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EXECUTIVE SUMMARY

Horn, P.L. (2011). Natal fidelity: a literature review in relation to the management of the
New Zealand hoki (Macruronus novaezelandiae) stocks.

New Zealand Fisheries Assessment Report 2011/34

A review of published literature on natal fidelity (a behaviour whereby a fish always returns
to spawn on the spawning ground where it originated) is presented here. The aim of the
review was to determine which species exhibit natal fidelity, and what methods were used to
determine this characteristic. The likely applicability of any of the methods as a means to
investigate natal fidelity in hoki was evaluated. Currently, two possible life history model
structures for hoki are considered. One assumes natal fidelity; the other assumes that fish
"choose" a spawning ground at random for their first spawning and always return to it in
following years. If it was possible to demonstrate or refute natal fidelity in hoki then some
uncertainty could be removed from the stock modelling process. However, a demonstration of
natal fidelity requires the assignment of spawning individuals to their birth ground on the
basis of distinguishable natal tags, or the tracking of individuals from fertilization to
spawning. This is clearly a difficult challenge for any species.

It might be expected that natal fidelity is likely to occur more often in species with spawning
areas that are enclosed geographically (i.e., freshwater, estuarine, or near-coastal species) than
in dispersing, off-shore, pelagic species which may have more diffuse spawning areas. Some
species, such as salmon or other anadromous fishes, are generally believed to exhibit natal
fidelity. However, stray rates for these species can be high, and are variable over time.
Proving natal fidelity for a significant proportion of adults in a marine species has rarely been
achieved. The analysis of geochemical signatures in otolith cores, showing that these
signatures can be linked to defined spawning areas, is the method that appears to have the
most promise as a tool to determine natal fidelity in marine fishes. However, other methods
(e.g., genetic analyses, and thermally-induced ‘bar-coding’ in otolith cores) have also proven
useful.

Hoki is a problematic candidate for an investigation of natal fidelity. Because it has multiple
spawning areas, all in relatively open locales subject to strong but variable current flows, the
species is likely to experience relatively rapid and variable dispersal of eggs and larvae from
the natal areas, reducing the effectiveness of any natural environmental tags. The relatively
long spawning season adds further complication in this regard. However, because hoki are an
off-shore species, widely dispersed in the non-spawning season, with multiple diffuse
spawning areas, it is likely that any hoki population model assuming 100% natal fidelity is
untenable. Even if natal fidelity is the preferred option for hoki from an evolutionary
perspective, it is almost inconceivable that a large proportion of the population would not
stray routinely. It appears that only one experimental method may be practical in any
determination of the proportion of hoki exhibiting natal fidelity, i.e., the analysis of
geochemical signatures in otolith cores. However, sample sizes would need to be large (to
account for the multiple spawning areas) and comparisons involving numerous year classes
would be necessary (to account for any between-year variations).



1. INTRODUCTION

Hoki (Macruronus novaezelandiae) is New Zealand’s most productive finfish fishery. There
are believed to be two separate sub-populations, based on the geographical separation of the
two main spawning grounds (i.e., WCSI and Cook Strait), and on consistent morphometric
and growth differences between adult hoki taken from the two main dispersed areas
(Chatham Rise and Southern Plateau) and from the two spawning grounds (Livingston et al.
1992, Livingston & Schofield 1996, Horn & Sullivan 1996, Hicks et al. 2003). It is not
known whether the differences between the two sub-populations are genetic, or if they are
just the result of environmental differences between the Chatham Rise and Sub-Antarctic.
No genetic differences have been detected with selectively neutral markers (Smith et al.
1981, 1996), although it is known that even a low exchange rate between stocks would
reduce or remove genetic differentiation.

Small juvenile hoki from both spawning grounds migrate to the Chatham Rise off the east
coast of the South Island and feed in this highly productive area for 3—4 years before
maturing. Evidence suggests that fish that spawn on the west coast South Island head south to
the Sub-Antarctic first, then on to the west coast South Island to spawn (and subsequently
alternate between WCSI and the Sub-Antarctic), whereas those that spawn in Cook Strait go
directly there from the Chatham Rise at about the same age (and subsequently alternate
between Cook Strait and the Chatham Rise).

A situation where there are two sub-populations that are mixed during part of their life
histories adds complications to the stock modelling process because it is not known if there
are two completely separate stocks (i.e., fish spawned at a particular ground always return
there to spawn), or if there is some transfer between the sub-populations (e.g., a fish spawned
on one ground can subsequently spawn in a different area). Consequently, two life history
model structures have previously been used for hoki assessments up to 2007 (Francis 2008).
One assumes that fish always return to the spawning grounds where they began life (i.e., natal
fidelity); the other assumes that fish "choose" a spawning ground at random for their first
spawning (e.g., by following other adults), and return to that same spawning site in following
years (i.e., adult fidelity). Since 2008, all hoki assessments have assumed that natal fidelity
occurs (McKenzie 2011). If it was possible to demonstrate or refute natal fidelity in hoki then
some uncertainty could be removed from the stock modelling process. Clearly, a fish that
exhibits natal fidelity must also exhibit adult fidelity.

A cursory examination of the literature indicated that adult fidelity has been shown to occur
for numerous marine fish species, primarily through tagging studies (e.g., Robichaud & Rose
2001, Hunter et al. 2003). However, comprehensive natal fidelity is much more difficult to
demonstrate, though it is generally believed to occur in salmonids (e.g., Dittman & Quinn
1996, Quinn et al. 1999). Available information on hoki indicates that adult fidelity probably
occurs; Smith et al. (2001) found significant differences in gill raker counts, and Hicks &
Gilbert (2002) found significant differences in measurements of otolith rings, between
samples of 3 year-old hoki from the 1997 year-class caught on the WCSI and in Cook Strait.
However, when additional year-classes were sampled, differences in the mean number of gill
rakers and otolith measurements between stocks were not always detected (Hicks et al. 2003),
and, due to high variation, large sample sizes would be needed to detect these. The available
information currently available on hoki allows no conclusions to be drawn on the likelihood
of the species exhibiting natal fidelity.

The following review of the literature relating to investigations of natal fidelity (also known
as philopatry) in fish species was conducted. It aimed to determine which species have been
shown (or are claimed) to exhibit natal fidelity, or refuted to exhibit it, and which methods



were used, or could be used, to determine this characteristic. The likely applicability of any of
the methods as a means to investigate philopatry in hoki was evaluated.

2. DEFINING ‘NATAL FIDELITY’

The definition of natal fidelity is straightforward. A fish that exhibits this characteristic
always returns to spawn on the spawning ground where it began life.

To demonstrate natal fidelity it is not sufficient to show that mature fish in the population
always return to the same spawning ground year after year (this is adult fidelity), nor is it
sufficient to show that juvenile fish found on or near a spawning ground always return to that
ground to spawn after they mature. A comprehensive demonstration of philopatry requires the
assignment of spawning individuals to their birth ground on the basis of distinguishable natal
tags, or the tracking of individuals from fertilization to spawning (Bradbury & Laurel 2007).
Clearly, obtaining direct measurements of connectivity at this level (i.e., between fertilised
eggs and spawning adults) is a difficult challenge.

