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22.1 INTRODUCTION
As we described in the overview of this volume, stock identification is an

important prerequisite for stock assessment and fishery management. The

closer management units reflect biological population structure, the better for

achieving management objectives such as optimum yield. The challenge we

face is that investigation of population structure is a never-ending scientific

endeavor that is supported by rapidly advancing technologies and methods;

yet, resource conservation and fishery management require the practical defini-

tion of spatial management units that are based on the best available science and

over time scales that are germane to policy and trade.

Revising spatial definition of management units can pose transition costs for

the scientific process (e.g., revised stock assessments), fishery management (e.g.,

new management plans), and stakeholders (e.g., implications for total allowable

catch and individual allocations; see Aps et al., 2004; Hammer and Zimmermann,

2005). Therefore, a process is needed to consider hownew information can be used

to reevaluate stock identity and possibly evaluate the implications of existingman-

agement boundaries that do not reflect revised perceptions of stock structure.

Information on geographic variation and movement patterns from newly

developed and recently applied methods can be reconciled with previous infor-

mation from more traditional methods for practical definitions. The process for

developing inferences of the most likely population structure and recommenda-

tions for the most appropriate management units involves: (1) a comprehensive

multidisciplinary review of available information, (2) interdisciplinary analysis

for synthetic conclusions, and (3) practical considerations of monitoring,

assessment, and management.

Like all scientific endeavors, the practice of stock identification has changed

over time, taking advantage of new perspectives offered from technological ad-

vances and improving our ability to manage fisheries and conserve fishery re-

sources. The earliest definitions of spatial management units reflected fishing

grounds (e.g., Rounsefell, 1948; Royce et al., 1959; Halliday and Pinhorn,

1990). The early stages of fisheries science emphasized demography, and the

study of vital rates (e.g., growth maturity, recruitment) led to stock definitions

that were based on phenotypic variation (e.g., Gilbert, 1914; Hjort, 1914;

Cadrin and Secor, 2009). A subsequent focus on recruitment dynamics led to

investigations of life cycle closure and fish movement patterns, and inferences

of movement from conventional tagging studies complemented phenotypic in-

formation (e.g., Jakobsson, 1970; Thorsteinsson, 2002; Hall, 2013). The most

profound methodological revolution was the application of genetic techniques

to fishery resources, leading to a “stock concept” that was largely based on

reproductive isolation (e.g., Larkin, 1972; Fetterolf, 1981).

Since the early investigations of allozymes for salmonid stocks in the

1970s, the technological revolution promoted advancements in every stock

identification approach. Genetic methods advanced from allozymes to a pro-

gressively broadening set of DNA markers (e.g., Chapter 13; Mariani and
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Bekkevold, 2013), the development of electronic tags led to much greater un-

derstanding of fish movement patterns (e.g., DeCelles and Zemeckis, 2013;

Galuardi and Lam, 2013), advances in microchemistry allowed detailed anal-

ysis of otoliths (e.g., Kerr and Campana, 2013), imaging improved morpholog-

ical and a parasitological methods as well as geographic information systems,

and computer technology facilitated developments in statistical analysis and

population modeling (Galuardi and Lam, 2013; Kerr and Goethel, 2013;

Schwarz, 2013). As each chapter in this volume demonstrates, stock identifica-

tion continues to be a rapidly developing field, and the incorporation of new in-

formation into fishery management is a challenge.

Although we are compelled to consider new information, it should be inter-

preted in the context of all available information. Therefore a synthesis of infor-

mation from multiple stock identification approaches is needed for a

comprehensive conclusion. The historical development of information should

be recognized as well as the practical limitations for fishery assessment and

management.

