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Quantitative species-level ecology of reef fish
larvae via metabarcoding
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Moti Ohavia?, Claire B. Paris©5, Roi Holzman©?2¢*, Moshe Kiflawi©2%’* and Rotem Sorek ©3*

The larval pool of coral reef fish has a crucial role in the dynamics of adult fish populations. However, large-scale species-level
monitoring of species-rich larval pools has been technically impractical. Here, we use high-throughput metabarcoding to study
larval ecology in the Gulf of Agaba, a region that is inhabited by >500 reef fish species. We analysed 9,933 larvae from 383
samples that were stratified over sites, depth and time. Metagenomic DNA extracted from pooled larvae was matched to a
mitochondrial cytochrome c oxidase subunit | barcode database compiled for 77% of known fish species within this region. This
yielded species-level reconstruction of the larval community, allowing robust estimation of larval spatio-temporal distribu-
tions. We found significant correlations between species abundance in the larval pool and in local adult assemblages, suggest-
ing a major role for larval supply in determining local adult densities. We documented larval flux of species whose adults were
never documented in the region, suggesting environmental filtering as the reason for the absence of these species. Larvae of
several deep-sea fishes were found in shallow waters, supporting their dispersal over shallow bathymetries, potentially allow-
ing Lessepsian migration into the Mediterranean Sea. Our method is applicable to any larval community and could assist coral

reef conservation and fishery management efforts.

cultural and economic values. For over two decades, human
activities have been the cause for extensive deterioration of
coral reefs worldwide. It has been estimated that 27% of the world’s
reefs have been substantially degraded through rising sea surface
temperatures, fishing, tourism, coastal development, eutrophication
and other human-associated activities'”. As a result, considerable
efforts have been invested to monitor, preserve and restore coral
reefs worldwide", with special attention directed at the reef-associ-
ated fish that form an integral part of this highly diverse ecosystem®”.
Coral reef fish are essentially sedentary within their reef system
as adults, but their larvae are pelagic*’. The pelagic larval stage
extends up to several weeks, during which the larvae drift to the
open ocean and can disperse over considerable distances. As such,
the larvae of reef fish are largely responsible for the replenishment
and stability of adult populations, as well as for the colonization of
new habitats. Thus, understanding the ecology of these larvae is
key for long-term efforts to conserve and manage coral reefs'>'!. A
crucial component in our ability to understand the dynamics, dis-
tribution and structure of coral reef fish communities would be to
monitor the composition and structure of their larval pools®'>".
However, although the importance of the larval pool has been long
recognized, species-level data on larval pool structure and dynam-
ics are largely lacking, mostly owing to technological limitations'".
The paucity of species-level information on larval distributions
stems mainly from the high degree of morphological similarity
between young larvae of different fish species', which often lim-

[ : oral reefs are complex ecosystems with important ecological,

its morphology-based classification of fish larvae to the taxonomic
family level only. Moreover, the level of expertise and time invest-
ment required for morphology-based classification renders the tax-
onomic classification of large numbers of larvae both challenging
and impractical'*'"®. Hence, to date, the spatio-temporal structure of
the larval pool has been studied only at coarse-grained taxonomic
resolution: mostly at the family level and rarely below the genus
level (that is, identification of the taxonomic family to which the
larva belongs, but not the actual species)'*'®”, with rare exceptions
restricted to a few focal species'™".

DNA barcoding, using a segment (~650bp) of the mitochon-
drial cytochrome ¢ oxidase subunit I (COI) as a barcode, has been
suggested as a means for species-level identification of individual
organisms®-*%. Successful implementation of the approach requires
a pre-compilation of a database that contains reference barcodes of
the species in the region'. Substantial global effort is underway to
map the COI barcodes of all the fish in the world, as part of the Fish
Barcode of Life Initiative (FISH-BOL) that, so far, covers ~11,000 of
the >32,000 known species®. Species identification using COI bar-
codes typically requires per-individual amplification and sequenc-
ing of the COI region (in our case, for each individual larva)®,
which becomes impractical in studies that include large numbers of
larvae. Consequently, some studies have adopted a meta-barcoding
approach, in which the COI region is PCR-amplified from pooled
DNA that is extracted from all individuals within the sample?. Such
an approach was shown to be prone to strong amplification biases
due to differences in primer annealing efficiencies and artifactual
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barcode chimeras***, with the level of bias depending on the prim-
ers used and the number of PCR cycles®. These drawbacks prevent
accurate quantitative assessment of species abundance and lead
to frequent species misidentification”**. Indeed, universal primer
sets for fish COI amplification show a variable degree of alignment
accuracy to COI sequences that are recovered from full mitochon-
drial genomes (Supplementary Table 1 and see Methods).

Here, we introduce a shotgun metagenomic approach, which
can be applied feasibly to multiple samples to generate quantitative
species-level estimates of larval abundance across space and time.
We applied the approach to 383 ichthyoplankton samples, which
were obtained over 11 consecutive months in the northern Gulf of
Agqaba. This complex reef habitat, which is the northernmost exten-
sion of the Red Sea, contains a rich reef-associated ichthyofauna that
includes ~1,100 species, primarily of Indo-Pacific origin®*’. The
high biodiversity and the unique geography of the Gulf of Agaba
have made this region a widely used model for reef ecology and
conservation studies, including studies on the connection between
global climatic events and coral mortality’** and the processes that
drive marine species diversity’”***'. Coupling our approach with a
comprehensive DNA barcode reference library, which contains the
majority of reef-associated fish species of this species-rich region,
we generated the first species-level documentation of the spatio-
temporal structure of the regional larval pool.

