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Seasonal fish larvae abundance
and composition in seagrass
habitats of coastal East Africa

Noah Ngisiange?*!, Barnabas Tarimo?, Lillian Daudi?, Stephen Mwangi?, Fadhili Malesa*,
Rushingisha George®, Margareth S. Kyewalyanga3, Martin Gullstrom®, Melckzedeck Osore?,
James Mwaluma? & Monika Winder*"™

Seagrass habitats play a major role in fisheries productivity through nursery functions and feeding
grounds for diverse fish species. However, little is known about the seasonal distribution of fish

larvae at large spatial scales in coastal East Africa. We investigated drivers of the seasonal fish larvae
abundance and composition in seagrass habitats in Kenya and Tanzania. We found a high diversity

of fish larvae (54 families) inhabiting seagrass habitats that differed between sites and seasons. Fish
larvae abundance were highest in Kenya, particularly during the northeast monsoon season. Overall,
total larval abundances per site were low, reaching less than 190 individuals/100 m? in Kenya and less
than 40 individuals/100 m3 in Tanzania, likely related to the low productivity and strong hydrodynamic
processes in this region. Our data suggests that most of the fish spawn year-round in these tropical
waters as we did not find strong seasonal patterns. All sites had a high relative abundance of larvae
from demersal spawning fishes, indicating that many fish species move to coastal sites for spawning.
Primary productivity and dissolved oxygen, driven by hydrodynamics conditions are positively related
to fish larvae productivity both in Kenya and Tanzania. These findings indicate that the occurrence of
both resident and transient fish larvae in seagrass meadows is driven by strong hydrodynamic and
tidal processes that transport fish larvae across adjacent habitats.

Keywo rds Coastal East Africa, Seagrass habitat, Fish larvae, Abundance, Community composition,
Seasonality

Seagrass meadows are among the dominant shallow-water habitats in tropical coastal areas, providing numerous
essential ecosystem functions, including the usage as nursery and feeding grounds for plentiful fish species'.
The structural complexity of seagrass habitats is expected to provide shelter, food and protection from predation
for fish larvae and juveniles®>. The habitat complexity of seagrass meadows in combination with the relatively
calm waters of nearshore areas is expected to support adult spawning and fish larval retention®’, although some
larval retention within habitats may also be affected by other factors such as spawning behaviour®. Because fish
mortality during early life stages is a critical production constraint and a critical factor in ensuring the sustain-
ability of fish stocks”!, information on the distribution of fish larvae in coastal areas is necessary to provide an
essential understanding of fish community biology and seasonal productivity patterns''2. Yet, little is known
about factors influencing the distribution of early life stages of fish, particularly in the coastal habitats of East
Africa in the Western Indian Ocean (WIO), a region where fish are an essential source of food and income’*.
Seasonal variability of fish larvae community composition and abundance across shallow-water coastal habi-
tats mainly focused on local area comparisons, covering a relatively narrow spatial scale’*"", which limits the
understanding of how environmental conditions and ecological characteristics occurring at a larger scale (tens
to hundreds of kilometres) influence the distribution of fish larvae.

Understanding the processes that drive fish larvae growth and survival is important for maintaining lar-
val recruitment and fisheries productivity'®'®. Only around 1% of the larvae that hatch from eggs survive to
maturity!®?°, mainly due to high starvation-induced mortality within the first days of hatching?!, predation or
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death by natural causes due to complex environmental variability*>. The early fish larval stages, including the
egg-yolk and preflexion stages are free-floating and local hydrodynamic processes are therefore important for
determining larval distribution and the environmental conditions they experience. At these early life stages,
larvae can be transported on a large geographic scale or retained in certain areas by eddy formations that are,
for example, driven by the configuration and location of islands. In addition, fish larvae may migrate vertically
and distribute passively at a certain horizontal position?’, contributing to larval retention in certain areas. At
the late postflexion stage, fish larvae can actively move, orient and modify their dispersal through directional
swimming behaviour**?. For instance, during the flexion and postflexion development stages, some larvae spe-
cies can swim up to 30 cm sec! horizontally and vertically®®. At the late larval or juvenile stages, settlement to
coastal areas typically occurs in species-specific patterns. Fish larval dispersal and settling are also related to the
spawning mode of their parents®. Pelagic spawners, such as surgeonfishes (Acanthuridae), are characterized
by many eggs and small-sized larvae released directly into the water column'®?. As a result, dispersal starts
before the fish larvae phase, with a relatively long pelagic larvae duration and larger dispersal potential before
settlement®®. In contrast, demersal spawners, such as gobies (Gobiidae), attach their eggs to a substrate, produc-
ing relatively large fish larvae with a relatively short pelagic larval duration, short distance dispersal and overall
fast larval development?.

