), there was essentially no strong eddy activity near the Sofala Bank shelf, but there
were weak eddies far away (i.e. to the south, to the north and offshore).

Conversely, for simulated larvae exiting the Bank from its southern edge or crossing the
Bank offshore, strong mesoscale eddy activity was apparent close to the Bank (e.g., Fig 5B-5E).
For example, larvae exited to the south when there was a large anticyclonic eddy propagating
southwards with a strong current over the entire 15-day period (Fig 5B). An example of larvae
transported offshore is shown in Fig 5C where, five days after release, two patches of larvae
were transported offshore in the core of two cyclonic features, one relatively large patch in the
north (~ 180S) and the other, smaller patch on the central (~ 200S) Sofala Bank. On day 10,
the cyclonic eddy to the north had moved southwards towards the eddy in the central region,

60

—— All nine release areas
— Five (actual) release areas

All
=

50

Helease areas

Five
[¢)
[¢)

40
|
o
S
3
8
&

Larval loss (%)

Larval loss (%)
30

JYya A J O JX5 A J O J¥6 A J O JNX7 A J O JX¥8 A J O JY9

Release time

Fig 3. Time series and boxplot of mean percentage of larvae lost during the five years of simulation when larvae were released from (red) all nine release areas and
(blue) the five release areas (1, 3, 5, 7 and 9 in Fig 1) corresponding to the major spawning zones for shrimp on the Sofala Bank. Grey shading represents + s.e. for the
five release areas. The horizontal dashed line indicates the 10% threshold. Letters on the X axis refer to January, April, July and, October for model years 4, 5, 6, 7, &8.
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1. Letters (a to d) on the top of the bars represent groups with similar loss rates identified from the Tukey post-hoc tests.

https://doi.org/10.1371/journal.pcim.0000414.9004

and both had entrained larvae with them. On day 15 the two cyclonic features almost merged,
and the two patches of larvae also joined (Fig 5C). In Fig 5D, initially only a few larvae from
the northern release area were advected offshore by a very small and weak cyclonic eddy cen-
tred at ~ 170S, while a developing anticyclone/cyclone dipole feature, with anticyclone to the
north and immediately to the south of the larvae offshore, was already apparent. On day 10
this dipole eddy had developed and began driving larvae offshore. On day 15, more larvae
were transported offshore by the anticyclonic eddy whereas others were transported back near
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Fig 5. Snapshots of simulated shrimp larval distributions (black dots) 5, 10 and 15 days after their release,
superimposed on the corresponding ROMS—derived surface current velocity (arrows, in cm s*) and sea surface
height (SSH in cm, colours). The purple line indicates the 50 m isobath. Base layer used to create this map is Diva-GIS
country outlines in the public domain (https://www.diva-gis.org/gdata).

https://doi.org/10.1371/journal.pcim.0000414.9005

the shelf while circling. In Fig 5E, on day five some larvae from the northern area were
advected offshore, also by an anticyclone/cyclone eddy dipole centred at ~ 170S. At day 10, a
few larvae trapped in the cyclonic eddy were transported back to the continental shelf while
most others were transported further offshore by a second larger cyclonic eddy. On day 15,
many larvae were entrained into dipole current frontal eddies as they meandered through the
Mozambique Channel, reaching the eastern limit of our model domain near Madagascar,
whereas a small number of larvae entrained into the cyclonic eddy were transported further
south.

To consolidate these illustrative results, we assessed the role of dominant mesoscale eddy
circulation patterns identified by self-organizing maps, using cross-correlations. Firstly, four
generic eddy activity patterns were identified (Fig 6): an anticyclonic/cyclonic eddy pair dipole
with the anticyclone to the north (pattern 1, 33% of occurrences); a cyclonic/anticyclonic eddy
dipole with the cyclone to the north (pattern 2, 28% of occurrences); a well-developed and
strong large anticyclonic eddy offshore (pattern 3, 14% of occurrences); and a young or decay-
ing small anticyclonic eddy, with weak currents, surrounded by weak cyclonic eddies to both
north and south (pattern 4, 25% of occurrences). More information on the use of SOM can be
found in [31]. The cross-correlation analyses between time series of simulated larval loss and
each of the four identified patterns of eddy fields showed that simulated larval loss was not sig-
nificantly correlated with patterns 1 and 4. There was a negative correlation with pattern 2, but
it was only significant from 7 to 15 days after release (time lag), and a positive correlation with
pattern 3, which was only significant from 5 to 9 days after release (Fig 7).