Results

Intensive larval sampling and genomic barcode collection. To
obtain high-resolution insights into the ecology of coral reef fish
larvae in the Gulf of Aqaba, we conducted an intensive ichthyo-
plankton sampling over a period of 11 months between 2010 and
2011 (Fig. 1a,b; Supplementary Table 2). This sampling programme
yielded 383 discrete samples, from 10 geographical sites across
~50km? of the northern tip of the Gulf of Aqaba (Fig. 1b). Each
site was visited either once or twice per month, and sampled at 1-6
depth layers with 25m intervals for the upper 100m (for example,
0-25 or 25-50m) and 40 m intervals in deeper water (100-180 m).
Overall, ~130,000m* of water was filtered during this sampling,
yielding 16,695 fish larvae. Larval cohorts that were visually identi-
fied as belonging to one of five abundant pelagic taxa were discarded
from the set (see Methods), leaving 9,933 fish larvae suspected of
belonging to reef-associated and demersal species.

To identify the sampled larvae based on their COI barcode
sequence (denoted hereafter as ‘COI reads’), we first needed to col-
lect the reference COI sequences of the resident species. We obtained
COI barcode sequences for 420 (77.5%) of the 542 demersal and reef-
associated fish species that were previously documented in the Gulf
of Aqaba, either by sequencing the DNA extracted from tissue sam-
ples from locally collected adult fish or from online public reposito-
ries (Supplementary Table 3). To account for the possibility that some
of the larvae would be of pelagic species, or of Red Sea species not
previously documented within the Gulf of Aqaba, we supplemented
this database with all available COI sequences of fish that are known
to reside in the entire Red Sea, covering ~70% of the known species
in this larger basin (Supplementary Table 3, Supplementary Data 1).

To verify that the COI repository of the Red Sea fish species
can provide unique species-level identification, we quantified the
distance (for example, the number of mismatches within the COI
barcode) between all possible pairing of species of the same genus
in our collection. In the overwhelming majority of cases (97.4%), a
COI sequence was >20 base pairs (bp) from its closest match (aver-
age distance: 83.5bp; Fig. 2). We compared these results to sequence
distances observed between COIs that were sampled from pairs of
individuals belonging to the same species, and found an average
intra-species distance of 2.7 bp, with distances rarely exceeding 5bp
(Fig. 2). The high inter-species diversity in COI sequences, com-
bined with the low intra-species diversity, confirms that fish species

in the Gulf of Aqaba can be unequivocally identified based on their
COI barcode (as in other locations'’).

Unbiased metabarcoding of larval samples. We set out to use the
COI barcode approach to accurately identify all sampled larvae.
Because the large number of larvae in this study rendered amplifi-
cation and sequencing of the COI from each individual larva unfea-
sible, we used a high-coverage metagenomic approach. The entire
pooled genomic DNA from each of the 383 samples (Supplementary
Table 2) was sequenced using the Illumina HiSeq technology. The
sequence coverage for each sample was adjusted to yield ~20 COI-
derived reads per larva, so that samples containing more larvae
were proportionally sequenced more deeply (see Methods). In total,
3.54x 10° paired-end reads (two paired reads, each of a 101 bp) were
generated in this study, 201,145 of which were mapped to the COI
barcode sequence (Supplementary Fig. 1, Supplementary Data 2;
see Methods).

We then compared the COI reads in each sample with each of
the COI barcodes in our set (Supplementary Fig. 1). Only reads that
provided high-confidence identification of species, namely, those
showing unique best mapping with up to two mismatches to one
of the barcodes, were used for species assignment (see Methods).
Surprisingly, only 71.5% of the COI reads showed such high-con-
fidence mapping to one of the COIs in our set, which was in con-
tradiction to our expectation based on the 77.5% coverage of the
reef-associated species space in our barcode database. We reasoned
that some of the larvae may belong to abundant pelagic species, the
COlIs of which were not targeted in our adult sampling effort. To
account for these species, we took advantage of the high-coverage
metagenomic data, and new COI barcodes were de novo assembled
based on a strict, iterative assembly procedure that was verified
independently for a subset of assemblies (Supplementary Fig. 1,
Supplementary Data 1, Supplementary Table 2; see Methods).
Approximately 60% of the de novo-assembled barcodes (95 out of
158) were taxonomically assigned based on sequence phylogeny
and morphological inspection (see Methods), corroborating that
many of these mapped to pelagic taxa (Supplementary Table 3,
Supplementary Data 2). Overall, 184,826 of the 201,145 COI reads
(91.8%) mapped to the extended COI barcode set (including the de
novo-assembled COI barcodes), providing a framework for high-
resolution, high-accuracy species identification.

To verify that our strategy produced accurate taxonomic iden-
tifications, we selected 96 samples, each comprising between 1
and 15 larvae (subset 1 in Supplementary Table 2). For 474 of the
larvae in these samples, it was possible to visually determine the
taxonomic family based on meristic, morphological and pigmenta-
tion criteria, overall identifying larvae belonging to 33 families (see
Methods). In comparison, our metagenomic approach mapped
92% of the COI reads onto barcodes of known species in these
96 samples, identifying 138 individual species. Furthermore, 412
(86%) of the 474 morphologically identified larvae were accurately
accounted for in the COI identifications. For an additional 21 lar-
vae, we recorded discrepancies between the morphology-based and
barcode-based taxonomic assignments, but upon re-examination
of the morphology data, these cases were resolved as clear morpho-
logical misclassifications, verifying the barcode-based classifica-
tion. Thus, the consistency of our barcode-based approach with the
morphology-based taxonomic assignment was at least 91.4%, and
with a much higher taxonomic resolution. Only 41 (8.6%) mor-
phologically identified larvae were not supported in the sequencing
data, which was probably owing to their COI being missing from
our barcode database.