3. LITERATURE REVIEW

To follow a fish from birth to spawning maturity (and therefore prove or disprove natal
fidelity) it is necessary to mark it in some way so that it can be identified at any later stage in
its life. Marks, or tags, can be acquired naturally or artificially. The published literature
specifically or potentially pertaining to natal fidelity is reviewed here for three species groups,
1.e., freshwater and anadromous teleosts, elasmobranchs, and marine teleosts.

3.1 Freshwater and anadromous fishes

The phenomenon of ‘homing’ has been most extensively studied in the family Salmonidae
(e.g., Dittman & Quinn 1996). Fry typically emerge from their natal stream gravel and
immediately migrate downstream to a lake where they live for 1 or 2 years before smolting
and migrating to sea. Salmonids exposed to natural or artificial odours during their
transformation from freshwater resident parr to seaward migrating smolts will learn
(“imprint”) the odours and home to them at maturity (e.g., Scholz et al. 1976, Dittman et al.
1996). However, migration patterns indicate that home stream learning must occur before the
sensitive period at parr-smolt transformation (Dittman et al. 1996).

3.1.1 Genetic methods

Genetic differentiation among subpopulations of sockeye salmon was investigated within nine
intensively sampled lake systems located throughout the species range along the north Pacific
coast (Varnavskaya et al. 1994). Allozyme allelic frequency data at nine highly polymorphic
loci were used to examine genetic diversity among 163 samples collected from 68 distinct
spawning sites and to identify subpopulation structure. Significant heterogeneity was detected
among sites within all lakes. The greatest differentiation was evident among subpopulations
exhibiting different spawning run timing or using different spawning habitats (tributary vs.
littoral). These findings indicate that most sockeye home precisely to natal streams, not just to
the lake where they smelted.

Olsen et al. (2003) examined microsatellite loci to genotype 32 putative Alaskan coho salmon
populations from seven regions. Significant population differentiation was found within each



region, and the degree of differentiation among populations was large relative to that reported
for other Pacific salmon species in Alaska. These results suggest that coho salmon
populations are small and isolated relative to populations of other Pacific salmon, and the
genetic diversity within and among coho salmon populations is influenced primarily by
genetic drift, and not gene flow. Strong natal fidelity was indicated.

3.1.2 Environmental classification

Quinn et al. (1999) took advantage of the natural variation in otolith microstructure caused by
differences in thermal regimes during incubation to test whether sockeye salmon homed to
their incubation-emergence sites (rather than just to the lake where they reared before
migrating to sea). Otoliths from adults that returned to discrete spawning areas in Iliamna
Lake, Alaska, and Lake Washington, Washington, were classified based on comparison with
otoliths from juveniles from the same sites that had experienced the same site-specific thermal
regimes. Otoliths from four sites were classified in blind trials, based on increment patterns
recorded in the region between the otolith’s core and the onset of regular increment
production following emergence (Quinn et al. 1999). Many salmonid otoliths display a
“check” in the form of a very dark band or structural discontinuity that corresponds to the
time of hatching. At emergence, a transition in increment appearance often occurs, in which
broad or indistinct increments characteristic of the post-hatch alevin give way to the well-
defined daily increments of the emergent fry (Volk et al. 1995). The analysis showed that the
salmon were much more likely to return to their natal incubation site than would have
occurred by chance, with estimated straying rates being less than 1% in four populations.
However, other studies have shown that the prevalence of straying varies greatly among
populations and among years, and any genetic or environmental factors that influence straying
are not well understood (Quinn 1993).

Although Quinn et al. (1999) used thermal-induced marks in otoliths that had been naturally
defined, it is possible, when rearing fry in a hatchery, to artificially induce a unique ‘bar-code’
pattern of daily otolith growth zones by subjecting the fry to a variable but unique regime of
temperature changes. Thus, it is possible to mass-mark a batch of fish (Volk et al. 1990).

3.1.3 Meristics

Developmental markers, manifested as either meristic or morphological variation, have been
used in studies of fisheries stock structure. This method may have some applicability in
investigations of natal fidelity because fish larvae can show temperature-dependent effects on
the development of meristic characters such as the number of vertebrae and fin rays and
spines, as shown for chum salmon (Murray & Beacham 1988). Even differences in
temperature history between spawning females can cause meristic differences in their progeny
(e.g., Swain & Lindsey 1985). Consequently, if spawning grounds experience markedly
different temperature regimes then meristic or morphological variation may result. However,
no examples of investigations of natal fidelity using this technique were found in the
literature.

3.1.4 Geochemical classification

Geochemical signatures in the otoliths of American shad (4losa sapidissima) were analysed
to determine natal origins and estimate rates of straying among river-specific populations
along much of the Atlantic coast of USA (Walther et al. 2008). Elemental and isotopic ratios
were obtained using laser ablation inductively coupled plasma mass spectrometry and isotope
ratio mass spectrometry. Stable isotope (8"°C, 5'*0 and *’Sr:**Sr) and elemental (Mg:Ca,
Mn:Ca, Sr:Ca and Ba:Ca) signatures in otoliths of juveniles varied significantly, allowing for
an average of 91% cross-validated accuracy when classifying individual fish to their natal
rivers. The ground-truthed geochemical signatures in the otoliths of juvenile shad were then
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used to identify the natal origins of spawning adults in a single river system (the York River
in Virginia). Approximately 6% of the spawning adults were strays from other rivers. The
results suggested that although most shad spawning in the York River were homing to their
natal river, there was much less fidelity to individual tributaries.

Walther et al. (2008) did find that the geochemical signatures in the otoliths of juvenile shad
from two of the river systems differed significantly among years, primarily driven by
fluctuations in 8'®O values. Otolith oxygen isotopes are deposited in equilibrium with the
water they live in (Thorrold et al. 1997), so the variability was probably related to the source
or amount of rainfall in the watersheds, or to fluctuations in mean annual water temperatures.
The potential for 5'°0 to be affected by various stochastic environmental effects highlights
the importance of ground-truthing juvenile signatures from each cohort of interest when &'*0
is included in the classifying signature (and 8'*0 was the most important classifying signature
in this study). The second most important classifying signature was *'Sr:**Sr values, thus
demonstrating the value of combining analyses of stable isotope ratios with elemental
concentrations to obtain unique multivariate signatures in studies of this type. However,
Kennedy et al. (2002) did show that the *’Sr:**Sr ratio alone was sufficient to establish the
natal source (i.e., hatchery) of four returning Atlantic salmon.