22.2 A PROCESS FOR INTERDISCIPLINARY STOCK
IDENTIFICATION

Conclusions about biological population structure and recommendations for

appropriate fishery management units should adhere to principles of best scien-

tific information available (NRC, 2004):
l RelevancedThe information considered is relevant to the stock being

evaluated.
l InclusivenessdAll interested scientific parties are included in the review.
l ObjectivitydInferences are based on the most likely interpretation of infor-

mation without bias for a particular outcome.
l TransparencydThe basis for conclusions should be clearly documented.
l TimelinessdStock identity should be reconsidered when new information

becomes available.
l VerificationdThe basis for all previously stated and newly developed infer-

ences should be reviewed in the context of current best practices.
l ValidationdThe data used for all previously stated and newly developed

inferences should be reviewed for quality and assurance.
l Peer reviewdIdeally, each component study is published in peer-reviewed

literature, and the interdisciplinary synthesis is externally reviewed.

The process we advocate has several sequential stages. At each stage, a

consensus summary statement should be developed among all participants.

The first step in the process is to clearly define the current spatial management

units and their scientific or practical justification. The scientific information that

was used to form the current management units should be reviewed in the

context of current knowledge and their distinct perspective on stock structure,

including explicit objectives, sampling designs, analytical methods, and con-

clusions from each study.
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The next step in the process is to identify all a priori hypotheses about pop-

ulation structure, including the paradigm used to justify current management

units. All information available should be evaluated with respect to each

hypothesis. Some information may not have been sampled to rigorously test

hypotheses, but consistency or inconsistency with hypotheses should be consid-

ered for each source of information.

The third step in the process is a comprehensive search for information

related to the specific fishery resource being evaluated, ideally considering in-

formation from throughout the species’ geographic range. Information should

prioritize research that was explicitly intended and designed to support infer-

ences about stock structure. Secondarily, relevant information may be found

in other studies that were not intended to be used for stock identification

(e.g., fishery descriptions, resource surveys, life history studies). Information

from peer-reviewed literature should have more influence on conclusions

than that from gray literature, because it has had some peer review from

experts in that discipline. Information can be grouped into broad disciplines

(e.g., geographic distribution; geographic variation in genetic composition,

phenotypic traits, environmental traits; movement patterns), and consensus

conclusions within each discipline should be formed.

Cadrin et al. (2010) developed five criteria for consensus interpretation of

the results from each case study:

1. Was stock identification an explicit objective of the study?

2. Did the samples represent hypothetical stocks (e.g., from a rigorous sam-

pling design)?

3. Was sample size adequate to detect a meaningful difference between

groups?

4. Were differences between hypothetical stocks tested statistically?

5. Was the analytical methodology sound (i.e., adequate for the task of deter-

mining population structure)? The critiques and protocols described in the

first edition of this volume (Cadrin et al., 2005) served as a guide.

Information available within each discipline should be reviewed and interpreted

with respect to population structure and the stated hypotheses. Some sources of

information may be interpreted in alternative ways, and all viable alternatives

should be considered. Final conclusions should be based on information that

is objective, parsimonious, and the least equivocal. In summary of all informa-

tion within a discipline, a general conclusion about stock structure from the

perspective of that discipline should be formed.

After the multidisciplinary review is complete, each perception of stock

structure should be considered in an interdisciplinary evaluation. Previous

syntheses of information should be reviewed at this stage, including the objective

and spatial extent of the previous synthesis, and a determination of strengths

and weaknesses of the previous conclusions, upon which to contrast the

new synthesis. Integrations based onmultidisciplinary sampling have distinct ad-

vantages for forming interdisciplinary conclusions (see Abaunza et al., 2013).

All newly developed conclusions on geographic distribution, geographic
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variation, and connectivity should be integrated to obtain a holistic perspective

on biological stocks. The unique perspective offered from each discipline

alongwith the sensitivity of specific characters for detecting population structure

should be considered to identify congruent results and to reconcile apparent

differences.

The final stage of evaluating biological stock structure should involve

consideration of each a priori hypothesis, identification of information that

rigorously tested the hypotheses, and evaluation of whether the information

could be used to either reject or support hypotheses. The testing of hypotheses

should be based on the most objective information available (i.e., information

not subject to alternative or equivocal interpretation). Conclusions on biological

stocks should be based on the most robust and parsimonious view of stock

structure that is consistent with the best scientific information available.