3.2.1 Dispersal distance. The total distances travelled by all simulated larvae show a
bimodal distribution with a first, larger mode at ~ 100 km and a second, minor peak
at ~ 650 km (Fig 8). The distribution is skewed to the right, with a long tail extending up to
1600 km (Fig 8). For linear displacement, defined as the straight-line distance from the origin
to the final location of the simulated larvae, there also was a bimodal distribution, but shorter
by ~ 50 km at each mode (S1 Fig) and the skewed tail to the right also was shorter, extending
only to ~900 km.

3.3. Effect of cool temperature on larval mortality

There were differences in simulated larval mortality among the six low temperature thresholds
used (ANOVA: F5 714 = 50.02; P < 0.001). Simulated larval mortality was significantly higher
for simulations using the highest lethal temperature values (24 and 250C) and different from
all other values (Tukey’s ANOVA; P < 0.001). For 24 and 250C there was a strong seasonality
in larval mortality, as could be expected, with global mortality during winter (mid-July to mid-
September, e.g., with 240C; Fig 9). There were also periods of increased larval mortality in late
summer (February) and autumn (May to June). The result for 230C, although not significantly
different from that for 22°C (Tukey’s ANOVA; P = 0.132), was markedly different from other
temperatures. The massive winter larval mortality observed for 24 and 250C appeared for a
shorter period for 230C, limited to a winter peak in September. There were no significant dif-
ferences in simulated larval mortality for lethal temperature thresholds of 20, 21 and 220C,
which differed from temperatures of 23, 24 and 250C, with the massive mortality no longer
apparent. Both 20 and 210C yielded the lowest larval mortality. In these cases, there was no
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Fig 6. 2x2 self-organizing maps (SOMs) for sea surface height anomalies (SSHA in cm) derived from ROMS years 4-8. In the
top left corner of each panel the numbers 1-4 indicate the SOM pattern and its frequency of occurrence is reported in %. Blue
colours (negative SSHA) indicate cyclonic eddies whereas red colours (positive SSHA) are for anticyclonic eddies. The purple lines
indicate the 200 and 2000 m isobaths. Base layer used to create this map is Diva-GIS country outlines in the public domain
(https://www.diva-gis.org/gdata).

https://doi.org/10.1371/journal.pcim.0000414.g006

clear seasonality but pulses of elevated mortality of ~40% at different short periods (e.g., with
200G; Fig 9): late summer (February), autumn (May and June) and winter (August).

4. Discussion

Most penaeid shrimps, including the two species (P. indicus and M. monoceros) considered
here, have well-known life histories. Adults spawn in marine waters [47], the eggs then hatch
and larvae drift shoreward at the sea surface into estuarine brackish water where juveniles
grow to sub-adults and return to the marine environment [2-4]. Here, we used a coupled bio-
physical modeling approach to demonstrate that environmental events can disrupt this life
cycle at spatial and temporal scales. At times, larvae can be passively transported away from
coastal areas favourable to their recruitment. Many larvae potentially can exit the Sofala Bank
at its southern edge or offshore, with subsequent impacts on recruitment, and hence on fisher-
ies targeting shrimps. We also revealed the key but complex role in larval loss and mortality
played by eddies traveling along the Mozambique Channel.
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Fig 7. Cross-correlations between time series of simulated larval loss (Fig 3) and Euclidian distances to each of the 4 self-organizing map (SOM) patterns
(Fig 6) identified as characterizing the dominant mesoscale eddy circulation over the study area. Dashed red lines indicate the 95% confidence level
corrected for autocorrelation following [54].