Fish larvae abundance and community composition are also constrained by environmental factors, such
as seasonal variations in current velocities, water temperature, salinity and oxygen concentration, that affect
larval growth, survival and spawning time**?!, but these factors act differently depending on the area-specific
context**>**. Environmental conditions trigger spawning and aggregation of fish larvae®*, and are often syn-
chronized with the lunar cycle. Fish larvae composition may consist of resident spawned larvae that travel short
distances and are observed often year-round in tropical waters, while transient spawned larvae travel relatively
long distances and often occur at specific times of the year. Families like Labridae, Scaridae, Serranidae, Acanthu-
ridae, and Lutjanidae form resident spawning aggregations, although there may be differences between species®.
Offshore spawning followed by a pelagic larval stage where larvae move to nearshore habitats and undergo a
benthic stage is common in many fish species associated with seagrass beds®, such as the transient spawning
aggregation taxa Sphyraenidae, Belonidae, Carangidae, Lethrinidae, and Gerreidae.

Larval supply is highly defined by coastal hydrodynamics that greatly influence larval transport. Currents as
part of coastal hydrodynamics play an important role in determining material transport in the ocean, which also
affects the processes of dispersion, retention and accumulation of fish larvae®®. Along the East African coast, the
horizontal current transport can take an eastern or northern direction®. This may disperse fish larvae between
habitats or from offshore to inshore areas. Current patterns are influenced by monsoon seasons and the dispersal
of larvae mostly occur during high tides with site-specific hydrodynamics that drive local changes in water cur-
rents and tides. The year-round, northward-flowing East African Coastal Current (EACC) largely drives oceanic
conditions along the coastlines of Kenya and Tanzania®, but strong seasonality exists due to monsoon forcing
(Fig. 1). Monsoon winds affect the extent of the EACC’s latitudinal range and velocity. During the southeast
monsoon (SEM, April to October) season, the EACC is accelerated and extends its range northward, where
it affects the entire Kenyan coastline® through the northward current velocity (Nvel)*’. During the northeast
monsoon (NEM, November to March) season, the EACC weakens but does not reserve direction and positive
vertical current velocities from the east develop, termed eastward current velocity (Evel)*’. Although the mon-
soon winds and ocean currents are the predominant patterns, regional differences may cause variations in flow
and circulation patterns, which may in turn affect fish larvae retention and dispersal patterns*!.

In this study, we investigated the seasonal variability of fish larvae abundance and community composition
across seagrass habitats in response to variability in environmental variables along the coasts of Kenya and Tan-
zania. We hypothesized that fish larvae abundance and community composition vary (1) across sites at a large
spatial scale 10-100 km, and (2) between the NEM and SEM monsoon seasons. We also hypothesized (3) that the
assumed differences in (1) and (2) are influenced by environmental factors specific to NEM and NEM seasons.