In recent years there has been an increased recognition of the advantages of

conducting stock structure investigations with an interdisciplinary approach

from the onset (Abaunza et al., 2008; Higgins et al., 2010). This methodology

allows collection of multiple stock descriptors on the same individuals, hence

providing the opportunity for a comprehensive quantification of population

structure in a common statistical framework, and without the limitations associ-

ated with comparisons among different sets of data collected at different times.

Presently, uncertainties remain as to the most appropriate way to standardize

rather different types of data (e.g., microsatellite genotypes, morphological

traits, chemical signatures, parasitic fauna, etc.) and analyze such multivariate

matrices. Yet, research is moving toward the optimization of suitable

approaches, such as multi-criteria evaluation analysis (MCEA), which has

been successfully applied to environmental impact assessment (Janssen, 2001)

and which can be integrated in geographic information systems (Carver, 1991)

to use spatial features as predictor variables of spatial structure.

Recommendations for practical management units should consider geo-

graphic delineations that most accurately reflect the consensus on biological

stock structure, as well as practical aspects and the limitations of monitoring

fisheries and the resource and managing fisheries (i.e., jurisdictions). Ideally,

the implications of new perspectives on stock identity and existing manage-

ment unit definitions can be evaluated by simulation (see Kerr and Goethel,

2013).

In addition to recommendations for definition of management units, the

interdisciplinary analysis can also identify research recommendations, including

refinement of fishery and resource monitoring approaches and the optimal sam-

pling design for confirmatory analysis and possibly stock composition analysis

for mixed-stock situations.

22.3 CASE STUDIES
The most effective approach to interdisciplinary conclusions about stock struc-

ture is a multidisciplinary sampling design (e.g., Abaunza et al., 2013).
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However, information from disparate studies can also be integrated to form

interdisciplinary conclusions. Examples of interdisciplinary analyses are

described from two approaches. Several examples are provided from the North-

east U.S. Stock Assessment Workshop, in which stock structure was reviewed

within a stock assessment peer-review process. Other examples are from inde-

pendent workshops from the stock assessment peer-review process from New

England, the International Commission on the Conservation of Atlantic Tuna

(ICCAT), and the International Council for the Exploration of the Seas

(ICES). Case studies from both approaches demonstrate how information

from historical and recent studies can be considered to develop recommenda-

tions for fishery management or for further research.

22.3.1 Winter Flounder (Pseudopleuronectes
americanus)

Stock structure and management units of winter flounder off the United States

have been evaluated through the Northeast Regional Stock Assessment Work-

shop process. Prior to 1996, winter flounder were managed as four stock units in

the U.S. waters of the northwest Atlantic: (1) Mid-Atlantic, (2) southern New

England, (3) Georges Bank, and (4) Gulf of Maine (Figure 22.1). In 1996

(at the 21st Stock Assessment Workshop), the southern New England and

Mid-Atlantic groups were combined to form a single unit for assessment

FIGURE 22.1 The northeast United States and continental shelf. Modified from DeCelles

and Cadrin (2010).
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purposes (Shepherd et al. 1996). The Workshop concluded that there was evi-

dence of localized estuarine populations present in the two areas, but the fish-

eries in these regions are typically conducted when winter flounder populations

are intermixed in coastal offshore waters. These management units were

confirmed through a more extensive synthesis that included the species’

entire geographic range (DeCelles and Cadrin, 2010), which was peer reviewed

through the 52nd Stock Assessment Workshop (NEFSC, 2011).

DeCelles and Cadrin (2010) reviewed information on winter flounder

genetics, morphology, meristics, larval dispersal, life history traits, tagging, par-

asites, and contaminants. Estuarine spawning, which plays an important role in

reproductive isolation and population structure, appears to be obligate in southern

New England, nonexistent on Georges Bank, and variable in the Gulf of Maine.

