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PREFACE

The present dissertation cumulates the results of my doctoral project conducted from
April 2013 to July 2017. My project was part of the tripartite German — French —
African project “Ecosystem approach to the management of fisheries and the marine
environment in West African waters” (AWA) funded by the German Federal Ministry
of Education and Research (BMBF) under the grant number 01DG12073A. Additional
funding was provided by the German Federal Office for Agriculture and Food (BLE),
the French National Institute for Research for Sustainable Development (IRD), the
French Research Institute for Exploitation of the Sea (IFREMER), and (especially for
Chapter 111) the UMR LEMAR 2012-2015 four-year plan (Team 3 on “Integrated study

of ecosystem functioning and Western Africa cross-cutting orientation”).

The project was designed to contribute to the understanding of oceanic processes that
regulate larval fish distributions and assemblage patterns along the southern part of the
Canary Current Upwelling Ecosystem. In the long-term, results are expected to support
the development of an ecosystem approach to fisheries and the marine environment in
West African waters. The results may further help to implement management measures
(marine conservation and fisheries management) and may be used in biophysical
models to increase the precision of hindcast and forecast scenarios of marine resources.
My work provides insight into oceanic processes that are commonly observed in all

world oceans and affect the life history of fish larvae.

This dissertation comprises a general introduction to the topic, three peer-reviewed
publications (Chapter I — 111) and a synoptic discussion, including conclusions and an
outlook. The overall concept of the doctoral work was developed by me in close
collaboration with my supervisors, Dr. Heino Fock (Thiinen Institute for Sea Fisheries)

and Prof. Dr. Christian M6llmann (University of Hamburg).
General introduction

The concept was developed by me (MT). The general introduction was written by MT
and includes a modified part of the proceedings: MAIK TIEDEMANN & FRANZISKA
BILS (2016) Egg and larval fish studies from a bottom-up versus top down perspective.
In: Bode M, Golz V, Jessen C & Lange J (2016) People and the 7 Seas — Interaction and
Inspiration, YOUMARES proceedings Vol. 7. The chapter of the proceedings was
written by MT and FB.



Chapter I

MAIK TIEDEMANN*, HEINO O. FOCK, PATRICE BREHMER, JULIAN DORING,
CHRISTIAN MOLLMANN

Does upwelling intensity determine larval fish habitats in upwelling

ecosystems? The case of Senegal and Mauritania

The concept was developed by MT and HOF. The samples were collected by MT, HOF,
PB, and JD during three expeditions at sea on RV Thalassa 2014 and FRV Walther
Herwig 111 2014/15. The sorting and identification of fish larvae were performed by
MT. Data were analysed by MT with contributions from HOF and CM. The manuscript
was written by MT with contributions from JD, PB, HOF, and CM. The paper is
published in Fisheries Oceanography (2017) DOI: 10.1111/fog.12224.

Chapter 11
MAIK TIEDEMANN, PATRICE BREHMER

Larval fish assemblages across an upwelling front: Indication for active and

passive retention

The concept was developed by MT and PB. The samples were collected by BP during
an expedition at sea on RV Antea 2013. The sorting and identification of fish larvae
were performed by MT. Data were analysed by MT with contributions from PB. The
manuscript was written by MT with contributions from PB. The paper is published in
Estuarine, Coastal and Shelf Science (2017) DOI: 10.1016/j.ecss.2016.12.015.

Chapter 111

MAIK TIEDEMANN, HEINO O. FOCK, JULIAN DORING, LUC BONAVENTURE
BADJI, CHRISTIAN MOLLMANN

Oceanic dipole eddies drive cross-shelf dispersal of fish larvae

The concept was developed by MT and HOF. The samples were collected by MT, HOF,
and LBB during an expedition at sea on FRV Walther Herwig I11 2015. The sorting and
identification of fish larvae were performed by MT and LBB. Data were analysed by
MT. The manuscript was written by MT with contributions from JD, HOF, LBB, and

CM. The manuscript is under review.
Synoptic discussion

The concept was developed by MT. The synoptic discussion was written by MT.



SUMMARY

Understanding processes that regulate dispersal patterns and survival of larval fish in
relation to habitat structures as bottom-up drivers in upwelling ecosystems is the
objective of this dissertation. To what extent do larval fish assemblages reflect species-
specific adaptations to the physical environment in marine ecosystems? That’s only one
of several remaining questions that have received much attention in the past, yet remain
unanswered for all globally important marine ecosystems. The abundant small pelagic
fish species in the southern Canary Current Upwelling Ecosystem (CCUE) provide
livelihoods for millions of people, but the physical processes that drive abundance and
distribution of these species are not well known. In order to understand vital processes
in the CCUE that control the dispersal of larval fish assemblages, four surveys at sea
were conducted between 2014 and 2016.

The data framework, which was used to answer central research questions, was based
on a combination of field work (expeditions with larval fish sampling), in-situ
measurements of environmental parameters (salinity, fluorescence, conductivity,
temperature, depth — CTD), community analysis (e.g. Cluster Analyses, Discriminant
Analyses, Similarity Percentage Analysis (SIMPER), Multivariate Analysis of Variance
(MANOVA), Random Forest Models, and Generalized Additive Models (GAMs)), and
satellite based remote sensing data (sea surface temperature, sea surface chlorophyll-a,

wind regime, absolute dynamic topography and geostrophic current vectors).

Results from data collection served as the basis for preparation of my dissertation and

are presented in the form of three scientific publications (Chapter I — I11).

e In Chapter I, a spatiotemporal niche-partitioning of larval habitats was detected
for the two most dominant small pelagic species, round sardinella (Sardinella
aurita) and European sardine (Sardina pilchardus), constrained by species-
specific upwelling regimes.

e In Chapter II, active larval vertical migration behaviour was revealed in an
offshore upwelling cell. Species that occurred in the inner upwelling cell took
advantage of a passive retention to circumvent a loss of larvae into unproductive
oceanic regions during an upwelling event.

e In Chapter I, two larval fish assemblages were observed, each inhabiting one

of two water masses that were trapped by two mesoscale eddies along a front.



Chapter | provides insight into large scale processes that mainly influence the southern
CCUE during summer and winter, and summarizes general conditions of the physical
environment. It contributes a baseline understanding of ecosystem function as a
response to broad meteorological and oceanographic processes that affect the abundance
of larvae of small pelagic fish species. Chapters Il and 111 investigated on a mesoscale
upwelling fronts, converging water masses, a dipole eddy and cross-shelf variations that
regulate the dispersal and composition of larval fish assemblages at the two main

nursery areas (Senegalese sub-region and Banc d’ Arguin) of the southern CCUE.

Within the scientific scope of Chapter I, the results identified larval fish habitats
constrained by upwelling intensities in the southern CCUE. While the occurrence of S.
pilchardus larvae peaked during strong upwelling in winter/spring, S. aurita larvae were
most abundant during the decreased upwelling phase in summer. The shift of peak
occurrences of both dominant small pelagic species indicated a species-specific
adaptation to the main physical process (upwelling) in Eastern Boundary Upwelling
Ecosystems. Distribution patterns of both species exhibited a spatiotemporal niche
partitioning. Under future scenarios of climate warming, where upwelling intensity is
expected to change, this result may explain shifting dominance structures within fish

assemblages that occur in the southern CCUE.

The investigation into the impacts of upwelling on larval fish dispersal patterns in
Chapter Il identified species-specific spawning strategies that resulted in typical cross-
shelf transition patterns from neritic to shelf-break characterized larval fish
assemblages. These assemblages were spatially separated along an upwelling front,
indicating a natural barrier for larval fish dispersal. The upwelling double-cell
circulation structure at the Senegalese sub-region allowed Sparidae spp. and S. aurita to
take advantage of retention in the inner cell, preventing them from being drawn offshore
into oligotrophic unfavourable regions. Peak abundances close to the Senegalese coast,
as observed and described for S. aurita larvae in Chapter I, indicated a spawning
behaviour to enhance larval retention in coastal habitats. Larvae of Trachurus
trachurus, Trachurus trecae, Hygophum macrochir and Microchirus ocellatus migrated
to sub-surface or deep water layers that usually flow onshore (Chapter I1). This implies
that these larvae actively avoided an offshore drift and promoted an onshore transport.
Such an outcome indicates exceptional behavioural adaptation to the dynamics in

upwelling ecosystems. These results, which are presented in Chapter Il, show a



remarkable adaptation of larvae of these species to the threat of an offshore drift

towards unfavourable habitats.

The cross-shelf transition of larval fish assemblages discovered in Chapter Il was also
observed off the Banc d’Arguin, and this is presented in Chapter Il1l. A second
transition was apparent where two water masses (North Atlantic and South Atlantic
Central Water) were inhabited by two different larval fish assemblages. A mesoscale
eddy dipole and the convergence of both water masses along the Cape Verde Frontal
Zone acted as natural delimiters of larval habitat expansion. The cyclonic cell of a
dipole eddy facilitated larval retention inside the eddy, while the anticyclonic cell
induced an onshore flow of upwelled water masses towards the banc, establishing
enrichment and a subsequent blooming of phytoplankton that may form an optimal food
resource for larvae that use the banc as a nursery. This description of the enrichment
process for the Banc d’Arguin is new and suggests that mesoscale eddies are one of the

main suppliers of nutrient rich water to the banc.

The three chapters presented in this thesis help to explain how ocean processes regulate
larval fish dispersal and why fishes that inhabit upwelling ecosystems have adapted
their spawning to benefit from the main physical processes. This thesis provides a better
understanding of processes of the so-called ‘ocean triad’ (enrichment, retention, and

concentration) that supports larval survival in upwelling regions.

Selene sp. postlarva collected with a midi multinet
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Figure 4.2 Maps of remote sensing based environmental conditions in the southern Canary Current
Upwelling Ecosystem during 11 - 15 Mar 2015; in (a) upwelling favourable wind vectors indicate
trade winds blowing alongshore facilitating constant upwelling as revealed by sea surface
temperature (SST); in (b) chlorophyll-a concentrations reveal patchy phytoplankton production and
in (c) the Absolute Dynamic Topography (ADT) and associated geostrophic current vectors depict the
current flow field With MeSOSCAIE @AUIES. .......occcvvcrrrerirserisesersesesssssssssssssesasssessssssssssssssssssssssesssssessssssssssssansssssnesses 69
Figure 4.3 Sampling stations (a) as defined by water mass (Tomczak 1981) reveal a dichotomy based
on North Atlantic Central Water (NACW; blue circles) and South Atlantic Central Water (SACW; red
triangle) during 11 - 15 Mar 2015 (Pastor et al. 2008); in (b) the potential Temperature-Salinity-plot
represents stations with marked NACW characteristics; in (c) potential Temperature-Salinity-plot
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Figure 4.4 Results of larval fish assemblages (LFAs) as identified by community analyses during 11 -
15 Mar 2015; (a) Hierarchical Cluster Analysis based dendrogram with Hellinger transformed larval
fish abundances scaled on a Cophenetic distance; the dotted line indicates the cut-off into two clusters
recommended by the NbClust package in r software (c); heatmap (b) of the most important species
bgla = Benthosema glaciale, mpun = Myctophum punctatum, hdac = Helicolenus dactylopterus, eenc =
Engraulis encrasicolus, hmac = Hygophum macrochir, mmue = Maurolicus muelleri, skre =
Symbolophorus kreffti, barg = Bathylagoides argyrogaster, nres = Notoscopelus resplendens, ttre =
Trachurus trecae, gob1l = Gobiidae sp.1, dcun = Dicologlossa cuneata with a colour scale (a) based on
Hellinger transformed larval fish abundances; a principal coordinates analysis (d) based on the
clusters in (a) reveals significant discrimination between the clusters (P < 0.001); map (e) shows the
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General introduction

1 GENERAL INTRODUCTION

1.1 Teaser

Eastern Boundary Upwelling Ecosystems (EBUES) rank among the most productive
ecosystems in the world and are thus of great interest in the global fishery, due to the
steadily growing world population and an accompanying demand for aquatic protein.
Worldwide, annual per capita consumption of seafood tripled from approximately 6 kg
in 1950 to almost 20 kg in 2014. The world fisheries production simultaneously
increased fivefold from 18 to 93 million tons to satisfy human demands for aquatic
protein (FAO 2016). Since 1985, stagnating capture production has revealed marine
resources to be at their limiting capacity. In 2014, 87% of the total global fish capture
production originated from marine waters, and about 20% of those were from EBUEs,
although they constitute only 1% of the ocean surface (Pauly & Christensen 1995). The
high productivity of EBUEs is based on one shared physical process, the coastal
upwelling of cold and nutrient rich sub-surface water. When sub-surface water reaches
the sunlit surface, high nutrient concentrations enhance the production of phytoplankton

forming blooms that are the basis of food-webs in EBUES.

This applies for instance to the Canary Current Upwelling Ecosystem (CCUE). By the
emergence of high biotic biomasses complex food-chains establish in a landscape with
many scales (Chavez & Messié 2009). The most distinct scale is the productive coastal
upwelling habitat, where a “local” food web establishes (Figure 1.1). Inside the
upwelling habitat, small pelagic fish species (e.g. sardinellas, sardine and anchovy)
exert the central role of the food web as top-down control on plankton density and as
food source of higher trophic levels (Cury et al. 2000). Such so-called “wasp-waist”
ecosystems, where midtrophic-level populations dominate the trophic dynamics of
upwelling ecosystems, are still poorly explored. Especially the knowledge of ocean

processes regulating fish dynamics in the CCUE is patchy.

Although EBUESs seem to provide exceedingly rich fishing grounds, they are under
threat due to a rapidly changing climate, ocean acidification, pollution, increasing

oxygen minimum zones, and high fishing pressures (Chavez et al. 2003, Doney 2010,
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Burrows et al. 2011, Stramma et al. 2011, Gruber et al. 2012). In order to sustain an
increasing demand for sea food, there is a need for measures to manage marine
resources in the light of sustainability. Understanding processes that drive mechanisms
of fluctuating populations in such ecosystems is essential to support sustainable
management. One of the fundamental bottlenecks in the life-cycle of marine fish is the
survival of the offspring that potentially recruit to the spawning stock biomass. To
provide a background for the present thesis, most important concepts are summarized

that consider ocean processes as bottom-up regulators of larval fish survival.
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Figure 1.1 Conceptual representation of the interaction between different trophic levels
and the main characters of the Canary Current Upwelling Ecosystem inspired and
modified from Chavez and Messié (2009).
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1.2 Bottom-up control

Survival of early life stages of fishes is one of the most complex processes in marine
environments and difficult to estimate (Bailey & Houde 1989, Llopiz et al. 2014). Early
theories focused on single processes that were believed to play a major role in causing
fluctuations in fish recruitment. From these single mechanism hypotheses, Johan Hjort

proposed a concept that for the first time included larval fish mortality as the main
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driver for fluctuations in abundance. He claimed that larval survival is determined by
whether or not a fish larva successfully feeds during the so called "critical period™" when
it shifts from endogenous (yolk sac) to exogenous feeding (Figure 1.2) (Hjort 1914).
Since Hjort's “critical period” hypothesis, studies based on laboratory starvation
experiments dealing with food quality and quantity at the time of the shift to exogenous
feeding have been developed (Miller et al. 1988). Their general conclusion is that first
feeding larvae are indeed highly vulnerable to starvation.

For instance, walleye pollock (Gadus chalcogrammus Pallas, 1814) larvae that were fed
two days post hatching grew better and showed higher survival rates than larvae with
delayed initial feeding (Yokota et al. 2016). Larval Pacific cod (Gadus macrocephalus
Tilesius, 1810) condition was negatively correlated with the absence of available prey
and the negative impact was stronger when ambient temperature increased (Laurel et al.
2011). However, there is evidence that unfed larvae are able to recover from starvation
periods when re-fed (Piccinetti et al. 2015, Yokota et al. 2016). Direct observations on
larval feeding in marine environments are difficult to assess and remain elusive. Despite
a potential recovery of unfed larvae (extension of the critical period), starvation of fish
larvae may result in increased mortality rates (e.g. 90% rate), leading to a 50-fold
decline of the recruits (Figure 1.2) (Houde 2008).
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Figure 1.2 Conceptual representation of the “Critical Period hypothesis” by Hjort (1914, 1926). While
cohort A finds suitable prey in adequate quantity after yolk absorption, cohort B suffers from insufficient
food availability with mortality rates of >90%. Daily mortality rate, except for the critical period, is M =
0.1. Absolute survival after 100 days post-hatching differs by 50-fold in cohort B experiencing a critical
period and in cohort A not experiencing a critical period. Redrawn from Houde (2008), based on Houde
(2002).
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A decade after Hjort’s “critical period” hypothesis, Hjort (1926) began to consider
specific events when larvae might encounter low food conditions. He recognized that
fish eggs and larvae passively drift with water currents and are thus at the mercy of the
sea. He then formulated a second hypothesis, the “aberrant drift”, in which he claimed
that recruitment depends on winds and ocean currents that can disperse fish larvae from

their feeding grounds.

These two hypotheses were the baseline for several concepts developed during the 20th
century. One of them is the famous “match-mismatch” hypothesis of David Cushing
(1975, 1990). He observed a temporal overlap between spawning season and the time of
availability of prey (match) that was considered to be responsible for recruitment
success in Pacific sockeye salmon (Oncorhynchus nerka Walbaum, 1792), Norwegian
herring (C. harengus), North Sea plaice (Pleuronectes platessa Linnaeus, 1758) and
Atlantic cod (Gadus morhua Linnaeus, 1758). For the case of Atlantic cod it was shown
that stock size variation was directly linked to zooplankton availability in a North — Sea
cod recruitment time series (Beaugrand et al. 2003). The authors stated that years when
the peak of a plankton bloom “mismatched” the cod’s peak spawning season resulted in
low cod recruitment. Similar observations on haddock (Melanogrammus aeglefinus
Linnaeus, 1758) recruitment off Nova Scotia were confirmed in the same year (Platt et
al. 2003).

Reuben Lasker (1981) hypothesized, that a stable ocean environment leads to high
larval survival rates (“Stable ocean hypothesis”). He proposed that during calm ocean
conditions, especially in upwelling areas, water column stratification concentrates fish
larvae and plankton. For anchovy (Engraulis encrasicolus Linnaeus, 1758) in the
Benguela current, feeding in plankton patches leads to increased larval recruitment and
positive contribution to year class strength (Shelton & Hutchings 1989). In contrast, the
survival of larval South American pilchard (Sardinops sagax Jenyns, 1842) seemed to
be positively correlated with an intermediate stability of the water column (McClatchie
et al. 2007).

Such an intermediate stability was substantiated in the “optimal environmental window
hypothesis” (Cury & Roy 1989). In upwelling areas, Cury and Roy observed
intermediate upwelling intensities to be most favourable for fish recruitment (e.g.
Engraulis ringens Jenyns, 1842, S. sagax, Sardinella spp., Sardina pilchardus

Walbaum, 1792). They suggested that a dome shaped rather than a linear relationship
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exists between upwelling intensity and recruitment success. Cury and Roy argued that
upwelling intensity is positively correlated with both wind and turbulence (chaotic
changes in water flow dynamics). When wind strength intensifies, increased turbulence
leads to interrupted larval feeding; when wind strength reduces, upwelling intensity
decreases, which can lead to a lower nutrient transfer to the surface and, in turn, reduced
food availability. In upwelling regions, recruitment success seems to be strongly
regulated by the trade-off between steady productivity and water turbulence. This trade-
off was confirmed by recruitment studies on Moroccan sardine (S. pilchardus) from the
Canary Current (Roy et al. 1992), Cape hake (Merluccius spp.) and Southern African
anchovy (Engraulis capensis Gilchrist, 1913) from the Benguela Current (Waldron et
al. 1997, Grote et al. 2007), California anchovy (Engraulis mordax Girard, 1854) from
the California Current (Roy et al. 1992, Cury et al. 1995), and South American pilchard
(S. sagax) from the Humboldt Current (Serra et al. 1998).

In 1996, Andrew Bakun summarized three physical processes in his “ocean triad” that
are most beneficial for larval survival (Bakun 1996). The first important process is the
“enrichment process”, which describes a steady nutrient supply controlling a constant
primary production. Such systems are found in regions where upwelling or mixing of
nutrient rich waters induce high productivity and serve in turn as enhanced spawning
grounds for small pelagic fishes (Cury et al. 2000, Santos et al. 2001). While peak
spawning is often found within the upwelling plume or on the shelf that is influenced by
the upwelling, there is usually a decline in larval fish abundance offshore-ward and a
strong dissimilarity between species composition inshore and offshore (Moyano et al.
2014, Sassa & Konishi 2015).

The plume of nutrient-rich upwelled waters is normally colder than surrounding surface
water masses where frontal zones establish in between (Carr & Kearns 2003, Chavez &
Messié 2009, Wang, Castelao, et al. 2015). Fronts can separate nutrient rich waters from
nutrient poor ones. Bakun called this a “concentration process”, the second process of
the ocean triad. These frontal zones play a vital role in fish reproduction (Lough &
Manning 2001, Sanchez-Velasco et al. 2014). For instance, increased larval gadoid
abundances were observed in the vicinity of a frontal zone of the Norwegian trench
(Munk 2014). In Australia, the Tasmanian frontal area retained sardine larvae (S. sagax)
within a frontal eddy that retained and mixed newly hatched larvae with older larvae

(Mullaney et al. 2014). The Tasmanian front not only indicates the concentration
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process of larvae but also facilitates larval “retention” within favourable habitats, the

third physical process of Bakun’s ocean triad.

The third process stems from a more complex hypothesis that was developed by lles &
Sinclair (1982). This so called “member/vagrant hypothesis” highlights the importance
of physical processes in retaining fish larvae in their nursery areas. The hypothesis
implies the necessity for an individual to be in the right place at the right time at any
point of its life cycle (member) to avoid being lost from the population (vagrant). Thus,
the number of retention areas for a species is positively correlated with its population
richness (Browman et al. 2004). For instance, sardine (S. sagax) and anchovy (E.
encrasicolus) larvae from the Benguela current actively descend to the onshore flowing
deep layer in upwelling areas to be retained on the shelf (Stenevik et al. 2003, 2007).
Retention areas along the Canary Current support peak spawning of round sardinella
(Sardinella aurita Valenciennes, 1847) that increase survival chances (Mbaye et al.
2015).

Larval retention is an essential driver of larval survival, especially under circumstances
where fish larvae can potentially drift away from feeding and nursery grounds.
Especially in EBUEs, the net surface water transport is offshore-ward due to prevailing
winds (Ekman 1905, Botsford et al. 2003). Fish larvae being transported offshore may
end up in unfavourable habitats with low food availability. To counteract a possible
offshore drift of eggs and larvae, adult fishes may have adapted their spawning
behaviour towards more favourable conditions. During the upwelling process, fish
species increasingly spawn within the upwelling plume to ensure larval retention in the

enriched upwelling zone (Lluch-Belda et al. 1991, Mhlongo et al. 2015).

The upwelling intensity generally depends on speed and direction of the wind field
(Botsford et al. 2003). The main drivers of upwelling are trade winds that blow
alongshore and stimulate the offshore transport (Ekman layer) of surface water masses
in EBUEs. These trade winds simultaneously stimulate mesoscale activities in the
upwelling front, supporting oceanographic phenomena such as mesoscale eddies or
filaments, which have been postulated to be one of the most important drivers of
recruitment (Bakun 2006, Bécognée et al. 2009, Moyano et al. 2014). These features
may be able to promote larval retention by retaining water masses inside the eddy or
facilitate larval transport to nursery areas. Mesoscale eddies are considered to combine

all three processes of the ocean triad (Agostini & Bakun 2002). They can foster
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upwelling or entangle upwelled water masses leading to “enrichment”, pool plankton in
the eddy centre leading to “concentration”, and retain plankton inside eddies leading to

“retention”.

Mesoscale eddies are known to persist for a few days up to several months and are
frequently occurring features, especially in upwelling areas (Schitte et al. 2016).
Accordingly, they may represent habitats for the entire early life period for an individual
fish and are thus considered major constituents in the recruitment success. While former
research mostly focused on large scale interactions between oceanic environment and
larval distribution, there is a rising interest in understanding the regulating role of
mesoscale eddies on larval fish survival, in order to disentangle the concerted impact of
large and mesoscale processes on recruitment success (Bakun 2006, Cowen &
Sponaugle 2009, Mullaney et al. 2014, Olivar et al. 2016).