Bias-free metabarcoding reveals species abundance. A major
limitation of PCR-based metabarcoding approaches is the loss of
quantitative data due to amplification biases, which means that it
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Fig. 1| Larval sampling. a, Flowchart of the study and methods. b, Map showing the study sites in the Gulf of Agaba (marked by an arrow in the inset),
which were sampled extensively in 2010-2011. Within each site, sampling was conducted over three bottom depths (and therefore three sub-sites per
site), except for the mid-Gulf deep water (MG) site. Multiple Opening and Closing Net and Environmental Sensing System (MOCNESS) sampling was
conducted for each sub-site over the depth stratum indicated in the figure. MSS, Marine Science Station; NB, North Beach; NR, nature reserve. Credits:
a, NCBI logo, https://www.ncbi.nlm.nih.gov/; BOLDSYSTEMS logo, www.boldsystems.org. The map in b was created by the authors of ref. %, based on
data from that article, and is reproduced with their permission.
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Fig. 2 | COl sequences in the reference barcode set provide distinctive
species identification. Histogram of the pairwise distances (number of
mismatches) separating individuals within species (n=384 bp), different
species within genera (n=79 bp) and different genera within families
(n=580bp). The yaxis represents the percentage of pairs falling within
each distance bin.

is possible to detect the presence of a specific species in a given
sample, but not its abundance (the number of individuals)*-*>. We
reasoned that as our shotgun metagenome-based metabarcoding
approach does not involve PCR amplification, the fraction of COI
reads derived from each individual larva should be proportional
to the relative tissue mass of that larva in the sample. As measur-
ing tissue mass for each larva is impractical, we used a two-dimen-
sional projection as a proxy to tissue mass. Hence, prior to DNA
extraction, we recorded silhouette pictures of all the larvae in each
sample and, using image-processing software, calculated the pro-
portion of the area occupied by each larva out of the total larval
area in the image (Fig. 3a,b). Using a subset of samples in which all
larvae were taxonomically pre-identified to the taxonomic family
level based on morphology (subset 2 in Supplementary Table 2), we
found a high correlation (R*=0.74) between the relative size of the
larvae and the fraction of the COI reads mapping to the barcode
of that larva in the sample (Fig. 3c). Further correction based on
family-specific biases (for example, eel larvae consistently produce
less reads than expected by their relative projected area due to the
thinness of their body) improved the correlation (R?=0.82; Fig. 3¢;
see Methods). These results show that the relative size of each larva
in the sample is an excellent predictor of the amount of COI reads
derived from that larva.

Drawing on the above observation, we developed a statistical
model that uses the relative sizes of larvae per sample and the cor-
responding number of COI reads per species within the sample, to
estimate the most likely abundance of these species (see Methods).
We evaluated the accuracy of this model by examining the resulting
abundance profiles in samples in which taxonomic identity, at the
family level, was inferred morphologically. Our results indicate high
accuracy of the abundance estimates, with errors rarely exceeding
1-2 larvae per species per sample when compared with the actual
abundances (Fig. 3d; see Methods).

High-resolution spatio-temporal larval distribution. Applying
the above method to the 383 samples we collected resulted in taxo-
nomic classification of 9,262 larvae, 5,388 of which were classified
to the species level (Supplementary Table 4). Overall, larvae belong-
ing to 278 species were identified, 255 of which were categorized
as reef-associated or demersal. These species belong to 186 genera
from 79 different taxonomic families, accounting for almost all
known families in the region.

Fish larvae can actively control their vertical position in the water
column from early ontogenetic stages'. Although it is well estab-
lished that vertical position can affect larval dispersal trajectories

(for example, when current velocity is vertically non-uniform)**,
little is known of the extent to which species differ in their preferred
depths. We examined the spatio-temporal distribution of larvae
from the five most abundant families of the reef-associated fish in
our set, encompassing ~60% of the corresponding larvae we iden-
tified. Importantly, our data show species-specific depth distribu-
tions in all families examined (Fig. 4). For example, a clear bi-modal
depth distribution is observed for larvae of the family Gobiidae
(Fig. 4). Whereas the larvae of about half of the species belonging to
this family in our samples tend to dwell in surface water (0-25m)
and appear during July, the other half dwell in deeper water
(50-75m) and have a higher tendency to appear between September
and November (Fig. 4). Similarly, the larvae of Plectranthias win-
niensis (family: Serranidae) frequently reside in depth ranges of
50-100 m, whereas the larvae of its confamilial species Pseudanthias
squamipinnis and Pseudanthias taeniatus are rarely found deeper
than 50 m (Fig. 4).

The water column in the Gulf of Aqaba is stratified in the sum-
mer, but in the winter, it is mixed down to a depth of up to 700 m.
Consequently, vertical gradients of temperature, chlorophyll and
zooplankton densities disappear during the mixed period®-*.
If larvae are responding to these environmental variables, we
would expect seasonal differences in their vertical distribution.
Nevertheless, we found little indication of a pronounced effect of the
time of year on larval vertical distribution (Mantel test for the corre-
lation between the spatial (depth) and temporal (month) dissimilar-
ity matrices: Labridae: r=0.10; Serranidae: r=0.02; Pomacentridae:
r=0.23; Apogonidae: r=0.11; all P < 0.05); with the Gobiidae as the
only possible exception (r=0.25, P=0.02). These results suggest
that larvae actively position themselves in the water column accord-
ing to species-specific depth preferences.

Larval supply and local adult population size. The size and sta-
bility of populations at small spatial scales depend on a set of hier-
archical processes involving larval supply (that is, which species
arrive to the site), settlement and post-settlement processes (that
is, which larvae survive after arrival), which ultimately determine
the number of recruits replenishing the population®*. The relative
importance of larval supply is a central question in reef fish ecology,
but, to date, could not be directly assessed, certainly not for a wide
range of species. In three of the six families examined, we found a
positive cross-species relationship between larval abundance and
the corresponding abundance of adults within local assemblages
(Fig. 5), despite a >4-year separation between the sampling of the
adult and larval data sets (see Methods). As the larval pool prob-
ably represents the reproductive output of a meta-community
spanning an area of at least an order of magnitude larger than the
local adult assemblage, we view these relationships as indicative of
the major part played by larval supply in determining local adult
densities (Fig. 5). Coincidently, however, several species seem to
be consistently absent from the local assemblage despite ample
larval supply (black circles in Fig. 5), presumably because of local
environmental filtering.