Behavioral groups (i.e., contingents) are likely present in both the Gulf of Maine

and southern New England/Mid-Atlantic stocks. Despite evidence for reproduc-

tively isolated estuarine groups, information from tagging, meristic analysis, and

life history studies suggest extensive mixing, thereby supporting the current U.S.

management units. In Canadian waters, winter flounder are managed as three

units: western Scotian Shelf, eastern Scotian Shelf, and the southern Gulf of

St. Lawrence (Figure 22.2). Genetic analysis and parasite markers indicate that

these Canadian management units are distinct. However, examination of

inshore and offshore winter flounder on the western Scotian Shelf suggests that

little interchange occurs between these groups. Several separate stocks probably

FIGURE 22.2 Atlantic Canada and the northwest Atlantic continental shelf. Modified from

DeCelles and Cadrin (2010).
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exist within the Gulf of St. Lawrence as well. Stock assessment and fishery man-

agement would likely benefit from stock composition analysis of mixed-stock

fisheries of both U.S. and Canadian fishery resources.

The threeeU.S.estocks hypothesis was recently tested using analysis of

microsatellite DNA from young-of-the-year winter flounder sampled in 27

estuaries from Newfoundland to Delaware and Georges Bank (Wirgin et al.,

in press). They found significant regional genetic stock structure (e.g., Gulf

of Maine, southern New England, Georges Bank, Gulf of St. Lawrence,

Newfoundland) but little evidence of structure among estuaries within U.S.

regions. Research continues on stock composition analysis of mixed-stock fish-

eries using meristic analysis (DeCelles et al., 2012) and larval dispersal from

coastal spawning sites (DeCelles et al., 2010).

22.3.2 Atlantic Herring (Clupea harengus) off
New England

Stock structure and management units of Atlantic herring off the United States

have also been evaluated through the Northeast Regional Stock Assessment

Workshop process. The Atlantic herring resource along the East Coast of the

United States was originally divided into separate Gulf of Maine and

Georges Bank stocks (Figure 22.1), but herring from the Gulf of Maine and

Georges Bank components are now combined into a single coastal stock

complex, because fisheries and surveys include fish originating from all

spawning areas off New England (NEFSC, 2012).

Information available on herring stock structure off New England was

reviewed in the context of the current management unit definition. The

review included information on the geographic distribution of survey catches

and ichthyoplankton collections, geographic variation in genetics, size-at-age

and morphology, and movement of early life stages as well as tagged

juveniles and adults. The synthesis indicated that three major spawning compo-

nents from Georges Bank, Nantucket Shoals (Great South Channel area), and

the coast of Gulf of Maine are distinct but seasonally mix.

As a result of mixing outside of the spawning season, much of the fishery

takes place on mixed aggregations, a situation also typical of some herring

stocks in Europe (Ruzzante et al., 2006). Mixing of spawning components in

the fishery and during resource surveys precludes separate assessment and man-

agement of the components. It is therefore necessary to continue to assess the

entire complex, with subsequent consideration of the individual components.

Conservation of spawning groups requires more extensive sampling of stock

composition from the fishery and surveys as well as monitoring relative abun-

dance of spawning components.

The assessment and management approach for New England herring poses

a challenge for the conservation of individual spawning components. Catch

limits for the stock complex are allocated to spatial management areas, with

the intent of separating spawning areas (inshore Gulf of Maine, area 1A;
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Georges Bank, area 3) from mixing areas (offshore Gulf of Maine, area 1B;

southern New EnglandeMid-Atlantic, area 2; Figure 22.3), and allocations

are based on estimates of stock composition (e.g., from morphometric patterns)

and relative biomass among areas. Research continues on acoustic surveys of

discrete spawning groups and stock composition of mixed-stock fisheries.

22.3.3 Yellowtail Flounder (Limanda ferruginea)
off New England

The 36th Stock Assessment Workshop (2003) investigated stock structure of

yellowtail flounder resources off the northeastern United States and recom-

mended that the resource should be assessed and managed as three stocks:

