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FOR STRIPED MARLIN, TETRAPTURUS AUDAX
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ABSTRACT

Istiophorid billfishes are notoriously difficult to identify to species, especially early
life history stages. Traditional use of morphology and pigment based characters for
species separation of larvae can fail when faced with moderate levels of intra-spe-
cific phenotypic plasticity. Unfortunately, as the early life history of marine fishes
can play an important role in reproductive success and management strategies, we
are potentially missing or confounding valuable data by misidentifying specimens.
We recently presented a DNA based method of identification for near real-time
processing of ichthyoplankton samples. Using this method we have unambiguously
identified seven striped marlin larvae from Hawaiian waters. Additional analysis of
DNA sequence data shows that these larvae all have unique mitochondrial haplo-
types indicating they each had different mothers and were not the result of a single
chance event. This represents the first detection of spawning activity in an area that
historically has been regarded as only nursery habitat for this species. This finding
has important ramifications for fishery management as striped marlin represent a
significant portion of the billfish catch in the Hawaii-based longline fishery.

Despite their importance in commercial and recreational fisheries, relatively little
is known concerning the early life history and reproductive strategies of billfishes (Is-
tiophoridae and Xiphiidae). Until recently, fertilized eggs of the Pacific istiophorids
remained unknown, but through the use of digital imaging and genetic identifica-
tion techniques, the fertilized eggs of blue marlin, Makaira nigricans (Lacépede,
1802) and shortbill spearfish, Tetrapturus angustirostris (Tanaka, 1915) have been
described. Small larvae (< 20 mm TL) are somewhat common but larger juveniles are
exceedingly rare. Identification to species has been a particular problem for many
larval istiophorids (Richards, 1974; Collette et al., 1984; Nishikawa and Rimmer,
1987; Nishikawa and Ueyanagi, 1992), usually relying upon slight differences in pig-
mentation (Nishikawa, 1991) and morphometric characters. This inability to reliably
identify larvae to species further complicates the collection of early life history data.
Despite the difficulty of larval identifications, the distributions and seasonality of
billfish larvae have been well documented (Howard and Ueyanagi, 1965; Matsumoto
and Kazama, 1974; Nishikawa et al., 1978; Nakamura, 1985). The advent of DNA
based techniques (Chow, 1994; Innes et al., 1998; McDowell and Graves, 2002; Hyde
et al,, 2005) has served to validate previous identification methods and to increase
the throughput and accuracy of current studies.

We previously reported on a technique used to identify eggs and larvae in near
real-time (Hyde et al., 2005). Using this technique we have documented spawning
activity for striped marlin (T audax) for the first time off the Kona coast of Hawaii.
Past studies have shown striped marlin larvae to occur primarily in waters of the
northwestern Pacific, southwestern Pacific (Howard and Ueyanagi, 1965; Matsumo-
to and Kazama, 1974; Nakamura, 1985), and to a lesser extent in the northeastern
Pacific (Armas et al., 1999). Though well sampled, there was no evidence for spawn-
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ing of striped marlin around the Hawaiian Islands in the central north Pacific (Mat-
sumoto and Kazama, 1974). The larval distribution atlas of Nishikawa et al. (1978)
reported collections of striped marlin larvae from the central Pacific, suggesting that
spawning may occur around the Hawaiian Islands.

Common in Hawaiian waters, striped marlin are caught in high numbers by the
Hawaii-based longline fleet. For the period 1991-2002, striped marlin represented
roughly half of the istiophorid billfish catch, with some uncertainty due to known
misidentification problems (Curran et al., 1996; Walsh et al., 2005). These misidenti-
fications are primarily striped marlin misidentified as black, Makaira indica (Cuvier,
1832) or blue marlin due to morphological similarity and inexperienced fishery ob-
servers (Walsh et al., 2005). Despite their abundance in this region, these animals are
primarily sub-adults, using this area as a feeding ground (Matsumoto and Kazama,
1974). Striped marlin first appear in the fishery around 11 kg and remain for approxi-
mately 2 yrs (45 kg), at which point they are believed to migrate to spawning areas in
the west Pacific (Matsumoto and Kazama, 1974). Size at first reproduction has been
reported as 29 kg in the Coral Sea (Hanamoto, 1977). Animals of reproductive size
are less common, but do occur off Hawaii (Matsumoto and Kazama, 1974; Squire and
Suzuki, 1990; Brill et al., 1993). Tagging studies have shown movement of reproduc-
tive size fish from the northeastern Pacific into Hawaiian waters (Bromhead et al.,
2004). Though striped marlin dominate the longline billfish catch, blue marlin and
shortbill spearfish dominate in collections of larval istiophorids in the central Pacific
(Matsumoto and Kazama, 1974; Hyde et al., 2005; Humphreys, Jr., unpubl. data).