To allow an investigation of ocean processes that persist for variable time scales,
process-oriented studies are as necessary as large scale studies. The present thesis
combines large scale (Chapter I and I11) and mesoscale observations (Chapter 11 and
I11) of larval fish assemblages. The outstanding productivity of upwelling ecosystems
has led researchers to invest in historical time series in order to understand how these
systems function. Such time series comprisess more than 50 years, for instance in the
California Current Upwelling Ecosystem under the CalCOFI framework (California
Cooperative Oceanic Fisheries Investigations) (McClatchie et al. 2014), but studies in
other EBUEs occur more infrequently, with gaps of several decades. The Canary
Current Upwelling Ecosystem, especially the southern region of Northwest Africa, is
the most unstudied EBUE (Chavez & Messié 2009), and therefore was chosen as a

study area for the present thesis.

1.3 Objectives
The main goal of the thesis was to contribute to the understanding of processes that
regulate larval fish patterns in a dynamic upwelling ecosystem. In three chapters, large

and mesoscale processes were investigated to address the following questions:

Does upwelling intensity shape larval fish habitats of dominant small pelagic species
(Chapter 1)? The question is based on anticipated changing upwelling regimes driven
by a changing climate (Bakun et al. 2015, Rykaczewski et al. 2015). It is unclear
whether a changing upwelling regime may have an impact on the spawning behaviour
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of fishes. What happens, when the upwelling regime changes under current global
warming scenarios? Will there be winners and losers? Is a regime shift possible, when
the upwelling system constantly changes? In Chapter 11, we addressed the questions:
What effect does the upwelling front have in an upwelling double cell structure for
larval fish dispersal? Do certain fish taxa spawn in the inner coastal cell to take
advantage of retention? Are there species that actively migrate to sub-surface layers to
increase self-retention in the offshore transported upwelling cell? These questions are of
broad interest as species might have adapted to the variable and dynamic area in the
Senegalese sub-region, where an upwelling double cell circulation structure is the main
hydrographical process (Roy 1998). The study investigates the question of why the
Senegalese sub-region was suggested to be one of the most important nursery grounds
in the southern CCUE. In Chapter I, we addressed the questions: How do large and
mesoscale activities off the Banc d’Arguin control the composition and distribution of
larval fish assemblages? Are two different water masses inhabited by larval fish
assemblages of different composition? Does the Cap Verde Frontal Zone delimit the
dispersal of larval fishes? How do mesoscale dipole eddies affect the transport of fish
larvae off the Banc d’Arguin? Chapter Il investigates several hydrographical
processes that occur simultaneously off the Banc d’Arguin and provides an
understanding of why this region is supposed to be one of the main nursery areas in the
CCUE (Jager 1993). Mbaye et al. (2015) and Demarcq & Faure (2000) suggested that
the Banc d’Arguin functions as a retention area, but there is no study that has observed

hydrographic processes benefiting larval retention in the field.
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Chapter I: Does upwelling intensity determine larval fish habitats in upwelling ecosystems?
The case of Senegal and Mauritania

2 CHAPTER [: DOES UPWELLING
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SENEGAL AND MAURITANIA
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2.1 Abstract

European sardine (Sardina pilchardus) and round sardinella (Sardinella aurita)
comprise two-thirds of total landings of small pelagic fishes in the Canary Current
Eastern Boundary Ecosystem (CCEBE). Their spawning habitat is the continental shelf
where upwelling is responsible for a high productivity. While upwelling intensity is
predicted to change through ocean warming, the effects of upwelling intensity on larval
fish habitat expansion is not well understood. Larval habitat characteristics of both
species were investigated during different upwelling intensity regimes. Three surveys
were carried out to sample fish larvae during cold (permanent upwelling) and warm
(low upwelling) seasons along the southern coastal upwelling area of the CCEBE (13° —
22.5°N). S. pilchardus larvae were observed in areas of strong upwelling during both
seasons. Larval habitat expansion was restricted from 22.5°N to 17.5°N during cold
seasons and to 22.5°N during the warm season. S. aurita larvae were observed from 13
— 15°N during cold seasons and 16 — 21°N in the warm season under low upwelling
conditions. Generalized additive models predicted upwelling intensity driven larval fish
abundance patterns. Observations and modelling revealed species specific spawning
times and locations, that resulted in a niche partitioning allowing species co-existence.
Alterations in upwelling intensity may have drastic effects on the spawning behaviour,
larval survival and probably recruitment success of a species. The results enable insights
into the spawning behaviour of major small pelagic fish species in the CCEBE.
Understanding biological responses to physical variability is essential to manage marine
resources under changing climate conditions.
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2.2 Introduction

Alongshore trade winds induce a transport of surface water masses from the shelf break
to the offshore in eastern boundary ecosystems. Consequently, nutrient rich sub-surface
water is upwelled across the water column at the shelf break refilling the surface water
deficit and refuelling primary production (Ekman 1905, Botsford et al. 2003). In the
Canary Current Eastern Boundary Ecosystem (CCEBE), the coastal upwelling is
associated with the seasonal expansion of the intertropical convergence zone (ITCZ). In
the cold season in winter and spring, the ITCZ spreads along 6°N of the equator
inducing a consistent band of coastal upwelling at 12 — 35°N (Aristegui et al. 20009,
Benazzouz et al. 2014). In the warm season in summer, the ITCZ expands northward
(Doi et al. 2009) and displaces the North Atlantic high poleward (Wooster et al. 1976)
inducing permanent upwelling at 19 — 35°N (Figure 2.1). Meanwhile, trade winds at 12
— 19°N become replaced by monsoon winds starting in June (Benazzouz et al. 2014),
while southeast trade winds from the South Atlantic high expand equatorward.
Monsoon and southeast trade winds induce a decrease of wind speed and a change of

wind direction from alongshore to onshore (Doi et al. 2009, Benazzouz et al. 2014).
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Figure 2.1 Sea surface temperature (JPL 2010) and surface wind regime (KNMI 2010) derived from
remote sensing and biological sampling stations (white dots) during the three surveys (a) cold season
2014 (b) warm season 2014 and (c) cold season 2015 along the southern part of the Canary Current
Eastern Boundary Ecosystem, area is split into ‘A’, permanent upwelling area and ‘B’, seasonal
upwelling area according to Cropper et al. (2014), MO, Morocco; BA, Banc d’Arguin; MA, Mauritania;
SE, Senegal; GA, Gambia.

10



Chapter I: Does upwelling intensity determine larval fish habitats in upwelling ecosystems?
The case of Senegal and Mauritania

As a result, the coastal upwelling is reduced and fosters the northward advection of
warm tropical surface water masses transported by the Mauritanian Current towards 12°
— 19°N of the CCEBE (Wooster et al. 1976, Mittelstaedt 1991, Van Camp et al. 1991,
Benazzouz et al. 2014, Cropper et al. 2014).

The most dominant small pelagic fish species in the CCEBE are the European sardine
(Sardina pilchardus Walbaum, 1792) and round sardinella (Sardinella aurita
Valenciennes, 1847). Both species yield more than two-thirds of the total catches of
small pelagic fish from Morocco to the Gambia (Braham & Corten 2015). S. pilchardus
prefers the cold upwelled waters as a habitat for feeding and spawning (Ettahiri et al.
2003, ter Hofstede & Dickey-Collas 2006, Machu et al. 2009). Spawning takes place at
optimally 16 — 18°C in Northwest Africa (Coombs et al. 2006). S. aurita, however,
prefers temperatures of 22 — 25°C for spawning (Conand 1977). Thus, S. aurita
reproduces in Guinean and southern Senegalese waters during the cold season in
winter/spring and migrates with the summer influx of warm tropical water towards
Mauritania and Morocco to spawn (Zeeberg et al. 2008, Braham et al. 2014).
Nevertheless, adults of both species occasionally co-exist locally sharing a similar diet

composed of phytoplankton, zooplankton, and detritus (Gushchin & Corten 2015).

Cury and Roy (1989) observed a dome-shaped relationship between upwelling intensity
and recruitment success of fishes. They showed that a wind speed of 5 m-s™ induces
moderate upwelling intensity, but prevents strong turbulence which is detrimental to
larval fish feeding success. At lower wind speeds, upwelling and thus primary
production decreases reducing available food. At higher wind speeds, turbulence
increases and hinders sufficient foraging as well as retention while deepening the mixed
surface layer (Pollard et al. 1973, Pringle 2007). Thus, a pelagic fish is hypothesized to
spawn in an optimal environmental window (OEW) by locally optimizing physical
constraints (Cury & Roy 1989). The OEW hypothesis is supported by recruitment
studies of dominant small pelagic fish species like S. pilchardus in the northern part of
the CCEBE (Roy et al. 1992), and also by species of all other major eastern boundary
upwelling ecosystems: By the southern African anchovy (Engraulis capensis Gilchrist,
1913) from the southern Benguela ecosystem (Waldron et al. 1997), the northern
anchovy (Engraulis mordax Girard, 1854) from the California ecosystem (Roy et al.
1992, Cury et al. 1995) and the Chilean sardine (Sardinops sagax Jenyns, 1842) from
the Humboldt ecosystem (Serra et al. 1998).
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Materials & Methods

Wind induced upwelling intensity is predicted to increase due to elevated land-sea
temperature differences driven by global warming (Bakun et al. 2015). A poleward
displacement of upwelling-favourable winds is projected for the 21% century changing
upwelling regimes in eastern boundary ecosystems (Rykaczewski et al. 2015).
However, the upwelling process, which impacts timing and localization of fish

spawning habitats, is not well understood.

The aim of the present study was to identify larval habitats of S. pilchardus and S.
aurita during either the permanent upwelling during the cold season or during the
reduced upwelling in the warm season. It is the first attempt to attribute upwelling
conditions in the southern part of the CCEBE to larval fish distribution patterns and
whether the upwelling intensity may regulate the larval occurrence of S. pilchardus and
S. aurita. For this purpose, we sampled the seasonal upwelling area and the southern
part of the permanent upwelling area of the CCEBE (Cropper et al. 2014) for one
seasonal cycle. Because of anticipated changes in upwelling intensity, due to climate
warming, understanding the main drivers of spawning time and area is the key to predict
possible impacts on the CCEBE small pelagic resources. With our observations we
addressed two hypotheses to indicate (1) whether the seasonality in upwelling intensity
may trigger the occurrence of either S. pilchardus larvae in the cold season or S. aurita
larvae in the warm season due to adult spawning preferences; and (2) whether
asynchronous spawning leads to a spatiotemporal niche partitioning between the larvae

of both species.

2.3 Materials & Methods

2.3.1 Survey design

We explored these hypotheses using data collected by three seagoing surveys (Table
2.1) using the same device and methodology to collect fish larvae at 112 stations along
22.5°N — 12.5°N latitude (Figure 2.1). On each survey, plankton samples were taken
with a modified GULF VII plankton net (0.03 m2 mouth and 280 um mesh, Hydro-Bios
No. 438 410, Kiel, Germany). Double oblique hauls were conducted sampling the water
column from surface to 5 m above sea floor or to a maximum depth of 200 m at deeper
stations. Sampling took place at day (N=61), night (N=45) and twilight (N=6).
Quadruple oblique hauls (N=16) were conducted at stations with 20 — 30 m bottom
depth to filter at least 20 m? of water. Mean ship speed was 5 knots veering and heaving

12



Chapter I: Does upwelling intensity determine larval fish habitats in upwelling ecosystems?
The case of Senegal and Mauritania

the net with 0.7 m-s*. A conductivity-temperature-depth (CTD) probe with two
electronic flow meters (Hydro-Bios No. 450 100 Kiel, Germany) attached to the GULF
VIl measured in-situ depth [m], temperature [°C], salinity and filtered water volume
[m*-s™]. Additional CTD casts using a Seabird 911plus profiler (Sea-Bird Electronics

Inc., Bellevue, WA, USA) were used to validate temperature and salinity measurements.

Samples were fixed immediately after the haul using a 4% formalin and fresh water
solution buffered with borax. After a minimum fixation time of 24 hours, the formalin
fixative was replaced by a non-toxic sorting fluid (0.5% propylene phenoxetol, 4.5%
propylene glycol and 95% fresh water). Larvae of S. pilchardus and S. aurita were
sorted out and their densities [ind - m™3] were standardized to an abundance index [ind -
10" m?] (Smith & Richardson 1977). Ontogenetic stages were classified according to
preflexion, flexion, and postflexion for S. pilchardus (Russell 1976, Ré & Meneses
2009) and S. aurita (Conand 1978, Ditty et al. 1994).

Table 2.1 Survey dates and number [n] of GULF samples in the southern part of the Canary Current
Eastern Boundary Ecosystem.

Cruise Project Vessel Date Season Samples [n]
AWA AWA FRV Thalassa 27 Feb — 13 Mar  Cold (Winter/Spring) 28
2014
WH375  AWA/ FRV Walther 22 Jun — 7 Jul  Warm (Summer) 28
PREFACE Herwig 111 2015
WH 383  AWA/ FRV Walther 11 Mar — 18 Cold (Winter/Spring) 56
PREFACE Herwig Il Mar 2015

2.3.2 Coastal upwelling index (CUlss)

A measure for the upwelling intensity was derived from sea surface temperature (SST)
that was based on remote sensing data (JPL 2010) to investigate the influence of
upwelling intensity on the occurrence of S. pilchardus and S. aurita larvae (Benazzouz
et al. 2014). While calculating the coastal SST minimum (SSTr,) of a certain latitude
and subjecting a maximum SST (SSTmax) from an arbitrarily set point in the open ocean
on the same latitude, the thermal contrast is depicted by the coastal upwelling index
CUIg: (Mittelstaedt 1991, Van Camp et al. 1991, Roy et al. 1992, Santos et al. 2001). A
CUIg was derived by the thermal contrast between the SSTn,, from the continental
shelf area and the SST .« from the entire mid-Atlantic Ocean (Benazzouz et al. 2014):

CUISST (lat, time) = SSTmax of fshore (lat, time) — SSTmin inshore (lat, time) (2-1)

SST data were extracted from daily SST products using the SeaDAS software version
7.2 (http://seadas.gsfc.nasa.gov/). SST products were averaged to the survey periods in
order to receive a high coverage of SST data in spite of cloud cover. SST data were
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extracted from pixel data based on 0.01° - 0.01° grids. The minimum SST (SST nin) was
derived from the coastline to 18°W to include the area of the coastal upwelling at the
continental shelf break. Maximum SST (SSTax) Was obtained from the coast and 45°W
corresponding to the mid-Atlantic Ocean. The CUIs: was acquired for each survey
period to describe the upwelling phenomenon along the whole sampling area.
Additionally, the CUIg; of each sampling station was derived from SSTin and SSTax
of each sampling station latitude. CUls; of each station was used as an explanatory
variable in generalized additive models (GAMSs) to elucidate the impact of different

upwelling intensities on spatially based larval fish abundances (LFAS).

2.3.3 Wind speed and direction

Wind speed and direction were obtained from coastal ocean surface wind vector
retrievals and projected to 1° - 1° grids (KNMI 2010). Both were projected to highlight
upwelling favourable wind fields during the cold season surveys and the additional
southeast trade winds during the warm season survey. Wind patterns are included in
Figure 2.1 and a more detailed figure of wind rose plots are attached in the supplement
(Figure S 1). For comparability reasons, we defined two study areas, a permanent (‘A’)
and a seasonal (‘B’) upwelling area (Cropper et al. 2014). The permanent upwelling
area ‘A’ comprised the southern Morocco and the Banc d’Arguin coastal area (19 —
23°N latitude) and the seasonal upwelling area ‘B’ comprised the southern Mauritanian
and Senegalese coastal area (12 — 19°N latitude). In order to compare the environmental
differences between the two areas and cold and warm season conditions, we used the
Welch t-test for unequal sample numbers and unequal variances on mean values of

CUI, wind speed, in-situ salinity and sea surface temperature (Welch 1951).

2.3.4 Linking environmental data with larval fish abundance

GAMs were used to investigate the influence of environmental factors on larval S.
pilchardus and S. aurita abundance data (Roy et al. 2002) by using the ‘mgcv’ package
within the R software version 3.2.2 (Wood 2006). GAMs extend general linear models
allowing for complex correlations between response and explanatory variables (Hastie
& Tibshirani 1986), but subject to the same prerequisites (Zuur et al. 2010).

Thus, multicollinearity of explanatory variables was tested apriori using the variance
inflation factor (VIF) on latitude (Lat), longitude (Long), temperature at 5 m depth [°C]
(SST), salinity at 20 m depth (SAL), bottom depth [m] and CUIs; [°C] (Craney &

14



Chapter I: Does upwelling intensity determine larval fish habitats in upwelling ecosystems?
The case of Senegal and Mauritania

Surles 2002). The VIF quantitates multicollinearity by providing an index of how much
the variance of an estimated regression coefficient increases because of collinearity of
predictor variables (Murray et al. 2012). Salinity at 20 m depth was used because the
salinity profiles were most stable at 20 m depth and only small changes were observed
from surface salinity values and values at 20 m depth during CTD casts.
Multicollinearity testing revealed a correlation between SST and CUlIs: (VIF = 8.6).
Using a more stringent approach either CUIg; or SST was removed in the GAMs. After
the removal, a VIF <3 for all tested explanatory variables was considered adequate
(Zuur et al. 2010). Spatial autocorrelation was tested by investigating residuals from the
final GAM with Moran’s I within the R package ‘ape’ (Gittleman & Kot 1990) resulting
in nonsignificant p-values for both species (p >0.05). A Tweedie distribution
assumption was used to resolve the issue of zero-inflation (Shono 2008, Augustin et al.
2013) typical when dealing with count data (Mcgurk 1986, Fahrig 1992) and was
compared to model outputs with Poisson, negative binomial and zero-inflated Poisson
distribution assumptions. The Tweedie distribution is a flexible Poisson — Gamma
distribution assumption, whereas the dispersion parameter p = 1 depicts a Poisson
distribution and p = 2 a Gamma distribution. Dispersion parameter was set to 1.4 based

on an estimated parameter during final GAM fitting.

The final GAM construction for larval S. pilchardus abundance data (y;) followed the

equation:
E(y) =g '[Bo + season; + fi(lat; long;) + f,(CUI)] + € (2.2)
and for larval S. aurita abundance data (y;) the equation:

E(y;)) = g7'[Bo + season; + fi(lat;, long;) + fo,(CUL) + f3(SAL;) +
fa(bottom depth;)] + € (2.3)

where E (y;) equals expected values of either S. pilchardus or S. aurita abundance based
on a Poisson, negative binomial or Tweedie distribution where g~ denotes a log-link
function, or a zero-inflated Poisson distribution with an identity-link function. S, equals
the intercept and ¢ the residual error that cannot be predicted from knowledge of the
predictors. LFA data were adjusted to non-negative integer values to satisfy distribution
assumptions for count data (Rooker et al. 2012). We used season; as categorical
variable for cold and warm season. Smoothing parameters with tensor product smoother
(f1) for location ‘longitude and latitude’ (Augustin et al. 2013) and penalized thin plate

regression splines (f,_,) for other input variables were estimated by the Restricted
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Maximum Likelihood for negative binomial, zero-inflated Poisson and Tweedie or the
Unbiased Risk Estimation for Poisson distribution assumption. Thin plate regression
splines are considered an ideal smoother of any predefined dimension (Wood 2003). A
spline curve consists of piecewise polynomial curves joining two or more polynomial
curves. The joint locations are known as ‘knots’ (Wood 2006). The number of knots
was limited to k = 3 for the smoother SST, SAL, bottom depth and CUI; to avoid
overfitting of the model (Alvarez-Berastegui et al. 2016).

Model selection was based on a manual backward stepwise procedure including the
evaluation of -1- model performance significance testing (p <0.05), -2- the Akaike
information criterion (AIC) and -3- residual plots for ‘independency’, ‘homogeneity’
and ‘normality’ of residuals (Wood 2006, Zuur et al. 2010). After model selection, each
explanatory variable was stepwisely excluded from the final model to examine the
change in deviance explained providing a means of importance for each variable
(Rooker et al. 2012). Additionally, generalized additive mixed models (GAMMs),
which were based on the previous GAM set up, were used to correct for spatial
autocorrelation not only in the covariates (Augustin et al. 2013, Winton et al. 2014) but
also in the error term ¢; (Wood 2006, Beale et al. 2010). GAMMSs were used to

investigate a possible improvement of the previous GAMs.

The best models according to formula (2.2) and (2.3) were used to predict larval fish
habitats in both seasons. The aim was to verify final models and to map predictions on a
spatial grid. For this, we used the predict function of the ‘mgcv’ package in R version
3.2.2. We expanded the predictions on a 0.1° - 0.1° grid of the sampling area. An
ordinary Kkrigging procedure provided by the ‘gstat’ package in R was used to plot cold
and warm season predictions (Pebesma 2004).

2.4 Results

2.4.1 Environmental conditions

General environmental conditions during both cold season surveys appeared similar and
were typical for the survey periods. In both surveys, north-easterly trade winds induced
an upwelling of cold subsurface water along the continental shelf over the study area
(Figure 2.1a, c). In both years, northeasterly trade winds of 7 — 8 m-s™ likely stimulated
upwelling and pushed the upwelling front offshore to the 2,000 m isobath in area ‘B’. In
area ‘A’, higher wind speeds of 8 — 10 m-s* (Welch t-test, p <0.05) transported
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upwelled water even further offshore. This observation was in line with slightly stronger
upwelling in area ‘A’ with CUI values of 6.6 — 6.9°C than in area ‘B’ with CUIg
values of 6.4 — 6.7°C (Welch t-test, p <0.05) (Figure 2.2). Minimum coastal SST that
represents the newly upwelled sub-surface water increased from 16.8°C in area ‘A’ to
18°C in area ‘B’ (Welch t-test, p <0.05). Salinity decreased from 36.4 to 35.8 from area
‘A’ to ‘B’ (Welch t-test, p <0.05) indicating two water masses that are delimited at the
Cape Verde Frontal Zone (Zenk et al. 1991). This frontal zone splits North Atlantic
central water masses in the North of area ‘A’ with South Atlantic central water masses

originating from the south of the study area (Tomczak 1981, Pastor et al. 2008).

CUIsst
- Winter/Spring 2014
- Summer 2014
21 Winter/Spring 2015
E _________________________________ J/ ____________
s ~
018 =
©
=
©
-

Temperature difference [°C] - CUlggTt

Figure 2.2 Latitudinal-based coastal upwelling index (CUlgy) along 21.5-12°N for the three surveys
(Table 2.1), blue and green dots display cold season indicating upwelling, red dots indicate warm season
with upwelling in the permanent upwelling area at 21.5— 19°N and reduced upwelling in the seasonal
upwelling area at 19°N— 12°N, dashed line indicate the boundary between area ‘A’ (permanent upwelling
area) and area ‘B’ (seasonal upwelling area).
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A contrasted situation in the 2014 warm season survey is characterized by an influx of
warm surface water off area ‘B’. The influx of warm water is fostered by the Mauritania
Current transporting warm surface waters from the Guinea Dome poleward (Faye et al.
2015). A fraction of prevailing northwesterly monsoon winds (6 m-s™) perpendicular to
the coast was apparently too weak to induce coastal upwelling. Off area ‘A’ north-
easterly trade winds (8 m-s™) dominated inducing an upwelling of cold subsurface
waters and transporting the cold waters at the surface across the 2,000 m isobath
offshore. Here, the permanent upwelling revealed a mean CUlg; of 6.7°C similar to the
cold season conditions in both cold season surveys. This area is the southern limit of the
permanent upwelling in the CCEBE (Cropper et al. 2014). Further south of the study
area the upwelling intensity decreased significantly to a CUl; of 1.3°C (Welch t-test, p
<0.05) in area ‘B’. We exclusively recorded positive CUI values indicating that area
‘B’ was still influenced by persistently upwelled subsurface water. While the minimum
coastal SST increased from 19 to 26°C, salinity decreased from 36.6 to 35.8 from area
‘A’ to ‘B’ again indicating the separation of North Atlantic central water and South
Atlantic central water at the Cape Verde Frontal Zone. For detailed seasonality of
hydrography in the CCEBE see Faye et al. (2015).

2.4.2 Horizontal larval fish distribution patterns: Observation, model selection, and

validation

In total, we collected 1,755 S. pilchardus and 2,841 S. aurita larval specimens. S.
pilchardus was mainly present in the cold season surveys and only present in coastal
upwelling waters. S. aurita larvae mostly occurred during the warm season. Besides the
temporal partitioning, S. pilchardus was found in the northern part of the study area
southward to 17.5°N (Figure 2.3). S. aurita occurred occasionally off Senegal in the
cold season and with high abundances from 16 to 21°N along the Mauritanian coast in
the warm season. No spatiotemporal co-occurrence of both species could be observed
indicating a larval niche partitioning.