Characterising the geochemical otolith core signature of juvenile rainbow smelt (Osmerus
mordax) from different sites, then measuring the core composition of the adults from the same
cohort later confirmed that the adults returned to their juvenile nursery grounds to spawn
(Bradbury et al. 2008). Fish were sampled from six spawning locations in different estuaries,
and otolith composition was examined using laser ablation inductively coupled plasma mass
spectrometry. Single-element (i.e., Sr:Ca and Ba:Ca) and multivariate (i.e., discriminant
function analysis) approaches both indicated estuarine residency predominated, with limited
marine (0.7%) signatures indicative of rare marine movements. Multiyear spawning site
fidelity was examined through a finclipping and visual implant elastomer experiment at each
of the six locations. Annual spawning site fidelity ranged from 90 to 99%. It was concluded
that population structure is maintained by small-scale habitat associations limited to a single
estuary, supporting a hypothesis of demographic isolation among estuaries (Bradbury et al.
2008).

3.1.5 Combined methods

Natal site fidelity of the northern redbelly dace (Phoxinus eos), a North American freshwater
minnow, was examined by combining ecological and genetic approaches (Massicotte et al.
2008). A 2-year mark-recapture experiment conducted at four sites separated by 50-450 m
strongly supported site fidelity during the reproductive period. Individuals recaptured at their
marking sites were also characterised with five microsatellite loci, revealing that the fish from
different sites significantly differed from a single genetically uniform population, thus
confirming the homing behaviour. Straying rates were low, with most straying occurring
between nearby sites. Considering the high population density of dace, their high swimming
capability, their continuous distribution along the littoral zone, the distribution of the
spawning sites, and the small size of the lake studied, natal site fidelity was strongly
suggested in this species. These results are consistent with other studies that report high levels
of natal site fidelity in freshwater fish species using tagging and/or genetic methods, e.g.,
smallmouth bass (Ridgway et al. 1991), northern pike (Miller et al. 2001).

3.2 Elasmobranchs

A review of evidence for philopatry in sharks, produced by Hueter et al. (2005), identified
several conventional tagging studies showing that adults generally returned to the same



mating or pupping grounds year after year. It was acknowledged, however, that such studies
provide no information on natal fidelity.

3.21 Telemetry

Passive acoustic telemetry tags were used to monitor the movement patterns of neonate
blacktip sharks in their natal nursery, a small semi-enclosed bay inside a larger estuary
(Heupel & Hueter 2001). Of the tagged pups that migrated out of their nursery in autumn,
30% (3) of pups tagged in 2000 and 50% (2) of 1999-tagged pups were reacquired by acoustic
monitors inside the natal nursery area in 2001. The reappearance of these animals indicated a
significant number of the pups surviving their first summer in the natal nursery area returned
to that same nursery in subsequent years. Given the natural and fishing mortality that the
juveniles must be exposed to during their winter migrations, as well as the limitations of
acoustic transmitter battery life and other technical considerations, these rates of return are
indicative of a relatively strong degree of natal fidelity, at least for juveniles.

3.2.2 Genetics

Molecular genetics has been used to test for natal philopatry against a background of large-
scale seasonal movement in sharks. By measuring the variance in allele frequencies among
reproductive groups (Fst) and by assuming a specific model of gene flow and population
structure, the number of interbreeding migrants per generation among reproductive groups
can be estimated. Nuclear and mitochondrial (mt) DNA markers differ in inheritance pattern
and can produce vastly different Fgr values in some circumstances. Nuclear markers are
equally inherited from both male and female parents while mtDNA is passed directly from
females to offspring of both sexes without any transmission from the male parent. Large Fgr
values in mitochondrial but not nuclear markers are often taken to indicate higher fidelity in
females than males to particular groupings or reproductive locations. Mitochondrial DNA and
nuclear (four microsatellite loci) allele frequencies were measured in juvenile blacktip sharks
from four widely spaced nurseries along the Atlantic and Gulf coasts of North America
(Keeney et al. 2003; Hueter et al. 2005). The overall Fsr value for the mitochondrial marker
was highly significant (Fsr = 0.111, P < 0.001) and much larger than the nonsignificant Fgr
value for microsatellites (Fsr < 0.001, P = 0.316). The strong signal in the mtDNA data
indicates that females return to the same region for parturition while the lack of signal in
nuclear markers indicates a greater degree of male gene flow among regions. However, at a
finer scale, comparisons among three nurseries separated by 100 to 250 km along the Florida
Gulf coast failed to detect significant Fsr values for either mtDNA or nuclear markers. Thus,
while female blacktip sharks exhibit regional philopatry, there appears to be considerable
straying among adjacent nursery areas. However, these results are perhaps not surprising
given the limitations of gene frequency data. If the majority of females return to the precise
location of their own parturition but a small percentage of females stray to nearby nurseries,
the resultant Fst value will be too small to detect.

In other shark species, genetics has indicated strong to moderate signals of philopatry, e.g.,
lemon sharks (Feldheim et al. 2002), white sharks (Pardini et al. 2001), shortfin mako shark
(Schrey & Heist 2003), scalloped hammerhead shark (Chapman et al. 2009). The generally
occurring pattern is as described above for blacktip sharks, i.e., non-roaming or returning
females and roaming males.

3.2.3 Combined methods

Recent research involving sharks is combining a variety of methods to develop a more
complete picture of population structure and migratory cycles. Jorgensen et al. (2011)
combined satellite tagging, passive acoustic monitoring and genetics to show how eastern
Pacific white sharks adhere to a highly predictable migratory cycle. Individuals persistently
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return to the same network of coastal hotspots following distant oceanic migrations and
comprise a population genetically distinct from previously identified phylogenetic clades.

3.3 Marine teleosts
3.3.1 Coastal ecosystems

Natural geochemical signatures in otoliths were used to determine natal sources in weakfish
(Cynoscion regalis), an estuarine-spawning marine fish, in eastern North America (Thorrold
et al. 2001). Adults migrate annually off the east coast of the United States between their
overwintering grounds in the south to spawning locations in estuaries and coastal embayments
throughout the range of the species (Florida to Maine) in spring and summer. Larvae and
juveniles are generally retained within natal estuaries until migrating to overwintering
grounds in the autumn. Juveniles collected in 1996 were assigned to natal estuaries using
linear discriminant function analysis parameterized with 813¢, 80, Mg:Ca, Mn:Ca, Sr:Ca,
and Ba:Ca values in otoliths (Thorrold et al. 1998). Subsequently, 2-year-old spawners were
sampled two years later when they returned to the estuaries, and were classified using the
same parameters derived from analyses of otolith cores. Spawning site fidelity ranged from 60
to 81% in the five estuaries (Thorrold et al. 2001). Straying was largely confined to locations
adjacent to natal estuaries, so was not due to a complete breakdown of homing behaviour.
Given the lack of larval dispersal, connectivity rates are primarily determined by the
propensity for adult fish to return to their natal estuary to spawn. Although natal fidelity rates
were relatively high, there was still too much straying to demonstrate genetic differentiation
through analyses of allozymes and mtDNA (Cordes & Graves 2003).