Materials and methods

Study area

The research was carried out in seagrass meadows in four areas in coastal East Africa (Fig. 1), including two
areas in Kenya (Watamu and Diani), one area in the Tanzanian coastal mainland (Tanga) and one area on Zan-
zibar Island (Zanzibar). All areas are utilized by artisanal fishers for food and income****, The sampling area of
Watamu is a shallow lagoon with an average depth of 5 m at high tide*’. Tidal flushing characterizes this area,
while almost the entire area dries out during low tide, except for a few deeper channels*. Patch reefs fringe the
area on the ocean side where they break the strong waves®. The ebb and flood tides facilitate the exchange of
materials between the lagoon and the ocean. Diani is a shallow-water coastal area with an average depth of 3.9 m
at high tide*. As in Watamu, much of the area in Diani dries out at low tide, leaving water only in a few deeper
channels. The offshore currents flow mainly northward with rates of up to 4 knots during the SEM and 3 knots
during the NEM, but within the Watamu areas, the currents are weak (< 0.8 knots). The Tanga site is located
in a shallow-water area with an average depth of 3.5 m at high tide*. The speed of water currents in this area
is about 1.9 knots and a small portion of the area is exposed during low tide*’. The sampling area at Zanzibar
Island included the semi-enclosed shallow Chwaka Bay, with a total area of 50 km? at spring high tide and an
average depth of 3.2 m at high tide*, and Fumba, which is a non-estuarine open coastal area with an average
depth of 10 m at high tide and a large exposed area at low tide*. In addition to seagrass habitats, the sampling
sites of Zanzibar and Tanga comprised fringing mangroves, patches of coral reef and a variety of macroalgae.
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Figure 1. Map of the sampling area and dominating oceanic currents. The insert plot shows the study area
along the East African coast and symbols the sampling locations. Sampling sites in Kenya are Watamu and
Diani, and in Tanzania Tanga (mainland) and Zanzibar Island (Unguja, herein referred to as Zanzibar). Arrows
indicate the dominating flow of the currents between different seasons i.e. SEM and NEM, i.e. the Somali
Current (SC), South Equatorial Counter Current (SECC) and East African Coastal Current (EACC). The map
was developed and generated using ArcGIS Desktop version 10.57%,

Sampling and sample analysis

Sampling was conducted for a minimum of three months per season at each site, repeated over two sessions (2
season cycles), except for Zanzibar, where sampling occurred throughout all 12 calendar months. Sampling took
place at the sites of Watamu, Diani and Tanga from June 2019 to January 2021, and at the Zanzibar sites from
January to December 2018. The sampling frequency was designed to factor in seasonality, i.e. SEM (April-Octo-
ber) and NEM (November-March) seasons. All sites were sampled during the daytime and at high tide (between
06:30 h and 15:00 h). Each site had two different subsites, which were selected based on accessibility and rep-
resentativeness in the presence of seagrass meadows. Fish larvae were sampled using a plankton net with a
removable cod end (mesh size 500 um), a mouth diameter of 0.5 m and a length of 2.5 m, fixed with an oceanic®
flowmeter in the mouth frame to estimate the filtered volume of water. The plankton net was towed horizontally
(at an average depth of 1 m) for 15 min behind a motorized boat (at a speed of around 1-1.5 knots, equivalent
to 2-3 km per hour) and replicated twice at each station. The net was kept at about 8 m from the rear of the
boat to avoid effects of boat wake during sampling. The sampling path was random to maximise larvae capture.
The fish larvae specimens were fixed with a 75% ethanol solution until further analysis. During each sampling
event, in situ water parameters, including sea surface temperature (SST), salinity, pH, and dissolved oxygen
(DO), were recorded in triplicate at all sites. SST and pH were measured using a multiprobe pH meter with a
temperature sensor (Model STX-3). Salinity was measured using a portable refractometer (HHTEC 4-i-1) and
DO concentration using an Extech 407,510 m. Opaque bottles, were used to sample surface water (500 mL)
for chlorophyll a (chl a) and filtered onto 47-mm diameter Whatman GF/F filters, extracted with Ethanol and
measured using spectrophotometry®. Surface ocean current velocity data, including eastward current velocity
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(Evel) and northward current velocity (Nvel), were obtained from an operational Mercator global ocean analysis
and near real-time forecast system at 1/12° (0.083°x 0.083°) using the WGS84 coordinate referencing system
(producing hourly mean values) with daily and monthly updated frequencies®. Data retrieval was done using
latitude and longitude reference points for the different areas from 2019 to 2021.

In the laboratory, fish larvae were isolated from zooplankton and identified to family level using larval identi-
fication guides®'~*. The development phase, i.e. preflexion, flexion or postflexion was assigned to each specimen,
while specimens of syngnathiforms (i.e., seahorses and pipefishes) were classified as larvae or juveniles because
they lack differentiated growth phases®. Distorted fish larvae without intact morphological features or egg yolk
stage larvae that could not be identified were grouped as unidentified.

For quantifying seagrass cover and species composition, we used non-stratified sampling with randomiza-
tion. Seagrass cover was estimated on a percent cover scale (0-100%) using a 50 x 50 cm quadrat and 10 random
quadrats.

