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Abstract :

We analyzed the influence of the stratification process in the vertical distribution of larval fish in a microtidal
coastal Mediterranean zone. By applying a Self Organizing Maps (SOM) technique, we could analyze a
complex dataset accounting for non-linear processes. The analysis integrated multivariate data on larval
fish and environmental parameters in two depth strata through two-time components (nictimeral and
fortnightly through the main spawning seasons), and considered size-based information. Although causal
relationships cannot be constructed, the use of SOM analyses enabled the description of the whole
system evolution overcoming the constraints of linear approaches in complex multivariate datasets with
multiple dependencies in the data. We contend that this approach can help to unveil the intricate patterns
of settlement/recruitment of young fish, which is often hampered by the rigidity of some formal statistical
approaches.

Highlights

» Larval fish assemblages analysis with Self Organizing Maps allows overcoming linear constraints. »
Self Organizing Maps analysis allowed the description of the whole coastal multispecific system. » Self
Organizing Maps also allowed identifying ontogenetic differences in vertical positions. » Differences in
larval fish vertical strategies before & after the establishment of stratification.
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1. Introduction

The persistence and resilience of fish populations depend on their adaptation success at
multiple scales through space and development. Bottlenecks in fish populations are
often related to variability in the survival of larvae and juveniles (Houde, 2008; Nash
and Geffen, 2012) and the study of their ecological adaptations has been paramount in
marine ecology and fisheries science since Hjort (1926, 1914). Juvenile and adult stages
of fish mainly inhabit a world dominated by inertial forces. Under those conditions, they
can control their position at the horizontal scale and have more options to respond to
environmental stressors. On the contrary, eggs and early larval stages inhabit a world of
frictional forces, and their low (and variable) accumulated survival depends on a
combination of parental adaptations to spawning (Cianelli et al., 2015) and larval
adaptations to an environment over which they have more limited control (Houde and
Schekter, 1980). Due to the importance of larval fish distribution and vertical
positioning for recruitment (e.g., Sinclair and lles, 1985), much research has been
devoted to the analysis of larval fish movement at the vertical dimension and, at more
advanced stages, at the horizontal scale (reviewed in Kingsford et al., 2002; Leis, 2006;
Montgomery et al., 2001). Larval fish have a species-specific and ontogenetic-
dependent capacity to conduct vertical migrations, which probably responds to trade-
offs that maximize survivorship (Vikebg et al., 2005). Vertical migrations have been
documented both at coastal/estuarine systems and over deep water columns. These
migrations are interpreted as responses to food distribution and light, tides,
stratification, predator abundance, or turbulence (see cited reviews). Studies on vertical
movements usually concentrate on one or a few species and typically analyze their
findings into one or a few stages or size classes. The temporal analysis of vertical
patterns of multiple species and development at a high resolution is seldom conducted
(but see Rodriguez et al., 2011). In addition, the usual approach with multivariate
statistical methods that tend to extract only linear dependencies (or non-linear, limited
to single species), limits our ability to understand how assemblages respond to complex
environments.

One of the key controllers of larval fish dynamics at the vertical scale is stratification
(Ropke, 1993; Smith et al., 1999). Thermocline formation during the stratification
period acts as a physical barrier to vertical injection of subsurface nutrients to the upper
layer, reducing energy inputs and generating vertical segregation of resources (Mann
and Lazier, 1991). Therefore, it affects prey fields and causes physiological adaptative

effects on growth, respiration, mortality and nutrient recycling (Arvola et al., 2017,



63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
9%

Ngttestad et al., 2016). In shallow coastal environments, surface water reaches high
temperatures in summer, intensifying the segregation of resources and affecting thermal
tolerances of some organisms, including fish larvae (Bensoussan et al., 2010).

The vertical distribution of fish larvae in these shallow systems may influence dispersal
(Paris and Cowen, 2004; Sponaugle et al., 2002). This is the case in microtidal areas
where, for example, larval retention near reefs is favoured close to the bottom layers due
to the weaker flow conditions (Leis, 1986).

In the last decades, increased stratification of coastal waters in temperate areas, such as
the Mediterranean, has been documented (e.g., Coma et al., 2009). The knowledge of
the mechanisms through which fish larvae manage to inhabit stratified waters and how
juveniles find the way to recruit to the adult’s habitat gains interest. In the
Mediterranean, the location of fish spawning is determined by the structure of the
bathymetry, types of sea bottoms, diversity of adult fish habitats, and mechanisms
conditioning the primary production of the region. In contrast, the physical processes
determine the final distribution patterns of fish eggs and larvae (e.g., shelf-slope density
front and associated current, continental water inflows, winter mixing, stratification of
the water column) (Sabatés et al., 2007). Whereas some understanding exists on vertical
movements of key species in open waters (e.g., Olivar et al., 2018, 2014; Olivar and
Sabatés, 1997; Sabatés, 2004), little is known about the temporal-spatial ecology at the
vertical scale within larval assemblages (Vargas-Yafiez and Sabatés, 2007). We contend
that monitoring many species of larval fish at the vertical scale and their development
during the advent of critical physical processes in coastal systems, can fill a gap in the
knowledge on the relevant mechanisms influencing coastal fish populations.

We examined the relationship between the environmental variables during the
thermocline formation and the distribution of fish larvae in the water column regarding
stratification and larval ontogenetic changes in size. The complexity of the involved
processes in larval fish dynamics requires analytical methods capable of including the
non-linearity of the data such as Self Organising Maps (SOM) (Kohonen, 1982). This
technique has been used in several disciplines, including climate and meteorology
(Kolczynski and Hacker, 2014), physical and biological oceanography (Basterretxea et
al., 2018; Hernandez-Carrasco et al., 2018; Hernandez-Carrasco and Orfila, 2018; Liu et
al., 2006), genetics (Sharon et al., 2013) and even aspects of larval fish ecology (Russo
et al.,, 2014). In our case, we used SOM to elucidate patterns in complex larvae

assemblages. SOM is essentially used as a dimension reduction technique, and provides
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advantages as compared to other widely used statistical techniques such as PCA, K-
means, or other multivariate analysis (e.g., NMDS, CCA, or RDA) for several reasons:
1) it allows an appropriate analysis of high dimensional data, such as the high-
throughput results of the analysis of the samples; ii) it can identify and extract the
underlying non-linear data structures, i.e., using step-like or Gaussian functions for the
neighborhood relationship; iii) it is an efficient method for feature extraction and
afterward classification, providing patterns that explain the overall behavior of the
system and iv) since SOM preserves topology, patterns are ordered in the neural
network according to their similitude, which finally can be easily interpreted by visual
inspection (Liu et al., 2006; Mdrchen and Ultsch, 2005).