Thorrold et al. (2006) described a technique for transgenerational marking of embryonic
otoliths based on maternal transmission of *'Ba from spawning females to egg material.
Females were injected with a BaCl, solution that was highly enriched in '*’Ba and depleted in
'*Ba as compared to natural barium isotope values. The barium is ultimately incorporated
into the otoliths of embryos produced by an individual that has been exposed to the isotope.
Almany et al. (2007) used the technique to mark the larvae of the benthic-spawning orange
clownfish (Amphiprion percula) and the pelagic-spawning vagabond butterflyfish (Chaetodon
vagabundus) on a reef system (0.3 km?) surrounding a small island. The work aimed to
investigate the degree to which fish populations are connected by larval dispersal. Sampling
subsequent to the marking indicated that about 60% of juveniles of both species that settled
on the reef had been spawned there, providing evidence that larvae that spend 10—40 days in
the pelagic environment are capable of returning to a very small target reef.

3.3.2 Open ocean ecosystems

Studies demonstrating spawning ground identity in an open ocean environment are even more
difficult because the environments are less distinct and more variable among years than
freshwater or coastal systems. Thorrold et al. (2002) reviewed artificial and natural tagging
methodologies that could be used to track larvae throughout the pelagic larval phase and
subsequent recruitment into benthic populations. One artificial approach is the immersion of
embryos or larvae in marker chemicals that are incorporated into body tissues (e.g.,
fluorescent compounds, elemental tags, and radioactive isotopes) to mass-mark individuals.
However, the mark longevity of these methods is generally less than a year, so while they
may be useful to study the source of newly settled juveniles (as shown by Almany et al.
(2007) using “’Ba) they have little applicability to determine the natal origin of adult
spawners. A second artificial approach produces physical marks in structures that are
influenced by environmental perturbations, e.g., the thermal signals represented by daily
growth ring patterns in otoliths, as used to mass-mark batches of salmon (Volk et al. 1990).
Natural tagging methodologies identified by Thorrold et al. (2002) were genetic markers,
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geochemical signatures in calcified structures, meristic or morphological variation, and
physical marks in structures caused by environmental variations. All these methods are
described in this review in relation to particular species studies.

The Atlantic cod has been the subject of many tagging studies and some populations clearly
exhibit repeated homing to spawning grounds, i.e., adult spawning fidelity (Robichaud &
Rose 2004 and references therein). Recent studies have provided evidence of spawning-site
fidelity at a very fine spatial scale (less than 1 km) in coastal regions where barriers to
dispersal exist (Skjeeraasen et al. 2011). Population separation may even be maintained at
overwintering grounds (Campana et al. 1999). Using archival tags in sub-adult and adult fish,
Sveding et al. (2007) demonstrated non-random, directional movements in agreement with
the hypothesis that the northeast Atlantic cod population comprises a mixture of resident and
migratory stocks. The authors concluded that their findings implied that natal homing was the
mechanism that defined the stock structure of Atlantic cod. However, this was disputed by
Bradbury & Laurel (2007) who noted that Sveding et al. (2007) had ignored the true ‘natal’
component of dispersal (i.e., the egg and larval phase). So a more parsimonious hypothesis is
that individuals are imprinted during the juvenile stage and homed to spawning regions on or
nearby nursery areas rather than to natal locations.

Variation in microsatellite DNA loci provided evidence of genetic structure among Atlantic
cod populations in the northwest Atlantic (Ruzzante et al. 1998). Differences were apparent
both at the continental shelf scale and at the spawning-bank scale. The smaller scale
differences were consistent with postdispersal spawning fidelity to natal areas, a behaviour
that is possibly facilitated by topographically induced gyre-like circulations acting as
retention mechanisms. Otolith core chemistry (i.e., an analysis of Ba, Mn, and Sr) was used to
determine the juvenile source of spawning cod in Icelandic waters (Thorisson et al. 2011).
The spawners born in 1997 (a year of high water inflow into the shelf area north of Iceland
that mixed the juveniles from different areas) were not backtraceable to their origin, while
most of those from the 1996 year class (a year of more normal current flows) were
backtraceable. While neither Ruzzante et al. (1998) nor Thorisson et al. (2011) claimed to
have demonstrated natal fidelity, their studies do demonstrate how the respective investigation
methods (which have potential to test for natal fidelity) can be influenced by oceanographic
features and processes. Clearly, such techniques may be useful to backtrace the origin of
spawners in areas with limited mixing, but less well suited for areas or years of high current
velocity or complex mixing.

Atlantic bluefin tuna have distinct spawning and nursery areas in the eastern (Mediterranean
Sea) and western (Gulf of Mexico) Atlantic Ocean. Rooker et al. (2008a, b) examined the
chemical signatures of 3"°C and §"*0 in the otoliths of yearlings from the two nurseries and
found them distinct. Thus, they serve as natural tags to assess natal homing and mixing. Natal
homing, defined by the authors as the return of spawning adults to their region of origin, was
high for both eastern (96%) and western (99%) spawning regions. This work corroborated
earlier indications of spawning fidelity from electronic tagging data that showed return
migrations of both Mediterranean and Gulf of Mexico spawners over multiple years (Block et
al. 2005). However, similarly to the Atlantic cod investigations, Rooker et al. (2008a, b)
ignored the ichthyoplanktonic dispersal phase of bluefin tuna. So while this work shows that
there is a very strong likelihood that mature tuna will return to spawn near their nursery area,
it has not conclusively demonstrated natal fidelity (under the definition stated at the start of
this document). However, it could be argued that given that there are only two spawning
areas, each on opposite sides of the Atlantic, it is not necessary to show a return to the exact
location where a fish was spawned to claim proof of natal fidelity. For a review of how otolith
science has informed migration and stock structure theories on bluefin tuna, see Secor (2010).
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4, ASPECT OF HOKI BIOLOGY RELEVANT TO NATAL FIDELITY

The main spawning grounds are centred on the Hokitika Canyon off the WCSI and in Cook
Strait Canyon. However, spawning is also known to occur at other locations, e.g., Puysegur
Bank, northern Pegasus Bay. The planktonic eggs and larvae move inshore by advection or
upwelling (Murdoch 1990; Murdoch, 1992) and are widely dispersed north and south with the
result that O+ and 1-year-old fish can be found in most coastal areas of the South Island and
parts of the North Island. The major nursery ground for juvenile hoki aged 2—4 years is along
the Chatham Rise, in depths of 200 to 600 m. The older fish disperse to deeper water and are
widely distributed on both the Sub-Antarctic and Chatham Rise. Analyses of trawl survey
(1991-2002) and commercial data suggests that a significant proportion of hoki move from
the Chatham Rise to the Sub-Antarctic as they approach maturity, with most movement between
ages 3 and 7 years (Bull & Livingston 2000, Livingston et al. 2002). Based on a comparison of
Tangaroa trawl survey data, on a proportional basis (assuming equal catchability between areas),
80% or more of hoki aged 1-2 years occur on the Chatham Rise. Between ages 3 and 7, this
drops to 60-80%. By age 8, 35% or less fish are found on the Chatham Rise compared with 65%
or more in the Sub-Antarctic.