Data analysis

Seagrass total cover (percentage) in all sampling sites was performed to identify the most abundant cover by
species type. The percent cover per sampling site was determined by getting the total percent cover of transects
divided by the number of transects used for each sampling site. PerMANOVA analysis based on Euclidean
distance as a variable distance method was used to test sites and seasonal seagrass species percentage cover
differences. Fish larvae that were classified as "unidentified" were only used to calculate total abundance and
were excluded from the family composition analysis. Differences between sites and seasons of fish larvae total
abundance, mean abundance per fish larvae family and size were calculated using two-way Analysis of variance
(ANOVA) with post-hoc Tukey HSD test. Non-parametric multidimensional scaling (NMDS) with Bray-Curtis
distance was used to visualize patterns of fish larvae community structure among sites and between seasons using
the vegan 2.6-4 R package®. Families that drive the site distribution pattern, referred to as intrinsic variables
(based on NMDS), were derived using the envfit function in vegan. PerMANOVA analysis based on Bray-Curtis
distance was used to identify site and season effects on fish larvae family composition, larval stages and spawning
mode with posthoc test using the pairwise.adonis2 function®. For testing the assumption of dispersion homo-
geneity, we used PerMDISP test. Stepwise generalized linear model analysis using the MASS package was used
to determine the relationship between total fish larvae abundance and environmental variables that explain the
greatest seasonal variability of each site, including eastward current velocity (Evel), northward current velocity
(Nvel), water temperature (SST), salinity, dissolved oxygen (DO) and chlorophyll a (chl a) by iteratively selecting
or deselecting predictors based on their statistical significance. Relationships between environmental variables
were tested using correlation coefficients.

Results

Seagrass habitat characteristics

Seagrass species accounted for over 45% of total substrate cover in all sites. Watamu and Tanga had high seagrass
species diversity with 7 and 8 species, respectively, while in Diani Thalassodendron ciliatum (> 96.8%) and in Zan-
zibar Thalassia hemprichii (88.1%) dominated the seagrass community (Fig. 2). These two climax species covered
about 42% in Watamu (T. ciliatum) and >50% in Tanga (T. hemprichii), indicative of an overall stable seagrass
zone at all sites. Seagrass species composition differed significantly between sites (PerMANOVA, F; ,,=58.0,
p=0.001) but not seasonal differences within sites (PerMANOVA, F; ,,=0.1, p=0.9).

Fish larvae abundance and community composition across sites and monsoon seasons

During the entire study, a total of 1982 fish larvae individuals were sampled (SEM 1085, NEM 897 individuals),
out of which 1941 were identified. Total fish larvae abundance over the sampling period differed between sites
(ANOVA, F;,,=11.1, p<0.001) but not seasons (F, ,,=3.6, p=0.07). Highest total fish larvae abundances were
recorded in Diani with 189.5+ 13 SE and 135.5 + 13 SE larvae per 100m? during the NEM and SEM season,
respectively, followed by Watamu during the NEM season (119 + 35 SE larvae per 100 m®) (Fig. 3a). Abundances
were lower in Zanzibar (average of 29.8 + 4.2 SE larvae per 100 m? over the sampling period) and lowest abun-
dances were observed in Tanga (16.3+63.5 SE larvae per 100 m?). Mean fish larvae abundance per family ranged
from 1.4 to 15 larvae per 100 m® with the northernmost sites Diani and Watamu reaching the highest densities
(Fig. 3b), similar to total abundance. At Diani, mean fish larvae abundance per family was significantly higher
during the NEM (15 +2.2 SE larvae per 100 m?®) compared to the SEM (7 +2.0 SE larvae per 100 m®) season
(p<0.001). Similarly, Watamu had about twice the mean fish larvae abundance during NEM than SEM (8 £1.0
SE vs. 4% 0.5 SE larvae per 100 m?), but here the effect of season was not significant (p=0.78). Tanga had the
lowest mean abundance per family (1.4 +0.1 SE larvae per 100 m® over the sampling period), while abundance
in Zanzibar were slightly higher (2.29+ 0.2 SE larvae per 100 m®).