Sardina pilchardus

Maximum larval S. pilchardus abundances of 10,400 ind - 10" m2 were observed close
to the coast in the northernmost transect decreasing towards offshore in the cold season
surveys. High larval fish abundances (LFAS) were also observed in area ‘A’ in 2015

cold season with some specimens found in the northernmost part of area ‘B’ southward
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to 17.5°N. Larvae were absent further south similar to the 2014 cold season survey
where only some specimens were collected at stations of the Banc d’Arguin transect. In
the 2014 warm season survey, larval distribution was restricted to the permanent
upwelling in the northernmost transect. Larvae occurred mainly on the continental shelf
(primarily between 50 — 200 m bottom depth) and occasionally with lower abundances
at stations as far as 2,000 m bottom depth. Higher proportions of preflexion larvae (82%
shelf versus 69% offshore) indicated a transport offshore within the upwelling frontal
zone. In total, the ontogenetic characterization resulted in the proportion of 81%
preflexion, 16% flexion and 3% postflexion. Larvae were only collected in the strong

upwelling (CUlIg >6°C) in both seasons.
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Figure 2.3 Distribution and larval fish abundance patterns of European sardine (Sardina pilchardus) and
round sardinella (Sardinella aurita) during the three surveys (a, c) cold season and (b) warm season along
the southern part of the Canary Current Eastern Boundary Ecosystem, area is split into area ‘A’,
permanent upwelling area and ‘B’, seasonal upwelling area according to Cropper et al. (2014), MO,
Morocco; BA, Banc d’Arguin; MA, Mauritania; SE, Senegal; GA, Gambia.

The best-fit GAM accounted for 92% explained deviance (Table 2.2). Significant
partial effects of location (latitude and longitude) explained 72%, CUIs: 19%, and

season 1% of the deviance. The partial effects are presented as best-fit smooth plots in
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Figure 2.4 and predictions of the best-fit GAM are shown in Figure 2.6. The smooth
plot of ‘location’ indicated an increasingly higher probability of larval occurrences the
closer to the coast and the further to the north of the sampling area. A positive linear
correlation between LFA and CUIg indicated increasing probability of larval
occurrences with increasing CUIg. Both partial effects suggest a larval habitat along the
permanent upwelling consistent with field observations. The smooth plot of the factor
‘season’ revealed significantly higher LFAs in the cold seasons than in the warm
season. Given a low probability of LFA during the warm season, the partial effect
‘season’ indicated a subsidiary period of S. pilchardus spawning in the southern
CCEBE. Larval habitat maps predicted by the best-fit GAM were consistent with
habitat preferences in the permanent upwelling regime of the northern part of the study

are (Figure 2.6).
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Figure 2.4 Partial effects of generalized additive model output for European sardine (Sardina pilchardus)
larval fish abundance data based on a Tweedie distribution assumption, (a) Season, (b) Location (Lat,
latitude; Long, longitude), and (c) Coastal upwelling index (CUlgy), grey area represents 95% confidence
interval.

The underlying quantile-quantile plot and histogram of residuals of the best-fit GAM
indicated no issues with normality (Figure S 2). Homogeneity plots were skewed due to
the many zero counts but fitted best compared to all other tested models. Similar results
were produced by the GAMMSs, but no improvement compared to the GAM output
could be observed. The negative binomial assumption was the only assumption, which
similarly fitted well in the GAMs like the Tweedie distribution assumption, but resulted
in lower deviance explained and poorer residual plots (Table 2.2). Poisson and zero-
inflated assumptions resulted in ecologically unrealistic responses providing infinite

significant effects of all ‘partial effects’ during fitting.
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Table 2.2 Results of generalized additive models (GAM) and mixed models (GAMM) based on larval
European sardine (S. pilchardus) and round sardinella (S. aurita) abundance data on explanatory variables
(Season, Lat = latitude and Long = longitude, SAL = salinity, CUIg = coastal upwelling index, bottom
depth), different family distribution assumptions (P = Poisson, NB = negative binomial, ZIP = zero-
inflated Poisson, T = Tweedie), n/a = not available, Dev. expl. = deviance explained [%], MCNA = model
convergence not achieved, Signif. codes: <000.1 “***” 0.001 “*** 0.01 “** 0.05 *.” NS = not significant.

Lat, Bottom Dev.
Species Model Family Season Long SAL  CUIgy depth expl.
Sardina GAM P Overfitted
pilchardus NB Fhx okl NS NS NS 89.5
ZIP Overfitted
T il falel NS * NS 92.1
GAMM P EXE LE NS ik & n/a
NB MCNA
ZIP n/a
T *kx *kk NS *%x * n/a
Sardinella GAM P Overfitted
au I’Ita N B * *k*k *k*k *kk *kk 96 0
ZIP Overfitted
T * *k*k *k*k *k*k *kk 97 . 6
GAMM P MCNA
NB MCNA
ZIP n/a
T MCNA

Round sardinella

S. aurita larvae were most abundant during the warm season with maximum
abundances of 15,400 ind - 10" m2 at the southernmost coastal station (Figure 2.3).
Larval distribution patterns revealed occurrences in the area with warm tropical water
influx indicating spawning in the reduced upwelling along the continental shelf. Highest
abundances could be noted in the Senegalese and Mauritanian coastal area with
decreasing abundances towards the Banc d’Arguin. No larvae were found further north
in the study area indicating suspended spawning in the upwelling area. Only a few
specimens occurred in the southern Senegalese coastal area during the cold season
survey 2014. In the cold season survey 2015, no larvae were observed. At 20.9°N
latitude during the 2014 summer cruise, some specimens were collected at 2,000 m
isobaths. Preflexion larvae occurred with 92% on the shelf and 29% offshore indicating
a larval transport offshore. The ontogenetic characterization revealed that in total 88%
were in the preflexion, 4% in the flexion and 8% in postflexion.

The best-fit GAM accounted for 97.6% explained deviance. Significant partial effects of
CUIg: explained 59.2%, salinity 25.7%, location (latitude and longitude) 9.4%, bottom
depth 3.8% and season <0.1% (Figure 2.5). A negative linear correlation between LFA
and CUIg; indicated decreasing probability of larval fish occurrences with increasing
CUIg. Larval occurrences were associated with water masses of salinities between 35.6

— 36.2. Larvae were absent in higher salinity water masses indicating spawning in South
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Atlantic central waters. The smooth plot of location revealed an increasing probability
of high LFAs from north to south. A negative linear correlation between LFA and
bottom depth indicated increasing probability of LFA with decreasing bottom depth.
Model outputs revealed larval habitats that were associated with the shelf and the shelf
break until approximately 1,000 m bottom depth. The partial effect of CUls explained
15% more than the also significant partial effect SST and was used in the best-fit GAM
for S. aurita. Larval habitat map, predicted by the best-fit GAM, were consistent with
habitat preferences in the waters masses of the tropical influx during the warm season
(Figure 2.6). In the cold season, larval habitats were associated with the upwelling core

off the southern Senegalese region.
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Figure 2.5 Partial effects of generalized additive model output for round sardinella (Sardinella aurita)
larval fish abundance data based on a Tweedie distribution assumption, (a) Season, (b) Location (Lat,
latitude; Long, longitude), (c) Salinity, (d) Coastal upwelling index (CUl), and (¢) Bottom depth, grey
area represents 95% confidence interval.

The comparison of the different distribution assumptions during GAM computation
revealed either overfitting, except for Tweedie or negative Binomial, or no achievable
convergence in GAMM computation (Table 2.2). Negative binomial resulted in 1.6%
less deviance explained than Tweedie and residual plots were stronger skewed than the
residual plot of the Tweedie distribution assumption (Figure S 3). Considering 90%
zero observations of S. aurita LFA, the Tweedie distribution still produced reliable

outputs.
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Figure 2.6 Cold season “winter/spring” (a) and warm season “summer” (b) larval fish abundance
predictions of European sardine (Sardina pilchardus, green) and round sardinella (Sardinella aurita,
red) based on generalized additive model output, MO, Morocco; BA, Banc d’Arguin; MA, Mauritania;
SE, Senegal; GA, Gambia.

2.5 Discussion

The decrease in upwelling intensity from the cold to the warm season revealed two
contrasting larval habitats of S. pilchardus and S. aurita in the seasonal upwelling area
of the CCEBE. While the permanent upwelling in area ‘A’ seemingly shaped a
favourable habitat for S. pilchardus reproduction, S. aurita reproduced mainly in the
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warm season during periods, when the SST contrast between offshore waters and the
coast was small (low CUIg;) which was driven by the influx of warm, tropical, surface
water. The shift in upwelling intensity revealed self-contained larval S. pilchardus and
S. aurita distribution areas. Observation, as well as modelling, were consistent with our
hypothesis of asynchronous spawning behaviour, which led to a spatiotemporal niche

partitioning in larval fish abundances.

Niche partitioning is based on the concept that organisms outcompete competitors by
diminishing resources below a competitor’s survival threshold leading to a
diversification in habitat choice (Schoener 1974). Habitat choice is based on seasonality
in the tropical ocean due to annually changing hydrographical features that control
species' spawning times (Johannes 1978, Ledn-Chaves et al. 2015). Adjusted successive
spawning in clupeid fishes might have evolved to avoid competition by eliminating
resource differentiation that would emerge from larval co-occurrence (Wang & Tzeng
1997). Adults of S. pilchardus and S. aurita occasionally co-occur in the seasonal
CCEBE upwelling area (Gushchin and Corten, 2015; ter Hofstede and Dickey-Collas,
2006). Thus, adult co-occurrences might indicate stronger competition for space and
food than during respective species’ larval development phases. This leaves the
conclusion that niches are differently occupied during the life history of fishes (Tsikliras
2014).

However, the present observations represent one year of data and the full extent of the
stocks of interest is not entirely covered on a seasonal and spatial basis. Both, S.
pilchardus and S. aurita spawning areas, have been reported north of the present study
location with eggs of the southern stock of S. pilchardus extending at least to 26°N
(Machu et al. 2009) and S. aurita to at least 24°N (Ettahiri et al. 2003) with some larval
spatiotemporal co-occurrences. Studies from other eastern boundary ecosystems that
have decades of data, illustrate relationships between upwelling intensity and larval
distributions but are susceptible to change over time (Lluch-Belda et al. 1991, Mhlongo
et al. 2015). Lluch-Belda et al. (1991) observed sardine (Sardinops sp.) peak spawning
at a temperature range of 13 — 25°C, but spawning was constrained at intermediate
values of upwelling in the California Current. In contrast, anchovy (Engraulis sp.) peak
spawning was observed at a temperature range of 11.5 — 16.5°C overlapping the
temperature range of sardine, but peak spawning was observed at low or high values of
upwelling. The upwelling intensity seems to constrain spawning of the two species and
is in line with observations of S. pilchardus and S. aurita from this study. Furthermore,
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the cross-shore temperature gradient, which can be interpreted as a measure of
upwelling intensity, appears to be more important than temperature alone (Lluch-Belda
et al. 1991), an observation also supported by our results. But increased abundances of
S. pilchardus at SST <18°C and of S. aurita at SST >18°C still indicate spawning
constrained temperature thresholds and correspond to recent observations (Ettahiri et al.
2003, Olivar et al. 2016). Mhlongo et al. (2015) could show, although temperature
regimes overlap between anchovy (E. encrasicolus) and sardine (Sardinops sagax), that
both species have different preferred temperature ranges for spawning in the Benguela
Current. Physiological plasticity of both species seems to enable preferred spawning
under warmer and colder conditions between years. In some years spawning of both
species overlap the preferred temperature regimes, but in others, the temperature regime
also induces a spatiotemporal partitioning. However, relationships with upwelling may
be evident during one year of observations, as are identified here, but given the
perspective offered by decades of data in other regions, the hypothesis of spatial-
temporal niche partitioning requires observations of longer duration under a wider range

of ecological conditions.

Nevertheless, our results suggest, that niche partitioning has evolved due to species
specific upwelling intensity preferences in the CCEBE. The partial effect of the coastal
upwelling index CUIs; revealed a negative correlation between larval S. aurita
abundances and CUIg:. Highest abundances were found at a CUIg of 1 — 5°C. This
CUIs was driven by two wind components, one upwelling favourable and another
south-easterly component with average speeds of 6 m-s™. The optimal environmental
window (OEW) hypothesis assumes a recruitment optimum at wind speeds of 5—6 m-s’
1in upwelling areas (Cury & Roy 1989, Cury et al. 1995, Waldron et al. 1997, Serra et
al. 1998). The underlying theory of the OEW hypothesis is, that larval survival
increases until wind speed reaches 5 — 6 m-s™ inducing steady primary production, thus,
food supply. On the other hand, higher wind speeds cause higher mortality rates due to
wind induced turbulence detrimental for larval fish feeding success (Lasker 1981, Cury
& Roy 1989, MacKenzie 2000, Allain et al. 2007). S. aurita larvae occurred during
optimal wind conditions supporting the OEW hypothesis. However, larval S. pilchardus
abundances were positively correlated with a CUIs; of 6 — 7°C, which was driven by
prevailing upwelling favourable wind with speeds of 7 — 10 m-s™. According to the
OEW hypothesis, these conditions seem sub-optimal for larval survival due to elevated
turbulence (Roy et al. 1992).
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North-easterly trade winds, especially during the cold seasons survey 2015, transported
S. pilchardus larvae to isobaths of more than 2,000 m away from typical spawning
grounds pre-dominantly on-shelf (John et al. 1980, Ettahiri et al. 2003, Santos et al.
2004, Coombs et al. 2006, Bellier et al. 2007). Ontogenetic characterization also
indicated a transport of larvae from inshore to offshore for both species. Since larvae
were observed within the upwelling frontal zone, the larvae must have been retained in
the productive zone and were probably not affected by low food availability, due to
constant nutrient input and concurrent high phytoplankton and zooplankton abundances
(Sabatés & Olivar 1996, Sanchez-Velasco et al. 2014). Fronts play a vital role in larval
fish survival (Bakun 2006). For instance, Munk (2014) found peak larval gadoid
abundances together with peak zooplankton abundances in the vicinity of a frontal zone
at the Norwegian trench. However, our observations are restricted to larval distribution
patterns as far offshore as the 2,000 m isobath and the upwelling front was further
offshore. Therefore, it remains unresolved, whether there is a possibility for larval

cross-frontal transport and the consecutive loss of larvae for recruitment.

Similar environmental conditions prevailed in both cold season surveys. S. pilchardus
larvae were only collected in area ‘A’ and until 17.5°N in 2015 (Figure 2.3).
Distribution patterns revealed an expansion of 2° latitude towards the south compared to
the maximum expansion in John et al. (1980). Coombs et al. (2006) show that spawning
conditions for S. pilchardus are suitable along the whole permanent and seasonal
upwelling area during the cold season with similar favourable temperature regimes, but
in this study, no larvae were found further south. It has to be conceded that our
sampling periods covered 2 — 3 weeks, so we might have missed the whole spawning
area extension. Nevertheless, although some authors believe that S. pilchardus
populations are stationary (Ettahiri et al. 2003), others could show that S. pilchardus
migrates far distances potentially for spawning. Some adult specimens were caught
during cold years in Senegalese waters when there was a strengthening of the trade
winds (Freon 1988, Binet et al. 1998).

Our observations on the highly migratory S. aurita indicate poleward spawning
simultaneously with the influx of warm tropical water in the warm season. These results
are consistent with observations of Arkhipov et al. (2011) Arkhipov et al. (2011),
Arkhipov (2015) and Fréon (1988). S. aurita larvae also occurred infrequently in winter
along the southern Senegalese area (12 — 15°N latitude). The temperature window, in
which S. aurita larvae occur, comprises 18 — 30°C indicating a high adaptive capacity
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(Conand 1977). The spawning along the southern Senegalese region in the cold season
Is attributed to the retentive function of the area due to a wide shelf area (Roy 1998,
Tiedemann & Brehmer 2017). While spawning on the shelf is supposed to retain larvae
onshelf, a permanent upwelling in the cold season transports nutrient rich sub-surface
waters providing a steady food supply for the larvae. In particular, some specimens
were observed at the shelf break between 200 and 1,000 m isobaths in winter 2014. That
is in line with observations by Conand and Cremoux (1972), but usually, the peak
occurrences are inshore, where a retention cell normally retains larvae (Roy 1998,
Tiedemann & Brehmer 2017). In the 2014 cold season, such a retention cell at the coast

was absent and might explain the occurrence of some specimen further offshore.

Besides the southern Senegalese region in the cold season, another most important
spawning area for S. aurita is the Banc d’Arguin in Mauritania in July — September
(Freon 1988, Le Fur & Simon 2009, Mbaye et al. 2015). Both areas are regarded as
retention zones, that are supposed to be favourable for larval growth and survival
(Bakun 1996, Roy 1998). However, our results indicate at least for the May-June
period, that the Mauritanian shelf is an important spawning ground as well (Conand
1977). The influx of warm waters along the coast, which may be representative of a
decrease in coastal upwelling, is associated with the spawning of S. aurita. This was
validated through the final GAM that performed significantly with larval fish abundance
(LFA) data and the CUl.

CUI; is a cross-shore gradient in SST that is used as an index of coastal upwelling
(Benazzouz et al. 2014) and explained more deviance of the spatially based LFA data of
both species in the GAMSs than SST. The advantage using CUl is that the temperature
contrast between minimum temperatures of the upwelling and the maximum
temperature offshore integrates not only SST but also wind strength and wind direction.
The temperature contrast originates from the interaction between wind field, the
temperature of the sub-surface upwelled water masses, and insolation (Benazzouz et al.
2014). That reduces the amount of used explanatory variables in GAMSs and improves
GAM performance by reducing co-linearity between explanatory variables, thus,
reducing the issue of overfitting. Furthermore, the CUIs is simple to derive,
inexpensive and time-saving. Nevertheless, negative CUIg: values, that would depict
downwelling, are practically not derivable with the method they are calculated and
limits the index’ potential (Benazzouz et al. 2014). Flexible Tweedie distribution

assumptions have improved spatial GAM modelling, which improves the handling of
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many zeros in count data (Miller et al. 2013). Even with 90% zeros in the S. aurita LFA
data, Tweedie assumption produced reliable fits of explanatory variables and provided
suitable predictions of larval habitats.

Nevertheless, our limitations in the final GAMs indicate, that our sampling was not
sufficient enough to explicitly generate dome-shaped relationships between LFA and
explanatory variables. For instance, higher CUIs; than 7°C could be negatively
influencing S. pilchardus LFA, while CUIg of ~0 could be negatively influencing S.
aurita LFA. Both species might reproduce on the shelf and the shelf break, but may
have a limit towards offshore or inland, although S. pilchardus or S. aurita are even
found in estuaries or very close to the coast (Conand & Cremoux 1972, Santos et al.
2004). This is also not included in the final GAM, given a sampling limit at the 20 m
isobaths due to ship operation constraints. Some GAM outputs are inconclusive and
leave questions that will motivate future research. Do we find similar spawning patterns
for other species driven by the seasonality of the upwelling? Does winds of 7 — 10 m-s™
have a negative effect on the survival of S. pilchardus larvae according to the OEW
hypothesis? Are larvae able to compensate strong wind events, due to a vertical
migration towards deeper layers? Does the seasonality of upwelling intensity in other
eastern boundary upwelling ecosystems drive similar spawning patterns of dominant

small pelagic species (Lluch-Belda et al. 1991)?

Wind regimes, that are supposed to drive upwelling intensity, are anticipated to alter
through climate change (Bakun et al. 2015, Rykaczewski et al. 2015). On the one hand,
there is an anticipated increase of temperature contrast from land to ocean enhancing
trade winds and thus intensifies upwelling (Bakun 1990, Bakun et al. 2015). A poleward
displacement of upwelling-favourable winds is projected for the 21% century changing
upwelling regimes in all eastern boundary ecosystems (Bakun et al. 2015). Our results
support the hypothesis, that larval fish habitats are shaped by species specific upwelling
intensities and that changing upwelling intensity regimes can have major impacts on the
expansion of larval habitats. This can explain fluctuations of dominant small pelagic
species indicating the reproductive capacity of species and future stock sizes
(Rykaczewski & Checkley 2008). Alternating upwelling intensity regimes have been
suggested to drive shifts from S. pilchardus dominated to S. aurita dominated regimes
in the CCEBE (Santos et al. 2005, Zeeberg et al. 2008). There is a need to verify this
study, not only in the CCEBE but also in all other eastern boundary upwelling
ecosystems. Such processes oriented studies can demonstrate the dependency of fish
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ecology to physical forces but need ad hoc monitoring programs and an intensification
of sampling to validate short term observations particularly in the poorly monitored
southern part of the CCEBE. For instance, for the eastern boundary California Current
Ecosystem, such monitoring over interannual and decadal exist and hydrographic
models could already allow forecasting sardine production (Rykaczewski & Checkley
2008). For strongly exploited ecosystems like the CCEBE, monitoring campaigns are
vital to estimate sustainable yields on marine resources. Thus, the development of such
monitoring campaigns remains a prospective challenge. Lastly, physical models coupled
with primary production are now available for the CCEBE (Auger et al. 2016) and a
new model coupled with climate forecast will allow testing the effect of climate change
for the fisheries sector of the CCEBE.
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3.1 Abstract

In upwelling areas, enrichment, concentration, and retention are physical processes that
have major consequences for larval fish survival. While these processes generally
increase larval survival, strong upwelling can also increase mortality due to an offshore
transport of larvae towards unfavourable habitats. In 2013 a survey was conducted
along the Senegalese coast to investigate the upwelling effect with regard to larval fish
assemblages and possible larval fish retention. According to water column
characteristics, two distinct habitats during an upwelling event were discriminated, i.e.
the inshore upwelled water and the transition area over the deepest part of the
Senegalese shelf. Along the two areas, 42,162 fish larvae were collected representing
133 species within 40 families. Highest larval fish abundances were observed in the
inshore area and decreasing abundances towards the transition, indicating that certain
fish species make use of the retentive function of the inner shelf area as spawning
grounds. Two larval fish assemblages overlap both habitats, which are sharply delimited
by a strong upwelling front. One assemblage inhabited the inshore/upwelling area
characterized by majorly neritic and pelagic species (Sparidae spp., Sardinella aurita),
that seem to take the advantage of a passive retention on the shelf. The second
assemblage consisted of a mix of pelagic and mesopelagic species (Engraulis
encrasicolus, Carangidae spp. and Myctophidae spp.). Some species of the second
assemblage, e.g. horse mackerels (Trachurus trachurus and Trachurus trecae), large
finned-lantern fish (Hygophum macrochir) and foureyed sole (Microchirus ocellatus),
revealed larval peak occurrences at intermediate and deep water layers, where the near-
ground upwelling layer is able to transport larvae back to the shelf. This indicates active
larval retention for species that are dominant in the transition area. Diel vertical
migration patterns of S. aurita, E. encrasicolus, and M. ocellatus revealed that a larval
fish species may adapt its behaviour to the local environment and do not necessarily
follow a diurnal cycle. Results of field observations are vital to be integrated into larval
drift models since the vertical and horizontal larval distribution will have major
consequences for survival. Comprehending larval survival mechanisms is necessary for
the ultimate goal to understand and predict recruitment.
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3.2 Introduction

Physical processes beneficial for larval fish survival are described by means of Bakun’s
(1996) “ocean triads“, which are enrichment (upwelling, mixing), retention
(maintenance of eggs and larvae in spawning areas) and concentration (convergence,
fronts, stratification) (lles & Sinclair 1982, Agostini & Bakun 2002, Santos et al. 2007,
Ciannelli et al. 2014). A suitable spawning ground, fulfilling these processes, is the
Mauritanian-Senegalese Sub-Region (MSSR) at 13°50” — 15°00’N South of the Cap-
Vert peninsula (Roy 1998, Aristegui et al. 2009, Ndoye et al. 2014). The MSSR belongs
to the southern part of the Canary Current Large Marine Ecosystem (CCLME). During
the upwelling season (winter — late spring) a “double cell” vertical circulation structure
forms an upwelling zone downstream of the peninsula (enrichment). The upwelling
separates the nutrient-poor warm offshore cell with a cold nutrient-rich coastal cell
functioning as a retention zone (retention). This retention zone is maintained through a
convergence nearshore (concentration), where plankton and other biological

components are assumed to be trapped (Roy 1998, Mbaye et al. 2015).