In this work, physical and biological variables such as temperature, current speed, wave
height, phytoplankton, micro, and mesozooplankton biomass, were vertically sampled
through the water column and through time, so the distribution of early stages of fish in
relation to stratification characteristics could be determined. We hypothesized that using
SOM on this complex system we could reveal if i) the vertical distribution of (some)
larval fish species changes along with the multivariate environmental shift towards a
stratified system including day/night variation, and ii) if the ontogenetic stage plays an

essential role in the changes in larval fish vertical distribution.

2. MATERIALS AND METHODS

1182.1 Field Sampling and Data Acquisition
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The field study was conducted at a single station located over a depth of 40 m (2.67°E;
39.48°N) in the inner part of Palma Bay (Mallorca Island, NW Mediterranean, Fig. 1).
Palma Bay was chosen due to the available abundant information on plankton dynamics
in relation to physics (Alds et al., 2014; Alvarez et al., 2015b; Basterretxea et al., 2012;
Font-Mufioz et al., 2018).
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Figure 1: Map of the study area including position of the Sampling Station where the ADCP was moored
and the Oceanographic Buoy. The grey ellipse indicates the area covered by the Bongo 40 tows. The 40
m isobath is also displayed

Twelve surveys were fortnightly performed between April and September 2014 (from
spring to autumn). Each survey consisted of two sampling periods, conducted both at
day (around 10 GMT) and night time (just after dusk). A bottom-mounted Acoustic
Doppler Current Profiler (ADCP, 1 MHz Nortek Aguadopp) was moored at ~ 40 m
depth to characterise flow variations during all the time series in the sampling area.

Wave height information was obtained from an oceanographic buoy located in Palma
Bay (2.70°E; 39.49°N, Fig. 1). Data  were extracted from

http://thredds.socib.es/thredds/catalog/mooring/waves recorder/buoy bahiadepalma-

scb_wave002/L1/2014/catalog.html. The wave height (significant height) value

considered for each sampling was the mean value of the 3 hours prior to each sampling.
During each sampling, continuous temperature and salinity profiles were obtained with
a SBE-25 CTD and an attached handheld deployable YSI-CastAway CTD profiler. In
addition, water samples for chlorophyll analysis were collected at five depths (5, 10, 20,
30 and 40 m) using a 2.5 L Niskin bottle. Once on-board, water was filtered with GFF
filters that were immediately frozen at -20°C.
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The instantaneous profiles of temperature from the CastAway were used to determine
the thermocline depth and adapt the zooplankton sampling.

For micro and mesozooplankton, two consecutive hauls were conducted: one covering
the whole water column (from 2 m above the sea floor to the surface) and the second
above the thermocline depth. Microzooplankton was sampled with vertical hauls of a
30cm diameter WP2 net fitted with a 53 pum nylon mesh. Mesozooplankton samples
were obtained with a Bongo-40 net. One side was equipped with a 335 pm mesh net for
ichthyoplankton identification and abundance estimates, and the other side was
equipped with a 200 um mesh for the mesozooplankton biomass estimates. The Bongo-
40 tows over the whole water column consisted of a double-oblique tow down to 2 m
above the seafloor. The above-thermocline hauls consisted of triple-oblique tows from
thermocline depth to surface. Both types of tows were conducted at a boat speed of ~2
knots. The volume of water filtered was estimated by two GO 230 flowmeters mounted
in the mouth of each net. Samples were preserved immediately after collection in 2%

seawater borax buffered formalin.

1592.2 Sample treatment

160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

Chlorophyll (Chl-a, mg m™) was estimated from 24-hour acetone (90%) extracts using a
Turner Designs bench fluorometer.

Microzooplankton samples were fractionated through 53 and 200 um mesh filters, and
only the fraction between 53-200 um was retained. Dry weight from this fraction was
obtained following Lovegrove (1966), and data were standardized to mg m™.

The 200 um mesh of the Bongo samples was used to determine mesozooplankton dry
weight. Samples were filtered through 200 and 500 um meshes, and the 200-500um
fraction retained. Dry weight was estimated and standardized as for microzooplankton.
Fish larvae were sorted from the 335 pm net of the Bongo samples and identified to the
lowest possible taxonomic level using a stereoscopic microscope. Larval abundance
values were standardized to surface area (ind. 10 m™). A picture of each larva was taken
with a digital camera mounted on the stereomicroscope, and total length (TL) measures
were calculated with ImageJ software (Schneider et al., 2012) to the nearest 0.01mm.
No correction for shrinkage was made. In order to facilitate the description of the taxa
collected, class lengths were described as follows: L1 groups all larvae with sizes

comprised between 1 and 2 mm; L2 groups the 2.01-3 mm larvae, and so forth until L14
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for larvae with lengths ranging between 14.01 and 15 mm. In addition, for each taxon,

larvae were grouped into pre and postflexion groups following the available
bibliography (Table 1).