https://doi.org/10.1371/journal.pcim.0000414.9007

4.1. Loss of shrimp larvae governed by turbulent eddy activity

We demonstrated that simulated larvae removed from the Bank had highly variable trajecto-
ries, characterized by curvilinear parts and loops, clearly revealing the influence of offshore
mesoscale eddy activity. The observed differences between the total distance travelled along
trajectories and the linear distance from the release to the final location confirmed that the
movements were not straight-line [55], corroborating eddy-induced larval transport. The pre-
dominantly southward propagation nature of the Mozambique Channel eddy field [23, 24]
explains the higher density of lost larvae found in the southern and central part of our domain
than in the northern part. Other studies have reported the influence of eddies on larval dis-
persal for fish, including anchovy in the Kuroshio Current system [56], reef fish in the Hawai-
ian Ridge [35, 57], sardine in the California Current system [38, 58], and an assemblage of
several fish families in the Gulf of California [37] and the East Australian Current System [36].
Eddies could either enhance fish larval local retention or promote transport to distant sites
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[35, 38, 59]. We found significant cross-correlations between simulated larval loss and certain
eddy patterns. The presence of large and strong anticyclonic eddies off the shelf significantly
increased shrimp larval loss. On average, 4—6 such eddies occur per year in the Mozambique
Channel [22-24], which is consistent with the number of occurrences of increased larval loss
events obtained in our simulations. This suggests that these events are due to eddies. Large
anticyclonic eddies interact with the shelf, generating strong southward coastal currents [31]
and entraining coastal larvae.

When anticyclonic eddies were small and weak (< 20 cm; Fig 5), the tendency to push lar-
vae off the Bank was still observed, although it lacked statistical significance. Such small fea-
tures suggest developing or decaying eddies with weak associated currents [31], not strong
enough to push away a significant number of coastal larvae. When superimposing the distribu-
tion of simulated larvae on the corresponding eddy and current fields, we saw that a weak
eddy could only entrain a limited number of larvae, whereas this number increased with the
eddy’s development and strength. Therefore, not only the presence of anticyclonic eddies, but
also their size, age, strength, and proximity to the shelf [31] played a role in entraining larvae
away from the Bank. Coastal processes such as river plumes [60] and tides [61] influencing the
inner shelf circulation are unlikely to drive offshore larval loss as much as offshore eddies [31].
The role of rivers and tides on settlement of shrimp larvae near the coast is further addressed
in another study [62].
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Eddy dipoles with the anticyclone to the south significantly prevented larvae from exiting
the Bank, promoting larval shelf retention. This type of eddy pair dipole generates a strong
convergent current towards the coast [31], which can act as a barrier preventing the simulated
larvae from exiting the Bank. In contrast, eddy dipoles with the anticyclone to the north gener-
ated coastal current convergence, resulting in a strong offshore current between the eddies
[30, 31, 63], which advected coastal upwelled water offshore [32]. Here, although not statisti-
cally significant, simulated larvae exiting the bank were positively correlated with the presence
of these dipoles. We found no preferred locations or pathways for simulated larvae advected
offshore, as the eddies and dipoles are not always in the same place, which could explain the
lack of significant correlation in this case. Moreover, the anticyclone in pattern 1 (Fig 8) was
too weak to transport significant numbers of larvae offshore.

Simulated larvae transported offshore or southwards off the Sofala Bank mostly originated
from the northern and central areas. These areas are characterized by a narrow continental
shelf, and thus are closely and directly exposed to the impact of eddy activity [24]. Conversely,
most larvae originating from the southern area, where the continental shelf is wider and semi-
enclosed, like in Beira Bay, were not advected offshore nor to the south. This happens because
this region is protected and also further away from the exposure and impact of the eddy activ-
ity. These results confirm that larval retention is low in regions exposed to high-energy circula-
tion and comparatively high in protected regions [64-66]. Moreover, for the northern and
central regions, simulated larvae had significantly more chance of being transported offshore
when originating from offshore than inshore spawning areas, corroborating that larval trans-
port is greater when more exposed to the energetic offshore eddy activity. This result is consis-
tent with a lower stock size of M. monoceros than P. indicus over the Sofala Bank (e.g., [17])
because M. monoceros spawns more offshore [47], and thus is more vulnerable to the eddies’
influence. However, although the southern area is wider, we found no difference in larval
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transport for larvae originating inshore or offshore, because both spawning areas are protected
from the energetic ocean circulation. In this study, we found no significant differences in larval
loss for simulated larvae originating from the actual spawning areas [47] or the non-spawning
areas. It has been hypothesised that species naturally spawn in areas that offer favourable con-
ditions for successful larval transport [67]. This suggests that spawning location is not the
main factor determining coastal retention/loss, but possibly interactions between the ocean
circulation at mesoscales, and favourable habitat, play important roles.