Documentation of non-native species. One of the advantages of
shotgun metagenomic sequencing is the ability to discover, in the
larval pool, species whose presence as adults have never been docu-
mented in the region of interest. The fish fauna of the Gulf of Agaba
consists of a sub-sample of the species known from the Red Sea,
and a long-standing question is whether the missing species have
failed to arrive or failed to become established**. Using strict cri-
teria (see Methods), we searched the larval pool for Red Sea species
that have never been documented as adults in the Gulf of Aqaba.
Surprisingly, we found 17 such non-native species (Supplementary
Table 4). Notably, the actual number is probably higher, as not all
of the known local species were recovered as larvae in our samples,
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Lethrinidae Lethrinus lentjan 65,137 13 8.49 2.77
Pomacentridae | Dascyllus trimaculatus 91,610 66 11.94] 14.07
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Fig. 3 | Size-based model for quantitative inference of species abundance. a, Silhouette picture of larvae from sample 97, collected on 19 October

2010 from a depth layer of 25-50 m of the mid-Gulf site. Family identity per larva was inferred based on morphological, meristic and pigmentation criteria.
b, Species identified in sample 97, based on COIl mapping. Larval sizes were inferred from the silhouette picture (see Methods). ¢, Correlation between
relative larval size and the fraction of mapped COl reads in 47 samples in which all larvae (n=303; subset 2 in Supplementary Table 2) were taxonomically
assigned by both morphology (to the family level) and sequencing (to the species level). d, Differences between the number of larvae estimated using
morphological assignments and the number estimated using COl sequencing and our quantitative model. Data were based on a larger set of 3,736 larvae
from 234 samples (subset 3 in Supplementary Table 2) that were taxonomically assigned to the family level using the morphological criteria (see Methods).

and, in addition, our COI reference database does not contain all
the species of the Red Sea.

Total larval densities, our proxy for propagule pressure, did not
differ significantly between species documented in the Gulf of Aqaba
(native species) and those that have not (non-native). Specifically,
both shared the same relationship between total density and inci-
dence (ANCOVA, P>0.84 and P>0.14 for slopes and intercepts,
respectively), with mostly overlapping distributions of incidence
(that is, the number of samples in which a species was present;
Fig. 6). In addition, cluster analysis found little distinction between
native and non-native species, based on the location and time of
samples in which they were found (adjusted Rand index=0.023).
Together, these findings indicate that for multiple Red Sea species,
their absence from the northern Gulf of Aqaba represents ecological
barriers to colonization rather than limited larval supply.

An interesting case of a deep-sea species found in our samples was
the occurrence of Tylerius spinosissimus (Spiny blaasop)—a small
pufferfish native to the Indian Ocean, known to dwell at depths of
250-435m (ref.*'). Recent observation of this fish in the Aegean Sea

NATURE ECOLOGY & EVOLUTION | www.nature.com/natecolevol

suggest that the species is a Lessepsian migrant, that is, a species that
invaded the Mediterranean Sea via the Suez Canal*”. The depths in
which this species dwells are at odds with the shallow depth of the
Suez Canal (24 m), leaving its mode of migration via the Suez Canal
enigmatic. We detected larvae of T. spinosissimus in three samples
collected from depths of 50-100m (Supplementary Table 4), which
indicates that its larvae make it to waters that are much shallower
than the adults and provides a possible mechanism of its migration
through the Suez Canal. For additional deep-sea species—Diaphus
coeruleus, Ophichthus echeloides and Acropoma japonicum (all of
which were documented as adults only below the depths of 100 m)—
we recovered larvae from water shallower (as shallow as 25 m) than
the upper depth documented for their adults. These results suggest
that for deep-sea fish, pelagic larvae can be an efficient mode of dis-
persal between habitats separated by shallow-water barriers.

Discussion
We have developed an approach that allows unbiased, quantitative
analysis of large planktonic communities, at species-level resolution.
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species in each category (depth stratum or month) is given as the proportion from the total number of individuals of that species, after correcting for
sampling effort (volume of water filtered and the number of hauls in each depth stratum or month; see Methods). Clustering is based on average linkage
and Bray-Curtis dissimilarity between samples. Only species represented in at least five hauls were included in the analysis (see Methods; Supplementary
Table 2, Supplementary Table 4). Note the difference between species-level distribution and family-level profiles (displayed below each panel).
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Fig. 5 | The relationship between larval and adult abundance in six common families within our data set. a-f, Adult abundances were estimated from
sightings of adults from multiple benthic surveys across Eilat (Israel) reefs (see Methods). Families for which adult-sighting and larval-density data were
available for at least nine species are included in this analysis. Larval abundances were derived from the metabarcoding data in the current study and
calculated as summed densities across all Eilat sampling sites (Methods). A major axis regression model is presented for each family. Black circles depict
species that are present in the larval community but not in the local assemblage; white circles depict species present in both larval community and local

adult assemblages.

Although metabarcoding of metazoans has been previously sug-
gested”>?”, our approach allows rigorous quantitative estimation of
the number of individuals per sample, which is a basic parameter
needed in ecological studies'***. We verified this approach using a
large sample set of coral reef fish larvae. Our comprehensive COI
reference library, which covered much of the region’s rich species
pool, allowed the surprising discovery of the high influx of ‘non-
native’ species into the sampled area. This capacity to detect poten-
tially invasive species at their dispersal stage, before establishing
viable populations, could be a strong asset in the conservation and
management of reef and other marine ecosystems.

Our method requires shotgun metagenomic sequencing of the
total genomic DNA derived from the sample. As the COI sequence
is encoded on the mitochondrial genome, and as an average eukary-
otic cell is estimated to contain ~600-1,000 mitochondria***, the
COI sequence is naturally enriched in the sample by 2-3 orders
of magnitude as compared to nuclear genes. Moreover, usage of
mitochondria enrichment® can further increase the effective COI

e GOA natives
e Non-natives °

Log larval density (larvae per 1,000 m3)

0 1 2 3 4 5
Log larval incidence (samples)

Fig. 6 | The relationship between larval incidence and density for
demersal and reef-associated species. The y axis represents natural log-
transformed densities (larvae per 1,000 m3) of species that are known to
occur as adults in the Gulf of Agaba (GOA; n=230) and those that are not
(n=17). Larval abundances were derived from the metabarcoding data.
Incidence is defined as the number of samples with non-zero abundance.
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coverage and reduce sequencing costs, although in our case, mito-
chondrial enrichment did not work on ethanol-preserved samples.