Table 1. Notochord flexion lengths from published literature sources. FL: Flexion length in mm.
*Somarakis and Nikolioudakis, 2010

Family Lower Taxa Reference Taxa FL Area Reference
Identified (mm)
Gymnammodytes Gymnammodytes
Ammodytidae  cicerelus cicerelus 11  Balearic Sea Alemany, 1997
Ré and
Argentinidae Sphyraenidae Argentina sphyraena  13-17 Portugal Meneses, 2009
Parablennius
Blenniidae Blenniidae tentacularis 6.4 Balearic Sea Alemany 1997
Bothidae Arnoglossus spp. Arnoglossus laterna 6 Balearic Sea Alemany 1997
Bothidae Bothus spp. Bothus podas 7  Balearic Sea Alemany 1997
Callionymidae  Callyonimidae Callyonimidae A 4.1 Balearic Sea Alemany 1997
Trachurus
Carangidae Trachurus spp. mediterraneus 4.8 Balearic Sea Alemany 1997
Centracanthidae Spicara flexuosa Spicara smaris 5.5 Balearic Sea Alemany 1997
Centracanthidae Spicara smaris Spicara smaris 5.5 Balearic Sea Alemany 1997
7.5-
Clupeidae Sardinella aurita Sardinella aurita 10  Atlantic Richards, 2006
Gulf of Ditty et al.,
Coryphaenidae  Coryphaena hippurus Coryphaena hippurus 7.5-9 Mexico 1994
Engraulis Engraulis Som. and Niko.
Engraulidae encrasicolus encrasicolus 10  Aegean 2010*
Lepadogaster Tojeiraetal.,
Gobiesocidae ~ Gobiesocidae lepadogaster 7.1 Portugal 2012
Gobiidae Gobiidae Lebetus guilleti 3.1 Balearic Sea Alemany 1997
Pomatoschistus
Gobiidae Gobiidae microps 3.5 Balearic Sea Alemany 1997
Gonostomatidae Cyclothone braueri Cyclothone braueri 6  Balearic Sea Alemany 1997
Labridae Coris julis Coris julis 5 Balearic Sea Alemany 1997
Labridae Labridae Symphodus spp. 3.1 Balearic Sea Alemany 1997
Thalassoma
Labridae Thalassoma pavo bifasciatum 3 Atlantic Richards 2006
Mullidae Mullus barbatus Mullus barbatus 3.5 Balearic Sea Alemany 1997
Mullidae Mullus surmuletus Mullus surmuletus 4 Balearic Sea Alemany 1997
Ceratoscopelus Ceratoscopelus
Myctophidae maderensis maderensis 5.5 Balearic Sea Alemany 1997
Ophidiidae Ophidiidae Ophidion barbatum 9  Balearic Sea Alemany 1997
Paralepis
Paralepididae  Paralepididae coregonoides 10-15 Atlantic Richards 2006
Pomacentridae  Chromis chromis Chromis chromis 3.5 Balearic Sea Alemany 1997
Scombridae Auxis rochei Auxis rochei 5.4 Balearic Sea Alemany 1997
Scombridae Thunnus thynnus Thunnus thynnus 6  Atlantic Richards 2006
Scophthalmidae Lepidorhombus boscii Lepidorhombus boscii 5.9  Catalan Sea  Sabatés, 1989
Scorpaenidae Scorpaena porcus Scorpaena porcus 3.4 Balearic Sea Alemany 1997
Scorpaenidae Scorpaena spp. Scorpaena notata 4  Balearic Sea Alemany 1997
Serranidae Anthias anthias Anthias anthias 3.3 Balearic Sea Alemany 1997
Serranidae Serranus hepatus Serranus hepatus 5.5 Balearic Sea Alemany 1997
Serranidae Serranus spp. Serranus cabrilla 4.8 Balearic Sea Alemany 1997
NW Ramos et al.,
Soleidae Soleidae Solea senegalensis 45  Portugal 2010
Sparidae Boops boops Boops boops 5.5 Balearic Sea Alemany 1997
Sparidae Diplodus spp. Diplodus annularis 5.2- Catalan Sea Sabates 1989
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Sparidae Oblada melanura Oblada melanura 4.8 Catalan Sea Sabates 1989
Sparidae Pagrus pagrus Pagrus pagrus 4.1 Atlantic Richards 2006
Sparidae Sparidae spp. Pagellus acarne 5  Catalan Sea Sabates 1989
French
Synodontidae ~ Synodus saurus Synodus 9  polinesia Leis et al., 2003
Trachinidae Trachinus draco Trachinus draco 5.1 Balearic Sea Alemany 1997
McBride et al.,

Triglidae Triglidae Prionotus spp. 6 New Jersey 2002
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1842.3 Data analysis

185  Self-Organizing Maps (SOM) were used to explore the interaction between
186  environmental variables and the vertical distribution of fish larvae. SOM is a non-linear
187  mapping implementation used to unveil underlying patterns or structures in complex
188  datasets, reducing the high dimensional feature space of the input data to a lower
189  dimensional (usually two dimensional) networks of maps called neurons. SOM is based
190  on unsupervised machine learning algorithms for the training of an artificial neural
191  network (Kohonen, 1997, 1982) that simulates the topological distribution of neuron
192  responses in the brain during the learning process, in particular by the relationship
193  between neighboring neurons.

194 The learning process requires two main prerequisites. First, an input vector,
195  representing the data to be analyzed. In our case, the input vector was composed of
196  abundance taxa concatenated with each sampling's associated environmental variables
197  (see below a detailed description of the analyzed data matrix). Second, the parameters
198  that control the initialization and training processes.

199  Following Liu et al., 2006, we used an hexagonal map lattice to avoid anisotropy
200 artifact, and a linear combination of the first two leading Empirical Orthogonal
201 Functions (EOFs) modes for the initialization, although other initial configurations (e.g.,
202 random values) yield similar results. The training was performed using the imputation
203  batch training algorithm (Vatanen et al., 2015) and a Gaussian neighborhood function.
204  The visualization of the SOM output often forms the key interface between the
205  algorithm output and the user (Schreck, 2010). For clarity, a diagram of the SOM output
206  used in this work, and its interpretation, is presented in Fig. 2.

207  The SOM analysis consists basically of an iterative presentation of the input data to a
208  preselected neuronal network, which is iteratively modified. Each neuron (or unit) in the
209  preselected network, is represented by a weight vector with the number of components
210 equal to the dimension of the input sample data (abundance data and related
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environmental data in our case). In each iteration, the neuron whose weight vector is
closest (more similar) to the presented sample input data vector, called Best-Matching
Unit (BMU), is transformed together with its topological neighbours towards the input
sample following a specific neighbouring function. At the end of the training process,
the probability density function of the input data is approximated by the SOM, and each
neuron (unit) is associated with a reference pattern, with a number of components equal
to the number of variables in the dataset so that it can be interpreted as a local summary
or generalization of similar observations (Fig. 2a).