During the upwelling season in winter/spring, northerly trade winds induce a strong
upwelling core, the centre of upwelling over the continental shelf (Roy 1998, Ndoye et
al. 2014). This core is typically found 10 to more than 20 km away from the coast
generic for a wide and shallow continental shelf (Estrade et al. 2008, Aristegui et al.
2009). The position of the core depends on wind direction and intensity during the year
(Demarcq & Faure 2000, Ndoye et al. 2014), with an alternation of expansion and
contraction. While the upwelling core is generally observed at the shelf break in coastal
regions with a narrow shelf, the upwelling core in the MSSR occurs on the shelf
(Aristegui et al. 2009). The upwelling core describes a cold water tongue, that results
from wind-induced upwelling and the local topography (Roy 1998). Together with
sunlight, the upwelled cold and nutrient rich sub-surface water favours the production of
phytoplankton (Botsford et al. 2003, Auger et al. 2016). Phytoplankton is the basis of
the food web in all upwelling ecosystems of the world oceans and serves as food source

for higher trophic levels like zooplankton including fish larvae.

The cold water tongue, that typically develops during the upwelling season, isolates a
warm water band at the coast (Rébert 1983). This coastal band between the coast and
the upwelling core is regarded to function as retention area and thus major spawning

and nursery ground for the early life stages of fishes (Roy et al. 1992, Aristegui et al.
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2009, Mbaye et al. 2015). Upwelled water is transported at the surface towards the coast
and is physically isolated from the offshore via a convergences nearshore. In such
retention zones, where upwelling caused continuous food supply is beneficial for larval
survival, plankton is normally passively retained (Wing et al. 1998). Passive retention is
facilitated when hydrographical activity maintains water masses at a certain area.
Graham et al. (1992) called these water masses “upwelling shadows”, that can persist a
whole upwelling period. In such upwelling shadows, there is often a convergence zone,
where nearshore water masses are physically isolated from offshore water masses. Fish
species have adjusted their spawning activity at such frontal systems to take advantage
of the accumulation effect (Bakun 1996). For instance, the European pilchard (Sardina
pilchardus) from western Iberia is retained in a convergence zone during upwelling
events aggregating larvae near the coast (Santos et al. 2004). Highest species humbers
were observed in a tidal-mixing frontal area in a northern part of the Gulf of California
(Sanchez-Velasco et al. 2014). Offshore dispersal was limited of shelf-dwelling species
by the position of a shelf-slope front (Sabatés & Olivar 1996). At such frontal systems,
not only retention and accumulation processes occur, but fronts also function as a
barrier and isolate larval fish assemblages with a marked change in composition
between water masses, that are separated by the front. In upwelling systems, such
separations are often observed as a longitudinal effect with a neritic assemblage
separated by an oceanic assemblage due to an upwelling frontal zone (Moser & Smith
1993a, Marancik et al. 2005, Keane & Neira 2008, Moyano et al. 2014, Sassa &
Konishi 2015).

In addition to passive retention mechanisms, fish larvae also have the ability to actively
assure their retention in or their transport to nursery grounds. They are capable to
migrate vertically to water masses in a flow direction that keeps or even transports them
to suitable nursery grounds (Parrish et al. 1981, Boehlert & Mundy 1988, Hare &
Cowen 1996). For instance, larvae of sardine (Sardinops sagax) and Atlantic anchovy
(Engraulis encrasicolus) descent below the thermocline to deep layers with an onshore
flow probably avoiding an offshore transport in surface layers due to Ekman drift
(Stenevik et al. 2003, 2007). Hake (Merluccius capensis) was observed to spawn near
the sea bed, while the larvae occur in the sub-surface in order to avoid the surface flows
(Sundby et al. 2001). Elevated larval occurrences in areas of a retentive flow enhance

local larval accumulation (Alvarez et al. 2015). These mechanisms are capable to retain
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ichthyoplankton on or even transport it towards the continental shelf, enhancing

retention processes under advective conditions.

Such investigations are rare in the MSSR, although it belongs to one of the most
productive areas worldwide with large fish stocks (FAO 2013, Cropper et al. 2014). The
stocks are dominated by pelagic species like sardinellas, horse mackerels, and anchovy.
The spawning season of these species coincides with the strongest upwelling season in
March to April (Conand 1977, Boely 1981) probably taking advantage of the permanent
food supply, amplified through the constant nutrient input. However, strong upwelling
periods may transport fish larvae to unproductive regions increasing larval mortality due
to insufficient food supply (Parrish et al. 1981, Cury & Roy 1989, Bakun 1996). The
offshore transport of surface water masses is positively correlated with the strength of
the trade winds during the upwelling season. Thus, in upwelling regions there is a trade-
off between upwelling, retention, and fronts, that act positively on larval survival versus
a possible larval offshore transport, that may act negatively on larval survival (Bakun
1996, Weber et al. 2015).

In this study, the trade-off between beneficial and disadvantageous physical processes
was investigated off the MSSR according to the horizontal and vertical distribution of
fish larvae. This is the first study highlighting the double cell structure in the MSSR
according to larval fish assemblages. It is investigated whether two larval fish
assemblages are separated along the upwelling front. Further, the inshore/upwelling area
was compared to the transition area in terms of larval fish assemblages and abundances
to indicate the importance of the inshore retention effect in the inshore/upwelling area.
Both areas were investigated for vertical distribution patterns of the most abundant
species. The aim was to examine whether dominant species in the transition accumulate
below the thermocline, a depth that is important for onshore versus offshore drift
(Stenevik et al. 2003) to indicate active retention mechanisms. A unique list of larval
fish species occurring in the peak upwelling season along the MSSR is provided. Such
investigations are important for larval transport modelling approaches, because larval

transport may determine larval survival (Weber et al. 2015).
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3.3 Material and Methods

3.3.1 Survey design and sampling

A survey was conducted with the French research vessel Antea along the MSSR (13°50°
— 15°00°N) during the peak upwelling season in March 2013. The survey was divided
into two legs. During the first leg (6 — 8 March) temperature [°C], salinity and
chlorophyll-a [mg - m™] were measured with a Seabird 911 conductivity-temperature-
depth (CTD) profiler including a fluorometer (Chelsea Aquatracka Ill) on 37 stations
along three transects (T1 “North”, T2 “Middle” and T3 “South") perpendicular to the
coastline (Figure 3.1, Table S 1). The purpose of this initial part of the survey was to
physically characterize the inshore/upwelling and the transition area to decide for
intensive ichthyoplankton sampling based on hydrographical properties (Demarcq &
Faure 2000) in the second leg. Areas were pre-defined into an inshore/upwelling area
with 10 — 38 m bottom depth and a transition area with 38 — 213 m bottom depth.
During the second leg (8 — 19 March 2013) fish larvae were collected at 15 stations
according to the pre-defined areas. 13 stations were sampled along the three transects
covering the inshore/upwelling area at stations D, F, H, I, J, K and M, the transition area
at stations A, B, E, G and L, and the frontal zone between the inshore/upwelling and
transition area at station C. The main purpose of selecting these stations was to identify
larval fish assemblages and vertical distribution patterns in the two areas separately.
Except for stations O and N, in which only fish larvae were collected, CTD
measurements were additionally performed beside collecting fish larvae. The CTD
measurements of the second leg were compared to the finer scaled CTD measurements
of the first leg to ascertain that the hydrographical situation of the second leg was
similar to the physical conditions during the first leg. Similarly located stations A\B\E,
C\D\J and F\H\M were sampled during day or night. Diel vertical migration (DVM)
patterns based on day or night and inshore/upwelling or transition of the most abundant

species were analysed in the two contrasted pelagic habitats.

On every sampling station, oblique plankton hauls were performed with an opening-
closing multinet (type Midi No. 438 130, 0.25 m? mouth opening, Hydro Bios Kiel,
Germany) at five separate depth strata between 0 — max 60 m or 5 m above sea floor
(Table S 2). Each net was opened according to depth strata during the heave procedure.
Maximum depth was chosen to collect samples from similar depth strata per net. Each

depth stratum was sampled in 6.1 + 1.5 min intervals with a maximum of 8 min and a
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minimum of 3 min with 0.3 m - s and a ship speed of 2 — 3 knots. While nets with
mesh sizes of 200 um collected ichthyoplankton, mechanical flowmeters (type No. 438
110, Hydro Bios Kiel, Germany) measured the water volume passing through each
plankton net to receive larval fish density estimates. Samples were fixed with a liquid

composed of 4% formalin freshwater buffered with borax.
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Figure 3.1 Sampling area, South of the Cap-Vert peninsula of the Canary Current Large Marine
Ecosystem, with sampling scheme in three transects (T1 to T3) along the continental shelf, CTD
stations = “+”,“x” (1 — 37; 6 — 8 March 2013) and multinet stations (A — O; 8 — 19 March 2013) =
circles and triangles, red = inshore/upwelling CTD and multinet stations, black = transition CTD and
multinet stations, SST mean of the cruise period from JPLOurOceanProject (2010).
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3.3.2 Larval fish identification

In the laboratory multinet samples were transferred into a sorting fluid (0.5 vol.%
propylene phenoxetol, 4.5 vol.% propylene glycol and 95 vol.% freshwater) (Steedman
1976) for identification and enumeration of fish larvae (Table S 3). Larvae were
identified to the lowest possible taxonomic level. A number of unidentified larvae (8%)
is due to a lack of adequate early life history descriptions of the Northwest African
region and to a lesser extent due to broken larvae. Major difficulties arose for the
identification of neritic larvae to species level (e.g. Sparidae, Sciaenidae, Gobiidae,
Triglidae, Soleidae), hence these were pooled to spp. (Table 3.1). Larval fish densities
were calculated per unit of volume [ind - m™] using flow meter measurements and
integrated over all nets used at each station to an abundance index [ind - 10 m’2] (Smith
& Richardson 1977). Taxonomic organization of fish larvae is listed according to a

classification by Nelson (2006).

3.3.3 Data Analysis

Physical similarities among the 37 CTD stations were assessed using a Hierarchical
Cluster Analysis (HCA) based on a Euclidean-distance matrix (Clarke et al. 2008) and
Wards clustering algorithm (Ward 1963). Clustering was performed using normalized
(margin sum of squares equal to one) hydrographical data from 10 m depth
(representing sea surface temperature [°C], sea surface salinity and chlorophyll-a [mg -
m=3]) (Moyano et al. 2014). The use of hydrographic data from 10 m depth was a
compromise between comparability of shallow in the inshore versus deeper stations in
the transition. A multi-model algorithm was applied to identify the optimal number of
clusters representing different hydrographical areas preferably inshore/upwelling and
transition (Charrad et al. 2014). Optimal numbers of clusters were identified from the
highest number of agreement between 30 methods. Clusters were verified with a
Canonical Analysis of Principal Coordinates based on Discriminant Analysis (CAP)
(Anderson & Willis 2003). CAP calculates the percentage of predicted clusters by
discriminant analysis and uses a MANOVA (multivariate analysis of variance) for
significance testing of multivariate sample means, here cluster means of each input
variable (p < 0.05). A permutation test (n = 9,999 permutations) was used for
significance testing and validation of CTD station clustering (p < 0.05). CAP is
considered to be robust against spatially auto-correlated data generally found in

environmental and abundance data (Anderson 2002). The same cluster analysis
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procedure was applied to identify clusters of larval fish assemblages. Larval fish
abundance data of the five depth strata were pooled for each station, but larvae not
identified to the species level, rare species with a relative abundance of <0.1% and those
that appeared in <10% of the samples were excluded (Olivar et al. 2010). The results of
the two cluster analyses were compared to evaluate whether clusters based on larval fish
assemblages confirm the clustering result based on physical measures. This indicated
whether the physical regime shaped the composition of the larval fish assemblages
(Moyano et al. 2014).

Furthermore, the seven most abundant species were selected for an analysis of their
vertical distribution in the two defined areas during the day (GMT 11:00 am — 05:30
pm) and night periods (GMT 08:00 pm — 10:00 pm). Vertical depth strata were defined
at inshore/upwelling multinet stations as 0 — 5, 5 — 10, 10 — 15, 15 - 20, 20 — 25 m and
at transition multinet stations as 0 — 10, 10 — 20, 20 — 30, 30 — 40 and 40 — 60 m. The
weighted mean depth (WMD) of the seven species was calculated for day and night
catches defined as the weighted arithmetic mean of larval vertical distribution:

WMD = ¥, p,Z; = Z=1% (3.1)
l z:?=1 Ci

where p; depicts the larval proportion in the i-th stratum, C; the larval density [ind - m]
in the i-th stratum and Z; the mean depth of the i-th stratum (Rojas & Landaeta 2014,
Moyano et al. 2014). Differences of night and day WMD (DVM = WMDg, —
WMDy;4n.) Were used to calculate the amplitude of DVM. Positive DVM values
describe fish larvae following a DVM type | pattern migrating to the ocean surface at
dusk and vice versa at dawn. Negative DVM values characterize fish larvae descending
with the onset of night and ascending with the onset of day defined as DVM type 1l
(Neilson & Perry 1990). Multinet stations I and K were excluded from WMD and DVM
calculations as they were shallower than 25 m. A two-sided unpaired Welch t-test for
unequal variances and sample sizes (p < 0.05) was used to test species’ DVM and

hydrographical differences of the two defined areas (Welch 1951, Ruxton 2006).

Statistics and mapping were performed using R 3.1.2 software (R Core Team 2014) for
the wind rose chart of wind speed and direction, "hclust” for HCA, and R package
"maps" for station mapping (Brownrigg 2016), "vegan" for normalization of data
(Oksanen et al. 2016), "NbClust" to calculate the optimal number of clusters (Charrad et
al. 2014), "BiodiversityR" for CAP (Kindt 2015) and "oce" for temperature, salinity,
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density and chlorophyll-a sections (Kelley 2015). SAS/STAT® version 9.3 produced
tornado charts for larval fish vertical distribution patterns (SAS Institute Cary NC
2011). SST data was extracted from daily SST products from GHRSST (Group for High
Resolution Sea Surface Temperature) (JPL 2010). Daily SST products (GHRSST Level
4 G1SST Global Foundation Sea Surface Temperature Analysis) were averaged from
the two survey legs using the SeaDAS software version 7.2
(http://seadas.gsfc.nasa.gov/). Average SST products were used for high coverage of
SST data due to cloud coverage. The satellite based SST projection is less precise than
CTD in-situ measurements that resulted in slightly different SST projections for the
survey period. Extraction of SST data was performed on pixel data from 0.01° - 0.01°
grids and was used to highlight the upwelling core over the continental shelf. Wind
speed and direction were averaged and extracted from one-day wind products on 0.5° -
0.5° grids (KNMI 2010). Each data grid point was counted and categorized according to

wind speed and direction and used to validate observations of the upwelling.

3.4 Results

3.4.1 Hydrographic patterns: discrimination of two contrasted pelagic habitats

The horizontal identification of clusters based on the physical measures resulted in a
dichotomy of clusters representing two areas inshore/upwelling and transition. HCA
identified the clusters (Figure 3.2) and CAP significantly discriminated the clusters to
100% correct (MANOVA, p<0.001, adj. rz2 = 0.88 and permutation test, p<0.001). The
clusters are separated along the upwelling front at 40 m bottom depth (Figure 3.1). The
inshore/upwelling cluster comprises stations of the retention cell and the upwelling core
on the shelf, while the transition cluster comprises transition stations indicating the

offshore cell according to Roy (1998).

3.4.2 Horizontal hydrography

Both clusters are hydrographically distinct. The inshore/upwelling area was 3°C colder
and 0.06 more saline than the transition area resulting in a density difference of 0.6 kg -
m’3 between the areas (p < 0.001, Welch t-test). Upwelling supporting northerly winds
(4 — 10 m - ) with a smaller north-westerly component (0 — 10 m - s™) (Figure S 1)
promoted an upwelling core located between 20 — 40 m isobaths. The core described a

comma-shaped pattern from the Hann Bay (at multinet station O) until 14°N, 17.1°W
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(Ndoye et al. 2014). At shallow isobaths (<20 m) along with T2 and T3, an upwelling
shadow was apparent isolated by the upwelled frontal zone onshore. At T1, SST
revealed an onshore advection of water masses from northeast responsible for a
convergence between CTD station 7 and 8. This onshore advection almost reached T2
from the northeast. At T3 the upwelled water diverged towards the in- and offshore
resembling observations described by Rébert (1983) and Roy (1998). Such observations
are typical for the peak upwelling season in the MSSR with limited changes of the
upwelling conditions (Ndoye et al. 2014). The chlorophyll-a concentration was on
average 2 mg - m= higher in the inshore/upwelling than in the transition area (p<0.001,
Welch t-test). However, at T1 and T2 elevated chlorophyll-a concentrations were
exclusively observed in the upwelling/inshore indicating convergence. At T3 the
elevated chlorophyll-a concentrations were observed in both the inshore/upwelling and
at the transition close to the upwelling front. That indicates a divergence at T3 that is in-
line with observations by Reébert (1983). The divergence at T3 resulted in reduced
clustering sharpness at CTD stations 28 — 30 (Figure 3.1).
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Figure 3.2 Dendrogram of HCA (Hierarchical Cluster Analysis) based on Wards minimum-variance
method with normalized hydrographical data as input (sea surface temperature, sea surface salinity,
chlorophyll-a 10 m depth) of transect T1 — T3 based on 37 CTD stations, distance measure = Euclidean
distance.

3.4.3 Vertical hydrography

A thermocline was present in the transition area at about 20 — 35 m depth separating the
warm surface mixed layer (19 — 20°C) from the cold deep layer (14 — 16°C) (Figure

3.3). The mean thermocline depth at the multinet stations was at 22 m. The vertical
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extension of the surface mixed layer was limited to the thermocline increasing from
about 20 to 35 m towards offshore parallel to the sea floor bathymetry. The
Inshore/upwelling area lacked a considerable thermocline indicating mixing with
temperatures between 17 — 18.5°C. Chlorophyll-a was slightly higher in the transition
surface (0.3 — 0.6 mg - m?) than below the thermocline (0.1 — 0.3 mg - m3). A sharp
drop of chlorophyll-a concentrations was found in the inshore/upwelling with high
concentrations in the first 20 m (2 — 5 mg - m™) and lower in deeper depths (0.3 — 1 mg
- m3). The upwelling front is highlighted in Figure 3.3 showing the contrasting areas
separated along 38 — 40 m isobath. The areas were isolated by a mean intense cross-
shelf gradient of density mostly driven by the ~3°C temperature contrast. Again, in T3
higher chlorophyll-a concentrations in the first 20 m (~3 mg - m) of the transition area
indicated less distinct separation of the inshore/upwelling versus transition areas. The
vertical chlorophyll-a profile in T3 reveals high concentrations at both sides of the

upwelling frontal zone indicating again a divergence of nutrient rich sub-surface water.
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Figure 3.3 Temperature [°C], salinity, density sections [p] and chlorophyll-a [mg m™] of three transects
(T1 - T3), grey numbers 1 — 13 in temperature plots display multinet stations along T1 — T3; box plots
summarizes temperature, salinity, density and chlorophyll-a from 10 m depth of all three transects of both
areas, transition = T and inshore/upwelling = I/ U, black dotted lines indicate the depth of the isobath and
the associated position of the upwelling front.
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3.4.4 Taxonomic composition of the tropical larval fish assemblages

A unique data set was collected during the second leg of the survey comprising 42,162
individuals from 40 taxonomic families and ~133 species (Table 3.1). Samples were
dominated by Sparidae (~50%), followed by lower amounts of Engraulidae (~8%) and
Soleidae (~7%). In addition, smaller proportions of Clupeidae and Carangidae (~4%
each), as well as Myctophidae and Sciaenidae (~2% each), were found. These
proportions were differently partitioned between the two areas. The inshore/upwelling
area was dominated by neritic species of the Sparidae family (~62%), while the
transition area was dominated by a mixture of small pelagic and oceanic larvae (~24%
Engraulidae, ~18% Carangidae and ~8% Myctophidae). This observation resulted in a
larval fish assemblage dichotomy revealing two clusters (Figure 3.4). The evaluation of
the optimal number of clusters confirms expectations of two clusters representing an
inshore/upwelling cluster separated from the transition cluster along the frontal zone.
This was validated by CAP with 100% correct discrimination of multinet station
clusters (MANOVA, p < 0.001, adj. r> = 0.87 and permutation test p < 0.001). The HCA
on larval fish abundances overlap the CTD station clusters with a separation at
approximately 38 m bottom depth. The multinet station C was clustered to the transition
cluster due to a number of mesopelagic species indicating the transient point of the
frontal zone dividing the inshore/upwelling with the transition area. Mean larval fish
abundances increased from the transition (1500 ind - 10 m™) to the upwelling/inshore
area (3877 ind - 10 m?) (Figure 3.5). Ontogenetic characterization of the seven most
abundant species revealed that 92% were in the pre-flexion stage, only a few in the
yolk-sac (1%) and some in the flexion (3%) and post-flexion (4%).

Table 3.1 Relative abundance (RA) of families in the total area and RA of species in inshore/upwelling
and transition areas from the Senegalese Mauritanian sub-region continental shelf during the ECOAO
survey (March 2013) at the time of the upwelling season.

RA per area per species

RA Inshore/
Family Upwelling Transition
Family [%6] Species [%6] [%%6]
Congridae 0.02 Congridae sp.1 X 0.09
Engraulidae 8.62 Engraulis encrasicolus (Linnaeus, 1758) 4,53 23.77
Clupeidae 4.16 Sardinella aurita (Valenciennes, 1847) 3.71 5.57
Clupeidae spp. 0.06 0.03
Bathylagidae 0.06 Bathylagoides argyrogaster (Norman, <0.01 0.27
1930
Gonostomatidae 0.07 Cyclgthone acclinidens (Garman, 1899) X 0.03
Cyclothone alba Brauer, 1906 <0.01 X
Cyclothone braueri Jespersen & Taning, <0.01 0.26
1926
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Sternoptyhidae Maurolicus muelleri (Gmelin, 1789)

Phosichthyidae . Ichthyococcus ovatus ? (Cocco, 1838)

Vinciguerria nimbaria (Jordan &
Williams, 1895

Vinciguerria spp.

Stomias boa boa/ferox Reinhardt, 1842

Paralepididae . Lestidiops pseudosphyraenoides (Ege,
1918)

Myctophidae . Ceratoscopelus warmingii (Lutken, 1892)

Diaphus spp. 0.04 0.13

Hygophum macrochir (Gunther, 1864)

Hygophum spp.1 0.01 0.06

Myctophum affine (Litken, 1892)

Nannobrachium atrum (Téning, 1928)

Merlucciidae 0.07 Merluccius senegalensis Cadenat, 1950 <0.01

Lophiidae <0.01 Lophiidae sp.1

Melanocetidae 0.02 Melanocetus sp.1

Hemiramphidae <0.01 Hyporhamphus picarti (Valenciennes,
1847)

Scorpaenidae . Scorpaenidae spp.

Triglidae 0.29 Triglidae spp. 0.01 1.30

Serranus cabrilla (Linnaeus, 1758) 0.04 0.10
Carangidae 4.26 Caranx rhonchus Geoffroy Saint-Hilaire, 0.14 0.34
1817

Trachurus trecae Cadenat, 1950 0.03 3.76

Sparidae 49.89 Boops boops (Linnaeus, 1758) <0.01 X

4
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Sparidae sp.1 61.53 3.69

Sciaenidae 1.80 Sciaenidae spp. 0.26 7.57

Ammodytidae 0.09 Ammodytidae sp.1 0.09 0.06

Uranoscopidae <0.01 Uranoscopidae sp.1 X 0.02

Gobiesocidae 0.68 Gobiesocidae sp.1 0.85 0.06

Gobiidae 0.20 Gobiidae spp. 0.22 0.17

Scombridae 0.11 Scomber colias Gmelin, 1789 X 0.5

Pleuronectiformes <0.01 Pleuronectiformes spp. (order) <0.01 <0.01

Bothidae <0.01 Arnoglossus thori Kyle, 1913 X 0.03

Dicologlossa cuneata (Moreau, 1881) 2.18 0.46

Microchirus sp.1 0.51 X

Pegusa lascaris (Risso, 1810)

Cynoglossidae . Cynoglossus spp.