(1) Georges Bank, (2) Southern New EnglandeMid-Atlantic, and (3) Cape

CodeGulf of Maine (NEFSC, 2003, Figure 22.1). A subsequent and more

comprehensive study conducted in 2010 considered geographic patterns of

abundance, geographic variation, and movement of yellowtail and came to

the same conclusion: yellowtail flounder on the principal U.S. fishing

grounds should be managed as three separate stocks despite apparent

FIGURE 22.3 Management boundaries for Atlantic herring in the Gulf of Maine and on
Georges Bank. Lines indicate original boundaries, shaded area indicates 2006 revision to
area 3 boundaries. (For color version of this figure, the reader is referred to the online
version of this book.) Adapted from NEFSC (2012).
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homogeneity of genetic variation (Cadrin, 2010). Divergent patterns of abun-

dance and biomass over time suggested two harvest stocks (Georges Bank

and Southern New England) of yellowtail flounder with a boundary on south-

west Georges Bank. Geographic patterns of growth and maturity indicate two

phenotypic stocks of yellowtail flounder, with a boundary on northern

Georges Bank (Gulf of Maine and Georges Bank/southern New England).

Yellowtail flounder resources off the United States may be a single genetic

stock, but significant variation in life history attributes and different patterns

of abundance over time suggest that yellowtail flounder off the northeastern

United States should be managed as three stocks. Research continues on esti-

mating movement rates among stock areas (Goethel et al., 2009; Wood and

Cadrin, 2013).

22.3.4 Atlantic Cod (Gadus morhua) in New England
The scientific basis for current management units of cod in New England is

described by Serchuk and Wigley (1992), but recent information from genetics

and tagging suggests that the current management units should be reconsidered.

Unlike the previous three case studies, stock structure of Atlantic cod in the

Gulf of Maine region was considered at a workshop that was organized

outside of the regional Stock Assessment Workshop process (Annala, 2012).

The workshop reviewed existing data, information, and results of analyses rele-

vant to the stock structure of cod in the Scotian Shelf, Georges Bank, Gulf of

Maine, and southern New England regions and made recommendations on

the most likely biological stock boundaries in these regions (including sub-

stock structure). The current management units were considered to be the

null hypothesis and other stock structure scenarios as alternative hypotheses.

Recommendations were also made for future research required to evaluate

these stocks more robustly.

On the issue of fine-scale spatial structure, the workshop concluded that

larval retention and multiyear fidelity to local spawning sites suggest fine-

scale metapopulation structure. Some traditional spawning groups were

depleted (e.g., Ames, 2004) and have not been recolonized by more productive

groups. Depletion of historical spawning groups is most apparent in the eastern

Gulf of Maine, the Mid-Atlantic, the “Plymouth Grounds,” and recently in

Nantucket Shoals.

With respect to broadscale population structure, the workshop concluded

that conceptualizing the most likely biological stock structure is essential for

the next steps of evaluating alternative management units and their potential

to achieve fishery objectives (Annala, 2012). All information from the New

England region suggests that there are three genetic stocks: (1) Offshore:

eastern Georges Bank (with some connectivity with the Scotian Shelf; see

Figure 22.1); (2) Inshore: northern, spring-spawning complex; and (3)

Inshore: southern, winter-spawning complex (see Kovach et al., 2010 and ref-

erences therein). Information from more traditional stock identification
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approaches (e.g., tagging, growth, larval dispersal) and larval dispersal studies

generally supports the genetic perspective (e.g., Runge et al., 2010). However,

cod in the eastern Gulf of Maine appear to be distinct from other groups. All

genetic information available is not entirely congruent with current U.S. man-

agement unit boundaries.

The workshop provided compelling evidence that the current management

units need to be reconsidered (Annala, 2012). However, the precise location of

boundaries and stock composition of mixed-stock areas remain poorly under-

stood. The workshop identified the need for more detailed review of informa-

tion from the Scotian Shelf and further consideration of larval dispersal from

important spawning grounds. The workshop recommended an evaluation of

the advantages and disadvantages of alternative management unit scenarios

on stock status and yields from the cod stocks in the region to justify the

most appropriate management units. Longer-term research recommendations

pointed at stock composition analysis, sampling, and analysis of further

genetic data from key areas (e.g., Georges Bank, eastern Gulf of Maine,

including archaeological data, and Canadian waters).