METHODS

Larvae and eggs were collected using a 1.8 m opening Isaacs-Kidd trawl fitted entirely with
0.505 mm nylon mesh and a rigid PVC cod-end. Sample tows were conducted 2—25 mi offshore
of Hawaii, targeting surface slicks when possible. Salinity and temperature measurements
as well as acoustic Doppler current profiler (ADCP) measurements were taken continuously
during sample tows. All tows were conducted during daytime hours at the surface, sampling
the neuston and upper 1 m of the water column. Surface tows were conducted exclusively as
the majority of billfish eggs and larvae tend to be captured at or just below the sea surface
(Matsumoto and Kazama, 1974; Humphreys, Jr., unpubl. data).

For a detailed description of the genetic identification techniques see Hyde et al. (2005).
Briefly, DNA was extracted from eye tissue of seven istiophorid larvae using a boiling tech-
nique, queried through the use of a multiplex species-specific polymerase chain reaction
(PCR), electrophoresed through an agarose gel, and species identification was inferred by
comparing the size of the resulting DNA amplicon to those generated from reference speci-
mens.

Though multiplex PCR has proven a reliable method for species identification we chose to
confirm the unusual identifications of striped marlin larvae by sequencing a portion of the
mitochondrial cytochrome b gene. PCR was performed using primers universalbillF (5" AAT
GAA TYT GAG GAG GCT TCT C) and universalbillR (5" GTC GGA ADG TTA GGC CTC
Q). Briefly, 10 uL reaction volumes containing (67 mM Tris-HCl pH 8.8, 16.6 mM (NH4)ZSO4,
10 mM f-mercapto-ethanol, 2 mM MgClz, 800 uM dNTPs, 0.4 uM each primer, 0.5 units Tag
DNA polymerase (New England Biolabs), and 1 uL of DNA template) were amplified using
the following temperature profile in a PTC200 DNA Engine (M] Research); 94 °C (2:00), 35
cycles of [94 °C (0:30), 55 °C (1:00), 72 °C (1:00)], followed by three min at 72 °C. Products were
electrophoresed through a 2% (w/v) agarose gel in 1 X Tris-Borate-EDTA buffer, stained with
ethidium bromide and visualized via an UV-transilluminator. Reactions were digested using
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ExoSAP-IT (USB Corp.) to remove unincorporated primers and deoxynucleotides prior to
cycle sequencing. Products were cycle sequenced with BigDye v.1.1 (Applied Biosystems) and
analyzed on an ABI 3100 automated capillary sequencer (Applied Biosystems).

DNA sequences were aligned and edited using Sequencher v4.5 (GeneCodes, Inc). Con-
sensus sequences from the five species of Pacific istiophorid billfishes, Genbank accession
#AY319369-AY319373, were combined with larval sequences and were evaluated for evolu-
tionary model testing using Modeltest v3.7 (Posada and Crandall, 1998) as implemented using
the PAUP* (v4.b10) (Swofford, 2001) framework. The data best fit the model of Tamura and
Nei (1993) considering a gamma shape distribution. A maximum likelihood analysis was em-
ployed using this model; 1000 iterations of a 50% nonparametric jackknife were used to assess
confidence of identifications. All larval sequences grouped with the striped marlin consensus
sequence with 98% jackknife support. Cytochrome b sequences have been deposited in Gen-
bank under the following accession numbers, DQ111996-DQ112002. In order to estimate the
minimum number of mothers that produced the seven larvae, the 5" hyper-variable portion
of the mitochondrial control region was sequenced. PCR conditions were as previous, with
the exception that primers ThrRF (5" GAG GAY AAA GCA CTT GAA TGA GC) and DRF
(5"CCT GAA AAT AAG AAC CAA ATG CCA G) were used. PCR amplicons were sequenced
and edited as before. Sequences were compared to each other to determine the number of
unique haplotypes present. Each larva possessed an unique haplotype. As mitochondrial
DNA is inherited maternally, this indicates that these larvae came from different mothers.
These sequences have been deposited in GenBank under the following accession numbers,
DQ115565-DQ115571.