Unknown sp.2

Unknown sp.4

Unknown sp.6 2.06 0.16

Unknown sp.8 0.06 X

cophenetic  |Transition assemblage
correlation:
r=0.88

Inshore/Upwelling assemblage E

——
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Figure 3.4 Dendrogram of HCA (a) based on Wards minimum-variance method with normalized larval
fish abundance data as input (n = 34) from 15 multinet stations (A — O), distance measure = Euclidean
distance.
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3.4.5 Horizontal distribution of key larval species

Horizontal distribution patterns of the seven most abundant species were investigated,
which either dominated the inshore/upwelling (chiefly Sparidae sp.1 and Sardinella
aurita) or the transition area (chiefly Engraulis encrasicolus, Trachurus trachurus,
Trachurus trecae, Microchirus ocellatus, and Hygophum macrochir) (Figure 3.6).
Besides other less abundant species, the seven species were responsible for the larval
fish assemblage dichotomy. Sparidae sp.1 occurred almost entirely in the inshore
indicating spawning in the retention zone. Although S. aurita larvae were ubiquitous,
they occurred predominantly in the two shallowest inshore/upwelling stations | and K
with fivefold higher abundance than in the rest of the two areas again indicating peak
spawning in the retention zone. The other species dominated the transition area and

occurred in lower abundances in the inshore/upwelling.
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Figure 3.5 Total larval fish abundances and horizontal larval fish distribution patterns, red =
inshore/upwelling (I/U), black = transition (T), isobath at 40 m indicate the limit between
inshore/upwelling and transition area.
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Figure 3.6 Larval fish abundances and horizontal larval fish distribution patterns of dominant species
(Sardinella aurita, Engraulis encrasicolus, Sparidae sp.l, Trachurus trecae, Trachurus trachurus,
Microchirus ocellatus and Hygophum macrochir), red = inshore/upwelling (1/U), black = transition (T),
isobath at 40 m indicate the limit between inshore/upwelling and transition area.

3.4.6 Diel vertical behavioural variability of key fish larvae

The seven most abundant species were again selected to investigate their vertical

distribution in both areas during day and night.
Transition

General observations revealed two vertical distribution patterns in the transition area.
The first pattern was demonstrated by dominating species of the transition area (T.
trecae, T. trachurus, H. macrochir and M. ocellatus). Larvae occurred almost entirely in
depths of 10 — 60 m largely avoiding the warm 10 m of the surface and were found in
distinct densities of the cold deep layers (Figure 3.7). The vertical distribution patterns
suggested that these species were even deeper spread, but sampling design prevented
further analysis. Only at night, they occasionally ascended to the first 10 m of the
surface. The second pattern was demonstrated by the Clupeiformes S. aurita and E.
encrasicolus mainly occurring in the warm surface layer (< 20 m). While S. aurita was
occasionally collected in deeper depths during the night, E. encrasicolus was mainly
found in the first 10 m of the surface and only with a few specimens in the deeper layers
(20 — 60 m). Both were mainly collected above the thermocline where slightly higher
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chlorophyll-a concentrations than in deeper depths were observed. The other species

were found above, in and below the thermocline.

Sardinella aurita Engraulis encrasicolus
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Figure 3.7 Vertical distribution of dominant larval fish species from the transition area in daytime (light
shading) and night time (dark shading), percentage was calculated on mean larval fish density values of
all inshore/upwelling stations for each depth stratum, dotted line indicates mean thermocline depth at
multinet stations, diel vertical migration (DVM) type indicates either a type | (ascent at night and descent
at day) or type II (descent at night and ascent at day), “*” indicates indistinct DVM type.

The calculation of the DVM of almost all fish larvae in the transition area, except T.
trachurus, revealed a DVM type Il (Table 3.2). Clear DVM patterns are observed for
M. ocellatus larvae that ascended to the 10 — 20 m layer during the day and descended
to depths of 20 — 60 m at night revealing a DVM type Il. T. trachurus larvae appeared at
the surface (0 — 10 m) at night and were more abundant at intermediate depths (20 — 30

m) during the day revealing a DVM type I. However, the observations of the other
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species are not as marked as the DVM calculation might reveal. Some specimen of S.
aurita, T. trecae, H. macrochir and E. encrasicolus, where calculations suggested a
DVM type Il, occurred at the surface layer (0 — 10 m) during the night, but also in
higher proportions in deeper layers (20 — 60 m) compared to the day patterns.

Table 3.2 Day and night weighted mean depth (WMD) and diel vertical migration (DVM) amplitude of
seven dominant larval fish species from the inshore, upwelling and transition area; positive DVM values
depict species ascending at night and descending at day (DVM type 1) and negative DVM values depict
species descending at night and ascending at day (DVM type II).

Sardinella  Engraulis Hygophum Trachurus Trachurus Sparidae Microchirus Total
aurita encrasicolus macrochir  trachurus trecae sp.1 ocellatus larvae
Inshore/
Upwelling
WMD day 15.4 10.1 9.5 14.6 - 8.2 18.4 13.6
WMD night  10.9 9.8 13.8 10.3 9.1 10.1 13.2 10.2
DVM 4.5%** 0.3 -4.3*%** 4.3** - -1.9%** 5 1% 3.3***
Transition
WMD day 17.2 11.3 375 32.0 314 11.9 25.9 14.0
WMD night  26.6 15.6 39.9 313 34.8 - 37.6 30.6
DVM -9.4%** -4.3*%** -2.4 0.7*** -3.4 - -11.8%** -16.6***

Welch t-test: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***)

Inshore/Upwelling

In the inshore/upwelling area, one general pattern was apparent. All larvae found were
primarily collected in the top 20 m of the water column (Figure 3.8). This was identical
to the observations of S. aurita and E. encrasicolus larvae from transition stations, but
different for T. trachurus, H. macrochir, and M. ocellatus. Highest chlorophyll-a
concentrations (2 — 5 mg - m’) coincided with highest larval fish densities in the first 20
m. Minor proportions of all larvae, except Sparidae sp.1, were observed in the first 5 m
of the surface. Highest larval proportions of S. aurita, E. encrasicolus, T. trachurus, and
H. macrochir were collected in depths of 5 — 15 m, while M. ocellatus larvae mainly

occurred in 10 — 20 m depths.

The DVM patterns were more distinct in the inshore/upwelling than in the transition in
general. While larvae of S. aurita, T. trachurus, and M. ocellatus clearly performed a
DVM type I, H. macrochir performed a DVM type Il. E. encrasicolus revealed almost
identical distribution patterns during night and day indicating no vertical migration.
Calculation of the DVM type of Sparidae sp.1l revealed type IlI, but the vertical
distribution patterns were indistinct, with highest densities in the top 5 m of the water
column at daytime and highest densities at 5 — 10 m depth during the night. Although
not as marked in the transition, S. aurita, E. encrasicolus, and M. ocellatus showed

opposing DVM types according to the two hydrographically different areas.
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Sardinella aurita Engraulis encrasicolus
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Figure 3.8 Vertical distribution of dominant larval fish species from the inshore/upwelling area in
daytime (light shading) and night-time (dark shading), percentage was calculated on mean larval fish
density values of all transition stations for each depth stratum, dotted line indicates mean thermocline
depth at multinet stations, diel vertical migration (DVM) type indicates either a type | (ascent at night and
descent at day) or type II (descent at night and ascent at day), “*” indicates indistinct DVM type.

3.5 Discussion

Environmental patterns indicated typical upwelling conditions with favourable northerly
winds resulting in a strong upwelling core over the continental shelf (Roy 1998, Ndoye
et al. 2014). This core was found 10 to more than 20 km away from the coast generic
for a wide and shallow continental shelf (Estrade et al. 2008). The inner upwelling front

revealed elevated larval S. aurita and Sparidae spp. abundances and confirms the shelf
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region of the MSSR as major spawning ground for early life stages of fishes (Aristegui
et al., 2009; Mbaye et al., 2015; Roy et al., 1992). It seems that these species took the
advantage of the inshore/upwelling area as retention zone with enhanced phytoplankton
densities and an inner front (Estrade et al., 2008), all conditions of Bakun's "ocean triad"
beneficial for fish reproduction (Bakun, 1996; Roy, 1998). The inner upwelling front
separated two distinct areas, the inshore/upwelling and transition area significantly
different in hydrographical properties (Roy 1998). Based on the hydrographical
characterization, targeted multinet stations revealed two areas of different larval fish
assemblages that geographically overlaid the observed groupings of the CTD stations
clustering. A remarkable (tested by HCA and CAP on both, hydrographical data and
larval fish data) sharp separation at the 40 m isobath, where the frontal zone of the
inshore/upwelling area is physically isolated from the transition area, supports the
hypothesis that frontal zones are able to spatially separate larval fish assemblages
(Bakun 2006).

Here, probably based on species specific spawning areas of different species, a shift
from a neritic larval fish assemblage to a transition assemblage was observed. The
dichotomy is in line with observations from other upwelling areas in the CCLME
(Moyano et al. 2014), the Benguela Current (Olivar & Shelton 1993), the California
Current (Richardson & Pearcy 1977, Moser & Smith 1993a, Auth 2008, Thompson et
al. 2012) and the Humboldt Current (Hernandez-Miranda et al. 2003, Landaeta et al.
2008). In most areas of these ecosystems meso- and bathypelagic species are a
significant fraction of a transition or offshore larval fish assemblage. Noticeable in these
ecosystems is that in some shallow areas oceanic species constitute a significant fraction
of larval assemblages, observations that are consistent with present results. For instance,
the large-finned lanternfish H. macrochir was abundant in the shallow
inshore/upwelling area indicating an important spawning ground. The occurrence of
some oceanic species seems to be common, for instance, demonstrated by H. macrochir
or Bathylagoides argyrogaster in parts of the CCLME (John et al. 2000), the Benguela
Current (Olivar & Fortuno 1991) or for other oceanic species in the California Current
(Thompson et al. 2012). Probably, these oceanic species take the advantage of the
beneficial physical processes onshelf (upwelling, front and retention) for larval survival
like their neritic counterparts. Badcock (1981) called these species pseudo-oceanic
while migrating cross-shelf for different purposes (spawning, feeding or hiding from
predation).
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Fish species, especially in upwelling ecosystems, seem to have evolutionarily adapted
their spawning activity, where upwelling fronts retain larvae at suitable nursery
grounds. Recently, Olivar et al. (2016) showed that a coastal upwelling front in the
CCLME can act as a natural barrier to larval dispersal for sardine and anchovy. Similar
observations were reported in the CCLME for the African coast — Canary Islands
transition for anchovy (Rodriguez et al. 2004), sardine, mackerel and silvery lightfish
(Moyano et al. 2014). Larval rockfish in the California Current revealed elevated larval
densities at nearshore upwelling fronts (Bjorkstedt et al. 2002). Such upwelling fronts
are able to physically isolate a coastal band described as “upwelling shadow” (Graham
et al. 1992). Upwelling shadows are known to occur in bays on the lee side of the
upwelling fostered by the bay topography (Roughan et al. 2005). Here, the cape
structure fosters the development of an upwelling shadow downwind of the cape
(Rébert 1983, Roy 1998). In such upwelling shadows, not only fish larvae accumulate
due to adult spawning behaviour, but studies have shown that also zoo- and
phytoplankton accumulate (Wing et al. 1998, Roughan et al. 2005). The plankton
accumulation may serve as potential larval food source beneficial for survival and has

let fish species evolving a spawning behaviour in such areas.

Probably, the high phytoplankton concentration that was observed in the
inshore/upwelling area served as a potential food source for fish larvae. High food
concentrations might explain fivefold higher abundances of S. aurita in the
inshore/upwelling area (< 40 m bottom depth) compared to the transition area. Together
with the high food availability, S. aurita might also take the advantage of the retentive
function as spawning grounds (Roy 1998, Mbaye et al. 2015). In March 1971, SST
revealed the absence of an upwelling core that could have isolated a warmer coastal
band in the MSSR (Conand & Cremoux 1972). The peak spawning of S. aurita was
identified at the 200 m depth contour with SST of >18°C. The 18°C threshold was also
observed in the present study and in coastal areas off Morocco (Ettahiri et al. 2003) and
along the coast in the CCLME in November 2008 (Olivar et al. 2016). Low genetic
variability from Atlantic populations (Chikhi et al. 1998) suggests, that the temperature
threshold of <18°C might restrict spawning of Atlantic populations. Such spawning
behaviour is assumed to have evolved due to upwelling intensity and the adjustment of
the spawning location that is dependent on the distance of the upwelling area from the
coast (Demarcq & Faure 2000, Ndoye et al. 2014). S. aurita populations in the
Mediterranean, that are genetically distinct from Atlantic populations (Chikhi et al.
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1997), reveal spawning at bottom depths of 50 — 150 m at temperatures of 23 — 26.5°C
(Schismenou et al. 2008, Sabatés et al. 2009). This indicates that populations that differ
genetically from Atlantic relatives might have evolved a spawning behaviour driven by

ambient environmental patterns different from typical upwelling areas.

However, although the peak occurrence of S. aurita or Sparidae spp. were observed in
the inshore/upwelling area, some specimens also occurred in the surface water masses
of the transition area. In such Ekman based upwelling regions downwind of a cape,
mainly two surface flow directions in the transition area are known to allow a transport
of ichthyoplankton towards unproductive oceanic regions. These are offshore
(longitudinal) transport processes due to Ekman transport (Stenevik et al. 2003, Estrade
et al. 2008, Aristegui et al. 2009) and latitudinal transport processes due to the
upwelling phenomenon downwind of a cape (Rébert 1983, Roy 1998). Both transport
processes can be avoided by vertical migration to deep layers. First, in Ekman based
upwelling the water masses below the thermocline flow towards the inshore (Botsford
et al. 2003, Aristegui et al. 2009), in which fish larvae can be transported onshelf. The
depth of the Ekman layer, here at approximately from the surface to the thermocline at a
mean depth of 22 m at the transition multinet stations, is a critical level for onshore
versus transition drift (Botsford et al. 2003, Stenevik et al. 2003). Dominant species in
the transition area like T. trachurus, T. trecae, H. macrochir, and M. ocellatus revealed
potential active retention mechanisms in the MSSR coastal area being abundant in
intermediate and deep layers (30 — 60 m) of the water column. These species mostly
avoided the first 10 m of the surface, which decreases the chance to be drawn offshore.
We have to assume, that these species also went deeper, but sampling in the transition
was set to pre-defined depth strata. Second, latitudinal equatorial transport processes
can be avoided by actively descending to undercurrents with flow directions generally

opposite to the surface flow (John et al. 2000).

Active retention is a behavioural triggered mechanism that has been observed in other
upwelling ecosystems. In the southern Benguela Current, Sundby et al. (2001), Stenevik
et al. (2003) and Stenevik et al. (2007) examined the retentive mechanisms of pelagic
and mesopelagic spawners through the synergy of spawning behaviour (depth and
distance from shore), egg buoyancy, vertical larval behaviour and vertical cross-shelf
circulation. They could show that sardine and anchovy are able to avoid the Ekman
layer by actively descending to deep layers or that adult hake performs deep spawning
of the eggs. Similar mechanisms are described for larvae of the lightfish Maurolicus
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parvipinnis from the Humboldt Current, where larvae spend the daytime in depths of
reduced offshore flow (Landaeta & Castro 2002). Spawning of M. parvipinnis was
observed in sub-surface water masses also avoiding the offshore transport of surface

water masses.

In the present study, T. trachurus, T. trecae, M. ocellatus and H. macrochir were mainly
distributed in layers of 10 — 60 m depth avoiding the surface water masses in the
transition area. Contrary, E. encrasicolus and S. aurita were mainly distributed in top
layers of the water column (0 — 20 m) matching observations of the same species in the
Mediterranean (Sabateés et al. 2008). Especially the younger larvae (pre-flexion) seem to
stay primarily in surface water masses and they start to increase their vertical migration
range with growth. Expansions in the vertical migration range are related to ontogenetic
stages (Sabatés 2004, Stenevik et al. 2007), but are not investigated in this study due to
the high amount of pre-flexion larvae. The catchability of the multinet might not be
suitable to catch older larvae sufficiently. However, it is likewise that there is greater net
avoidance for older larvae (Grioche et al. 2000), but there are always more pre-flexion
larvae because of mortality (Mcgurk 1986, Houde 2008). The results of this study are
majorly applicable for pre-flexion larvae, the developmental stage most vulnerable to
processes that lead to increased mortality (Garrido et al. 2015). For instance, the larvae
of E. encrasicolus and S. aurita that were collected in surface layers of the transition
area may become lost for recruitment due to the Ekman driven offshore transport or the
transport downstream of the peninsula. Indeed, for larvae that occurred in T1 and T2,
the surface flow direction at the transition area indicated an onshore flow and may have
enhanced larval retention (Roy 1998, Ndoye et al. 2014). In T3 SST indicated an
expansion of the upwelling towards the shelf as well as to the offshore. That might
indicate a possible offshore transport of larvae occurring at the surface in the transition.
In T3 there is a tendency of an offshore flow in the surface water masses also depicted
by elevated phytoplankton densities at the transition side close to the upwelling front.
However, in all transects, there is a chance of a longitudinal flow to the south when
staying in the surface (Roy 1998, Ndoye et al. 2014). That could mean that E.
encrasicolus and S. aurita might become drawn off the shelf region to possible

unsuitable nursery grounds.

Contrary, an offshore transport does not necessarily mean, that a larva is lost for
recruitment. Shanks & Eckert (2005) hypothesized that a transport of eggs and larvae
into the open ocean can be a strategy to avoid predation pressure inshore. Dispersal
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patterns of crustacean larvae in the California Current reveal species that occurred in the
open coast rather than in the lee of a small headland, maybe also to reduce predation
(Morgan & Fisher 2010). Offshore water masses are not necessarily unproductive.
Offshore upwelling fronts, anticyclonic eddies or upwelling filaments may also serve as
a suitable nursery ground for fish larvae (Rodriguez et al. 1999, Bakun 2006). These
mesoscale features can be observed far from the coast. It seems that as long as an
organism stays in productive water masses, the survival might even be enhanced by
avoiding near-shore predation. This is maybe a strategy of E. encrasicolus almost
exclusively occurring in the surface layers and indicate a totally different strategy in the
CCLME than in the Benguela Current (Stenevik et al. 2007), where even young larvae
of E. encrasicolus accumulated in sub-surface water masses probably to avoid the

Ekman driven offshore flow.

Although E. encrasicolus and S. aurita were mostly collected in the first 20 m in the
transition area, the thermocline at the multinet stations with a mean depth of 22 m did
not prevent a larval occurrence in deeper depth. The observation of both larvae,
primarily occurring at surface water masses, are in accordance with the vertical range
limit of young E. encrasicolus and Sardina pilchardus larvae in the Mediterranean
(Olivar et al. 2001) and E. encrasicolus in the Benguela Current (Olivar 1990). Authors
suggested that a thermocline might act as a physical barrier especially for young pre-
flexion larvae that are less mobile than larvae at flexion or post-flexion stage. However,
other studies showed no effect of a thermocline on the vertical larval distribution of E.
encrasicolus (Palomera 1991) or other species for instance from south-eastern Australia
(Gray & Kingsford 2003). The diel vertical migration patterns of other species like T.
trachurus, T. trecae, M. ocellatus and H. macrochir in this study also contradicts the

suggestion of a physical barrier function of the thermocline.

The next paragraph is quite speculative as the DVM pattern in the transition area was
indistinct. Most of the fish larvae performed a vertical migration (DVM type 1) in the
first 20 m of the water column in the inshore/upwelling area. Here, also highest
chlorophyll-a concentrations with a sharp decline in deeper depths were found. Larvae
in the transition area exhibited mainly a DVM type Il. It seems that the upwelling area
is a more food governed system, with larvae typically ascending to the surface at night
for feeding and descending during the day to avoid predation (Neilson & Perry 1990).
The transition region appears to be a more hydrodynamic governed system, in which
larvae are mostly found in the intermediate or deep layers. S. aurita, E. encrasicolus,
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and M. ocellatus seem to perform different DVM types according to the area they occur.
However, the DVM patterns are only distinct in the inshore/upwelling, while the
patterns in the transition area are not as marked. At least, these observations might
indicate that a species is able to perform different DVM types, which seems to be driven
by the properties of the habitat, in the present case the productive inshore/upwelling
area versus the less productive transition area. It seems important for further
investigations to accurately define hydrographically distinct regions to aggregate larval
fish abundance data to hydrographically distinct areas. Such patterns need obviously to
be proven in further investigations, as the study might not accumulate enough data to

prove such hypothesis.

Besides hydrographical features, there are indications that other factors can drive a
specific DVM type as well, such as light, tides, food availability or predation avoidance
(Lampert 1989, Neilson & Perry 1990, Sabatés & Olivar 1996, Bakun 2006, Munk
2014). When simulating larval transport, it is important to include larval behaviour
additional to the environmental patterns that shape the ecosystem. The fate of a larva is
strongly influenced by transport processes (Parrish et al. 1981, Nakata 1996, Epifanio &
Garvine 2001, Pineda et al. 2007). For instance, it is important to know whether a larva
remains in a self-retaining cell (Lett et al. 2015) or is located in water masses that can
transport larvae away from suitable nursery grounds (Norcross & Shaw 1984). The
vertical distribution of the larva plays a major role in such context (Sclafani et al. 1993).
Currents in different depth strata may have different flow directions especially in
upwelling areas and have major effects on larval transport that determines survival or
death. Thus, in modelling approaches the vertical distribution of a larva needs to be
included in transport or particle tracking models (Miller 2007). For instance, in a recent
hydrodynamic model for S. aurita larvae, the retention effect at the coast is essential to
be included for more realistic model outputs (Mbaye et al. 2015). Likewise, when ocean
circulation models are used to predict the transport of fish larvae, it is essential to
include larval behaviour like active retention mechanisms. Passive transport of larvae
can have totally different advection pathways than species that migrate vertically or

perform a species specific diel vertical migration (Weber et al. 2015).

For the present study, the transport pathways are not optimally investigated, as only in-
situ measured CTD and fluorescent data were used, additionally to the remote sensing
derived SST patterns during the cruise. Further investigations would benefit from in-situ

current (e.g. high-frequency acoustic doppler current profiler) and small-scale
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turbulence measurements to link these directly to the vertical distribution patterns of
fish larvae in different water layers. For a better resolution of the spawning area an
enhanced sampling effort in the inshore area (< 20 m bottom depth, where conventional
research vessel often cannot cruise) would be helpful to clearly define main spawning
grounds along the MSSR coast (Brehmer et al. 2006) and also to sample off the
continental shelf (e.g. > 1000 m isobath) to see whether species are indeed transported
offshore. Egg distribution patterns would be beneficial in depicting spawning grounds

more precisely. Such work is currently in progress.

Our species list is still majorly composed of species identified to the genus or the
family. A strong effort is needed to compile suitable descriptions for early life stages of
fishes in the CCLME (Jiménez et al. 2014). A first comprehensive list of species for the
MSSR in March is provided, but there is still a need to improve larval descriptions for
the CCLME especially for the Northwest African coastal area. Current accompanying
methods like DNA barcoding can support and give better validation to morphological
identification (Ward et al. 2009, Becker et al. 2015). A recent study on rockfish larvae
in the California Current showed the benefits using genetic identifications to enhance
the understanding of larval assemblage structure, especially for species, that are

morphologically difficult to distinguish (Thompson et al. 2016).