Over the past decade, metagenomics has revolutionized the field
of microbial ecology and microbiome research®. With the exten-
sion of this technique to metazoa, it now has the potential to have
similar revolutionary effects on ecological studies of higher-order
organisms. The method that we introduce is applicable to study
species composition in any complex ecosystem. Specifically, the
distribution and dispersal of zooplankton is crucially important for
the entire food web in the ocean'’ and we envision that bias-free
metabarcoding studies using our approach, combined with addi-
tional oceanographic models, could reveal important insights into
this poorly resolved community.

Methods

Intensive larval sampling. An extensive ichtyoplankton sampling effort has been
carried out along the western and eastern coasts of the northern tip of the Gulf of
Agaba (29° 26'-29° 32" N, 34° 54'-34° 59’ E). The sampling commenced on July
2010 in a 2-day sampling bimonthly format, such that the first day of sampling was
carried out on the western side of the coast and the following day on the eastern
side (Fig. 1b). In December 2010, the sampling format was altered into a 2-day
sampling monthly layout, and continued until May 2011. The sampling efforts
were reduced towards the end of autumn, along with the decline of the major
reproductive season. Plankton samples were collected using a 1 m> MOCNESS*,
mounted with 600 um nets. MOCNESS nets were thoroughly cleaned between uses.

The sampling transects run parallel to the north-western shore of the gulf, over
a bottom depth of ~70, ~170, ~250 and ~500 m. The nets were first lowered to the
maximum depth and then opened sequentially, such that for the nearest-to-shore
transect (above a bottom depth of ~70m), a single net sampled the depth range of
25-0m; for the next transect (above a bottom depth of ~170 m), four nets sampled
the depth ranges of 100-75, 75-50, 50-25 and 25-0m; and for the two farthest-
from-shore transects (above bottom depths of ~250 and ~500 m), the nets sampled
the depths of 180-140, 140-100, 100-75, 75-50, 5025 and 25-0 m. The MOCNESS
was towed at a speed of ~2knots, for 5min per net, and the flux of water through
the net was measured. The number of larvae per net was normalized to the volume
of water filtered to yield larval concentrations (individuals per 1,000 m?).

The ichthyoplankton samples were instantly preserved on board in 80%
ethanol, which was replaced by fresh absolute ethanol the following day. Ethanol
preservation allows subsequent morphological and molecular identification. The
samples were stored in a 4 °C cold room. The ichthyoplankton were then manually
separated from the rest of the plankton. Larval cohorts visually identified as
belonging to one of five abundant pelagic taxa—Myctophidae, Phosichthyidae,
Paralepididae, Trichiuridae and Sternoptychidae—were discarded from the set.

In addition, one visually identified morphotype of larvae, encompassing the
genus Cirrhilabrus and the species Paracheilinus octotaenia (n=285 larvae), were
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manually excluded from the larvae samples for the purpose of a separate study that
will be published elsewhere.

Silhouette images of larvae samples. The larvae from each of the 383 nets
(samples) were photographed using a Panasonic DMC-G5 camera mounted on
a Nikon SMZ1500 dissecting microscope. Photos were taken under two sets of
conditions: the first entailed full illumination to provide high-quality pictures

in case re-examination of larval morphological characteristics was needed at a
later time. The second set of conditions involved the bottom illumination source
alone to create a silhouette image of the larvae next to a 10 mm scale. The later
photographs were used for measuring larval area that was used in the automatic
quantification procedure.

Morphology-based taxonomic assignment of larvae families. Classic taxonomic
identification for a subset of larvae (n =234 samples; subset 3 in Supplementary
Table 2) was done in most cases down to the family level under a Nikon SMZ1500
dissecting microscope, using published identification guides*>*. Larval meristic,
morphological and pigmentation criteria were examined for the purpose of their
identification. Morphological identification was necessary for the following
purposes: (1) validation of species identified by sequencing and taxonomic
ascription of COI sequences that were missing from the local and public databases;
(2) calibration and assessment of the quantification method; and (3) removal of the
most abundant non-reef-associated taxa, to reduce sequencing costs and to prevent
the masking of the less common reef-associated sequences.

Collection of adult fish and COI barcoding. Fin clips and muscle tissue samples
were collected from adult fish belonging to 203 species. Fish were caught during
scuba dives in Eilat (Israel), using barrier nets and clove oil. At least one specimen
from each species was transferred to the shore, identified and euthanized using an
overdose of MS-222. A muscle tissue sample was obtained from this individual,
which was then deposited as a voucher specimen in The Steinhardt Museum of
Natural History, Israel National Center for Biodiversity Studies (SMNHTAU).

In addition, more specimens (1-8 individuals) were caught for each species, for
which identification and sampling of fin clips (usually a 1 cm? clip from the caudal
or dorsal fin) were sampled underwater. Tissue and fin samples were preserved

in analytical grade absolute ethanol. From each sample, DNA was extracted, and
the COI gene was amplified following PCR with universal primer cocktails and
sequenced using SANGER sequencing following refs ',

List of fish known to dwell in the Gulf of Aqaba and the Red Sea. The list of
fish known to dwell in the Gulf of Agaba and the Red Sea was compiled from the
primary literature’*-*°, For this purpose, only published, peer-reviewed articles
and species reports that included the physical collection and identification of
species in the area were used. In addition, three guide books on fish and one
graduate thesis published by fish taxonomists were also used*>****“*, Finally, fish
captured as adults during our adult sampling between 2011 and 2013 were also
included in the list of known fish. The list is provided in Supplementary Table 3.
Species names were verified with fishbase.org.