The explored matrix of environmental data includes the following variables above and
below thermocline: the current speed (C, m s), temperature (T, °C), wave height (W,
m), micro- (Mi, mg m™), and mesozooplankton biomass (Me, mg m™) and Chl-a (Chl,
mg m™). A second matrix was built, consisting of larval abundances, disaggregated by
taxa, length (pre and post-flexion), depth stratum, day/night, and sampling day. Each
variable was separately normalized in the range between [0 1]. The response of larvae to
environmental variables was analyzed, coupling physical and biological patterns
through SOM. A preliminary test was performed to determine the optimal number of
units in the neural network. The selection of the number of neurons is not evident and
depends on the complexity of the data, on the features which one wants to examine in
the dataset, and also in order to minimize the quantization and topographic errors. These
two errors are the most relevant and broadly quality metrics used to evaluate the
performance of SOM algorithm (Vatanen et al., 2015). When using a reduced number of
neurons to 4 or 6, the associated errors increased with respect to a neural network of 9
neurons. On the other hand, when using 16 neurons, the quantization and topographic
errors were very low, but a significant number of the patterns had 0% probability of
occurrence to be represented among our data. Finally, we chose nine neurons as the best
balance between associated errors and pattern representation without losing variability
of the multivariate dataset (see Hernandez-Carrasco and Orfila, 2018 for a more detailed
analysis on the size of SOM). Finally, the potential of the technique for analyzing
particularly frequent single-species with detailed larval length information (several size

bins) was assessed in a similar way.
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a) 3x3 SOM GRAPHIC RESULTS b) REFERENCE PATTERN DETAIL
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Figure 2: Diagram of the SOM output. a) Nine reference patterns extracted from a 3x3 coupled
SOM analysis of taxa abundances (blue) and associated environmental parameters (red). Pn:
probability of finding that particular pattern n in the data. b) Detail of the reference pattern
output for the abundance data (normalized). In this pattern, Taxa 2 and 4 would be the most
abundant and Taxa 1 abundance is almost incidental. ¢) Detail of the reference pattern output
for the environmental data associated with a determined output pattern for abundance data.
The number of environmental variables (normalized) corresponds to the number in the input
vectors (V). d) Representation of the temporal succession of the extracted patterns. This output
allows to identify the reference patterns that better describe the data at a given sampling time
(Time n), namely position in relation to the thermocline (above/below) and moment of the day
(day/night). The shaded area has been included to help the readers to identify the onset of the
seasonal thermocline.

3. RESULTS

3.1. Hydrographic Scenario

Hydrographic data shows the typical spring to summer transition in Palma Bay where
water column stratification is governed by the seasonal evolution of temperature (Fig.
3a). Since salinity was mostly uniform during the study period (Figs. 3 b, e), we
selected the 20°C isotherm as indicative of the thermocline depth. From late May to

September, progressive seasonal warming of the mixing surface layer generated a sharp

10



263
264
265
266
267
268
269
270

271

272
273
274

275
276
277
278
279
280
281
282
283
284

thermal gradient at depths of 20 to 30 m. At the end of September, the mixing surface
layer reached the bottom. Differences between average temperature above or below the
thermocline showed maxima in July-August, and almost no differences between the
initial and final times of the sampling period, confirming a correct sampling of the
stratification process (Fig. 3d). Day/night differences in temperature were not detected
and were not included as a variable in the SOM analysis. Salinity values were very
uniform throughout the season, showing typical rainfall events at the end of summer
(Fig. 3b, e).

Sampling n°
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Figure 3: Environmental variables. Left Column: Vertical-Temporal evolution; Numbers 1-12 indicate
the sampling number, in chronological order. Right Column: Above- (grey) and Below-Thermocline
(black) values of: Temperature (°C; a and d), Salinity (b and e) and Chlorophyll (mg m™; ¢ and f).

Surface current velocities (not shown) were consistently higher than the bottom ones
except at the end of the sampling period when velocities were almost the same. The
maximum surface current velocity (0.09 m s™) was recorded in August, and the
minimum (0.02 m s™) was found in April. Minimum and maximum values for the
bottom current speed (0.006 and 0.03 m s™) were recorded in July and September,
respectively. Wave height values were consistently higher during daytime than during
night-time, with maximum differences in summer, coinciding with the breeze regime of

the area. The maximum wave height (0.75 m) occurred at the end of May.

11
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3.2. Biological Scenario

Figure 3c shows the evolution of phytoplankton biomass, approximated from Chl-a
measurements. This evolution from high to very low values was consistent with the
seasonal variation described for the coastal waters of the Balearic Islands (e.g., Alvarez
et al., 2012). The maximum Chl-a concentration was observed during April close to the
bottom (depth >30m, Chl-a > 2.2 mg m™). The progressive seasonal water warming
induces the development of the thermocline, and its presence and position in the water
column prevented the vertical supply of nutrients to the surface layer, limiting surface
phytoplankton biomass production during summer (< 0.1 mg m™).

Microzooplankton biomass values above and below the thermocline showed the highest
values at the beginning (April) and at the end (September) of the study period (Fig. 4a).
In the absence of thermocline (at the beginning and end of the sampling period), high
microzooplankton values were observed (12.4 to ~29 mg m™). At the beginning of
April, they were confined to the first 20 meters (both night and day). For the heavily
stratified period, June to August, values above and below the thermocline ranged
between 0.4 and 4.4 mg m™, although below the thermocline, values were still higher
during the daytime during May (7-10.5 mg m™).

a) Microzooplankton (53-200um) b) Mesozooplankton (200-500um)
30 1.5

1.0-

m"..-,h.__.. o |
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Figure 4: Biotic scenario. Above- and Below-thermocline Micro and Mesozooplankton day and night
values of dry weight (biomass, mg m®) at each sampling day. D: Day; N: Night

Mesozooplankton biomass values (Fig. 4b) oscillated between 0.012 and 1.703 mg m™.
Higher values developed approximately one month later with respect to

microzooplankton. In general, daytime values were higher above the thermocline,

12
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whereas the highest night-time values could be high both above and below the
thermocline during the stratified period. At the end of the sampling (the entire water
column was heated, see Fig. 3a), a clear difference pattern emerged, with daytime
mesozooplankton being captured in the first 20 m and spreading throughout the column
during the night (Fig. 4b).