In general, larval fish investigations in upwelling areas contribute to an efficient
analysis of recruitment processes, which is a major issue for regions like the CCLME
being under high exploitation pressure. Sustainable fisheries and ecosystem
conservation are important particularly for African countries, where the fishery is the
major socio-economic sector in their economy. As the variability in recruitment of
populations during early life stages of fishes is often more dependent on the variability
of ecosystem drivers than on spawning stock size (Cury & Roy 1989, Fuiman & Werner
2002), particularly in the context of climate change, we also encourage scientists in
further work aiming at taking into account behavioural aspect of fish larvae in the
ecosystem approach to the fisheries management. Modelling exercise of larval transport
(e.g. recently Mbaye et al. 2015) should integrate scenarios with a diel vertical
migration pattern triggered by water characteristics. The upwelling phenomenon is
suggested to be affected by climate warming (Bakun et al. 2015, Wang, Gouhier, et al.
2015) and thus studies combining environmental driver (e.g. upwelling) with biological

processes (e.g. larval fish dynamics) are necessary for all upwelling ecosystems.
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3.6 Conclusion

This study indicated larval fish retention mechanisms in a double cell structure of an
upwelling area. The inshore/upwelling cell seemed to be used as a passive retention area
for S. aurita or Sparidae spp., while the transition cell seemed to be used as an active
retention area for Carangidae, Soleidae or Myctophidae. Water masses of both areas
were strongly separated by an upwelling front enhancing the larval fish assemblage
dichotomy. Although the DVM patterns in the transition area were not as marked, DVM
patterns differed between the two hydrographically isolated areas for the same species
and might indicate that vertical migratory behaviour of species is adjustable according
to ambient physical conditions. Such observations might increase our understanding of
adult spawning behaviour and larval fish migration patterns that may improve

biophysical models of larval dispersal.
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Chapter I11: Oceanic dipole eddies drive cross-shelf dispersal of fish larvae
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4.1 Abstract

Converging water masses and mesoscale eddies are common components of upwelling
ecosystems and shape habitats for larval fish assemblages. However, the role of these
hydrographic processes in larval dispersal is as of yet not fully understood. In particular,
the transport of planktonic larvae spawned in off-shelf waters to coastal nurseries is
thought to be unlikely in upwelling systems. In the Canary Current Upwelling
Ecosystem, two water masses, the South Atlantic (SACW) and the North Atlantic
Central Water (NACW) converge. The resulting Cape Verde Frontal Zone (CVFZ) is
situated off the Banc d’Arguin, Mauritania, an important nursery ground for fishes.
Dispersal patterns of larval fish assemblages in a mesoscale dipole eddy were
investigated during an intense upwelling along the CVFZ in March 2015. The
anticyclone of the dipole eddy retained NACW, while the cyclone retained SACW.
Distinct larval fish assemblages characterized the two water masses: Indicator species
for NACW were Dicologlossa cuneata and Gobiidae sp.1, and for SACW
Bathylagoides argyrogaster, Notoscopelus resplendens, and Trachurus trecae. The
dipole eddy and the CVFZ facilitated a spatial separation of larval fish assemblages in
line with flow patterns. Species, serving as water mass indicator, retained within the
dipole eddy. The anticyclonic eddy of the dipole facilitated an onshore surface water
flow, providing enrichment of the Banc d’Arguin enabling a possible larval transport
towards a suitable nursery. Our study demonstrates how common physical processes
shape the composition of larval fish assemblages and drive larval transport in upwelling
ecosystems.
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4.2 Introduction

The Canary Current Upwelling Ecosystem is the eastern component of the North
Atlantic subtropical gyre. It constitutes one of the major upwelling ecosystems of the
world, where hydrographic processes allow for the formation of a remarkably
productive although dynamic habitat for marine fish larvae (John & Zelck 1997,
Rodriguez et al. 1999, Moyano et al. 2014, Olivar et al. 2016). The inshore-offshore
transition off the Banc d’Arguin (BA) represents an integral part of the southern Canary
Current Upwelling Ecosystem. The BA is a wide-ranging (10,000 km?) and shallow (<
20 m depth) lagoon, expanding from the Sahara desert to the eastern Atlantic Ocean
(Figure 4.1). It is located at the deflection of the Canary Current generating a
permanent offshore filament (Meunier et al. 2012). Shallow banks as the BA are
supposed to play a vital role as important nursery and spawning areas for marine fishes
(Mbaye et al. 2015; Jager 1993). At the inshore-offshore transition oceanic processes
that may benefit larval survival and processes that may facilitate a transport of nutrients
and planktonic organisms onto the banc are as yet not fully understood (Carlier et al.
2015).

Hydrographical processes like currents, fronts, or eddies are among the most important
dispersal pathways and ultimately determine the destination of marine planktonic
organisms such as fish larvae (Parrish et al. 1981, Norcross & Shaw 1984, Pineda et al.
2007). While these processes can promote survival through retention at spawning
grounds or transport to nursery areas (Rodriguez et al. 2004, Allain et al. 2007, Bolle et
al. 2009, Mullaney & Suthers 2013), they can also carry coastal larvae to unsuitable
offshore regions with low food availability or high predation pressure (Pineda et al.
2007) and in turn, may transport offshore spawned larvae into shallow productive
habitats. Such hydrographic processes may be important for a whole early life cycle and
can be considered substantial drivers of early life stage survival (Bakun 2006). Even
further, understanding the drivers’ impact on larval fish distribution is an asset in
helping to increase the accuracy of biophysical models (e.g. particle tracking models,
circulation models) (Mbaye et al. 2015, Ndoye et al. 2017) and in the management of
fish stocks (e.g. marine spatial planning).

Converging water masses and mesoscale eddies are common components of upwelling
ecosystems and support ecological habitats for planktonic larval fish assemblages
(LFAs) (Bakun 2006, Govoni et al. 2010, Shulzitski et al. 2015, Olivar et al. 2016).
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Habitat conditions are species-specific since fish species have developed different
spawning strategies to exploit suitable habitats in order to increase and maintain
population sizes (Sabatés & Mas6 1990). Some species spawn perennially over a large
area, while others have a distinct spawning season and location (McBride et al. 2015).
Further, food availability and match-mismatch mechanisms play a crucial role in
successful reproduction in marine fishes (Platt et al. 2003, Beaugrand et al. 2003). Thus,
nutrient concentrations or other hydrographical characteristics (temperature, salinity, or
chlorophyll concentration) are directly related to species-specific spawning, offspring
survival, and larval abundances (Frank & Leggett 1983, Grothues & Cowen 1999,
Norcross et al. 2003, Quattrini et al. 2005, Muhling et al. 2008, Hsieh et al. 2010, Sassa
& Konishi 2015, Chen et al. 2016). Consequently, the variability of synchronized
spawning in space and time, as well as larval survival, determines the composition of

LFAs in different water masses.

At Cap Blanc, the northern promontory of the BA, two water masses converge; the
North Atlantic Central Water (NACW) and the South Atlantic Central Water (SACW)
(Tomczak 1981, Klein & Siedler 1995). The convergence of both water masses is
known as the Cape Verde Frontal Zone (CVFZ) (Zenk et al. 1991). The CVFZ stretches
from Cap Blanc along the Cape Verde Islands (Fraga et al. 1985, Pastor et al. 2008).
While the NACW is of North Atlantic subtropical origin (Emery & Meincke 1986), the
SACW originates from the subantarctic zone of the Southern Ocean (Zhang et al. 2003,
Sarmiento et al. 2004) and contains a large amount of Indian Central Water (Stramma et
al. 2005). The SACW is transported through the South Atlantic (Stramma & England
1999) to arrive at the CVFZ in the North Atlantic (Pefia-l1zquierdo et al. 2012). It carries
more nutrients than the NACW since the period of organic matter turnover into
nutrients is longer, until being upwelled at the Mauritanian coast (Tomczak 1981, Fraga
et al. 1985, Martinez-Marrero et al. 2008, Pastor et al. 2008).

As NACW and SACW form a convergence, locally separated LFAs appear along the
CVFZ (John & Zelck 1997, Olivar et al. 2016). Accordingly, a frontal system like the
CVFZ may delimit the exchange of water masses by acting as a barrier for larval fish
dispersal (Grothues et al. 2002). The convergence can also accumulate fish larvae at the
frontal boundary (Bakun 1996). On the other hand, when NACW and SACW converge
at the CVFZ, mixing of slightly warmer and more saline NACW with slightly colder
and less saline SACW occurs by means of processes like interleaving, double diffusion
and iso- and diapycnal mixing (Klein & Siedler 1995, Pérez-Rodriguez et al. 2001,
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Martinez-Marrero et al. 2008). Larval fish species, that inhabit two mixing water masses
simultaneously, may contribute to transitional LFAs (Grothues & Cowen 1999, Keane
& Neira 2008, Olivar et al. 2016). The eastern part of the Atlantic sub-tropical gyre
transports NACW equator-ward via the Canary Current and Canary Upwelling Current,
eventually arriving at Cap Blanc. On the southern side of the CVFZ, SACW is
transported via the Mauritania and Slope Current as well as via the Poleward
Undercurrent towards Cap Blanc (Figure 4.1). Here, both water masses usually
progress offshore as a large upwelling filament (Gabric et al. 1993, Kostianoy &
Zatsepin 1996, Meunier et al. 2012). In association with the upwelling filament,
mesoscale eddies frequently develop along the CVFZ (Schutte et al. 2016). They are
able to counteract the flow field of the cross-shelf upwelling front that usually transports
water masses offshore (Onken & Klein 1991, Meunier et al. 2012). Hence, coastal
mesoscale eddies can either enhance larval retention or carry larvae into their coastal
nurseries at the BA (Lobel & Robinson 1986, Nakata 1996, Bakun 2006, Moyano et al.
2014, Condie & Condie 2016). Some fish species exhibit enhanced spawning in
mesoscale eddies to probably ensure larval retention (Mullaney & Suthers 2013). On the
mesoscale, the interaction of the filament and regenerating eddy formations are
important environmental drivers that control larval dispersal within the Canary Current
Upwelling Ecosystem. They also may take over the role of being a potential nursery
(Rodriguez et al. 1999, Shulzitski et al. 2016). The occurrences of these mesoscale
structures are observed frequently off the BA (Schitte et al. 2016). During the peak
upwelling season in winter/spring, the BA is isolated via the upwelling establishing a
frontal zone between the bancwater (Cuqg 1993) and the newly upwelled offshore driven
surface water masses. However, coastal eddy formations may be able to reverse a
transport of upwelled water onshore and may carry nutrient-rich water towards the BA.
Both processes may establish a constant enrichment of the bancwater and contribute to

the embayment’s nursery function.

In the present study, meso- and large-scale hydrographical processes were investigated
in order to examine their regulating role on larval fish dispersal and distribution patterns
off the BA. The underlying data was collected during March 2015, when a cyclonic
eddy of a dipole carried NACW, the anticyclonic eddy of the dipole and another weaker
cyclonic eddy further south SACW off the BA. First, we spatially analysed LFAs that
occurred in the two water masses along an inshore-offshore transition. Second, we

investigated the impact of the convergence of NACW and SACW on larval fish
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distribution patterns. Third, we compared LFAs and larval dispersal between the two
eddies that formed a dipole off the BA, highlighting the role of physical processes to

regulate the dispersal, distribution, and composition of LFAs in upwelling ecosystems.
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Figure 4.1 Map of the study area of Walther Herwig Ill (WH) expedition 383. Depicted as black
numbered circles are sampling stations with larval fish sampling via a modified GULF sampler and CTD
(conductivity-temperature-depth probe) measurements during 11 — 15 Mar 2015; embedded in the top
right a schematic map of the sampling area in the black frame with major currents and central water
masses of the southern Canary Current Upwelling Ecosystem; NACW = North Atlantic Central Water,
SACW = South Atlantic Central Water, CC = Canary Current, CUC = Coastal Upwelling Current, NEC =
North Equatorial Current, NECC = North Equatorial Counter Current, MC = Mauritania Current, SC =
Slope Current, CVFZ = Cape Verde Frontal Zone.
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4.3 Materials & Methods

4.3.1 Sampling design

To investigate the distribution of LFAs a quasi-synoptic (March 11" to 15" 2015)
sampling was carried out across seven transects: one off the southern Western Sahara,
five off the BA and one off central Mauritania (Figure 4.1). A rapid sampling scheme
was chosen in order to enable investigation of biophysical processes in this rather
variable upwelling environment (Gray 1996, Bakun 2006). Transects were designed to
cover areas along the CVFZ with a sampling across a dipole eddy off the BA. The study
area is the transition zone of the CVFZ, where SACW and NACW converge. Sampling
stations covered isobaths between 20 — 2000 m. Sampling on the shallow BA was
skipped due to vessel constraints (operating only >20 m isobath). On 34 stations,
vertical water samples for salinity calibration as well as conductivity-temperature-depth
(CTD) measurements for in-situ temperature [°C], salinity, fluorescence [mg m™],
oxygen [ml 1""] and turbidity [Formazine Turbidity Unit — FTU] were collected using a
Seabird Model SBE 911 (Seabird Electronics, Bellevue, WA, USA). CTD profiles were
recorded from the surface to in maximum 1000 m or 5 m above sea floor covering the
central water layer (Fraga et al. 1985, Stramma et al. 2005). On the same stations, a
modified GULF VII sampler with a 280 um mesh (Hydro-Bios, Kiel) was used to
collect fish larvae. Double oblique hauls were performed at a ship speed of 5 knots and

0.7 m s veer and heave speed to in maximum 200 m depth or 5 m above the sea floor.

After each haul, plankton samples were immediately fixed in 4% formalin — freshwater
solution for at least 24 h and up to a maximum of two weeks. The fixative was replaced
by a 0.5% propylene phenoxetol, 4.5% propylene glycol and 95% freshwater liquid for
sorting and identification processes. All fish larvae were sorted out and ideally
identified to species level, while most were only identified to the genus or family level
due to incomplete literature on suitable larval fish identification. Larval densities [n m™]

were standardized to an abundance index [n m?] (Smith & Richardson 1977).

4.3.2 Remote sensing

Remote sensing data were used to reconstruct the hydrographic conditions during the
sampling period. Sea surface temperature (SST) was derived from a data set provided
by the NASA Jet Propulsion Laboratory (JPL 2010) to highlight the upwelling
conditions during the cruise. Daily SST products, based on a spatial resolution of 0.011
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degrees (latitude) x 0.011 degrees (longitude), were averaged for the sampling period. A
composite for prevailing winds was derived from daily wind products (10 m above sea
level) delivered by the European Organization for the Exploitation of Meteorological
Satellites (KNMI 2010). Sea surface chlorophyll-a was derived from a MODIS
(Moderate Resolution Imaging Spectroradiometer) data set provided by the NASA
Ocean Biology Processing Group (OBPG 2003). A monthly data product was used to
display the general sea surface chlorophyll-a concentrations during March 2015 and to
highlight the general productivity of the sampling area. The monthly data product was
used to resolve cloud cover that reduces the spatial coverage but leads to inaccuracy of
chlorophyll-a concentrations, which were apparent during the sampling. Daily products
for along-track absolute dynamic topography and geostrophic currents were derived
from altimeter products (http://www.aviso.altimetry.fr/duacs/) produced by
Ssalto/Duacs and distributed through Aviso (Archiving, Validation, and Interpretation
of Satellite Oceanographic data), with support from Cnes (Centre national d'études
spatiales). Ocean current data was used to highlight the eddy dipole and general
geostrophic flow patterns. All data packages were mapped in the software ‘R’ (R Core
Team 2014) using the R package ‘akima’, that uses cubic spline interpolations for
irregularly and regularly gridded data (Akima 2016).

4.3.3 Sampling station classification according to central water masses

NACW and SACW of the upper Atlantic Ocean, below surface down to 1000 m, were
defined using in-situ measured potential temperature-salinity relationships (6-S,
isopycnal coordinates) (Tomczak 1981, Fraga et al. 1985, Martinez-Marrero et al. 2008,
Pastor et al. 2008, Meunier et al. 2012, Olivar et al. 2016). NACW was defined by
connecting three points at 7.50°C, 35.05; I11.00°C, 35.47 and 18.65°C, 36.76
representing two straight lines and SACW by connecting two points, 7.24°C, 34.95 and
16.00°C, 35.77 representing one straight line (Tomczak 1981). NACW is higher in
salinity than SACW (~0.5 to max 0.9), while slightly lower in potential temperature
(~0.2°C) (Fraga et al. 1985, Zenk et al. 1991). According to water mass specific 6-S
relationships, two groups based on a North — South transition were defined (Pastor et al.
2008). A northern group was defined by NACW and an intermediate group by a
transition of NACW and SACW (Pastor et al. 2008). Because NACW tends to overlay
SACW in the southeastern extreme of the CVFZ (Pastor et al. 2008) and GULF
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sampling was restricted to the upper 200 m of the water column, most of the fish larvae

in the transition group may originate from water masses defined by NACW.

4.3.4 Community analyses

One main objective of this study was to identify LFAs that represent areas, where the
sampling stations were classified either to NACW or SACW. Our hypothesis was that
two LFAs will occur within two water masses and that those assemblages were locally
separated via the CVFZ. We expected to find species that will occur exclusively in one
or the other water mass indicating species-specific larval habitats and dispersal patterns.
To identify LFAs, a Hierarchical Cluster Analysis (HCA) was performed to group
sampling stations based on larval fish abundances. Larval fish abundances were apriori
transformed using the Hellinger transformation suited for species abundance data
(Legendre & Gallagher 2001). The Hellinger transformation provides low emphasis to
species with low counts and many zeros. The data matrix was built using a Bray-Curtis
dissimilarity index (Bray & Curtis 1957) and Ward’s method was used as a clustering
algorithm. A cophenetic correlation coefficient was calculated on the cluster
dendrogram providing a means of how reliable the cluster dendrogram retains the
pairwise distances between the initial unmodeled data points (Saracli et al. 2013). An
algorithm from the R package ‘NbClust’” was used to find the optimal number of
clusters (Charrad et al. 2014). Uncommon species with <0.1 relative abundance and
<10% frequency in the samples were excluded together with taxa that have been
identified above family level (Field et al. 1982).

The derived clusters were verified by a Principal Coordinates Analysis PCoA based on
discriminant analysis within the R package ‘BiodiversityR’ (Kindt 2015). A
permutation test (n = 999) was used to test for significance between cluster groups (p <
0.05). Principal coordinates were plotted to visually indicate the discrimination between
the two clusters. A similarity percentages breakdown (SIMPER) procedure with 999
permutations within the R package ‘vegan’ (Oksanen et al. 2016) was used to identify
the most important species that were responsible for the LFA partitioning. Most
important species were plotted with the ‘heatmap’ function from the R package ‘gplot’
(Warnes et al. 2016).
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4.3.5 Linking environmental factors with the classifications based on water mass
definitions and LFAs

Multivariate Random Forest Models (RFMs) were used to identify the most important
environmental factors that were either identifier of classifications based on water mass
definitions or LFAs. RFMs are machine learning methods based on multivariate
classification or regression trees (Breiman 2001). Generally, the aim of such a model is
to predict a target variable (here the classification related either to water mass or cluster
analysis) based on several predictors (here environmental factors). RFMs are widely
used to classify biological assemblages to environmental forcing (Miller et al. 2014,
Hansen et al. 2015, Cuttitta, Bonomo, et al. 2016). The advantage of using RFMs is that
the output produces an overall model accuracy and can rank the importance of
individual predictors. The significance of the predictors can be tested (P < 0.05) using a
bootstrapping methodology (Chakravarthy 2016). We used the R package
‘randomForest’ to produce classification trees based on 1000 bootstrap samples from
the input data (Liaw & Wiener 2015). Classification trees are constructed by endpoints
called leaves that signify target variables and branches that signify conjunctions of
predictors that lead to those target variables. One-third of the bootstrap samples (known
as the out-of-bag observations) were omitted in tree construction and were used to
assess error rates (Cutler et al. 2007). Through this, an unbiased estimate of the
classification error can be calculated and was used to estimate the importance of the
predictors. To select the most important individual predictors we used the r package
‘PRF’ (Chakravarthy 2016). It estimates the statistical significance (P < 0.05) of the
predictors by permuting (we set n = 1000) individual predictors.

Environmental predictors included salinity, temperature, oxygen, fluorescence, and
turbidity at 20 m depth. Variables like sunlight intensity or wind strength may influence
the isopycnal characteristic of upwelled central water masses at surface water layers
(Fraga et al. 1985). Hence, predictors were taken below the surface mixed layer depth.
The 20 m depth was also a compromise to include all sampling stations from inshore to
offshore in the RFM. We expected salinity to be the main identifier for the station
classifications according to NACW and SACW (Tomczak 1981, Zenk et al. 1991,
Pastor et al. 2008, Meunier et al. 2012). The same predictors plus isobath were used in
an additional RFM to identify most important variables that explain classifications
based on LFAs. Isobath is one important co-variable that normally signifies a transition
from neritic versus oceanic LFAs (Marancik et al. 2005, Quattrini et al. 2005, Okazaki
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& Nakata 2007, Pineda et al. 2007, Auth 2008, Muhling et al. 2008, Siddon et al. 2011,
de Macedo-Soares et al. 2014, Tiedemann et al. 2014, Rodriguez et al. 2015, Olivar et
al. 2016).

4.4 Results

4.4.1 Environmental conditions and identification of water masses

Typical springtime environmental conditions prevailed during the cruise. Remote
sensing SST imagery revealed coastal upwelling in the study area (Figure 4.2a). The
upwelling was facilitated by steady and upwelling favourable northerly winds. These
winds are trade winds that induce a continuous upwelling along the entire northwest
African coast in spring (Mittelstaedt 1983, Aristegui et al. 2009, Marcello et al. 2011,
Cropper et al. 2014). Wind speeds of 7.8 — 11.2 m s™ were present from the north
southwards until 20°N. In this region, wind forcing and the offshore spreading of
upwelled water resulted in cold conditions on the shelf with sea surface temperatures
(SST) of 16 — 17°C. Slightly higher SSTs of 18°C were observed in the offshore. South
of 20°N, wind speeds of 4.5 — 9.9 m s™ facilitated weaker upwelling with coastal SSTs
of 18 — 19°C. Across the 2000 m isobath, SST reached a maximum of 20°C. SST
imagery revealed an offshore transport of the upwelling front that crossed the 2000 m
isobath from the North southwards until 20°N. Further South, the upwelling front was
less pronounced and was limited at the 2000 m isobath, except one filament that
transported upwelled water further offshore and represents the northwestern feature of a
cyclonic eddy at 19°N, 17.5°W (Figure 4.2c). At the BA, a front separated bancwater
with SSTs of 19 — 21°C from colder upwelled water masses along the 20 m isobath.

Moderate resolution imaging spectroradiometer (MODIS) imagery indicated patchy
phytoplankton production (Figure 4.2b). A band of <1 mg m™ chlorophyll-a
concentrations revealed newly upwelled waters on the shelf between 22.5 — 20°N. Less
pronounced, the low chlorophyll-a band extended southward until 19°N. Along the 200
m isobath, a band of phytoplankton is observed with chlorophyll-a concentrations of 8 —
12 mg m™ indicating rapidly carried offshore nutrient-rich upwelled water masses.
Further northward at >22.5°N phytoplankton production was observed on the shelf, but
no sampling was conducted here. Southwards from 20°N, MODIS revealed patches of
high chlorophyll-a concentrations of maximum 35 mg m™ on the shelf. Further offshore,
patches of chlorophyll-a with concentrations of 15 — 20 mg m™ were observed. Lower
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wind speeds at 20°N southwards coincided with maximum chlorophyll-a concentrations
with moderate upwelling intensity.
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Figure 4.2 Maps of remote sensing based environmental conditions in the southern Canary Current
Upwelling Ecosystem during 11 — 15 Mar 2015; in (a) upwelling favourable wind vectors indicate trade
winds blowing alongshore facilitating constant upwelling as revealed by sea surface temperature (SST);
in (b) chlorophyll-a concentrations reveal patchy phytoplankton production and in (c) the Absolute
Dynamic Topography (ADT) and associated geostrophic current vectors depict the current flow field with
mesoscale eddies.

The most pronounced mesoscale structure was the eddy dipole, which comprised of a
coastal anticyclonic eddy at the Cap Blanc promontory and a cyclonic eddy further
offshore (Figure 4.2c). Based on the water mass definition, the cyclonic eddy (red)
contained mostly SACW, while the anticyclonic eddy contained mostly water masses
with a transitional character of NACW and SACW (Figure 4.3). The eddy dipole
exhibited a CVFZ that established between the dipole, where the cyclonic eddy enabled
a northward penetration of SACW across 21°N at the shelf-break (200 — 1000 m
isobath) and the anticyclonic eddy a southward penetration of NACW along the 20 m
isobaths until 20°N. At the Cap Blanc promontory, the anticyclonic eddy facilitated a
surface water mass transport bancward across the 20 m isobath (Figure 4.2a-c). The
drift of upwelled water south off Cap Blanc triggered a phytoplankton bloom on the BA

with maximum chlorophyll-a concentrations of 10 mg m (Figure 4.2b).

The RFM identified salinity as the main identifier (P < 0.001) between stations that
were classified based on water mass. The error rate of 3% was low and computed by
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using salinity as a predictor only, and indicated the expected best predictor for the water
mass definition. Other environmental factors like temperature, fluorescence, oxygen or
turbidity were not significant and would have impaired the error rate of the output by an

additional 3% when included as co-variable.
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Figure 4.3 Sampling stations (a) as defined by water mass (Tomczak 1981) reveal a dichotomy based on
North Atlantic Central Water (NACW; blue circles) and South Atlantic Central Water (SACW; red
triangle) during 11 — 15 Mar 2015 (Pastor et al. 2008); in (b) the potential Temperature-Salinity-plot
represents stations with marked NACW characteristics; in (c) potential Temperature-Salinity-plot
represents stations with marked SACW characteristics.