Overall, larvae from 54 fish families were observed across the investigated areas (Fig. 4). In decreasing order of
abundance, the 11 most abundant families across sites and seasons were Gobiidae, Scaridae, Syngnathidae, Ger-
reidae, Lutjanidae, Blenniidae, Apogonidae, Labridae, Engraulidae, Nemipteridae and Serranidae, contributing to
more than 70% of total abundance. Some families were recorded only at specific sites; for example, Anguillidae,
Eleotridae, Pleumectidae, Sillaginidae and Trichonotidae were exclusively detected in Diani, Istiphoridae and
Cirrhitidae were only found in Watamu and Zanzibar, respectively, and Pomacanthidae and Balistidae in Tanga
during SEM (Fig. 4). Fish larvae family composition was significantly different between sites (PerMANOVA,
F3155=7.2, p=0.001) and seasons (F, ;,5=2.2, p=0.01) (Fig. 5). Community composition in Zanzibar differed
significantly from Diani and Tanga (p <0.008), and between Watamu and Tanga (p=0.021). However, as the
dispersion of the fish larvae community differed among sites (PerMDISP, F; ;,,=9.9, p <0.001), non-homogenous
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Figure 2. Seagrass species cover. Mean percentage cover of the seagrass species at each sampling site across the
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Figure 3. Fish larvae abundance. Abundance of (A) total fish larvae and (B) mean by familyacross the four
study sites during the two monsoon seasons. Families that contributed >2% of the total abundance are included.
NEM =northeast monsoon, SEM = southeast monsoon.

variance may interfere with these results. Fish larvae families that accounted for the difference among sites
(intrinsic variables based on NMDS) were Atherinidae (R*=0.16, p=0.002), Blenniidae, (R*=0.15, p=0.001),
Engraulididae (R*=0.10, p=0.009), Gerreidae (R>=0.17, p=0.002), Gobiidae (R?=0.07, p=0.01), Lutjanidae
(R*=0.11, p=0.006), Siganidae (R?=0.06, p=0.02), Syngnathidae (R*=0.15, p=0.001). Atherinidae (R*=0.16,
p=0.002), Blenniidae, (R?=0.3, p=0.001) were major families driving NEM seasonal differences, while Gerreidae
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(R*=0.1, p=0.003), Gobiidae (R?=0.1, p=0.005), Lutjanidae (R*=0.1, p=0.002) were major families driving
SEM seasonal differences.

Fish larvae development stage, adult spawning mode and sizes
The majority of fish larvae sampled were in the preflexion growth stage (39.1%), with slightly fewer in the post-
flexion (33.7%) or flexion (27%) development stages across all sites in both seasons (Fig. 6a). The percentage of
fish larvae stages was similar between seasons in all sites (PerMANOVA, F, ,4=2.8, p=0.07) but significantly
differed among sites (F; ;6=20.1, p=0.001). Zanzibar had the highest proportion of postflexion stage (90%),
which was lower in Tanga (74.8%), Watamu (49.3%) and Diani (25.8%). Reversely, Diani (52.7%) and Watamu
(31.9%) had the highest percentages of preflexion stage, which were lower in Tanga (11.9%) and Zanzibar (4.9%).
Fish larvae from demersal spawning fishes predominated all sites, with an average of more than 75% of the
fish specimens and significant difference between sites (PerMANOVA, F; 5, =8.5, p>0.002) and but not between
seasons (F, ;; =2.6, p=0.1) (Fig. 6b). Fish larvae size ranged from 0.8 to 104 mm in total length (Fig. 7) and dif-
fered between sites (ANOVA, F; ,,=32.3, p<0.001) and seasons (F, ,;=12.93, p=0.001) in Watamu, Diani and
Tanga (p <0.003). Fish larvae in Zanzibar reached the largest mean size (16.9 mm, p <0.001), followed by Tanga
(10.0 mm) and Watamu (9.6 mm), while the lowest mean size was observed at Diani (6.4 mm, p <0.008) (Fig. 7).