3.3. Larval Fish Assemblages (LFA)

A total of 12284 fish larvae were found. Maximum larval fish abundances were
observed at the end of May (Fig. 5a) followed by intermediate values during the
summer months (June, July, August). In general, night abundances were higher than
during the day, and no apparent differences between above and below thermocline
larval abundances were found (Fig. 5b). The number of species (R) followed a dome-
shaped curve, with the lowest number of taxa at the beginning (overall minimum in
April in all sampling combinations) and at the end of the sampling period (Fig. 5c).

The dome-shaped relationship of R with time, similar to the total abundances, involved
clear dependencies of nictimeral patterns with date, i.e., high/low abundances in one

date tended to be reflected both above and below the thermocline and during day and

night.
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Figure 5: Larval fish assemblages. Above- and Below-thermocline day and night values at each sampling
day of a) Catch-per-unit-effort (CPUE) and b) Richness (number of different taxa, R). D: Day; N: Night

The species Spicara smaris, Engraulis encrasicolus and larvae from the Gobiidae

family represented 62.07 % of the total abundance (Table 2). Some taxa were found
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equally at day and night tows (e.g., S. smaris, Labridae, Arnoglossus spp.), whereas

some groups presented higher abundances during the night than during the day

(Gobiidae, Sardinella aurita, Chromis chromis, Table 2). Boops boops and Thunnus

thynnus followed the opposite pattern with higher daytime abundances. Few groups

were only found at night hauls (e.g., Thalassoma pavo) or day hauls (e.g.,

Gymnammodytes cicerelus), representing just < 0.06 % of the total abundance.

Table 2: Different taxa occurring in the study area. SOM code: number assigned to each taxon in the
SOM figure (Figure 6). TA: Total abundance (ind 10 m™) of each taxa; RA: Relative abundance %; NL:
Number of Class Lengths found for each taxa; L Range: Min and max measured length in mm; %D: % of
TA during day hauls; %N: % of TA during night hauls; L Range D: Length classes present in day hauls;
L Range N: Length classes present in night hauls; In bold: RA>1%. *: Taxa with preflexion stages
included in the SOM (RA>0.2%); **: Taxa with pre- and postflexion stages included in the SOM

Family Lowertaxa SO TA RA N L %D %N L L
Identified M (%) ° Range Rang Rang
code (mm) eD eN
Gymnammodyte 2.45-  100.
Ammodytidae s cicerelus 129 0.06 3 4.47 0 0.0 L2-L4
100.
Belonidae Belone belone 14 001 O 0 0.0
1.75-
Blenniidae Blenniidae 3849 171 8 8.79 221 779 L1-L7 L1-L8
Arnoglossus 1.24- L1-L3. L1-L4.
Bothidae spp.* 11 1137 051 8 956 497 50.3 L5.L9 L6.L7
1.54-
Bothus spp. 296 013 3 335 46 954 L1 L1-L3
1.25-
Callionymidae  Callionymidae* 17 609 0.27 3 3.73 675 325 L1-L.3 LI1-L3
100.
Carangidae Seriola dumerili 01 000 O 0 0.0
1.27-
Trachurus spp.* 6 4032 180 4 413 229 771 L1-L3 L1-L4
Centracanthida Spicara 1.59-
e flexuosa* 7 2259 1.01 5 585 332 66.8 L1-L5 L1-L5
Spicara 6971. 31.0 1.16-
smaris** 1,23 5 6 8 898 418 582 L1-L8 L1-L8
100.
Cepolidae Cepola spp. 14 001 O 0.0 0
Sardinella 1517. L1-L7.
Clupeidae aurita** 3,24 9 6.76 14 1.68-15 21.0 79.0 L9 L11 L2-L14
Coryphaena 2.03-
Coryphaenidae hippurus 75 003 2 303 355 645 L2 L2.L3
Engraulis 3953. 17.6 1.93-
Engraulidae encrasicolus** 2,25 3 1 14 143 403 59.7 L1-L9 L2-L14
2.86-
Gobiesocidae  Gobiesocidae 381 017 5 6.23 643 357 L2-L6 L3.L4
3008. 134 1.16-
Gobiidae Gobiidae 4 0 8 7.63 277 723 L1-L6 L1-L7
Gonostomatida Cyclothone 1.91- L3.L4. L1-L5.
e braueri 486 022 8 126 369 631 L6 L7.L12
1.38-
Labridae Coris julis* 10 2008 089 4 4.15 146 854 L1-L3 L1-L4
1.29-
Labridae 7775 346 5 517 556 444 L1-L5 Li1-L4
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344

Mullidae

Myctophidae

Ophidiidae
Paralepididae

Pomacentridae
Scombridae

Scophthalmidae

Scorpaenidae

Serranidae

Soleidae

Sparidae

Sphyraenidae
Sygnathidae
Synodontidae
Trachinidae
Triglidae

Unidentified

Thalassoma
pavo

Mullus
barbatus*
Mullus
surmuletus*
Ceratoscopelus
maderensis*
Lampanyctus
crocodilus
Myctophum
punctatum

Ophidiidae*
Paralepididae
Chromis
chromis**
Auxis rochei*
Thunnus
alalunga
Thunnus
thynnus
Lepidorhombus
boscii
Scorpaena
porcus*
Scorpaena spp.
Anthias anthias
Serranus
hepatus*
Serranus spp.*
Soleidae*
Boops boops*
Diplodus spp.*
Oblada
melanura*
Pagrus pagrus*
Sparidae spp.
Sphyraenidae
Sygnathidae
Synodus saurus
Trachinus draco

Triglidae

Unidentified

13.1
13 126.0
22 55.1
16 68.5
2.7
13
12 1215
3.1
4,26 599.6
14 924
1.9
8.7
4.4
18 51.1
26.7
44
8 211.6
5 374.0
21 42.9
20 48.8
9 199.2
15 1238
19 43.5
194.6
22.7
1.6
41.2
521
7.8
2146.
3