22.3.5 Atlantic Bluefin Tuna (Thunnus thynnus)
Bluefin tuna is a highly migratory species, with at least two known distinct

spawning locations adjacent to the Atlantic Ocean (one in the Mediterranean

Sea and one in the Gulf of Mexico) and extensive mixing of spawning

groups. In 2001, ICCAT formed a workshop to examine the effects of mixed-

stock fisheries for stock assessments and possible management boundaries

(ICCAT, 2001). The goals of the workshop were to evaluate the available infor-

mation on mixing and movement, examine alternative assessment models that

might be used to characterize the biological hypotheses, suggest alternatives for

management structures that might be used given the biological and assessment

characteristics, and evaluate the information and institutional requirements

needed to assess and manage the stocks under alternative management

structures.

Based on the available information, the workshop categorized conclusions

into what is known, what is likely, and what is unknown (ICCAT, 2001). In the

first category, there is compelling evidence that there are at least two spawning

areas, and more fish spend time on the side of the Atlantic where they were

tagged than migrate far away. The more likely conclusions were that there is

a substantial degree of spawning-site fidelity, the distribution of fish from the

two known spawning areas overlaps in some seasons, and some fish of

eastern origin are caught in the west Atlantic management area and vice

versa. A research program was proposed based on the unknown aspects of

bluefin stock structure and mixing. Research continues on Atlantic bluefin

tuna tagging, genetics, otolith chemistry, life history, and mixed-stock popula-

tion modeling to support stock assessment and fishery management (e.g.,

Rooker et al., 2007; Taylor et al., 2011; ICCAT, 2012).
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In 2013, a workshop was convened to review advances in biological data

and parameters used in Atlantic bluefin tuna stock assessment (ICCAT,

2013). More specifically, traditional and recent information on population

structure and stock mixing from otolith microchemistry, genetics, tagging,

and life history parameters was reviewed. The workshop recommended that

the effects of complex population structure on the scientific advice should be

tested.

22.3.6 Beaked Redfish (Sebastes mentella)
in the Irminger Sea

As a pelagic fishery developed for S. mentella off Iceland, ICES provided

fishery management advice for two distinct management units: (1) a demersal

unit on the continental shelf and (2) a pelagic unit in the Irminger Sea and adja-

cent areas (Hammer and Zimmermann, 2005). However, stock identity was un-

certain, and a multinational research initiative (the EU Redfish Project) was

designed to investigate population structure. ICES hosted two workshops to

determine the most parsimonious view of stock structure that is consistent

with all information available on S. mentella in the Irminger Sea and adjacent

areas (ICES, 2005, 2009).

As the EU Redfish Project was in the final stages of documenting results, the

ICES Study Group on Stock Identity and Management Units of Redfishes met

to review all stock identification material, identify most likely biological stocks,

and suggest practical management units (ICES, 2005). Information from the EU

and Faroese Redfish projects as well as spatial analyses of fishery and survey

data were reviewed. The Study Group concluded that S. mentella exhibit pop-
ulation structure, but the nature of the structure (i.e., reproductively isolated

groups or demographic groups) was not clear. Research recommendations

were that microsatellite analyses were the most reliable approach to stock iden-

tification, and temporal stability of all geographic differences should be

evaluated.

In 2009, ICES organized a second workshop to reconcile the new genetic

results with all previous information on stock structure with the aim of identi-

fying the most likely definition of biological stocks and to recommend practical

management units in the Irminger Sea and adjacent waters (ICES, 2009). The

process for interdisciplinary stock identification described in Section 22.2

(above) was developed and implemented to meet the objectives of the 2009

workshop. Specific studies were reviewed on geographic distribution (e.g.,

fishing grounds, survey data of early life stage, juveniles, and adults), genetic

variation (e.g., allozymes, mitochondrial DNA, nuclear DNA), phenotypic vari-

ation (e.g., life history traits, morphology, fatty acid composition), and connec-

tivity (e.g., larval dispersal, natural tags, and artificial tags) of redfish to form a

general conclusion about stock structure from the perspective of that discipline.

An interdisciplinary evaluation was formed by synthesizing information from

each discipline to develop a holistic perspective on biological stocks. Each of
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the a priori hypotheses was tested using the most objective information avail-

able. Recommendations for practical management units considered geographic

delineations that most accurately reflect the consensus on biological stock

structure.