Although there was connectivity from the northern to the central region of the Sofala Bank,
in the direction of the net flow, we identified that the shrimp stock in the southern region is
somehow isolated off Beira Bay. Indeed, simulated larvae originating from the northern and
central areas that were entrained into the eddies and transported southward along the shelf-
break eddy corridor bypassed Beira, i.e. did not connect to the inner shelf stock there (Fig 2).
Connectivity between populations, or stocks, of marine organisms is important for the mainte-
nance of these structures, and their resilience to recover from natural and anthropogenic
threats [65, 68], including climate change. Over the last two decades, the annual catches of the
two shrimp species of the Sofala Bank have shown a dramatic decline, with recent depletion in
stock size after a critical very low catch (~2000 tons) in 2011/2012 (e.g., [14, 15]). Moreover,
shrimp catches are historically low off Beira compared to other regions on the Sofala Bank
and, for this reason, the shrimp stock off Beira is reserved for the semi-industrial but not
industrial fleets [14]. Owing to our finding that the shrimp stock off Beira is possibly largely
isolated from the others of the Bank, hence relying on local supply of larvae, it can be antici-
pated that this stock is highly vulnerable to the effect of potential threats and its recovery
would be difficult.

4.2 Possible connectivity with other shrimp stocks in the region

A recent review reported that the Mozambique Channel eddy activity could aid connectivity
among distant populations in the southwestern Indian Ocean region [9]. We further
highlighted eddy-induced connectivity for shallow-water shrimp species from the Sofala Bank.
We showed cross-channel connectivity from the coast of Mozambique to the western coast of
Madagascar, consistent with previous biophysical model studies for mangrove propagules
[69], soft coral [70], reef species [71] and fish larvae [72]. While those studies investigated spe-
cies with long pelagic larval duration, here we considered species with a comparatively short
duration of 15 days, similar to previous estimates observing cross-channel transport of oceano-
graphic surface drifters between the Mozambique and Madagascar shelves in 19 days [73]. We
showed that coastal shrimp larvae could be transported across the Channel by strong and fast
frontal currents between eddies [30], which is similar to European eel larval transport from the
east to the west in the North Atlantic Ocean [74].

Simulated larvae entrained into the eddy-induced strong current to the south of the model
domain reached the southernmost limit (24°S) in 5-10 days. This limit is at Inhambane Bay
where there is suitable habitat for settlement, implying that larvae from the Sofala Bank stock
could connect with the shrimp stock in Inhambane Bay. Post-larval and juvenile stages of the
two shrimp species occur in Inhambane Bay, but no spawning has been identified nearby to
support this population [15]. Our results suggest that juvenile shrimp in Inhambane Bay could
originate from the Sofala Bank, being transported southwards by the “eddy corridor” [21, 24].

Since some of our simulated larvae travelled long distances rapidly, up to 1600 km in their
15-day dispersal phase, associated with eddy edges or filaments, we hypothesise that connectiv-
ity to more distant shrimp stocks, such as at Maputo Bay (~ 800 km from the Sofala Bank)
and the Natal Bight in South Africa (~ 1250 km), is possible. These sites are, however, outside
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our current model domain so this long-distance connectivity should be confirmed using a
larger domain. Several biophysical modelling studies reported similar long-distance southward
transport of early life stages by the Mozambique Channel eddies for other species, e.g., spiny
lobster [75], coral [76, 77], sea turtle [78] and tuna [79]. Further work combining a larger
model domain with genetic and morphological studies is needed to be fully conclusive on con-
nectivity among distant shrimp stocks in the region.