0.06

0.56

0.25

0.30

0.01

0.01

0.54

0.01

2.67
0.41

0.01

0.04

0.02

0.23

0.12

0.02

0.94

1.67

0.19

0.22

0.89

0.55

0.19

0.87

0.10

0.01

0.18

0.23

0.03

9.56

2.63-
3.93
1.83-
11.6
2.43-
5.74
2.96-
6.52

2.17-
4.66
4.25-
4.62
1.37-
5.44
1.53-6.7

4.23-
5.86
2.32-
5.27
1.59-
3.86
1.58-
2.82
1.67-
1.78
1.04-
7.61
1.35-
7.48
1.58-
5.55
1.97-
6.05
1.35-
12.6
2.21-
6.87
1.914.6

1.28-
6.18
1.78-
5.88

2.79-
4.68
1.96-
4.61
1.38-
5.86

0.0
50.4
57.2
22.0
0.0
100.
60.6
0.0
26.4
28.8
100.
753
5.4
44.6
38.4
50.8
41.2
395
32.9
88.8
47.2
35.8
20.1
76.5
12.8
100.
3.2
36.1

100.

40.6

100.

49.6

42.8

78.0

100.

0.0

39.4

100.

73.6

71.2

0.0

24.7

94.6

55.4

61.6

49.2

58.8

60.5

67.1

11.2

52.8

64.2

79.9

23.5

87.2

0.0

96.8

63.9

0.0

59.4

L1-L4

L2-L4

L3-L5

L2-L4

L1-L4
L1-L6

L4. LS

LS

L1-L3

L1.L2

L1

L1-L4.

L6

L1-L6

L1-L3.

L5

L1-L6

L1-L7

L2-L5

L2.L3

L1-L6

L1-L3

L3

L2-L4

L1.L3.

LS

L2.L3
L2-L5.
L11

L2-L5

L2-L6

L2-L4

L1-L5
L1-L6

LS
L4.L5
L1-L3
L1.L2
L1
L1-L7
L1-L7
L2-L4
L4.L5
L1-
L5.L12
L2-L6
L1-L4

L1-L3.
L5

L2. L3.
LS

L1-L4

L1-L4
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The wider length ranges were represented by clupeiform fish, which were also the most
abundant; E. encrasicolus and S. aurita larvae ranged between 2.01 and 15 mm SL (L2-
L14). The sparid S. smaris, also highly abundant, oscillated between 1.16-8.98 mm (L1-
L9). Taxa collected in lower abundances presented fewer length classes, including the
sparid Pagrus pagrus (L2, L3) or the myctophid Cyclothone braueri (L3, L4, L6, Table
2). Univariate analyses were not attempted due to the high complexity of the data,
including species-specific triggers of appearance in the plankton, non-independence of

several factors, etc. (see Discussion).

3.4. SOM analysis: patterns of the environment-LFA relationship

We used a coupled SOM analysis to extract general patterns of LFA response to
environmental forcing below and above the thermocline, at different stages and taking
into account temporal variability. Only taxa with abundances representing more than
0.19% of the total abundance (22 taxa) were included in the SOM computations (Table
2). The unidentified Gobiidae, Labridae, and Blenniidae families and the Sparidae spp.
taxa were not used in this analysis as they comprise several taxa with possible different
day/night patterns, reproductive cycle and different behaviour against stratification.
Only S. smaris, S. aurita, E. encrasicolus and C. chromis had enough individuals at the
post-flexion as to be included in the SOM analysis.

Figure 6 (top panel) shows the 9 patterns extracted from the 3x3 coupled SOM analysis
of taxa abundances and environmental parameters, where the probability of finding that
particular pattern in the data is indicated. The temporal succession of the different
patterns is also displayed in the bottom panel. The topological ordering of the patterns
in the neural network performed by SOM is clearly depicted: patterns with higher larval
abundances, higher presence of post-flexion stages (taxa 23-26 in Fig. 6, see also Table
2) and stronger influence of water temperature are located around the bottom-left corner
of the neural network, and those with lower taxa abundances, absence of post-flexion
stages and environmental scenarios characterized by the high velocity of the current and
lower temperatures are located around the top-right corner. As a consequence of the
preservation of topology, the closer to these extremes, the more similar the patterns are
(e.g., pattern 2 (P2) is more similar to P1 than to P8). Patterns with the highest
probability of occurrence are located in the corners of the neural networks being P9 the
most dominant (ca. 21%) followed by P1, P8, P3, and P7. Note that P5 with zero

probability of occurrence is included by SOM to preserve topological continuity.
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Figure 6: Results of the SOM analysis. Top: Abundance distribution patterns of each taxa (ordered 1 to
26, Table 2) given by a 3x3 SOM analysis. Number in each pattern label (P1 to P9) is the corresponding
total occurrence probability. Inside each taxa pattern (blue), the corresponding environmental scenario
pattern (red). Bottom: Evolution of each taxa and environmental pattern shown in the top plot during the
study period. The shaded area represents the onset of stratification. Taxa numbers (Table 2): Pre-flexion
stages (1-22); Post-flexion stages (23-26); Environmental variables: Mi: Microzooplankton dry weight
(biomass, mg m); Me: Mesozooplankton dry weight (biomass, mg m'S); Chl: Chlorophyll (mg m™); C:
module of the current (m s_l); T: water temperature (°C) and W: wave height (m)

The temporal succession of the extracted patterns also follows the bottom-right to top-

left distribution (Fig. 6, bottom). That figure shows that minimum day-night differences

were observed above or below the thermocline before the onset of stratification (~
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June). The patterns are grouped representing different situations occurring at different
times, i.e., the group of nearby patterns (P7-P9) are more dominant from April to May,
and patterns (P1-P6) dominate from June onwards, in coincidence with the development
of the thermocline in the area (Figs 3 a, d). This transition implies that before the
thermocline establishment, prevailing patterns are formed by few taxa and high
abundances of S. smaris. Those taxa spawn at low temperatures and exploit a situation
of high chlorophyll. On the contrary, after the thermocline is formed, high temperature,
relatively low Chl-a and plankton food constitute the prevailing environmental
conditions for P1-4. Noticeably, the SOM reveals, in the temporal evolution of the Best-
Matching Units (BMUSs), that samples taken during the day and above the thermocline
in June-September (P4, and to a lesser extent P2 and P1) differ largely from the patterns
emerging from below the thermocline; in general, the abundance of species above the
thermocline during the more stratified period was lower than below the thermocline.
Finally, post-flexion larvae (species 24-26, Fig. 6 top panel) appear fundamentally in P3
and are detected mainly during the night and below the thermocline in July-August.