Relationships between environmental conditions and fish larvae abundance

The SST ranged from 25 to 31 °C during the sampling period across all sites, with the highest temperatures
(slightly above 31 °C) recorded in Zanzibar and on average 1 °C higher than other sites (Fig. 8). Salinity fluctuated
minimally during the whole sampling period across the different sites, varying from 33.5 to 35 ppt. Exceptions
were observed in Tanga where the highest value of 37 was recorded in July and in Zanzibar where the lowest
monthly salinities of 31 were observed during April and May. Water pH and DO concentration varied over the
seasons between 6.5 and 9, and 4.4 and 10.9 pg L™!. Chl a concentration was in general below 2 mg L™}, expect
Tanga had higher values in June and July (>2.5 mg L™!). There was a positive correlation with Nvel and primary
productivity (8 =1.04, p<0.001) and DO (=0.07, p=0.04) in Zanzibar, as well as Nvel and SST ($<0.02, p<0.03)
in Watamu and Diani. A strong Evel is related to colder the water temperature ( <0.01, p=0.003) in Diani and
Zanzibar (p=0.04, p=0.0003), allowing for replenishment of DO ($=0.42).

Fish larvae occurrence in Watamu were positively influenced by potential food availability as indicated by
chla (GLM, LRT =7.4, p=0.001), while reduced DO concentration led to low densities of fish larvae (LRT =7.1,
p=0.01) (Table 1). In Diani, total fish larvae abundances were not related to any environmental variables. In
Tanga availability of DO (LRT =1.7, p=0.02) positively influenced fish larvae abundances, while SST (LRT =2.0,
p=0.02) and salinity (LRT =2.0, p=0.006) show a negative effect. In Zanzibar fish larvae abundances was
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Figure 6. Fish larvae development stage and spawning mode. Percentage of fish larvae (A) developmental stage
and adult (B) spawning mode in the different sampling sites during the NEM (northeast monsoon) and SEM
(southeast monsoon) seasons.
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Figure 7. Fish larvae size. Distribution of fish larvae size at the different sampling sites during the NEM
(northeast monsoon) and SEM (southeast monsoon) seasons.

negatively affected by Nvel (LRT =1.5, p=0.06) and salinity (LRT =1.3, p=0.01), while food availability as indi-
cated by chl a (LRT=1.3, p=0.001) and DO (LRT = 1.4, p=0.001) were positively related to fish larvae abundance.

Discussion

We observed a high diversity of fish larvae in seagrass habitats in coastal East Africa, with more than 50 families,
supporting the high species richness of this coastal region®>*. Fish larvae abundances were in general low at
all sites without clear seasonal patterns, suggesting that most of the fish spawn year-round. The highest abun-
dances were recorded in the northernmost sites and particularly during the NEM season. Higher total fish larvae
abundances observed during the NEM season as particularly in Diani compared to the SEM season where we
observe a relative weakened northward current velocity i.e. less than 0.6 m s™%. This may be attributed to reduced
current speed and transport during the NEM season®’, providing calmer waters suitable for spawning and more
frequent local upwelling events along the coast that increase productivity and food availability™, as observed
from the significant role played by dissolved oxygen and chlorophyll a variables. The occurrence of resident and
transient fish larvae suggest that fish larvae composition and abundances are driven by strong hydrodynamic
and tidal processes that transport fish larvae across adjacent habitats.

All the study sites were dominated by seagrass climax species, i.e. Thalassia hemprichii and Thalassodendron
ciliatum. The rich biodiversity within these meadows can enhance the availability of planktonic and benthic prey,
supporting the growth and development of larval fish by providing habitat, food, shelter, and nursery functions.
We also find that seagrass cover did not vary between seasons, indicating that the seagrass sites are relatively
stable habitats over the seasons, unless seagrass meadows are affected by changing environmental conditions,
such as heat waves, eutrophication or grazing impacts™-!. The presence of climax species in Diani is indicative of
calmer waters with relatively stable environmental and seasonal conditions favored by many fish larvae families.