Compilation of COI reference barcode database. In addition to the set of

COI reads sequenced as part of this study (see ‘Collection of adult fish and COI
barcoding’), publicly available COI barcodes of Red Sea fish were obtained from
the National Center for Biotechnology Information (NCBI) and Barcode of

Life Database (BOLD)*'). COIs were collected from public records in two main
steps: (1) COIs of Red Sea fish were collected by searching the organism name,
and a representative COI was chosen. (2) A BLAST search with the ‘nt’ database
(downloaded on June 2014) was performed for reads that could not be associated
with any COI in the database. COlIs that yielded hits with at least 98% identity over
>90bp were added to the database.

DNA extraction, library preparation and sequencing. For DNA extraction from
mixed larvae samples, each sample was gently centrifuged (1,000g) and washed

3 times with 1 ml of PBS buffer (pH7.2, 50 mM potassium phosphate and 150 mM
NaCl) to discard residual ethanol. The DNA was then extracted from each sample
separately by using the DNeasy Blood & Tissue kit (Qiagen) according to the
manufacturer protocol for purification of total DNA from animal tissues using
spin columns. In a few cases, when the amount of larvae exceeded 100 larvae,
samples were split during the morphological identification step and reunited after
sequencing. Genomic DNA was measured using the Qubit dsDNA fluorometric
assay (ThermoFisher Scientific). The integrity of the genomic DNA was assessed
by the 2200 TapeStation instrument (Agilent Technologies).

Extracted DNA samples were prepared for sequencing as previously described®”
with the following modifications: ~200-1,000 ng of DNA was sheared using the
Covaris $220 sonicator to receive a peak of ~250 bp. End repair was performed
in 80 pl reaction at 20 °C for 30 min. Following Agencourt AmPURE XP beads
cleanup (Beckman Coulter) in a ratio of 0.75X beads/DNA volume, an adenine
base was added, and indexed adapters were ligated in a final concentration of
0.125 pM. Following another AmPURE XP beads cleanup procedure in a ratio
of 0.75% beads/DNA volume, 8 PCR cycles for enrichment of adaptor-ligated

fragments, using primers on the library adaptors, were performed using 2X

HiFi HotStart ReadyMix (Kappa Biosystems) in a total volume of 25 pl with the
following programme: 2min at 98 °C, 8 cycles of 20s at 98°C, 30s at 55°C, 60s
at 72°C, followed by 72°C at 10 min. The libraries were pooled and sequenced at
paired-end 101-bp lanes of Illumina HiSeq 2500 instrument, overall sequencing
19 HiSeq lanes.

Species identification from metagenomic COI reads based on available COI
barcodes. All metagenomic reads were aligned, using BLAST search (blastn
parameters: -F F -e 1e-10), to all barcodes in our COI database, and reads passing
the threshold of evalue <le-10 were considered COI reads. Reads having a single
best hit to one of the COIs in the reference barcode set with an alignment length
>90bp and percent identity >98% were assigned to that barcode COI (‘species’).
Reads mapping with alignment length of >50bp to one of the ends of the barcode
(where an end was defined as overlapping the first or last 10 bp of the COI
barcode) were defined as ‘edge reads. Mapping of edge reads was only maintained
if the paired-end read mate was fully aligned to the COI, or if there was at least
one full-length read mapping to that barcode in the sample. In case that a read had
multiple best hits, its COI identity was resolved by its paired-end read mate. In
case paired-end resolution was not possible for a multiple-hit read, but only one
of the COI barcodes in the database was supported by other reads from the same
sample uniquely mapped to it, that COI barcode was assigned to the read. Reads
that had multiple best hits that could not be resolved were counted as ‘ambiguous
reads’ (overall representing 0.3% of the data). COI barcode (and hence species
identification) were reported as present in a given sample only if at least 50% of the
barcode was covered by COI reads.

De novo assembly of COIs. De novo COI barcode sequences were constructed
from the pool of unmapped metagenomics COI reads (that is, reads that were not
assigned to any COI barcode in our database) by an iterative procedure. In the first
step, clusters of overlapping COI reads were collected using BLASTCLUST" by
clustering reads that showed 100% identity over 80% of the sequence (blastclust
parameters: -p F -L. 8 -b T -S 100). Next, COI contigs were constructed from
clusters with at least 10 reads using the Velvet assembler’’. The resulting contigs
were used as a database for BLASTn search to re-map the unmapped COI reads.
Each contig defined a cluster of reads that exhibited 100% identity over at least
80bp to the contig. Next, the clusters of reads were used to re-construct the
contigs using Velvet. At this point, very short COI contigs (<450 bp) were removed
from the set and the remaining contigs were exposed to the following extension
procedure: the unmapped reads were blasted (blastn parameters: -e 1e-8) against
the contigs; reads that were mapped to the start or the end position of the contig
and showed 100% identity with overlap of 90-100bp were used to extend the COI
contig. At each iteration, the hits with the largest overlap were used to extend the
COIL. The process was terminated either by the construction of a full-length COI
(655bp) or at the point in which no reads were found to further extend the contig.

Taxonomic classification of de novo-assembled COIs. To taxonomically classify
the 158 COI sequences that were constructed using the de novo assembly method,
this set was first compared to all COI sequences present in the BOLD database”’. In
case a sequence showed >99% identity to a barcode sequence of a known species,
and for which at least two barcodes were deposited in the BOLD databases, the
species name was assigned based on the BOLD annotation. In cases in which

only one sequence was found or multiple species exceeded the 99% threshold, the
common taxonomic unit (genus) was used. In case multiple species were identified
as exceeding the 96% threshold by BOLD, the common taxonomic assignment
(usually genus) was given to the COI. In the same manner, family was assigned in
cases in which the sequence showed >92% identity or multiple genera passed the
96% threshold.