MorrHOLOGY.—In addition to genetic means of identification, the seven larvae were com-
pared to morphology and pigment character keys. All larvae lacked pigmentation on the low-
er half of the lower jaw and branchiostegal membranes, diagnostic of either blue or striped
marlin (Ueyanagi, 1963). Following Matsumoto and Kazama (1974) snout/orbit length ratios
(Table 1) were plotted against standard length and compared to their data. All larvae clus-
tered around the line of best fit for striped marlin, though as noted by the authors, smaller
specimens (SL < 6 mm) are not reliably separated from blue marlin using this metric. The
orientation of both pterotic and preopercular spines were noted following Ueyanagi (1974). In
this case, three of the seven larvae did not fit the described condition of pterotic spines being
nearly parallel to the axis of the body (Fig. 1A,B,D). It should be noted that these outliers were
smaller specimens; the largest specimens conformed well to this description.

RESULTS AND DIScUSSION

Multiplex PCR and DNA sequence data clearly revealed that the seven istiophorid
larvae were striped marlin. Additional DNA data showed that all larvae came from
different mothers. This finding is of note as spawning for this species was not thought
to occur around the Hawaiian Islands despite the abundance of fishery-caught ani-
mals (Matsumoto and Kazama, 1974). As all seven larvae came from different moth-
ers, additional support is provided that this was not a single chance event, but that
the Kona coast of Hawaii is a spawning area for this species.

The Kona coast has been shown to be a productive spawning ground for blue mar-
lin, shortbill spearfish, and swordfish, Xiphias gladius (Linnaeus, 1758). Several of
the Hawaiian Islands, especially Hawaii, consistently generate eddy fields due to
their size and unique oceanography (Lobel and Robinson, 1986). Eddies generated
by island wakes are believed to act as retention mechanisms for reef larvae and may
act to concentrate prey items (Lobel and Robinson, 1986; Wolanski and Sarenski,
1997). This may be particularly important for fast growing predators, such as billfish,
that need an abundant food supply to satisfy metabolic demands. Tracking and catch
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Figure 1. Photographs of six larval striped marlin showing head spination patterns: A (OES-
0507008BF005), B (OES0507009BF003), C (OES0507010BF004), D (OES0507021BF007), E
(OES0507022BF001), and F (OES0507046BF003).

record studies of adult billfish have shown they have an affinity for these eddies.
Brill et al. (1993) used ultrasonic tags to track striped marlin off Hawaii. They found
that several of their tagged striped marlin tracked and maintained themselves within
these eddies over the course of the study. Similarly, Seki et al. (2002) noted a shift in
the catch of blue marlin, likely due to the presence of a cyclonic eddy and its relation
to local fishing grounds.

The striped marlin larvae were found within the shoreward front of an anti-cy-
clonic eddy offshore of Kealakekua Bay that maintained location and intensity over
the course of the cruise. Though anti-cyclonic eddies are known to capture and con-
centrate passive particles we found no billfish eggs or larvae within the eddy core.
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Collections within the eddy were depauperate in fish eggs and larvae when compared
to tows along the periphery. Though downwelling dominates within anti-cyclonic
eddies, shear along the periphery produces areas of small-scale upwelling (Mizobata
et al., 2002). These patchy vortices of enhanced productivity may aid both in the
retention and provisioning of prey items for larvae. On several occasions when large
numbers of billfish eggs and larvae were encountered, we repeatedly sampled the
same station to assess patchiness. In all instances our catch rate declined precipi-
tously from the original tow suggesting that the water mass containing the eggs and
larvae was small, as it was able to exit the study site within an hour or two. In addi-
tion to the striped marlin larvae, eggs and larvae of blue marlin, shortbill spearfish,
and swordfish were found within the same net tows. The concurrent finding of four
species of billfish larvae and three species of billfish eggs within the periphery of an
anti-cyclonic eddy suggests that it may be an important element of nursery habitat in
this region for the early life stages of these species.

It is possible that larvae of striped marlin have not previously been documented
in Hawaiian waters as they were mistakenly identified as another, more abundant
species. There may, however, be a more intriguing hypothesis. As noted by Hinton
and Bayliff (2002), the mean size modes of longline caught striped marlin have de-
clined dramatically in the northeastern Pacific over the past 30 yrs. Fishing pressure
has been shown to cause shifts in life history parameters favoring fish that mature
younger and at smaller sizes (Olsen et al., 2005). It may be that the observed spawn-
ing activity near Hawaii is a result of such fishery-induced early maturation and war-
rants further investigation.
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