Our findings showed influences of site-specific seasonal environmental variability on fish larvae abundance,
especially changes in salinity, chlorophyll a and dissolved oxygen in Kenya and current velocities, water tempera-
ture, dissolved oxygen and salinity in Tanzania. Oxygen concentrations vary slightly between coastal habitats,
especially in Watamu and Zanzibar, which are characterized by elevated primary production clearly indicating
the supporting effects of localized coastal upwelling on biological production in these sites. The high proportion
of preflexion life stages, especially in Diani, suggests the existence of a natural dispersal kernel and an indication
that more fish completing their entire life cycle within these areas* even though we did not find any relationships
between fish larvae abundance and environmental variables. The Watamu area benefits from increased productiv-
ity as a result of a weak southward flow of the Somali Current during the NEM period, especially in January®2.
Here we also find that fish larvae abundance is positively affected by chlorophyll a concentration. During the
NEM period, the EACC is also temporarily weaker and deflected northward®***°, and our study suggests that this
favours the retention of fish larvae in some of the northern areas, as observed in Watamu. In general, a combina-
tion of calmer waters as observed from the weakened currents, water temperature, dissolved oxygen, chlorophyll
a and salinity likely influence the biological processes and possibility of seeding and retention mechanisms.
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Figure 8. Environmental variables recorded at all sampling sites over the season. The measured environmental
variables include Northward current velocity (Nvel), Eastward current velocity (Evel), sea surface temperature
(SST), salinity, pH, dissolved oxygen (DO) and chlorophyll a (chl a).

Site Evel Nvel SST Salinity DO Chla
Watamu - - - - -0.4 (0.01) 0.5 (0.002)
Diani - - - - - -

Tanga - - -0.1(0.02) —0.2 (0.006) 0.1 (0.02)

Zanzibar - —0.2 (0.0003) - -0.1(0.01) 0.1(0.06) 0.50 (0.001)

Table 1. GLM model output. Results of generalized linear model (GLM) with stepwise model selection
performed on fish larvae abundance at different locations and environmental predictor variables

(Evel = eastward current velocity, Nvel = northward current velocity, SST = sea surface temperature,

DO =dissolved oxygen, Chla = chlorophyll a). Values indicate regression parameters and p-values in
parentheses.

In Zanzibar, velocities are more complicated, whereby Nvel is observed to be predominantly stronger during
the SEM and is negatively corelated to fish larvae abundance and this causes mass water movement and turbulent
mixtures as forced by strong monsoon winds. The Tanga area on the Tanzanian mainland experiences a strong
EACC, i.e. a northward flowing current (1.5-2 m s™), which carries nutrient-poor mid-ocean water resulting
in low biological productivity within the area. However, differences in environmental characteristics, i.e. water
temperature dissolved oxygen and salinity, may have a strong influence on fish larvae abundances®*’* due to
fronts separating coastal sites from the open waters as triggered by strong coastal currents mixing over shallow
waters (<5 m). Tanzanian sites have a long continental shelf, which dries up in some areas during low tide. This
zone experiences extreme temperatures (>33 °C) and, at times, high salinity levels (> 36), especially during the
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NEM. Thus, the differences in fish larvae abundances among sites are likely partly influenced by the site-specific
hydrodynamics that dominate in a specific region, such as variations in the direction and strength of the current
velocities and affect environmental conditions®.

The variations in fish larvae communities across the seasons are also likely related to the spawning behaviour
of the adults and fish larvae behaviour®. Most coastal fishes (such as Atherinidae and Blenniidae) may opti-
mise their reproduction to high water temperatures and calmer periods associated with the NEM season, and
this is observed in our case with high larvae occurring during the NEM, suggesting that seasonality influences
the biological processes of fish. However, most of the fish larvae families were observed year-round suggest-
ing a continuous adult spawning activity. Above 75% of the fish larvae were from demersal spawning families,
while the rest belonged to pelagic-spawning families, indicating that many fish species move to coastal sites for
spawning but migrate offshore later. This suggests that seagrass meadows are crucial for diverse pelagic and
demersal spawning fish species, with demersal fish species (mostly coastal fishes) dominating in many tropical
shallow-water areas, similar to other geographical areas®*-%. The dominance of larvae from coastal fishes, e.g.
gobies and blennies, reflects the existence of short distance spawning adults, whereby their larvae can disperse
from a spawning ground to a small distance of up to 15 km as observed in previous studies®. Preflexion stage
larvae of demersal fishes are likely be swept away from spawning sites into open waters by ocean currents and
tidal processes, where they develop into late-stage larvae that must then find suitable habitat for settlement.
The preflexion larvae survival during this period is usually low and may be influenced by feeding success and
predator avoidance due to their limited swimming ability. Low abundances of individuals within the pelagic
spawning Siganidae family that were sampled only in some areas in Tanzania, suggests that their larvae, especially
the preflexion stage are more prone to being swept offshore® 7”2, Whereas the occurrence of deep-sea fishes
Myctophidae and Scomberesocidae in Diani indicate retention of preflexion larvae during the NEM period.
Dominant fish larval families, such as Scaridae, Gerreidae, Lutjanidae, Labridae, Engraulidae, and Serranidae,
use shallow-water coastal seagrass habitats throughout their larval phases, with dispersal and aggregation in
calmer areas, i.e. bays and lagoons*.