4.4.2 Larval fish assemblages: The link to water mass, cross-shelf characteristics and

the influence of an eddy dipole structure

The HCA could identify two LFAs, A and B (Figure 4.4a), a number that was
recommended by the ‘nbClust’ procedure (Figure 4.4c). The PCoA based on
discriminant analysis verified this cluster structure (P < 0.001). LFAS represented two

transitional patterns. The first was a North — South transition separated by the CVFZ
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(from here on the study area is defined as a North and a South region separated along
the CVFZ). Larval fish distribution patterns reconstructed the dipole eddy configuration
with the southward influx of NACW at the Cap Blanc promontory and the northward
advection of SACW further offshore (Figure 4.4e). This resulted in an overlap of 80%
classified stations based on water mass and LFAs. A cross-shelf distribution pattern was
revealed by a transition of a neritic larvae dominated assemblage on the shelf (<200 m
isobaths) to an oceanic larvae dominated assemblage further offshore (>200 m
isobaths). The cross-shelf transition of LFAs accounted for 20% difference of classified

sampling stations.
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Figure 4.4 Results of larval fish assemblages (LFAS) as identified by community analyses during 11 — 15
Mar 2015; (a) Hierarchical Cluster Analysis based dendrogram with Hellinger transformed larval fish
abundances scaled on a Cophenetic distance; the dotted line indicates the cut-off into two clusters
recommended by the NbClust package in r software (c); heatmap (b) of the most important species bgla
Benthosema glaciale, mpun = Myctophum punctatum, hdac = Helicolenus dactylopterus, eenc

Engraulis encrasicolus, hmac = Hygophum macrochir, mmue = Maurolicus muelleri, skre

Symbolophorus kreffti, barg = Bathylagoides argyrogaster, nres = Notoscopelus resplendens, ttre
Trachurus trecae, gobl = Gobiidae sp.1, dcun = Dicologlossa cuneata with a colour scale (a) based on
Hellinger transformed larval fish abundances; a principal coordinates analysis (d) based on the clusters in
(a) reveals significant discrimination between the clusters (P < 0.001); map (e) shows the stations
classified by the two clusters in (a).

From the 20%, five coastal stations (24, 28, 29, 30 and 31) in the South were clustered
to the assemblage ‘A’ that represents the North with NACW characteristics. Offshore
stations 5 and 6 in the North were clustered to assemblage ‘B’ that represents the South

with SACW characteristics. Contributing species to the larval fish dichotomy revealed
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several species with different preferences according to water mass or isobath. Species,
that exclusively occurred in SAWC, representing assemblage ‘B’, were Bathylagoides
argyrogaster (silver deepsea smelt), Notoscopelus resplendens (patchwork lanternfish),
and Trachurus trecae (cunene horse mackerel) (Figure 4.4b). By contrast, Dicologlossa
cuneata (wedge sole) and a Gobiidae sp.1 (goby) were almost exclusively observed in
NACW representing assemblage ‘A’. D. cuneata and Gobiidae sp.1 occurred
infrequently at station 16 or 26, stations that were close to the CVFZ and clustered to
assemblage ‘B’, indicating a mixing process of both water masses. Almost exclusively
Engraulis encrasicolus (European anchovy), Helicolenus dactylopterus (blackbelly
rosefish), and mesopelagic myctophid species like Benthosema glaciale (glacier
lanternfish), Myctophum punctatum (spotted lanternfish), Hygophum macrochir (large-
finned lanternfish), and Symbolophorus kreffti (Krefft's lanternfish) occurred in
assemblage ‘B’. These species also occurred occasionally in stations clustered to
assemblage ‘A’, but were all close to the CVFZ, again indicating a mixing process of
SACW and NACW at the CVFZ. All species mentioned were the most important
species to distinguish between both assemblages. Together they sum to 71%
responsibility for the LFA dichotomy. They served as water mass identifier revealing a

latitudinal transition pattern across the CVFZ.

Other dominant species were ubiquitous and indicated no habitat preference of certain
water masses. For instance, Sardina pilchardus (European sardine), the most frequent
species (51% relative abundance), was observed in both water masses. Merluccius sp.1
(Hake) and Microchirus ocellatus (foureyed sole) were most abundant along the entire
shelf break (200 m isobath) revealing no preference of a water mass as larval habitat.
The SIMPER analysis found twelve species that were significantly representing the two

LFAs, while six species were insignificant (Table 4.1).
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Table 4.1 Relative abundance (RA) of all detected taxa with FREQ = frequency [%] and mean abundance
+ SD [n m?] in cluster A (Clu A) and cluster B (Clu B); the result of the similarity percentages
breakdown (SIMPER) procedure indicates species with >0.1 relative abundance and >10% frequency and

their similarity between sampling stations (*P<.05, **P<.01, ***P<.001); x = zero observation.

RA FREQ CluA CluB SIMPER
Family Species [%] [%] [n m-2] [n m-2] [p]
Muraenidae Muraenidae spp. <01 29 X 01+02 x
Engraulidae Engraulis encrasicolus (Linnaeus, 1.8 41.2 0.4+08 3.1+58 0.038*
1758)
Clupeidae Sardina pilchardus (Walbaum, 49.7 735 95.4 4.0+68 0.001 ***
1792) 256.9
Clupeidae spp. <0.1 29 01+04 X X
Bathylagidae Bathylagoides argyrogaster 0.4 20.6 X 0.8+x1.2 0.001 ***
(Norman, 1930)
Gonostomatidae Cyclothone acclinidens (Garman, <0.1 29 X 0.1+£03 x
1899)
Gonostoma atlanticum Norman, <0.1 29 X 01+£02 x
1930
Sternoptyhidae  Argyropelecus sladeni Regan, 0.2 8.8 0.2+0.8 03+£0.7 x
1908
Argyropelecus sp.1 <01 29 X <0.1 X
Maurolicus muelleri (Gmelin, 0.3 26.5 0.2+0.6 0506 x
1789)
Sternoptyx diaphana Hermann, <01 29 X 01+02 x
1781
Sternoptychidae sp.1 0.2 5.9 X 0208 x
Sternoptychidae sp.2 <0.1 29 X 0.1+£02 x
Sternoptychidae sp.3 0.1 8.8 X 0307 x
Sternoptychidae spp. 0.1 5.9 0.1+03 01+x05 x
Phosichthyidae  Vinciguerria attenuata (Cocco, 0.1 29 X 0.1£05 x
1838)
Vinciguerria spp. 0.1 2.9 0104 X X
Phosichthyidae sp.1 <0.1 29 X 0.1+£02 x
Stomiidae Chauliodus sloani Bloch & <0.1 29 X 01+£02 x
Schneider, 1801
Stomias boa ferox Reinhardt, 0.1 5.9 X 02+06 x
1842
Stomiidae spp. <01 29 X 01+x03 x
Scopelarchidae  Scopelarchus guentheri Alcock, <0.1 29 X <0.1 X
1896
Paralepididae Arctozenus risso (Bonaparte, 0.1 5.9 X 0104 x
1840)
Lestidiops jayakari (Boulenger, 0.1 8.8 <0.1 0.1+£03 x
1889)
Myctophidae Benthosema glaciale (Reinhardt, 9.9 61.8 09+18 188 + 0.0071 ***
1837) 14.6
Ceratoscopelus maderensis (Lowe, 0.3 11.8 X 05+11 0.011*
1839)
Diaphus rafinesquii (Cocco, 1838) 0.1 29 X 0.1+£06 x
Diaphus sp.1 <01 29 X 01+02 x
Diaphus sp.2 <01 29 X 0102 x
Diaphus sp.3 <01 29 X 01+02 x
Diaphus spp. <01 29 X 0103 x
Diogenichthys atlanticus (Taning, <0.1 2.9 <0.1 X X
1928)
Hygophum macrochir (Glinther, 1.6 38.2 0.1+04 3.0£4.0 0.003**
1864)
Lampadena sp.1 <0.1 29 X 0.1+£03 x
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Lampanyctus alatus Goode & 0.6 118 x 1.1+£2.7 0.008**
Bean, 1896

Myctophum nitidulum Garman, <01 29 X 01+x02 x
1899

Myctophum sp.1 <01 29 X 01+x02 x

Symbolophorus kreffti (Moreau, 0.6 235 <0.1 1.1+£21 0.003**

1888i

Myctophidae sp.4 <01 29 X 01+x02 x
Melanonidae Melanonus zugmayeri Norman, <0.1 29 X 01+£02 x

1930

Mugilidae Mugil cephalus Linnaeus, 1758 <0.1 29 0.1+03 X X

Melamphaidae Poromitra megalops (Liitken, <0.1 29 X 01+£03 x
1878

Melamphaidae sp.1 <01 29 X 01+03 x

Syngnathidae Syngnathidae spp. <0.1 29 X 01+£03 x

Triglidae Triglidae spp. 0.3 17.6 0.5+09 01+04 x

Serranidae spp. 0.2 8.8 X 03+09 x

Trachurus trachurus (Linnaeus, 1.0 235 1.7+49 02+04 0.180
1758

Carangidae spp. <0.1 29 X 01+£03 x

Sparidae Sparidae sp.1 5.6 26.5 10.2 + 11+34 0.019*

Sparidae sp.3 <0.1 29 X 01+£03 x

Sparidae sp.5 <0.1 29 0.1+03 X X

Sparidae sp.7 <0.1 29 0.1+0.2 X X

Sciaenidae Sciaenidae sp. 1 0.3 59 0.7+20 X X

Ammodytidae Ammodytidae sp.1 0.3 8.8 02+04 03+14 x

~
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RA FREQ CluA CluB SIMPER

Family Species [%] [%] [n m-2] [n m-2] [p]
Callionymidae Callionymidae sp.1 <0.1 29 0.1+0.3 X X
Gobiidae Gobiidae sp.1 0.7 324 1.2+15 0.1+04 0.356

Gobiidae sp.2 <0.1 29 0.1+0.3 X X

Gobiidae spp. <01 29 0.1+0.3 X X
Scombridae Sarda sarda (Bloch, 1793) <0.1 29 X 0.1+£02 x

Scomber colias Gmelin, 1789 0.1 8.8 0.1+£0.3 0.1+£03 x
Bothidae Arnoglossus thori Kyle, 1913 0.1 5.9 0.1+0.3 0.1+£03 x
Soleidae Buglossidium luteum (Risso, <01 29 0.1+0.3 X X

1810)

Dicologlossa cuneata (Moreau, 4.8 29.4 95+22.7 01+£02 0.005%**

1881)

Microchirus ocellatus (Linnaeus, 1.8 441 3.0+54 05+09 0.216

1758)

Soleidae sp.1 0.1 5.9 0.2+0.5 X X

Soleidae spp. 0.3 8.8 0.6 2.0 X X
Unknown Unknown sp.1 0.1 5.9 0.2+0.5 X X

Unknown sp.2 0.7 14.7 1.1+29 0312 x

Unknown sp.3 6.9 2.9 13.7 E S ¢ X

56.6

Unknown sp.4 <0.1 29 <0.1 X X

Unknown sp.5 <01 29 X 0102 x
Undefined undefined 1.1 50 1.3+18 09+08 x

For the stations classified by LFAs, the most important significant predictors were
salinity (P < 0.01) and isobath (P < 0.01). Other predictors like temperature,
fluorescence, turbidity, and oxygen were insignificant and would have impaired the
RFM output leading to 8% higher error rates when left as predictors in the model. The
RFM produced an error rate of 6% by leaving both significant predictors in the model.
The output of the RFM confirms the observations of a latitudinal and longitudinal
transition both acting on the LFA dichotomy. Salinity represents the latitudinal
transition that originates from the two water masses NACW and SACW. The
longitudinal transition was represented by isobath. At sampling stations between 20 —
200 m isobaths, neritic species dominated the assemblage. At stations >200 m isobaths,
the proportion of neritic species was low and mesopelagic species dominated the

assemblage.

4.5 Discussion
The present study exemplifies how common hydrographical processes and
characteristics of upwelling ecosystems control larval fish distribution and dispersal

patterns. A largely unnoticed phenomenon in upwelling regions is the transport of two
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water masses in mesoscale eddies that form a dipole along a convergence zone. Such a
physical configuration in the ocean implicates several consequences for larval fish
distribution patterns and the formation of LFAs. A distinct observation is the exclusive
occurrence of fish larvae in one of the water masses that indicates species-specific
spawning behaviour. As some species occurred only in SACW or NACW the
consequence is a sudden latitudinal transition of LFAS, reconstructing the distribution of
the two water masses. The sudden latitudinal transition occurs at the CVFZ where both
water masses converge. The CVFZ was located in between a dipole eddy that limited
the distribution of both water masses. Consequently, the dipole eddy enhanced larval
fish retention inside the eddies for species that served as water mass identifier. The eddy
dipole also facilitated the LFA dichotomy along the CVFZ. The cyclone of the dipole
eddy may have retained larvae at the shelf break. The anticyclone of the dipole eddy
counteracted against an offshore flow of coastal upwelled water masses and transported
nutrient-rich upwelled water inshore at the Cap Blanc promontory. The inshore
transport of upwelled water masses induced an enrichment of the northern part of the

BA indicating a larval transport towards suitable nursery grounds.

Several species served as identifiers of both water masses. While D. cuneata and
Gobiidae sp.1 were almost exclusively observed in NACW, B. argyrogaster, N.
resplendens, and T. trecae were only observed in SACW. In November 2008, at regions
encompassing isobaths of >100 m, two Myctophidae species Symbolophorus veranyi
and M. punctatum dominated areas characterized by NACW (Olivar et al. 2016). Our
results indicated an opposing situation, where M. punctatum could serve as identifier of
SACW, while S. veranyi was absent indicating spawning off-season. In November
2008, strong upwelling prevailed similar to the conditions in March 2015. However, the
temporal difference may alter spawning in either SACW or NACW in some species. On
the other hand, areas, characterized primarily by SACW, were dominated by the species
B. argyrogaster, H. macrochir, and S. kreffti in SACW in November 2008. These
species served as identifier of SACW in the present study confirming observations in
November. In summer, the clupeid species Sardinella aurita (round sardinella) occurred
exclusively in SACW (Tiedemann et al. 2017). However, in the present study, the
dominant clupeid S. pilchardus, but also Merluccius sp.1 and M. ocellatus, were present
in both water masses, which leads to the conclusion that the habitat expansion of these

species was not limited by a certain water mass.
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Chapter I11: Oceanic dipole eddies drive cross-shelf dispersal of fish larvae

Species, that serve as water mass identifier, can also be observed along the CVFZ
further offshore (John & Zelck 1997). High-oceanic regions along the CVFZ are
characterized by a North-South transition of oceanic species. While NACW in the North
can be exclusively dominated by Cyclothone spp. (bristlemouths), SACW in the South
can be exclusively dominated by Vinciguerria nimbaria (oceanic lightfish) (John &
Zelck 1997). Both taxa occurred in low abundances in March 2015 indicating their high
oceanic distribution and the spatial limit of the present study. They may also serve as
identifier of subtropical or temperate origin in oceanic regions that are probably
marginally influenced by coastal upwelling (John & Zelck 1997). Such observations are
less pronounced at the coast because the influence of cold upwelled water establishes a
homogeneous regime in terms of temperature. Thus, the ambient temperature was an
insignificant predictor of the LFA dichotomy. Instead, salinity identified significantly
the LFA dichotomy validating our assumption that water masses are inhabited by two
different LFAs. The occurrence of LFAs in different water masses is a typical pattern
observed in all parts of the world oceans (Frank & Leggett 1983, Grothues & Cowen
1999, Norcross et al. 2003, Quattrini et al. 2005, Muhling et al. 2008, Hsieh et al. 2010,
Sassa & Konishi 2015, Chen et al. 2016, Lin et al. 2016).

However, although quite homogenous temperature regimes were established by both
water masses and may not have a significant impact on the choice of the larval habitat,
the water masses are significantly different in salinity, nutrients, and oxygen
concentrations. For instance, SACW is characterized by higher concentrations of nitrate,
phosphate, and silicate while being less oxygenated compared to NACW (Zenk et al.
1991, Klein & Siedler 1995, Pastor et al. 2008). Such different water characteristics
establish variable growth conditions for phytoplankton inducing phytoplankton blooms
of different composition (Tett & Barton 1995, Estrada et al. 2016). The distribution of
chlorophyll-a indicated a three-fold higher phytoplankton availability in the South than
in the North that may result from three-fold higher nutrient concentrations in SACW
than in NACW (Fraga et al. 1985). Different grazer assemblages may occur as a
function of different phytoplankton assemblages, which result in different food regimes

for fish larvae inducing a spatial differentiation of LFAs (Munk et al. 2003).

The two water masses established a sudden change of the LFA compositions signifying
a latitudinal LFA transition. Another LFA transition was observed by a change of
neritic dominated to an oceanic dominated LFA from the coast to the offshore. This
longitudinal based pattern was revealed by isobath that was a significant predictor of the
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LFA dichotomy. Such cross-shelf transition patterns are one the most well-known
phenomena in spatial fragmentation of LFAs (Marancik et al. 2005, Quattrini et al.
2005, Okazaki & Nakata 2007, Pineda et al. 2007, Auth 2008, Muhling et al. 2008,
Siddon et al. 2011, de Macedo-Soares et al. 2014, Tiedemann et al. 2014, Rodriguez et
al. 2015, Olivar et al. 2016).

When different water masses converge, frontal zones establish and may act as a natural
barrier for plankton (Bjorkstedt et al. 2002, Bakun 2006, Woodson et al. 2012, Munk
2014, Tiedemann & Brehmer 2017). In this study, converging SACW and NACW form
a convergence along the CVFZ. When species spawn in only one of the water masses,
their offspring may be delimited in their expansion at the frontal zone. Species, which
served as identifiers of a certain water mass, revealed limited expansion. In offshore
regions along the CVFZ, such observations are also represented by distribution patterns
of several species that were limited at the boundary of the CVFZ (Olivar et al. 2016).
Converging water masses are substantial drivers of larval survival as they accumulate
plankton at the frontal zone (Bakun 2006). However, species, that are dominant in one
of the water masses, also occurred with a few specimens in the other water mass at the
boundary of the CVFZ. The CVFZ is influenced by a multitude of water mixing
processes (Klein & Siedler 1995, Pérez-Rodriguez et al. 2001, Martinez-Marrero et al.
2008) promoting larval fish transport across the CVFZ. Some species revealed a cross-
frontal transport that may occur frequently at the CVFZ as the front is density-
compensated resulting in water intrusions, filaments, and lenses (Tomczak & Godfrey
1994).

In upwelling ecosystems, the general flow pattern of surface water layers is offshore due
to the wind-driven Ekman flow (Botsford et al. 2003, Aristegui et al. 2009). The
offshore transport is also displayed in the SST distribution map (Figure 4.2a), but
surface flow patterns revealed mesoscale eddies that acted against general offshore
flows (Figure 4.2c). Larval fish distribution patterns indicated larval retention for
species that occurred inside the eddies (Govoni et al. 2010, Mullaney & Suthers 2013,
Apango-Figueroa et al. 2015). Together with the upwelling process, mesoscale eddies
frequently occur in upwelling ecosystems (Wang, Castelao, et al. 2015). Especially at
the CVFZ, a multitude of eddies occur perennially (Meunier et al. 2012, Schitte et al.
2016) and may establish a suitable larval habitat, that supports larval retention due to a

counteracting transport against general offshore flow patterns.
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Chapter I11: Oceanic dipole eddies drive cross-shelf dispersal of fish larvae

In the offshore of the Canary Current Ecosystem, mesoscale eddies and dipole eddies
reveal larval fish retention, that may even foster a transport of fish larvae back to the
coast (Moyano et al. 2014, Olivar et al. 2016). A similar process is indicated in the SST,
chlorophyll-a, and geostrophic currents distribution maps (Figure 4.2a-c). The
anticyclone of the dipole eddy transported upwelled water onto the BA at the Cap Blanc
promontory and established a significant phytoplankton bloom on the shelf. So far, a
process that leads to an increased production on the BA is still unclear (Kuipers et al.
1993). A usual influx of oceanic waters is suggested at the Cap Blanc promontory (Cuq
1993, Wolff et al. 1993). We show, that the onshore flow may be facilitated by
mesoscale eddies off the BA that could enable a frequent enrichment. This transport
process not only carries nutrient-rich water bancward but may also carry fish larvae
providing evidence of an enrichment process together with a possible larval drift toward
the BA nursery (Jager 1993). Still, even though all indicators point towards the
important nursery function of the BA, sampling campaigns during similar
environmental conditions that combine sampling off and on the banc are warranted in
order to provide hard evidence (Wolff et al. 1993, Binet et al. 2013, Mbaye et al. 2015).

Process-oriented studies help to understand common features in upwelling ecosystems
that might influence larval dispersal, connectivity, and habitat expansion (Gray 1996,
Bakun 2006). Here, we demonstrated a partitioning of LFAs driven by a combination of
oceanic processes. While several species exclusively occurred in a certain water mass
causing a latitudinal transition of LFAs, common cross-shelf patterns revealed a
transition from neritic to oceanic LFAs. The dichotomy of LFAs was enhanced by the
water mass convergence at the CVFZ and the dipole eddy. The dipole eddy revealed
larval retention by counteracting common offshore transport processes during an
upwelling process. The anticyclone of the dipole eddy facilitated an enrichment of the
BA providing one possible transport process of nutrient rich water onto the BA. Our
results will help to improve modeling approaches that lack in utilizing data on large and
mesoscale processes that commonly appear in upwelling ecosystems. Combining
hydrodynamic processes and behavioural patterns of fish (e.g. vertical migration) is

essential to increase the accuracy of biophysical models (Staaterman and Paris 2013).
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5 SYNOPTIC DISCUSSION

This dissertation contributes to the understanding of differently scaled ocean processes
that control the distribution of fish larvae and the composition of larval fish
assemblages. The outcomes constitute a basic research foundational understanding of
the ecosystem functioning of the southern part of the Canary Current Upwelling
Ecosystem (CCUE). Common larval fish distribution patterns were identified that can
be observed in all upwelling ecosystems and may help to improve biophysical models
that combine hydrographical processes with adult spawning patterns and larval fish
behaviour. Results may support the development of an ecosystem approach to the
management of fisheries and the marine environment in West African waters. The
following discussion addresses the main questions that were investigated in the present

thesis under a synoptic perspective.

Chapter 1. Does upwelling intensity shape larval fish habitats of dominant small
pelagic species? What happens when the upwelling regime changes under current global
warming scenarios? Will there be winners and losers? Is a regime shift possible, when

the upwelling intensity constantly changes?

Chapter I1: What effect does the upwelling front in an upwelling double cell structure
have on larval fish dispersal? Do certain fish taxa spawn in the inner coastal cell to take
advantage of larval retention? Are there species that actively migrate to sub-surface

layers to increase self-retention in the offshore transported upwelling cell?

Chapter I11: How do large and mesoscale activities off the Banc d’Arguin control the
composition and distribution of larval fish assemblages? Are two different water masses
inhabited by larval fish assemblages of different composition? Does the Cap Verde
Frontal Zone delimit the dispersal of larval fishes? How do mesoscale dipole eddies

affect the transport of fish larvae off the Banc d’ Arguin?

81



Synoptic discussion

For a mature fish, the strategy is to spawn during conditions that safeguard the survival
of the offspring (Hjort 1926, Cushing 1969, lles & Sinclair 1982, Cury & Roy 1989,
Bakun 1996). While variable environmental conditions occur during the year, the
spawning of mature fish has adapted towards optimizing spawning based on season and
location (Cury & Roy 1989). Fishes have developed a species-specific spawning
behaviour according to ocean processes. These ocean processes can be the occurrence
of a coastal upwelling (Chapter I — I111) (Lluch-Belda et al. 1991, Mhlongo et al. 2015),
emergent beneficial mesoscale processes (Chapter Il and I11) (Bakun 2006) or the
establishment of a rich food supply during a plankton bloom (Chapter Il — I11)
(Cushing 1969, Platt et al. 2003, Beaugrand et al. 2003).

Changing upwelling regimes: A problem for small pelagic fish recruitment?