For taxonomic assignment of the remaining COls, a phylogenetic tree was first
constructed from all COIs in the database (including the identified ones) using
MAFFT (version 7.13)” for the construction of the multiple sequence alignment.
FastTree (version 2.1.7)" was later used for the tree construction (gtr method),
and the resulting tree was visualized by FigTree software (version 1.4.2; http://tree.
bio.ed.ac.uk/software/figtree/). Assembled COIs falling in a clear clade, that is,
where all other COIs in the clade belonged to a defined taxonomic group (genus
or family), were taxonomically assigned to that group. For additional taxonomic
assignments, we used the pplacer software tool™.

The third approach for taxonomical inference was based on the independent
family-level morphological identifications performed on a subset of 234 samples
(subset 3 in Supplementary Table 2). Assembled COlIs that were consistently
present in multiple samples in which a morphologically observed family was absent
from the sequence identification, and that no other explanation was possible, were
assigned to that family.

Inference of larval area from silhouette images. For each sample with a
silhouette picture, the Fiji software” was used to measure the area occupied by
each larvae in the following manner: the larval boundaries were detected using the
‘Otsu’ threshold method, and the default ‘Measure particle’ option was used to
extract the area. The relative area of each larva was estimated as
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The relative area of a given species was calculated as the fraction of the sum of all

larvae that belongs to that species in the sample out of the sum of all area.

Normalization of expected COI reads per larval area by taxonomic families. To
refine the model for quantitative estimation of the larvae abundance in the sample,
a set of 47 samples (subset 2 in Supplementary Table 2) in which all larvae were
taxonomically assigned based on morphology (before taking the silhouette image),
was used for learning a linear model that aimed to normalize the amount of COI
reads expected per area unit for each separate taxonomical classification (family or
order). To this end, for each family that occurred in at least five annotated samples
a factor w was inferred, such that w minimized the L, norm (Euclidean distance)
between the relative areas of the larvae of this family in the sample and the relative
amount of COI that were observed. This factor was later used to scale the reads
associated with species of the particular family. A similar factor was calculated for
the taxonomical order, for families appearing in less than five annotated samples.

A statistical method for inferring the species abundance in a sample. Based
on the observation that the relative sizes of larvae are highly correlated with the
fraction of COI reads derived from that larvae in the sample, a statistical method
was developed for inferring the relative abundance of the different species in the
sample given the larvae size estimates (based on silhouette pictures) and the COI
reads derived from metagenomic sequencing of the sample, as follows:

Given a sample with (1) n larvae, (2) s species (s, ..., s,) (identified by the
sequencing data), (3) the observed COI reads vector R=(r,, ..., ,) normalized for
taxonomic family, and (4) unassigned areas vector a=(a,, ..., a,):

(1) Derive 1,000 initial random assignments Z=(Z,, ..., Z, o) of the n larvae to
the s species such that Z; maps the areas vector a to the species vector s.

(2) For each assignment, Z,, derive the vector of the relative area of each species in
the sample A =(A,, ..., A)). Calculate the log likelihood score of the assignment,

defined as L(Z; | r,..r) =Y _, rlog(A,). This likelihood score assumes that
the observed reads are distributed according to a multinomial distribution,
where the probability of a read belonging to a given larva is proportional to its
relative area.

(3) For score maximization of each initial assignment, iteratively use the following
algorithm until convergence:
L. Define the vector v=A-R.
II.  For each species s, define the assignment vector P,

replacement vector Prepiace, = 1,

III. Normalize the vectors to represent probabilities:
Pchange

=1+ and the

assigns

Preplace

p change, ¥ =

S ——
Pt~ TS Prepce,

f:lpchanges

IV. For each larvae [ in the sample:

a. Check its current assignment to species s (from Z)

b. With probability Preplaccs choose a new random assignment to this
larvae according to the probabilities Passigns. This step defines a new
assignment Z;

V. Calculate the log likelihood score of the new assignment L(Z))lr, .., 7).
Compare the score to the score of the previous assignment, and use the
assignment of the better score for the next iteration.

(4) Repeat steps I-V until convergence (defined as 10,000 steps with no score
improvement).
(5) From the 1,000 final assignments, select the one with the best score.

The performance of this algorithm was assessed by comparing its results with
the results derived from morphology assignments (Fig. 3).

The necessity for a stochastic heuristic algorithm is apparent. For samples
with a small number of larvae, it is possible to calculate the likelihood of each
possible assignment. However, this quickly becomes computationally complex as
the number of larvae and species increases. The rationale behind this heuristic
algorithm is that we take a step in a direction that probably improves the
assignment score. If the relative size of the species is over-represented with respect
to its observed reads, we have a higher chance of picking one of its larvae and
changing its species assignment.

Spatio-temporal patterns in larval distribution. Heat maps and dendrograms

for the spatio-temporal distribution of larvae were generated with the heatmap.2
command of the R package ‘gplots”®. The analyses were limited to species
represented in at least five sampled nets, with clustering based on Bray-Curtis
dissimilarity and average linkage. A Mantel test (R package ‘vegan”®) on the distance
matrices was used to look for an association between depth preference and time

of year. Differences in sampling effort (that is, in the number of hauls per depth
stratum or month) were controlled for by considering average per-haul densities.
For our spatial analysis, the total density per depth stratum for each month was
divided by the number of hauls in that stratum; averages were then summed across
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months and expressed as a proportion of the grand-total (that is, the sum, or the
monthly sums, across the four depth strata of the upper 100m). For our temporal
analysis, the total density for each month was divided by the number of hauls for
that month and expressed as a proportion of the sum of the monthly averages.

Species representation in a local assemblage and the larval pool. The total
number of adult sightings during replicated censuses along the north-western

Gulf of Aqaba was used as a quantitative proxy for population size and stability.
The data were collected during two periods: September 1999 to September 2000
and December 2003 to April 2006. For the first period, we took the mean of the
total counts from 42 belt-transects (2 x 50 m), with the mean calculated across four
seasonal replicates®”. For the second period, we took the total counts from 42 non-
replicated belt-transects (2 x 25m), conducted at depths down to 65m (ref. **). The
counts from both periods were summed (by species). Log-transformed counts were
used along with log-transformed total larval-density estimates in six separate major
axis regression models, one for each of the six families for which we had adult-
sighting and larval-density data for at least nine species. The analysis was run with
the Imodel2’ command of the R package ‘lmodel2’°. All statistical tests reported
throughout the manuscript are two-sided.