The majority of the fish larvae observed in this study were in the postflexion larval stage except for Diani in
both seasons and Watamu during NEM, which could partly be due to the daytime sampling methodology, as the
postflexion larval stage specimens migrate to deeper waters to escape the predators at the surface waters during
daytime”*. However, this can also be attributed to the active swimming behaviour of postflexion fish larvae®,
demonstrating that fish larvae in the postflexion developmental stages specifically utilize some seagrass habitats
in most of the East Africa region. The low abundance of preflexion larvae in Zanzibar in the NEM season and
Tanga in the SEM season could be attributed to movement between coastal habitats and offshore areas where
there is less predation, and active swimming to the coast at a larger size.

From the results we can observe fish larvae communities from resident spawners, i.e. a few kilometers or few
hours from seagrass areas depending on current dynamics. The smaller size classes of preflexion and egg yok
stage from families like Labridae, Scaridae and Acanthuridae form this part of community, which also happen
to be year-round spawners and spawn within reefs and tidal channels. This is supported by adult fish community
surveys in Watamu and Diani (unpublished data), where we identify a similar fish community of juvenile and
adult stages. This suggests potential cross habitat movement of these families and within residency reproduction.

We also observe transient spawned fish larvae specifically in Diani and Zanzibar, which are likely spawned
several kilometers offshore, i.e. Seranidae. Lutjanidae. While the adults are solitary in seagrass beds and coral
reefs, they move offshore during spawning. This indicates that the larvae for these families are dispersed towards
seagrass habitats by local currents. Siganidae, which are fringing reef spawners and are also encountered in large
areas of Thallasia and Enhalus seagrass beds and extensive mangrove areas along the shore were only encountered
in Tanga and Zanzibar, which have high coverage of Thalassia seagrass. The adults spawning takes place during
NEM season, which is confirmed from our results, showing that family abundances were higher during the same
season. Studies within the region identified similar fish larvae families in mangrove creeks and coral reefs with
the dominant stage being preflexion larvae'””*. This suggests cross-habitat interactions between mangroves,
seagrass and coral reef habitats and that seagrass beds can be transition nursery grounds for most coral reef fishes
and appear in seagrass beds as a result of current and tidal transport processes, for refugia or feeding purposes.

Climate change within the region may have led to habitat shifts with climate warming driving the East Afri-
can coastal region into an ecological desert’>’®. Changes in environmental conditions may also affect current
velocities”. Increasing water temperature may enhance the nutrient-poor Evel and thus reduce the survival rate
of the fish larvae due to insufficient prey availability.

Conclusions and recommendations

Here we find that site-specific seasonal environmental variability is a major factor affecting fish larvae productiv-
ity in some sites within the coast of East Africa. The general low abundances need to be confirmed with night-
time sampling, but they may also indicate an overall low productivity of this region, variable environmental
conditions that drive fish larvae transport processes. Low abundances may also indicate that fish larvae in seagrass
habitats experience high predation pressure. Monsoon seasonality plays a partial role in determining fish larvae
abundances and composition in some of the studied sites, e.g. Diani, while local hydrological and environmental
conditions are the dominant environmental drivers. Our study shows that seagrass meadows are both resident
and transient habitats for fish larvae that harbour various fish larvae families in the pre-settling phase that are
associated with the dominant coastal fishes. The coastal fish communities are both ecologically and commercially
important, suggesting that management and conservation measures should encompass seagrass habitats. This
study recommends continuous monitoring of coastal habitats to detect any ecological changes or habitat shifts
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triggered by environmental variability due to climate change that may further reduce larval fish productivity
within the East Africa coast and the Western Indian Ocean in general.
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