4.3 Shrimp larval mortality driven by low temperature and cool-eddies

Penaeid shrimps occur and develop naturally in warm tropical and subtropical waters. Being
ectothermic (cold-blooded organisms that do not regulate or do not maintain constant body
temperatures), cold water directly affects their cellular processes, physiological metabolism,
protein structures, and mortality [41]. Thus, cool temperature is among the most important
stressors affecting penaeid shrimps, as demonstrated for Litopenaeus vannamei in aquaculture
[42, 43]. It has been proposed that shrimp larvae become intolerant or lethargic at tempera-
tures below their optimum of 250C [39, 40], with mortality occurring below 230C [43]. Here,
we tested the effects of simulated shrimp larvae dying when exposed to temperatures below
different thresholds and found only episodic events of mortality for lethal temperatures
between 20 and 23°C. However, simulated larval mortality increased significantly for lethal
temperatures of 24° and 250C, particularly over an extended winter period. This finding is
consistent with lower shrimp recruitment and stock observed after winters on the Sofala Bank,
especially for P. indicus [14].

We showed that simulated larval mortality caused by cool water temperature could also
occur during summer and autumn, i.e., during seasons when the water is generally warm (Fig
9). Interestingly, these mortality events coincided with the presence of cold cyclonic eddies
(e.g., the eddy event demonstrated in Figs 2E and 5C, and larval loss in Fig 3 and ultimately lar-
val mortality in Fig 9, all observed in February year 5), suggesting that there is an influence of
eddies on shrimp early life stages for both dispersal and mortality. Cyclonic mesoscale eddies
are highly productive [80, 81], and have associated predators foraging on planktonic organ-
isms [82, 83], which could further increase shrimp larval mortality. This result contrasts with
other studies suggesting that eddies, particularly the cold and nutrient-rich cyclones, provide
favourable feeding conditions for fish larvae, enhancing development, growth, and survival
[56, 58, 59]. We found that eddy-induced larval mortality from cool temperatures had a larger
impact (>40%) than larvae lost from the Sofala Bank (~ 20%). This could be partly explained
by larval mortality being quantified for both the Sofala Bank inner and outer shelf, whereas lar-
val loss applied only to eddy circulation linked to the outer shelf. A semi-permanent coastal
cyclonic eddy with upwelled cold water has been observed over the shelf [32, 84], and
increased numbers of larvae within this eddy (Figs 2 and 5) would be exposed to low tempera-
ture mortality. These two shrimp species spawn all year round on the Sofala Bank, with periods
of increased spawning activity that determine the main recruitment into the fishery, especially
for P. indicus [14, 15]. If cold cyclonic eddies coincide with periods of maximum spawning,
there could be severe implications for the fisheries, for food security of coastal communities,
and for sustained economy activities.

The five-year model simulation consistently resulted in eddy-induced larval loss every year
(Figs 2-7), and there have been previous observations of intermittent cool-water events, espe-
cially in summer [32, 84]. Thus, although our low temperature simulations were limited to one
year (Fig 9), they showed a strong larval mortality pattern for all six lethal temperature thresh-
olds in winter and during the events of cold-core cyclonic eddies; these results should be appli-
cable to other years. Further studies combining in situ experiments and physiological models
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along with larval dispersal models, e.g., Ichthyop-DEB (Dynamic Energy Budget [85]), are
needed to test the results of the present study showing effects of simulated low temperatures
on shrimp larvae.

5. Conclusions

Turbulent and highly energetic mesoscale eddy activity can transport coastal shrimp larvae
downstream or offshore, removing them from favourable estuarine nursery grounds and
increasing the risk of mortality. Although eddy transport can promote connectivity with other
distant populations, it can have negative effects locally for offspring entering a fishery, resulting
in poor recruitment. Mesoscale eddies not only influenced larval advection but also impacted
larval survival through temperature effects of cold eddies. Under current business-as-usual sce-
narios, the impacts of climate change are projected to increasingly enhance eddy activity. This
will exacerbate eddy-induced larval loss and mortality, potentially reducing fish catches, nega-
tively affecting food security and well-being for more than 2/3 of the country’s population, and
impacting the blue economy income. This can be even more dramatic and recovery more diffi-
cult when the eddies coincide with increased spawning periods, which are important for main-
taining sustainable stocks. Policy makers and fisheries managers should consider eddy-
induced larval transport away from favourable coastal ecosystems and temperature mortality
in the light of increasing climate change impacts.

Supporting information

S1 Fig. Distributions of the linear distances (km) travelled by simulated larvae from their
origins to their final locations.
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