The results of a pilot study to investigate the core signatures (elements and stable isotopes) of
hoki otoliths from the 2000 and 2006 year classes caught on the Chatham Rise and in the Sub-
Antarctic are currently being written up (Francis et al. in prep.). In summary, the study found
considerable heterogeneity in core signatures. However, there is evidence that the average
chemical composition of the inner otolith (up to the first annual zone) of fish from the 2006
year class differs between the two areas. There was also evidence of significant differences in
the composition of the inner otolith between fish from the two year classes caught in the same
area in the same year. The overall results were not consistent with the hypotheses of either
complete natal fidelity or no natal fidelity.

What level of spatial resolution is necessary before it can be concluded that a fish exhibits natal
fidelity? Take, for example, a fish that is spawned in a particular sea-grass bed in a distinct bay
within an estuary, and it initially spends some months in that estuary before migrating to the open
sea. Does it exhibit natal fidelity if it returns to spawn in the same estuary, or in the same bay
within the estuary where it was spawned, or to the actual sea-grass bed in the bay in the estuary
where it was spawned? It can be argued that natal fidelity is exhibited in all three scenarios.
Clearly, the extent to which it is believed that natal fidelity is being exhibited by a species will
probably vary depending on the knowledge of the size and distribution of spawning grounds.

For hoki, what would we need to show to conclude that the species exhibits natal fidelity? We
know that there are two main spawning grounds (WCSI and Cook Strait), although spawning
also occurs at other locations. So we would need to show that a high proportion of fish
originating off WCSI return there to spawn, and a high proportion of fish originating in Cook
Strait return there to spawn. Ideally, we would also demonstrate similar high degrees of
fidelity to some of the minor spawning grounds as well.

5. SYNTHESIS OF METHODS TO DETERMINE NATAL FIDELITY, AND
THEIR APPLICABILITY TO HOKI

To follow a fish from its egg or larval stage to spawning maturity it is necessary to mark it in
some way so it can always be identified later in its life. Marks, or tags, can be acquired
naturally or artificially. Details of possible methods, and how they might be applicable to an
investigation of natal fidelity in hoki, are listed below.
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5.1

5.2

Artificial tags

Physically applied tags. These include ‘classical’ external tags or acoustic tags, and
internal tags (e.g., coded wire tags). Clearly, these can be used only to mark post-
larval teleosts or post-partum elasmobranchs. Consequently, unless the juveniles of a
species are known to remain on or very near the grounds where they originated, these
techniques are of little use in studies of natal fidelity. Also, the relatively high rates of
larval and juvenile natural mortality means that huge numbers of fish would need to
be tagged to ensure the later recovery of tagged spawning adults.

It is not practical to apply this method to hoki as there is no possibility of obtaining,
treating, and releasing healthy specimens of newly hatched larvae or juveniles. Also,
the frequent occurrence of relatively strong currents at the main spawning grounds
could result in the juvenile fish being a considerable distance from their natal area
before they are big enough to undergo any tagging procedure.

Fin clipping. Similar to external tags, this method is useful only if the juvenile fish
are known to remain on or very near the grounds where they were spawned. Again,
huge numbers would need to be treated to ensure some recaptures at maturity.

It is not practical to apply this method to hoki as there is no possibility of obtaining,
treating, and releasing healthy specimens of juvenile fish. Also, water currents are
likely to have moved the juveniles away from their natal area before they are big
enough to be fin clipped.

Biochemical tags in otolith cores. This is achieved either by inoculating the brooding
female with concentrations of an isotope that is uncommon in the natural environment
and which is incorporated in her eggs, or directly exposing hatched larvae to an
uncommon isotope. While it is possible to tag large numbers of larvae in this way
(assuming females are accessible or the larvae can be confined), because of the very
high natural mortality rates of eggs, larvae, and juveniles it is necessary to treat a high
proportion of the females or larvae to ensure sufficient recaptures at maturity.

It is not practical to apply this method to hoki as there is no possibility of obtaining,
treating, and releasing healthy specimens of spawning females or newly hatched
larvae.

Modifying daily growth zone patterns to create ‘bar-coded’ otoliths. Newly hatched
larvae are exposed to thermal variation, which produces a distinct bar-code pattern (of
wide and narrow zones) in otoliths. Again, very large numbers of larvae must be
tagged to overcome the high mortality rate of tagged fish and thus ensure sufficient
recaptures at maturity.

It is not practical to apply this method to hoki as there is no possibility of obtaining,
treating, and releasing the large numbers of healthy specimens of newly hatched
larvae required.

Natural tags

Geochemical signatures in otolith cores. Many elements are incorporated in otoliths

in approximate equilibrium with the concentration of the same elements in the
ambient water. Consequently, if the chemical signature of the water differs between
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two spawning areas then this will manifest as different biochemical signatures in
otolith cores of fish originating in those two areas. The otolith cores of fish returning
to spawn can then be analysed to determine their natal area. Clearly, this technique
would work best when the spawning areas have relatively constant sources of current
inflow and limited water mixing, thus ensuring minimal variation in the signature
during a spawning season and between years.

Both the main hoki spawning grounds are in relatively open areas experiencing
frequent strong current flows, and the spawning season extends over months. Hence,
there would be considerable scope for between- and within-season variation in the
chemical signature of the water at an individual spawning ground. If this method was
used to investigate natal fidelity in hoki then any between-ground comparisons would
need to be restricted to individual year classes, thus removing the effects of any
between-year variation (as was done in the pilot study by Francis et al. (in prep.)).

Daily growth zone ‘bar-coded’ otoliths. If newly hatched larvae are exposed to
naturally occurring thermal variation, then a distinct bar-code pattern (of wide and
narrow zones) can form in otoliths. However, this technique has little use as a natural
tag unless the spawning season is very short (i.e., only a few days long). Where
spawning occurs over a longer period it is not possible to identify a single ‘bar-code’
applied across the entire cohort because the natural variations in the thermal regime in
one week are likely to be different to those in the following week.

Testing for natural bar-coding in hoki otolith daily growth zones would not be
practical as the spawning season is far too long, resulting in a wide variety of patterns
in any one spawning season at a single ground.

Developmental tags. Differences in larval growth history and genetics can result in
either meristic or morphological variation between distinct spawning populations. For
example, fish larvae can show temperature-dependent effects on the development of
meristic characters such as the number of vertebrae, fin rays, or spines. However, for
developmental tags to be useful at distinguishing natal fidelity of spawning
populations, the environmental drivers must maintain relative consistency within a
single spawning ground, and also maintain consistent differences between spawning
grounds. Clearly, the driving factors often exhibit great spatial and temporal
variability and therefore may not result in consistent ‘marking’ of larvae spawned
from the same population. It is also possible that some of the differences could be
driven by factors having an effect long after the fish have left their birth place (e.g.,
differences in the nutrition available at different non-spawning areas). In this
situation, differences may indicate adult fidelity, but not natal fidelity.