3.5. SOM application to single species evolution.

We here demonstrate the utility of SOM analyses for species for which enough detailed
information (through time and length abundances) exists: the spring/summer-spawning
European anchovy E. encrasicolus and the abundant winter-spawning sparid S. smaris.
In these cases the input data used in the SOM computations is composed of time series
of the abundance of a particular species for different size classes. The temporal patterns
of all the E. encrasicolus and S. smaris length classes were analyzed separately through
two 2x2 SOM. In the E. encrasicolus analysis, pattern 3 showed zero probability of
being present among our data (Fig. 7). The pattern representing most data (P4, 46.15%)
showed the trend of capturing more individuals during the night during all the time
series, shared to a lesser extent by P1 and P2. Daytime larval abundances were higher in
Pattern 1, with a 23% probability of being present in our data and corresponding mainly
to the smallest individuals (L1 to L3, Fig. 7 bottom). A progressive reduction in the
daytime presence of larvae in the tows is represented by Pattern 2, corresponding to
length classes 4-7, whereas the largest size classes (L8-L13) are clearly captured

basically in the night, according to P4 (Fig. 7, bottom).
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Figure 7: Results of the SOM analysis for E. encrasicolus length classes. Top: Temporal patterns of E.
encrasicolus abundance above (A) and below (B) the thermocline given by a 2x2 SOM analysis during
the day (red) and night (blue). Number in each pattern label (P1 to P4) is the corresponding total
occurrence probability. Bottom: Correspondence of the patterns shown in the top plot to each of the
length classes.

The results of the SOM applied tor S. smaris are shown in Fig. 8. In this case, pattern 3
showed no probabilities of being present among our data. The most probable pattern
(57.14%) was P4, followed by P2 (28.57%) and P1 (14.29%). The largest individuals
(length classes L4 to L7) followed P4, whose main differences with P1 and P2 (L1 to
L3) were lower abundances above the thermocline, but fundamentally a high
concentration below the thermocline during daylight, and not so much during the night.
On the contrary, they were almost absent above the thermocline during daylight. The
other patterns showed that for smaller larvae, this absence over the thermocline during

daylight was less pronounced.
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Figure 8: Results of the SOM analysis for S. smaris length classes. Top: Temporal patterns of S. smaris
abundance above (A) and below (B) the thermocline given by a 2x2 SOM analysis during the day (red)
and night (blue). Number in each pattern label (P1 to P4) is the corresponding total occurrence
probability. Bottom: Correspondence of the patterns shown in the top plot to each of the length classes.

4. DISCUSSION

The results of the present study revealed differences in the patterns of abundance and
vertical distribution of fish larvae before and after the establishment of the water
column stratification. The use of Self Organised Maps analysis (SOM) made possible
the reduction of the multiple non-linear relationships among taxa and environmental
variables into more understandable patterns of probability, showing that valuable
information can be extracted when applied to data sets of different complexity.

There are at least three drivers of complexity in the way to investigate our main
hypothesis of the vertical distribution of fish larvae being associated with the properties
of the environment. They are basically the natural turnover of taxa that follows
seasonality, the differences in behavior between ontogenetic stages of the same taxa,
and finally, the choice of the different environmental parameters that might influence
the processes. Trying to formally analyze how each species behaves with regard to these
factors would have probably implied the construction of several complex models (e.g.,
state-space models) for each species, given that typical GLMM or GAMS are
inappropriate due to the underlying properties of the data.

The succession of taxa in the area, characterized by a progressive change in assemblage

composition throughout spring, and a sharp change (mainly due to the increase of
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benthopelagic species) in early summer were already described in the NW
Mediterranean (Alvarez et al., 2012; Fernandez de Puelles et al., 2007; Maso et al.,
1998).

The seasonal differences detected before and after the onset of stratification, with higher
abundances but lower number of taxa in spring, and an opposite pattern in summer are
also in concordance with previous descriptions in the area (Alvarez et al., 2012;
Fernandez de Puelles et al., 2007). These differences in reproductive strategies between
spring and summer assemblages have also been described for other areas in the
Mediterranean such as the Catalan sea (Sabatés, 1990), northern Aegean Sea (Koutrakis
et al., 2004) and also in distant areas such as the South China Sea (Huang et al., 2017).
In general, the succession of taxa and differences in spawning strategies between taxa
have been attributed to the reduction of inter- and intra-specific competition for food
resources in the NW Mediterranean (Sabatés et al., 2007), and more specifically to
shifts in the prevailing trophic pathway exploited by reproductive adults; from a more
productive pelagic environment during spring, vs. a more productive benthic
environment (rocky bottom and seagrass meadows) in summer(Alvarez et al., 2012).
Most larvae in our study were small and undeveloped due to i) the sampling method
(Bongo-40), which selects for mainly preflexion stages (Catalan et al., 2014)and ii) the
fact that Palma Bay is a productive spawning ground for many species (Alvarez et al.,
2015a, 2012). Due to the limitation in size classes, the analysis of ontogenetic-
dependent migration (e.g., Borges et al., 2007; Huebert et al., 2011; Irisson et al., 2009)
could only be tested for few species. However, the potential of SOM for this type of
analysis is clear, particularly for the combined use of non-linear methods and the use of
probabilistic proxies in the interpretation.