For the identification of non-native species in the larval pool, we demanded
that there would be more than one deposited COI in the BOLD database (to avoid
possible species misidentification), and that the read coverage in our samples
would be >90%.

Summing larval densities across samples (that is, across space and time), we
treated total larval density, per species, as a proxy for propagule pressure, which is
a reliable factor in predicting colonization success”. As a means of comparing the
propagule pressure of species native to the Gulf of Aqaba to non-native species, an
ANCOVA model was used to test the relationship between total larval density, per
species, and species incidence. Equality of slopes was tested first, using an interaction
term for the covariate and status, followed by a test for the equality of intercepts.

To further evaluate the similarity between Gulf of Aqaba natives and non-
natives, model-based cluster-analysis was performed with the ‘Mclust’ function
in the Rlibrary ‘mclust”. Sampling site and sampling month were entered as
descriptor variables; the Bayesian Information Criterion was used as the criteria for
choosing among competing mixture models. The quality of the selected clustering
was evaluated using the adjusted Rand index, which takes a value of zero when
the agreement between the observed and modelled classification is no better than
chance. The analysis was limited to 35 species from 11 genera, which included at
least one species from each category (21 Gulf of Aqaba natives and 14 non-natives).

Analysis of universal primer set alignment to fish mitochondrial genomes. For
the analysis presented in Supplementary Table 1, we first downloaded 2,151 fish
mitochondrial genomes available at the MitoFish database (http://mitofish.aori.u-
tokyo.ac.jp/)’®. Primer sets were retrieved from refs °"*-*. Degenerate primers were
parsed to include all possible sequence options. BLASTn was then used to align
each primer to all 2,151 genomes using flags -W 7 -F E

Life Sciences Reporting Summary. Further information on experimental design is
available in the Life Sciences Reporting Summary.

Code availability. The code used in this study was deposited in github: https://
github.com/omerzu/larvae_project.

Data availability. COI barcodes sequenced in this study were deposited in BOLD
(http://www.boldsystems.org/). BOLD reference numbers appear in Supplementary
Table 3.

Raw metagenomics data were deposited in the ENA repository, under the
accession number PRJEB20625.
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For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

» Experimental design

1. Sample size

Describe how sample size was determined. Sampling was determined based on the availability of ship time. Available cruise
days were spread to allow monthly sampling of multiple sites, and to provide the
best possible spatial resolution (sampling sites and depths).
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2. Data exclusions

Describe any data exclusions. Larval cohorts visually identified as belonging to one of five abundant pelagic taxa
(Myctophidae, Phosichthyidae, Paralepididae, Trichiuridae, and Sternoptychidae)
were discarded from the study. In addition, one visually identified morphotype of
larvae, encompassing the genus Cirrhilabrus and the species Paracheilinus
octotaenia (n=285 larvae), were manually excluded from the larvae samples for the
purpose of a separate study that will be published elsewhere.

3. Replication

Describe whether the experimental findings were All the computational stages that are non-deterministic were repeated to verify
reliably reproduced. reliable reproduction.

4. Randomization

Describe how samples/organisms/participants were This is a field study, and no allocation is possible. All the organisms contained in the
allocated into experimental groups. samples were analyzed (but see 2)

5. Blinding
Describe whether the investigators were blinded to During all laboratory stages (DNA extraction, silhouette imaging, and sequencing),
group allocation during data collection and/or analysis. investigators were blinded to the allocation of groups to sites/depth/sampling

date. The computer code used for bioinformatic analysis was identical for all
samples regardless of sites/depth/sampling date

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|X| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

|X| A statement indicating how many times each experiment was replicated

|X| The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

|X| A description of any assumptions or corrections, such as an adjustment for multiple comparisons
EI The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

|X| Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

» Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this Code used in the bioinformatic analysis was deposited in github: https://
study. github.com/omerzu/larvae_project

Statistical analysis was done using the software R statistics, using libraries 'vegan',
'mclust’, and 'Imodel2’

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents
Policy information about availability of materials
8. Materials availability
Indicate whether there are restrictions on availability of ~ COI barcodes sequenced in this study were deposited in Barcode Of Life Database
unique materials or if these materials are only available  (BOLD; http://www.boldsystems.org/). BOLD Reference numbers appear in
for distribution by a for-profit company. Supplementary Table 3.
Raw metagenomics data was deposited in the ENA repository, under accession
number PRJEB20625.
9. Antibodies
Describe the antibodies used and how they were validated No antibodies were used in this study
for use in the system under study (i.e. assay and species).
10. Eukaryotic cell lines

a. State the source of each eukaryotic cell line used. No eukaryotic cell lines were used in this study

b. Describe the method of cell line authentication used.  pescribe the authentication procedures for each cell line used OR declare that none
of the cell lines used have been authenticated OR state that no eukaryotic cell lines

were used.
c. Report whether the cell lines were tested for Confirm that all cell lines tested negative for mycoplasma contamination OR
mycoplasma contamination. describe the results of the testing for mycoplasma contamination OR declare that

the cell lines were not tested for mycoplasma contamination OR state that no
eukaryotic cell lines were used.

d. If any of the cell lines used are listed in the database Provide a rationale for the use of commonly misidentified cell lines OR state that no
of commonly misidentified cell lines maintained by commonly misidentified cell lines were used.
ICLAC, provide a scientific rationale for their use.
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» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived The study used environmental samples of ichthyoplankton, and no laboratory
materials used in the study. animals were used. Sampling of larvae and adult reef fish was done under the
approval of the Authority of Nature Protection in Israel.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population The study did not involve human research participants
characteristics of the human research participants.
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