The use of developmental tags has been previously examined for hoki (Horn &
Sullivan 1996; Livingston & Schofield 1996; Smith et al. 2001; Hicks & Gilbert
2002; Hicks et al. 2003). While some differences in growth rates were apparent
between the adult spawning populations, differences in meristics were apparent for
some, but not all cohorts. This work provided some support for adult fidelity in hoki,
but not spawning fidelity. It is unlikely that the environmental and/or genetic drivers
that produce developmental tags would be sufficiently constant within a single hoki
spawning ground (given the relatively long spawning season, the known between-
year variations in environmental conditions, and the apparent genetic homogeneity),
or consistently different between grounds. Consequently, this method is also ruled out
as having any potential to establish levels of natal fidelity in hoki populations.
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e Genetic tags. Significant differences in the allozyme allele frequency at highly
polymorphic loci would be indicative of essentially distinct spawning populations.
Similarly, any analyses of mtDNA that produced significant differences would be
indicative of a distinct separation in spawning groups (although for such an analysis it
would only be possible to conclude female separation). However, genetic approaches
generally have insufficient resolution to quantify natal homing unless straying is
negligible over evolutionary time scales (and few studies have been able to
demonstrate this).

Searching for genetic tags in hoki is unlikely to be productive. Initial genetic
approaches using allozymes found no significant regional differentiation (Smith et al.
1981). An analysis of polymorphisms in mtDNA of hoki from the two main New
Zealand spawning sites and one spawning concentration off Tasmania found
moderate levels of genetic diversity (Smith et al. 1996). However, the majority of the
diversity was within samples from a single area; there was no significant genetic
heterogeneity between areas.

6. CONCLUSIONS

Natal fidelity (or philopatry) is a behaviour whereby a fish always returns to spawn on the
spawning ground where it originated. Hoki is certainly a problematic candidate for an
investigation of natal fidelity. It is a relatively delicate deepwater species, so no artificial
tagging methods could be successfully applied. Because it has multiple spawning areas, all in
relatively open locales subject to strong but variable current flows, the species is likely to
experience relatively rapid and variable dispersal of eggs and larvae from the natal areas,
hence reducing the effectiveness of any natural environmental tags. The relatively long
spawning season adds further complication in this regard. Consequently, in any year and
between years, the eggs and larvae from any one spawning ground could be exposed to a wide
variety of areas, water masses, and geochemical signatures.

The development of natal fidelity would be evolutionarily favoured as individuals that
successfully survived, matured, and returned to their natal nursery areas to breed would be
more likely to pass on their genes than fish that spawned in other areas that are seldom or
irregularly used for spawning. These specific spawning areas would be positively selected
because they were successful in producing fish that reproduced. If an area is not predictably
better for successful spawning than an alternative, then natal fidelity need not exist. It might
be expected that the selection for philopatry is likely to be greater in species with spawning
areas that are enclosed geographically (i.e., freshwater, estuarine, or near-coastal species) than
in dispersing, off-shore, pelagic species which may have more diffuse spawning areas.
However, it is clear that regardless of the habitat or life history of the species, direct
measurements of connectivity between fertilised eggs and subsequent spawners is challenging
because larvae typically spend from days to months in the pelagic environment before seeking
suitable habitat to begin adult life.

It is apparent that even in high-profile natal homers, such as salmon or other anadromous
species, stray rates can be high (sometimes approaching 50%), and are variable over time.
Proving natal fidelity for a significant proportion of adults in a marine population is very
difficult, and has been achieved for few species. The habitat and behaviour of hoki places
them in a group of species for which it is relatively difficult to maintain natal fidelity; they are
an off-shore species, widely dispersed in the non-spawning season, with multiple, relatively
diffuse spawning areas. It is safe to conclude that any hoki population model assuming 100%
natal fidelity is untenable. Even if natal fidelity is the preferred option for hoki from an
evolutionary perspective, it is almost inconceivable that a large proportion of the population
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would not stray routinely. The preliminary results of Francis et al. (in prep.) indicate that hoki
exhibit neither complete natal fidelity nor no natal fidelity (i.e., random ‘choice’ of spawning
ground).

Based on meristic analyses, it seems likely that hoki exhibit adult fidelity. If they exhibit natal
fidelity then we would expect unique signatures in meristic and other studies (e.g., otolith
core chemistry), at least when comparing across the same year class; this has not been found.
In any case, complete natal fidelity would not be expected in hoki (or any other open ocean
species). It would be very difficult to determine what proportion of hoki does return to their
natal ground to spawn. This proportion could be relatively constant over time (if it is driven
by a relatively consistent ‘desire’ imprinted at the egg/larval stage), or could vary markedly
(if it is related to environmental factors, relative density of stocks, or is simply a random
‘choice’ by the fish). Because it is likely that at least some hoki spawn in many of the canyon
features around the South Island then multiple different natural ‘tags’ would be created in
hoki from a single year class.

It appears that only one experimental method may be applicable and practical in any
determination of the extent of natal fidelity by hoki, i.e., the analysis of geochemical
signatures in otolith cores. Because of the relatively high levels of heterogeneity in core
signatures (Francis et al. in prep.), sample sizes would need to be relatively large (to account
for the multiple spawning areas) and comparisons involving numerous year classes would be
necessary (to account for any between-year variations). Even then, it may still be difficult to
detect sufficiently precise differences to enable the development of an accurate stock structure
model. Clearly, the two extremes of the hoki stock structure model are 100% natal fidelity,
and random choice of spawning grounds (presumably with adult fidelity occurring in both).
Comparing the results from two stock assessment model runs, each assuming one or other of
these two extreme stock hypotheses is perhaps the best currently available means of dealing
with this uncertain aspect of the hoki life history.

7. ACKNOWLEDGEMENTS

Thanks to Steve Campana, Chris Francis, Steve Parker, and David Secor for preliminary
comments on the topic of this review, and to Steve Parker for a thoughtful review of the
manuscript. This review was funded by the New Zealand Ministry of Fisheries under Project
SSP201002/2.

6. REFERENCES

Almany, G.R.; Berumen, M.L.; Thorrold, S.R.; Planes, S.; Jones, G.P. (2007). Local
replenishment of coral reef fish populations in a marine reserve. Science 316: 742—744.

Block, B.A.; Teo, S.L.H.; Walli, A.; Boustany, A.; Stokesbury, M.J.W.; Farwell, C.J.; Weng,
K.C.; Dewar, H.; Williams, T.D. (2005). Electronic tagging and population structure of
Atlantic bluefin tuna. Nature 434: 1121-1127.

Bradbury, I.R.; Campana, S.E.; Bentzen, P. (2008). Otolith elemental composition and adult
tagging reveal spawning site fidelity and estuarine dependency in rainbow smelt. Marine
Ecology Progress Series 368: 255-268.

Bradbury, L.R.; Laurel, B.J. (2007). Defining ‘natal homing’ in marine fish populations:
comment on Svedang et al. (2007). Marine Ecology Progress Series 349: 307-308.

Bull, B.; Livingston, M.E. (2000). Hoki migration patterns: an analysis of commercial catches in
New Zealand waters 1985-99. NIWA Client Report 2000/63. 49 p. (Unpublished
document available from Ministry of Fisheries, Wellington.)

15



Campana, S.E.; Chouinard, G.A.; Hanson, J.M.; Frechet, A. (1999). Mixing and migration of
overwintering Atlantic cod (Gadus morhua) stocks near the mouth of the Gulf of St.
Lawrence. Canadian Journal of Fisheries and Aquatic Sciences 56: 1873—1881.