The division into pre and post notochord flexion, used to differentiate among swimming
abilities and widely applied in the literature (Olivar et al., 2018; Olivar and Sabatés,
1997, among others), has been proven not to be the best criterion to depict vertical
positioning, as revealed by the two SOM analysis conducted on individual taxa (Figs 7
and 8). For Spicara smaris, the literature proposed 5.5 mm SL as flexion length (Table
1, Alemany, 1997) whilst we found differences in the vertical behavior after the 3 mm
(Fig. 8). In the Engraulis encrasicolus case, 10 mm SL was used to group individuals
into pre and post flexion (Table 1, Somarakis and Nikolioudakis, 2010). However, in
the SOM analysis, three different size patterns with respect to the thermocline were

recognized: 1-3 mm, 4-7 mm, and 8-13 mm (Fig. 7). The onset of the notochord flexion
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in European anchovy was determined around 7 mm SL of preserved length by
Somarakis and Nikolioudakis (2010) and was related to the initiation of swim-bladder
inflation (considered to trigger the onset of vertical migrations and subsequent
schooling behavior). Our results suggest that SOM can be a useful method to
summarize vertical distribution data through time and ontogeny. However, the full
power of SOM would be further revealed in even more complex data sets, for example,
using fine-scale image-based vertical sampling techniques. In this respect, artificial
intelligence that uses complex neural network approaches (e.g., Deep Learning) is
irrupting in the analyses of larval fish ecology (e.g., Axler et al., 2020; Catalan et al.,
2020).

The wide variety of environmental variables that can influence the vertical position of
fish larvae, added to the potential non-linearity of their possible influence, makes the
statistical or numerical approximations to the problem an uphill climb. Most of the
research in the vertical position of fish larvae is thus centered on the description of the
environment and the larval fish associations and the discussion of possible relationships
among them (e.g Muhling and Beckley, 2007; Sanchez-Velasco et al., 2007). Some
authors have addressed their research in a numerical way, with correlation coefficients
(Gray and Kingsford, 2003; Rodriguez et al., 2006) and multiple linear regression
(Vargas-Yafiez and Sabatés, 2007). We show that the SOM analysis can be a useful tool
to handle both the high number of variables and the nonlinearity of the processes under
analysis. The application of the current analysis, however, does not preclude the need to
conduct a priori elimination of confounding variables.

Both dependence and independence of vertical distributions from the water column's
vertical thermal structure have been observed for coastal and oceanic waters in different
regions of the world. As an example, the relationship between the vertical distribution
of fish larvae and the seasonal evolution of the structure of the water column was
studied using static stability and the pycnocline position as a stratification indicator in
Bahia de La Paz, SW Gulf of California (Sanchez-Velasco et al., 2007). The authors
concluded that significant differences in taxa and larval abundances were found among
the water column's most stable stratum and the below-pycnocline stratum. Our results
support those findings, with differences found before and after the stratification period
in the area, with most of the species found in the stratified (stable) period.

However, Rodriguez et al. (2006) reported an almost negligible influence of the

thermocline on the vertical distribution of fish larvae in the Canaries-African coastal
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transition zone and related that result to the relatively weak thermocline in the area.
Gray and Kingsford (2003) also provided evidence that thermoclines had no detectable
effect on vertical distributions of fish larvae and mesozooplankton in dynamic coastal
waters, although in that case, perturbations in the position and intensity of thermoclines
were frequent. Laboratory studies on the effect of vertical gradients on larval fish
distribution show that the thermocline can exert a variable effect depending on the
species, stage, and other variables such as fish condition or visibility (Catalan et al.,
2011; Reglero et al., 2018; Vollset et al., 2013).

When analyzed together, all studies seem to converge at one point: stability of the water
column in terms of mixing activity conditions can be related to the vertical position of
fish larvae (here, larval behavior plays a more prominent role), whereas the lack of
stability (e.g. weak or perturbed thermocline) weakens the detection of patterns at the
vertical scale. The behavioral control will, in turn, be dependent on larval swimming
capacities (e.g., Olivar et al., 2001; Ospina-Alvarez et al., 2012). Siegel et al., (2008)
concluded that larval settlement is inherently a stochastic process driven by the
interaction between coastal circulations and organism life histories. Siegel's "settlement
equation” (coastal circulations; organism life histories) can be seen as a balance
between its terms, depending on the moment in which the system is observed: coastal
circulation might gain prominence for settlement in unstable scenarios (spring mixed
column water in our study) whereas the influence of the organism life histories on
settlement gains weight in stable scenarios (summer stratification period in our study).
Although the sampling of a unique station throughout time was used to assume
stationary conditions in our study, the influence of dynamical processes induced by
lateral and vertical stirring, vertical shear of horizontal velocities, and advection of
larvae cannot be discarded, adding complexity to the system. Other hypotheses confer a
relevant role to larval behavior and justify the need for vertically-resolved surveys: the
Sense Acuity and Behavioral hypothesis (Teoddsio et al.,, 2016) proposes that
individuals develop different behaviors and skills depending on the coastal cues they
face. The importance of behavior for Mediterranean fish was recently proved by.
Summarizing, we could determine differences in the vertical strategies of fish larval
assemblages before and after the establishment of the stratified period in a very complex
data set through the use of an automatic data-analysis method (Self Organizing Map,
SOM). The method neither generates cause-effect relationships nor extracts species-

specific patterns (unless specified, as shown in some examples) in the way it has been
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applied. However, SOM analysis allowed the description of the whole multispecific
system overcoming the difficulties inherent in describing non linear processes. The
possibility of analyzing these intricate multivariate patterns without the restriction of
linear approaches is a useful tool in understanding the complexity of recruitment

processes and settlement success of fish.
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HIGHLIGHTS
USING SELF ORGANIZING MAPS TO ANALYZE LARVAL FISH ASSEMBLAGE
VERTICAL DYNAMICS THROUGH ENVIRONMENTAL-ONTOGENETIC GRADIENTS.
Alvarez, I'"; Font-Mufioz, J S*% Hernandez-Carrasco, I'; Diaz-Gil, C'% Salgado-Hernanz, P.

M.L: Catalan, I. Al

e Larval fish assemblages analysis with Self Organizing Maps allows overcoming linear

constraints
e Self Organizing Maps analysis allowed the description of the whole coastal multispecific

system
e Self Organizing Maps also allowed identifying ontogenetic differences in vertical

positions
e Differences in larval fish vertical strategies before & after the establishment of

stratification
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