In upwelling ecosystems, the coastal upwelling of cold and nutrient rich sub-surface
waters is the main large scale process that establishes suitable conditions for larval fish
growth (Bakun 1996). In recent studies, climate models predict either a decrease or an
increase of the coastal upwelling intensity in Eastern Boundary Upwelling Ecosystems
(EBUES) due to climate warming (Mcgregor 2007, Sydeman et al. 2014, Bakun et al.
2015, Rykaczewski et al. 2015, Wang, Goubhier, et al. 2015). The aim of Chapter | was
to detect whether optimal upwelling conditions explain larval peak abundances
indicating that a certain upwelling regime may be beneficial to shape larval habitats. We
found that strong upwelling intensities formed larval habitats favourable for European
sardine (Sardina pilchardus), while low upwelling intensities benefitted round
sardinella (Sardinella aurita). The results indicated that indeed species-specific optimal
upwelling conditions establish different larval habitats in the CCUE.

A species-specific optimum upwelling intensity implies that in changing upwelling
regimes survival success of species will alternate (Lluch-Belda et al. 1991, Mhlongo et
al. 2015). S. aurita and S. pilchardus may suffer when the upwelling intensifies (Bakun
1990, Wang, Gouhier, et al. 2015). An intensification of the upwelling process is
positively correlated to wind stress. Increased wind stress induces strong turbulences on
the water surface and extends the mixed layer depth (Pollard et al. 1973). According to
the optimal environmental window hypothesis, increased turbulence is detrimental to
fragile fish larvae (Cury & Roy 1989), because it decreases larval feeding rates
(MacKenzie 2000). Larvae may be able to compensate for a decreased feeding rate by

descending vertically (Chapter I1) to water layers of reduced turbulence, for instance
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below the mixed layer depth. However, such a downward migration is a trade-off

between feeding ability and the access to food, as food may stay in the mixed layer.

S. pilchardus may benefit from an extended period of upwelling (Binet et al. 1998)
compared to S. aurita, which will suffer from a shortened recruitment season during an
upwelling relaxation period in summer (Zeeberg et al. 2008). The temperature of 16 —
18°C of upwelled water masses (Chapter 1) favours S. pilchardus spawning in the
CCUE (Coombs et al. 2006). An extension of the upwelling season expands the
spawning period of S. pilchardus and may provide a higher survival potential for the
offspring (Binet et al. 1998). Changes in the upwelling regime in the CCUE have been
observed in the past with direct changes of dominance structures of small pelagic
species (Santos et al. 2005). Hindcast scenarios revealed changes in productivity of S.
aurita and S. pilchardus, which could be related to upwelling intensity (Santos et al.
2005). Periods can shift from a warm state to a cold state or vice versa resulting in
changing dominance structures of small pelagic communities. A shift from a cold state
in the 1980s and early 1990s to a warm state after 1994 led to a sudden increase of S.
aurita landings until 2005 in Northwest Africa (Zeeberg et al. 2008).

However, rising wind speeds with possible increasing upwelling intensities may be
detrimental to the recruitment success of S. aurita and S. pilchardus due to intensifying
turbulence (Cury & Roy 1989, Waldron et al. 1997, Serra et al. 1998). Yet, whether
upwelling regimes will shift under climate change is still under debate (Barton et al.
2013, Bakun et al. 2015, Rykaczewski et al. 2015). Thus, plausible forecast predictions
of the recruitment success of small pelagic species from changing upwelling regimes

remain unresolved.

Larval fish retention in upwelling ecosystems: Trade-offs between access to food,

feeding success, and predator avoidance

It is commonly assumed that an intense upwelling either prevents spawning of fishes or
allows a larval transport far offshore that results in a larval loss leading to an impaired
recruitment (Parrish et al. 1981, Norcross & Shaw 1984). However, areas of the CCUE
like the Senegalese sub-region and the Banc d’Arguin are essential spawning habitats
for various fishes during the peak upwelling season (Conand & Fagetti 1971, Boely et
al. 1982, Binet et al. 1998). The inevitable question arises of how fish larvae allow for
larval retention to counteract a larval loss to offshore regions (Mbaye et al. 2015). In

Chapter I and 11, distribution patterns revealed offshore drifted fish larvae of different
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small pelagic species. In Chapter I, S. pilchardus larvae were observed off the Banc
d’Arguin, which is far offshore from typical neritic spawning grounds (Ettahiri et al.
2003, Olivar et al. 2003). Chapter Il reports that S. aurita and Engraulis encrasicolus
larvae have been found in ocean surface layers in the offshore cell off the Senegalese
sub-region. Both distribution patterns indicated a larval offshore transport that results in
possible losses of recruits when larvae drift into unproductive regions (Parrish et al.
1981). As sampling was limited at the upwelling front (Chapter 1), a transport process
of S. pilchardus larvae across the frontal zone remains unobserved. As long as larvae
remain in the enriched upwelled water masses, they may still find enough food to
survive (MacKenzie 2000, Bjorkstedt et al. 2002). Chapter 11 reports that S. aurita and
E. encrasicolus larvae were observed in the oligotrophic offshore-side of the upwelling
front. Low phytoplankton concentrations indicated unsuitable feeding grounds for fish
larvae. Although the offshore transport can facilitate larval survival by avoiding high
predation pressures on the shelf, enough food resources are needed to survive until
transformation (Shanks & Eckert 2005). Hence, a transport to the offshore may decrease
predation pressure but can lead to insufficient food supply indicating a trade-off in

upwelling ecosystems.

Besides fishes that may pursue the strategy to spawn in areas of an offshore driven
larval transport, two strategies to support larval retention were observed in Chapter I1.
First, during the upwelling, the double-cell vertical circulation structure at the
Senegalese sub-region comprises an offshore cell with water masses being transported
offshore (Roy 1998). Here, an astonishing adaptation of species that reproduce in areas
where the coastal upwelling may transport fish larvae towards unfavourable oceanic
regions was observed. Typical larvae of slope reproducing species like Trachurus spp.
and Hygophum macrochir (Badcock 1981, Olivar 1990, Tiedemann et al. 2014)
revealed a larval accumulation below the thermocline, where the sub-surface water layer
allows a transport of water masses onshore. Incorporating larval vertical migration may
increase larval self-retention by 60 — 70% (Mbaye et al. 2015). Such self-retention
mechanisms are described in other upwelling ecosystems indicating an adaptation to the
offshore drift (Sclafani et al. 1993, Sundby et al. 2001, Stenevik et al. 2003, 2007, Auth
et al. 2007, Morgan 2014). In Chapter 11, decreasing phytoplankton concentrations
were observed from the surface to sub-surface water layers indicating a negative
correlation between food availability and depth. Thus, larvae face a trade-off between
food availability and self-retention in an offshore driven upwelling cell.
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Second, larvae of the shelf reproducing species, S. aurita and Sparidae spp., accumulate
in the coastal upwelling cell, where the water circulation maintains a water mass
retention (Roy 1998). It seems that these species adapted their spawning behaviour to
allow for a passive larval retention, where larvae do not have to perform a vertical
migration to circumvent a larval loss towards the offshore. For Clupeidae and
Engraulidae, where a pronounced spawning on the shelf is typical, vertical migration
behaviour might not be as pronounced as for those species that normally reproduce in
the offshore upwelling cell. Surprisingly, the observation on S. aurita and E.
encrasicolus dispersal is the opposite of vertical distribution patterns of Sardinops
sagax and E. encrasicolus from the Benguela Upwelling Ecosystem. Larvae from the
Benguela Upwelling Ecosystem were observed in sub-surface layers below the
thermocline, where they are presumed to circumvent an offshore transport and to
facilitate larval coastal retention (Stenevik et al. 2003, 2007). As the Senegalese sub-
region comprises a protracted shallow water zone that maintains a double cell upwelling
circulation structure (Roy 1998), fishes from the Senegalese sub-region may have
adapted their spawning behaviour differently compared to the upwelling conditions of
the Benguela ecosystem, where a steep and narrow slope maintains a single-cell
upwelling circulation structure at the coast (Nelson & Hutchings 1983). Small pelagic
species that reproduce in the Benguela ecosystem may be much more dependent on the
vertical migration ability of their offspring than species in the Senegalese sub-region,

given the higher need to circumvent an offshore loss of their recruits.

Strong and persistent wind fields induce coastal upwelling during the upwelling season
(Ekman 1905, Bakun 1996, Botsford et al. 2003). Together with the upwelling process,
a number of mesoscale activities are induced by the eastern boundary circulation and its
wind field. In the CCUE, the trade wind system produces about 150 mesoscale eddies
annually with some eddies persisting more than 150 days (Schiitte et al. 2016). Eddies
are able to compensate an offshore drift of surface water masses facilitated by coastal
upwelling. They constitute another source of larval coastal retention (Atwood et al.
2010, Mullaney & Suthers 2013, Sanchez-Velasco et al. 2013, Apango-Figueroa et al.
2015). The offshore part of the Banc d’Arguin is characterized by enhanced mesoscale
activity in terms of eddies and filaments (Meunier et al. 2012). While filaments may
foster a larval transport towards the offshore (Rodriguez et al. 1999, Bécognée et al.
2009), mesoscale eddies were observed that facilitated larval retention (Chapter I11I).

Because mesoscale eddies frequently occur in the CCUE, especially off the Banc
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d’Arguin (Schutte et al. 2016), their role in controlling recruitment success may be more
important than generally assumed (Bakun 2006). Since remote sensing allows the
detection of mesoscale activities in real-time (delay of one day), there is an opportunity
to promote more process oriented field-based studies to improve the understanding of
how specific ocean processes regulate the occurrence, distribution, and abundance of
fish larvae, and thereby increase the accuracy of recruitment and biophysical models
(Pineda et al. 2007, Shulzitski et al. 2015).

How and why larval fish assemblages establish in the Canary Current Upwelling

Ecosystem

Offshore regions may appear as homogeneous landscapes, contrary to complex
structures like mangroves in estuaries or coral reefs in coastal oceans. However, the
interplay between fundamental systems like the earth’s rotation, solar radiation,
atmosphere, lunar cycle, and geological constitution of the sea floor establishes self-
contained offshore habitats that become evident by measuring the environment. Water
in the ocean originates from different parts of the world oceans and nutrient
concentrations change in the course of time (Emery & Meincke 1986). The great ocean
conveyor transports water masses along the world oceans (Broecker 1991). During the
journey, water masses are transported at different depths (Emery & Meincke 1986).
Through bacterial degradation of organic material (vertical migration and the production
of organic matter through fecal pellets or necrotic organic material), water masses
become enriched by different concentrations of nutrients (Orcutt et al. 2011, Moore et
al. 2013). Together with other water characteristics, like temperature, salinity, the
potential of hydrogen, oxygen saturation, turbidity, and chlorophyll concentration, water
masses establish more complex habitats in the ocean than commonly assumed (Bakun
1996).

Different fishes have synchronized their reproduction to the same oceanographic
conditions, as their offspring share the same requirements (Moser & Smith 1993b,
Malzahn & Boersma 2007, Kent et al. 2013, Thompson et al. 2014). As a specific water
mass may provide a favourable environment for fishes to reproduce, a specific larval
fish assemblage to that water mass forms (Norcross et al. 2003, Bellido et al. 2008, de
Macedo-Soares et al. 2014). In the CCUE, the two water masses South Atlantic Central
Water (SACW) and North Atlantic Central Water, both of different origin, converge at
the Cape Verde Frontal Zone (CVFZ) (Zenk et al. 1991, Pastor et al. 2008, Meunier et
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al. 2012). We observed S. aurita larvae exclusively occurring in SACW (Chapter 1).
Chapter 111 outlines how the composition of the larval fish assemblages can be
considered indicative of whether water mass stem from SACW or NACW (John &
Zelck 1997, Olivar et al. 2016). Because both water masses are densely compensated
(Tomczak & Godfrey 1994, Stramma et al. 2005), the temperature or salinity signatures
are probably not the main drivers of the occurrence of two larval fish assemblages,
although they may play a vital role in other systems, where salinity or temperature
differences are significant. For instance, significant salinity differences appear in
estuarine-ocean transitions, where freshwater converges with marine water at the river
mouth. Off Portugal, S. pilchardus is a visitor of the Lima estuary, but reproduces
primarily in the ocean, while European flounder Platichthys flesus (Linnaeus, 1758) is
an obligate estuarine spawner living in both the estuary and the ocean (Ramos et al.
2017). Such spawning preferences generally lead inevitably to different larval fish
assemblages in the estuarine and marine environment (Able 2005, Able et al. 2006).
Cold sub-surface water masses that get pumped to the surface during upwelling
establish environments similar to temperate regions found in the North Atlantic. It is
thus not surprising to observe temperate species reproducing in sub-tropical regions
with upwelling characteristics (Badcock 1981, Coombs et al. 2006). Along the same
latitude farther offshore, typical sub-tropical and tropical species reproduce, because the
influence of upwelling becomes negligible leading to different larval fish assemblages
as a function of temperature (Chapter I1). During upwelling, cold waters increase the
spawning activity for the temperate/sub-tropical species S. pilchardus, while the sub-
tropical/tropical species S. aurita intensifies spawning activity when temperatures
increase (Chapter 1). The utilization of different environmental features increases
habitat heterogeneity and enhances niche-differentiation, which can reduce competition

for food and space (Schoener 1974).

As NACW remains in sub-surface layers for a shorter period of time than SACW,
NACW is less enriched by nutrients (Tomczak 1981, Fraga et al. 1985, Pastor et al.
2008). During the upwelling of both water masses, different nutrient concentrations
establish variable growth conditions for phytoplankton inducing phytoplankton blooms
of different composition (Tett & Barton 1995, Estrada et al. 2016). Grazer assemblages
establish, composed of grazers that best exploit the phytoplankton community (Lynch

1977). Subsequently, different larval fish assemblages form that in turn are able to
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optimally forage on the grazer and phytoplankton communities of the prevailing
combination of both water masses (Welker et al. 1994, Munk et al. 2003).

While the NACW — SACW transition is assumed to play a mediating role in limiting the
habitat expansion of fish larvae on a latitudinal basis (Chapter I and I11), the upwelling
frontal zone plays a crucial role as larval habitat limiter on a longitudinal basis
(Chapter 11 and I11). The continental shelf and the deep ocean are connected by a slope
on which upwelled water masses separate offshore regions from the continental shelf.
Even without upwelling, unique larval fish assemblages establish in the inshore and the
offshore (Marancik et al. 2005, Quattrini et al. 2005, Olivar et al. 2016). The reason is
the spawning preference of the adults. While neritic species generally reproduce on the
continental shelf, oceanic species prefer spawning in the open ocean (Acevedo et al.
2002, Rodriguez et al. 2004). Some oceanic species (pseudo-oceanic) migrate to shelf
regions for spawning and are thus commuting between spawning and feeding habitats
(Badcock 1981, Sassa et al. 2016). On the basis of such spawning behaviours, larval
fish assemblages generally occur in a mix of neritic and oceanic species, although
neritic larvae dominate assemblages in shelf regions and oceanic larvae in oceanic
regions (Olivar & Shelton 1993, Norcross et al. 2003, Moyano et al. 2014).

In upwelling areas, the upwelling frontal zone enhances the spatial separation of neritic
and oceanic larval fish assemblages (Bjorkstedt et al. 2002, Moyano et al. 2014). While
neritic species like S. pilchardus or E. encrasicolus spawn in the upwelled waters
(Ettahiri et al. 2003), other species may have adapted to warmer and less nutritious
conditions and spawn outside the upwelling in oceanic regions (John & Zelck 1997,
Olivar et al. 2016). Upwelling establishes a temperature gradient between inshore and
offshore water masses, thereby enhancing a strong upwelling frontal area that functions
as a natural barrier to larval fish dispersal (Chapter I1). The barrier effect was also
observed for different species of rockfish larvae that were spatially partitioned via
upwelling fronts in the California Current Upwelling Ecosystem (Bjorkstedt et al.
2002). Due to the passive drift of young fish larvae, fronts can delimit larval habitat
expansion (Bakun 2006, Munk 2014). The identification of larval habitats may thus
help to implement management strategies to conserve and manage populations (Gaines
et al. 2010).

Besides fronts, mesoscale eddies play an important role in the formation of larval fish
assemblages (Chapter 1V). At the CVFZ, the two water masses NACW and SACW
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contain different larval fish assemblages that are trapped inside a mesoscale eddy
dipole. When eddies drift into oceanic regions they may entrain water masses with
appropriate conditions for larval survival (Nieto et al. 2014). Sufficient residence time
of mesoscale eddies may thus allow the larvae of otherwise inshore-bound species to
thrive in offshore areas (Lobel & Robinson 1986, Schutte et al. 2016). E. encrasicolus
and S. aurita from the Mediterranean revealed enhanced spawning activity in mesoscale
eddies, suggesting that these species take advantage of the retention and the suitable
conditions inside the eddies (Sabatés et al. 2013). Technological advancement enabled
the opportunity to better identify and track mesoscale eddies in the ocean and provided
evidence that mesoscale activities are frequent features that may play an essential role
on larval fish retention and dispersal (Bakun 2006, Shulzitski 2012).

Perspectives: So what and how to move on

The present dissertation provides evidence that large (coastal upwelling and water mass
convergence) and mesoscale oceanic processes (eddy dipoles, two cell upwelling
circulation structures, and fronts) allow for larval habitat heterogeneity that fosters the
establishment of different larval fish assemblages. Given that heterogeneous
environment, advances in remote sensing techniques and data analysis enable an
investigation of biophysical interactions on both spatial scales. The outcome of this
dissertation emphasizes the need for further research in the CCUE that has been poorly
explored until recently (Chavez & Messié 2009). In the course of an increasing demand
for sea food, climate warming, and uncontrolled exploitation, it is time to pave the way
for future research to be conducted in the CCUE. This dissertation delivers good
arguments for regular ichthyoplankton monitoring in the CCUE.

Understanding the larval ocean-coastal-estuarine coupling in the most important

nursery grounds of the CCUE

Monitoring of fish larvae is difficult, because fishes may have different spawning
grounds that are not equally well accessible with regard to gear and ship type (Brehmer
et al. 2006, Alvarez et al. 2015). At present, spawning grounds in the two most
important nurseries of the southern CCUE (the Banc d’Arguin and the Senegalese sub-
region) are investigated from the offshore to coastal regions until the 20 m isobath.
Sampling these areas only leads to a negligence of possible spawning grounds of a size
of more than 10,000 km2 (Banc d’Arguin), although these shallow zones are supposed

to be the most important nursery grounds in the CCUE (Conand 1977, Boely et al.
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1982, Jager 1993, Roy 1998, Mbaye et al. 2015). Our results indicate larval retention in
both areas during the upwelling season, either through spawning in an inner upwelling
circulation structure, through the active vertical migration of larvae below the
thermocline in an offshore upwelling circulation structure (Senegalese sub-region), or
through larval retention in mesoscale eddies (Banc d’Arguin). However, how many of
and how much the observed species spawn in areas shallower than 20 m remains
uncertain. From other regions, we know that especially clupeid species like sardines
(Ramos et al. 2017), herrings (Polte et al. 2014, Kanstinger et al. 2016) or sardinellas
(Conand 1977, Ettahiri et al. 2003) peak spawn in very shallow ecosystems (<20 m
isobaths) or even in estuarine environments, e.g. the Sine Saloum estuary (Sloterdijk et
al. 2017). The identification of key spawning areas is essential for the management of
marine resources. It will be important to investigate the larval ocean-coastal-estuarine
coupling to identify spawning hot spots during the spawning season. Accordingly,
vessels for sea-going and estuarine-coastal sampling with gears appropriate for the
sampling sites will be needed. Management measures will benefit from precise
localizations of these spawning grounds to implement marine protection (e.g. temporal

closures of fishing activities or marine protected areas).

Improving biophysical models: The implementations of diel vertical migration
behaviour, large scale, and mesoscale processes

All three chapters of this thesis highlighted how large and mesoscale processes are
important in shaping larval fish dispersion and larval fish assemblages. Although
correlation with large-scale processes like coastal upwelling may shed light on overall
recruitment patterns in the CCUE, mesoscale processes seem to play another important
role in survival processes of fish larvae (Lobel & Robinson 1986, Rodriguez et al. 1999,
Bakun 2006, Okazaki & Nakata 2007, Bécognée et al. 2009, Govoni et al. 2010,
Cuttitta, Quinzci, et al. 2016, Olivar et al. 2016, Shulzitski et al. 2016, Chang et al.
2017). Many biophysical models lack the implementation of mesoscale processes. They
combine egg or larval data and large scale hydrodynamic features (Santos et al. 2004),
or use particles as substitution for larvae without diel vertical migration (Berntsen et al.
1994, Koné et al. 2017), or use the abiotic environment to model larval retention
(Mbaye et al. 2015). The problems of using passive particles are that they don’t move
vertically and that horizontal migration in the course of the development of a larva is
not represented. However, these abilities are essential in explaining larval drift and
ultimate destination (Staaterman & Paris 2013). Models that integrate mesoscale
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activities and diel vertical migration information are in progress and will be needed to
make more plausible forecasts or simulations of larval dispersal (Condie & Condie
2016, Chang et al. 2017).

How ichthyoplankton research helps to implement an ecosystem approach to the
management of fisheries and marine resources in the CCUE: A claim for long-time

series

Fluctuations in fish stock size are a common phenomenon in the world oceans (Shelton
& Mangel 2011). Fishes perform large latitudinal migrations, often crossing borders of
several exclusive economic zones (Parrish et al. 1989, Zeeberg et al. 2008). As not only
natural processes control the stock size of a certain species, but also the demand for
human nutrition forcing the exploitation of marine resources, management measures
need to be integrated at an ecosystem level (Morishita 2008). As the CCUE comprises
fishing areas of more than one country, a joint endeavour in monitoring and assessment
of its exploited marine resources is required. As time series of ichthyoplankton
production has shown to benefit stock assessments by enabling the use of methods like
the daily/annual egg-production methods (Priede & Watson 1993, Somarakis et al.
2004, Stratoudakis et al. 2006, Swalethorp et al. 2016) or the use of larval fish indices
(Simmonds 2007), an implementation of long-time series of ichthyoplankton
monitoring to support stock assessment is required. Monitoring programs of
ichthyoplankton are a common feature in other eastern boundary ecosystems and allow

forecast scenarios for targeted species (Rykaczewski & Checkley 2008).

The joint endeavour of Northwest Africa towards an ecosystem approach to the
management of fisheries and marine resources will need the financial support of foreign
countries. The European Union, China, and several other non-West African countries
share catches of African marine resources with West Africa by 50% (Belhabib et al.
2015). As their own marine resources are already exploited at their limits (FAO 2016),
non-West African countries need to invest into a common monitoring and assessment
system in the CCUE. Such a system may counterbalance the uncontrolled exploitation
of fish stocks of West Africa. Yet, the governance by West African governments lack
efficient fisheries management systems and have allowed their own, but also foreign
nations to plunder marine resources at a low cost and often under unregulated,
uncontrolled, and sometimes illegal conditions (Agnew et al. 2009, Belhabib et al. 2014,
2017, Camara et al. 2016, Doumbouya et al. 2017). The gained insights of the thesis
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inaugurate a possible progression by implementing ichthyoplankton research and a

verification of the hypotheses tested in this work by longer time series.

Pirogue — typical artisanal fishing boat in Northwest Africa
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Appendix

O APPENDIX

Photos of fish larvae collected during ECOAO 2013 (RV Antea), AWA
2014/15 (FRV Thalassa, FRV Walter Herwig 375 and 383) — Some standard
lengths are added to the photos.

Lampanyctus alatus

Lampanyctus crocodilus
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Appendix

Diaphus sp.

Myctophidae sp.

Notoscopelus resplendens

Diaphus sp.
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Appendix

Bathylagoides argyrogaster

Acropomatidae sp.

Arctozenus risso

Chauliodus sloani

R .
14.5 mm }

Maurolicus muelleri
Lestidiops jayakari
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Appendix

Melanostomatidae sp.

Carapidae sp.

Sternoptychidae sp.

Argyropelecus aculeatus

Gonostoma sp.
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Appendix

Gonostoma atlanticum

Argyropelecus sp.1

Bregmaceros houdei
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Appendix

Sardina pilchardus

Arnoglossus thori

Soleidae sp.
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Appendix

Scomber colias

Sarda sarda

Trachurus trachurus

Caranx sp.

Trachurus trecae
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Appendix

Gobiidae sp.

Triglhdae sp.
Blennidae sp. 2 "

Pagrus sp.

Gobudae sp.
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Appendix

Ammodytidae sp.1

Lutjanidae sp.1

Serranidae sp.

Sparidae sp.
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Appendix

Pontinus type A sp.1

Sciaenidae

Muraenidae sp.

Helicolenus dactylopterus.
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