Chapman, D.D.; Pinhal, D.; Shivji, M.S. (2009). Tracking the fin trade: genetic stock
identification in western Atlantic scalloped hammerhead sharks Sphyrna lewini.
Endangered Species Research 9: 221-228.

Cordes, J.F.; Graves, J.E. (2003). Investigation of congeneric hybridization in and stock
structure of weakfish (Cynoscion regalis) inferred from analyses of nuclear and
mitochondrial DNA loci. Fishery Bulletin 101: 443—450.

Dittman, A.H.; Quinn, T.P. (1996). Homing in Pacific salmon: mechanisms and ecological
basis. The Journal of Experimental Biology 199: 83-91.

Dittman, A.H.; Quinn, T.P.; Nevitt, G.A. (1996). Timing of imprinting to natural and artificial
odors by coho salmon (Oncorhynchus kisutch). Canadian Journal of Fisheries and
Aquatic Sciences 53: 434—442.

Feldheim, K.A.; Gruber, S.H.; Ashley, M.V. (2002). The breeding biology of lemon sharks at
a tropical nursery lagoon. Proceedings of the Royal Society B 269: 1655-1661.

Francis, R.I.C.C. (2008). Assessment of hoki (Macruronus novaezelandiae) in 2007. New
Zealand Fisheries Assessment Report 2008/4. 109 p.

Francis, R.I.C.C.; Neil, H.L.; Horn, P.L.; Gillanders, B.; Marriott, P.; Vorster, J. (in prep.). A
pilot study to evaluate the utility of otolith microchemistry for determining natal fidelity
in New Zealand hoki. Draft Final Research Report for Ministry of Fisheries Research
Project HOK2006-05, Objective 1.

Heupel, M.R.; Hueter, R.E. (2001). Use of an automated acoustic telemetry system to
passively track juvenile blacktip shark movements. /n: Electronic Tagging and Tracking
in Marine Fisheries. J.R. Sibert & J.L. Nielsen, (eds.). Kluwer Academic Publishers,
Netherlands, p. 217-236.

Hicks, A.C.; Gilbert, D.J. (2002). Stock discrimination of hoki (Macruronus novaezelandiae)
based on otolith ring measurements. New Zealand Fisheries Assessment Report 2002/2.
31 p.

Hicks, A.C.; Smith, P.J.; Horn, P.L.; Gilbert, D.J. (2003). Differences in otolith measurements
and gill raker counts between the two major spawning stocks of hoki (Macruronus
novaezelandiae) in New Zealand. New Zealand Fisheries Assessment Report 2003/7. 23 p.

Horn, P.L.; Sullivan, K.J. (1996). Validated aging methodology using otoliths, and growth
parameters for hoki (Macruronus novaezelandiae) in New Zealand waters. New Zealand
Journal of Marine and Freshwater Research 30: 161-174.

Hueter, R.E.; Heupel, M.R.; Heist, E.J.; Keeney, D.B. (2005). Evidence of philopatry in
sharks and implications for the management of shark fisheries. Journal of Northwest
Atlantic Fishery Science 35: 239-247.

Hunter, E.; Metcalfe, J.D.; Reynolds, J.D. (2003). Migration route and spawning area fidelity
by North Sea plaice. Proceedings of the Royal. Society B 270: 2097-2103.

Jorgensen, S.J.; Reeb, C.A.; Chapple, T.K; Anderson, S.; Perle, C.; Van Sommeran, S.R.;
Fritz-Cope, C.; Brown, A.C.; Klimley, A.P.; Block, B.A. (2011). Philopatry and
migration of Pacific white sharks. Proceedings of the Royal Society B 277: 679—688.

Keeney, D.B.; Heupel, M.; Hueter, R.E.; Heist, E.J. (2003). Genetic heterogeneity among
blacktip shark, Carcharhinus limbatus, continental nurseries along the U.S. Atlantic and
Gulf of Mexico. Marine Biology 143: 1039-1046.

Kennedy, B.P.; Klaue, A.; Blum, J.D.; Folt, C.L.; Nislow, K.H. (2002). Reconstructing the
lives of fish using Sr isotopes in otoliths. Canadian Journal of Fisheries and Aquatic
Sciences 59: 925-929.

Livingston, M.E.; Bull, B.; Stevens, D.W. (2002). Migration patterns during the life-cycle of
hoki (Macruronus novaezelandiae): an analysis of trawl survey data in New Zealand
waters 1991-2002. Final Research Report for Ministry of Fisheries Research
Project HOK2000/01, Objective 6. (Unpublished document available from Ministry of
Fisheries, Wellington.)

16



Livingston, M.E.; Schofield, K.A. (1996). Stock discrimination of hoki (Macruronus
novaezelandiae Merlucciidae) in New Zealand waters, using morphometrics. New
Zealand Journal of Marine and Freshwater Research 30: 197-208.

Livingston, M.E.; Schofield, K.A.; Sullivan, K.J. (1992). The discrimination of hoki groups in
New Zealand waters using morphometrics and age-growth parameters. New Zealand
Fisheries Assessment Research Document 1992/18. 30 p. (Unpublished report held in
NIWA library, Wellington).

McKenzie, A. (2011). Assessment of hoki (Macruronus novaezelandiae) in 2010. New
Zealand Fisheries Assessment Report 2011/6. 54 p.

Massicotte, R.; Magnan, P.; Angers, B. (2008). Intralacustrine site fidelity and nonrandom
mating in the littoral-spawning northern redbelly dace (Phoxinus eos). Canadian
Journal of Fisheries and Aquatic Sciences 65: 2016-2025.

Miller, L.M.; Kallemeyn, L.; Senanan, W. (2001). Spawning-site fidelity and natal-site
fidelity by Northern pike in a large lake: mark-recapture and genetic evidence.
Transactions of the American Fisheries Society 130: 307-316.

Murdoch, R.C. (1990). Diet of hoki larvae (Macruronus novaezelandiae) off Westland, New
Zealand. New Zealand Journal of Marine and Freshwater Research 24: 519-527.

Murdoch, R.C. (1992). A review of the ecology of hoki Macruronus novaezelandiae (Hector),
larvae in New Zealand waters. Bureau of Rural Resources Proceedings 15: 3—16.

Murray, C.B.; Beacham, T.D. (1988). Responses of meristic characters in chum salmon
(Oncorhynchus keta) to temperature changes during development. Canadian Journal of
Zoology 67: 596—600.

Olsen, J.B.; Miller, S.J.; Spearman, W.J.; Wenburg, J.K. (2003). Patterns of intra- and inter-
population genetic diversity in Alaskan coho salmon: Implications for conservation.
Conservation Genetics 4: 557-569.

Pardini, A.T., Jones, C.S.; Noble, L.R.; Kreiser, B.; Malcolm, H.; Bruce, B.D.; Stevens, J.D.;
Cliff, G.; Scholl, M.C.; Francis, M.; Duffy, C.A.J.; Martin, A.P. (2001). Sex-biased
dispersal of great white sharks. Nature 412: 139—-140.

Quinn, T.P. (1993). A review of homing and straying of wild and hatchery-produced salmon.
Fisheries Research 18: 29—44.

Quinn, T.P.; Volk, E.C.; Hendry, A.P. (1999). Natural otolith microstructure patterns reveal
precise homing to natal incubation sites by sockeye salmon (Oncorhynchus nerka).
Canadian Journal of Zoology 77: 766-775.

Ridgway, M.S.; MacLean, J.A.; MacLeod, J.C. (1991). Nest-site fidelity in a centrarchid fish,
the smallmouth bass (Micropterus dolomieui). Canadian Journal of Zoology 69: 3103—
3105.

Robichaud, D.; Rose, G.A. (2001). Multiyear homing of Atlantic cod to spawning ground.
Canadian Journal of Fisheries and Aquatic Sciences 58: 2325-2329.

Robichaud, D.; Rose, G.A. (2004). Migratory behaviour and range in Atlantic cod: inference
from a century of tagging. Fish and Fisheries 5: 185-214.

Rooker, J.R.; Secor, D.H.; DeMetrio, G.; Schloesser, R.; Block, B.A.; Neilson, J.D. (2008a).
Natal homing and connectivity in Atlantic bluefin tuna populations. Science 322: 742—
744,

Rooker, J.R.; Secor, D.H.; DeMetrio, G.D.; Kaufman, A.J.; Rios, A.B.; Ti¢ina, V.
Rodriquez-Marin, E. (2008b) Evidence of trans-Atlantic movement and natal homing in
bluefin tuna from stable isotopes in otoliths. Marine Ecology Progress Series 368: 231—
239.

Ruzzante, D.E.; Taggart, C.T.; Cook, D. (1998). A nuclear DNA basis for shelf- and bank-
scale population structure in northwest Atlantic cod (Gadus morhua): Labrador to
Georges Bank. Molecular ecology 7: 1663—1680.

Scholz, A.T.; Horrall, R.M.; Cooper, J.C.; Hasler, A.D. (1976). Imprinting to chemical cues:
the basis for homestream selection in salmon. Science 192: 1247-1249.

Schrey, A.W.; Heist, E.J. (2003). Microsatellite analysis of population structure in the shortfin
mako (Isurus oxyrinchus). Canadian Journal of Fisheries and Aquatic Sciences 60:
670-675.

17



Secor, D.H. (2010). Is otolith science transformative? New views on fish migration.
Environmental Biology of Fishes 89: 209-220.

Skjeraasen, J.E.; Meager, J.J.; Karlsen, @.; Hutchings, J.A.; Fernd, A. (2011). Extreme
spawning-site fidelity in Atlantic cod. ICES Journal of Marine Science Advance Access.
doi:10.1093/icesjms/fsr055.

Smith, P.J.; Bull, B.; McVeagh, S.M. (2001). Evaluation of meristic characters for
determining hoki relationships. Final Research Report for Ministry of Fisheries
Research Project HOK1999/05, Objective 1. 10 p. (Unpublished report held by Ministry
of Fisheries, Wellington).

Smith, P.J.; McVeagh, S.M.; Ede, A. (1996). Genetically isolated stocks of orange roughy
(Hoplostethus atlanticus), but not of hoki (Macruronus novaezelandiae), in the Tasman
sea and southwest Pacific ocean around New Zealand. Marine Biology 125: 783—793.

Smith, P.J.; Patchell, G.; Benson, P.G. (1981). Genetic tags in the New Zealand hoki
Macruronus novaezelandiae. Animal Blood Groups and Biochemical Genetics 12: 37—
45.

Sveding, H.; Righton, D.; Jonsson, P. (2007). Migratory behaviour of Atlantic cod Gadus
morhua: natal homing is the prime stock-separating mechanism. Marine Ecology
Progress Series 345: 1-12.

Swain, D.P.; Lindsey, C.C. (1985). Meristic variation in a clone of the cyprinodont fish
Rivulus marmoratus related to temperature history of the parents and of the embryos.
Canadian Journal of Zoology 64: 1444—1455.

Thorisson, K.; Jonsdottir, [.G.; Marteinsdottir, G.; Campana, S.E. (2011). The use of otolith
chemistry to determine the juvenile source of spawning cod in Icelandic waters. /CES
Journal of Marine Science 68: 98—106.

Thorrold, S.R.; Campana, S.E.; Jones, C.M.; Swart, P.K. (1997). Factors determining §"C
and 3'"0O fractionation in aragonitic otoliths of marine fish. Geochimica et
Cosmochimica Acta 61: 2909-2919.

Thorrold, S.R.; Jones, G.P.; Hellberg, M.E.; Burton, R.S.; Swearer, S.E.; Neigel, J.E.;
Morgan, S.G.; Warner, R.R. (2002). Quantifying larval retention and connectivity in
marine populations with artificial and natural markers. Bulletin of Marine Science 70
(Suppl. 1): 291-308.

Thorrold, S.R.; Jones, G.P.; Planes, S.; Hare, J.A. (2006). Transgenerational marking of
embryonic otoliths in marine fishes using barium stable isotopes. Canadian Journal of
Fisheries and Aquatic Sciences 63: 1193—-1197.

Thorrold, S.R.; Jones, C.M.; Swart, P.K.; Targett, T.E. (1998). Accurate classification of
juvenile weakfish Cynoscion regalis to estuarine nursery areas based on chemical
signatures in otoliths. Marine Ecology Progress Series 173: 253-265.

Thorrold, S.R.; Latkoczy, C.; Swart, P.K.; Jones, C.M. (2001). Natal homing in a marine fish
metapopulation. Science 291: 297-299.

Varnavskaya, N.V.; Wood, C.C.; Everett, R.J.; Wilmot, R.L.; Varnavsky, V.S.; Midanaya,
V.V.; Quinn, T.P. (1994). Genetic differentiation of subpopulations of sockeye salmon
(Oncorhynchus nerka) within lakes of Alaska, British Columbia, and Kamchatka,
Russia. Canadian Journal of Fisheries and Aquatic Sciences 51(Suppl. 1): 147-157.

Volk, E.C.; Schroder, S.L.; Fresh, K.L. (1990). Inducement of unique otolith banding patterns
as a practical means to massmark juvenile Pacific salmon. American Fisheries Society
Symposium 7: 203-215.

Volk, E.C.; Mortensen, D.G.; Wertheimer, A.C. (1995). Nondaily growth increments and
seasonal changes in growth of a pink salmon (Oncorhynchus gorbuscha) population in
Auke Bay, Alaska. In Secor, D.H., Dean, J.M., Campana, S.E. (eds.), Recent
developments in fish otolith research. University of South Carolina Press. p. 211-222.

Walther, B.D.; Thorrold, S.R.; Olney, J.E. (2008). Geochemical signatures in otoliths record
natal origins of American shad. Transactions of the American Fisheries Society 137: 57—
69.

18










<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