Based primarily on genetic information (i.e., microsatellites), and supported

by other information on stock structure, the 2009 workshop concluded that

there are three biological stocks of S. mentella in the Irminger Sea and adjacent

waters (Figure 22.4): (1) a “Deep Pelagic” stock, (2) a “Shallow Pelagic” stock,

and (3) an “Icelandic Slope” stock (ICES statistical areas Va and XIV).

Although biological stocks of S. mentella were partially defined by depth,

the workshop recognized that definition of management units by depth and

the associated fishery monitoring by depth would be impractical. Therefore,

management units were based on geographic proxies for biological stocks

that minimize mixed-stock catches (Figure 22.4, Cadrin et al., 2010). Although

both ICES workshops included all interested parties, debate continues on the

topic of stock identity (e.g., Cadrin et al., 2011; Makhrov et al., 2011), and

research continues to resolve stock composition of nursery grounds on

the Greenland shelf, as well as to further clarify the role of depth as a driver

of population structure.

FIGURE 22.4 Vertical schematic of Sebastes mentella biological stocks (upper left) and
spatial management unit boundary of the deep pelagic stock (map polygon), with distribu-
tion of the pelagic fisheries (isopleths) and genetic sample locations (circles and triangles).
(For color version of this figure, the reader is referred to the online version of this book.)
Adapted from ICES (2009) and Cadrin et al. (2010).
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22.3.7 Striped Sea Bream (Lithognathus mormyrus) in
the Mediterranean and Adjacent Atlantic Waters

Striped sea bream (or sand steenbras) is a coastal marine species whose adults

reside in shallow coastal waters but release eggs offshore. Juveniles recruit to

lagoons and sheltered bays and settle along the coast as they grow. Striped

sea bream are not subjected to rigorous management strategies and are targeted

by small-scale, artisanal fisheries throughout the Mediterranean, often in

mixed-species local fisheries (the photograph chosen for the cover of this

book is taken from the crate of one such catch in Italy).

An independent population biology study characterized genetic differences

in this species, showing the different signals yielded using microsatellites and

mitochondrial DNA and revealing that parasitic fauna approximated more

closely the structure identified using microsatellites (Sala-Bozano et al., 2009).

The analysis of life history data (growth, maturation, sex change) offered addi-

tional information, detecting differences between groups that were otherwise

indistinguishable (Sala-Bozano and Mariani, 2011). When all available data

for each individual are analyzed in a multivariate framework (Figure 22.5), it

is possible to obtain an overall picture of the relationships among population

inhabiting the studied areas, which is more exhaustive than that obtained with

any one method employed separately.

FIGURE 22.5 Individual striped sea bream data points plotted in the space identified by
the first two principal components, based on 20 different variables (i.e., 14 parasites, mi-
crosatellite assignment, mtDNA lineage, weightelength condition factor, and coefficients
for growth, maturation, and sex change). Colors refer to the marine basins sampled (see
Sala-Bozano and Mariani, 2011): blue: Atlantic; purple: Alboran; red: Balearic; green:
Tyrrhenian; black: Adriatic. Ellipses show 95% distribution limits for each data series.
(For interpretation of the references to color in this figure legend, the reader is referred
to the online version of this book.)
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22.4 CONCLUSIONS
The many approaches to stock identification described in this book offer many

perspectives on stock structure that can be considered for fishery science and

management. Although the first edition of the book (Cadrin et al., 2005)

encouraged a multidisciplinary approach, it fell somewhat short of providing

guidance and examples on reconciling information from various methods

and studies. The chapter on interdisciplinary sampling and analysis by

Abaunza et al. (2013) in this second edition offers a method for integrating in-

formation from different methods within a single study, but we often need to

integrate information from across many disparate studies. The process for

interdisciplinary stock identification described here was developed through

the practice of inclusive workshops, peer review, and application to fishery

management decisions. Despite the complexity of studying population struc-

ture, the case studies demonstrate that information from different stock iden-

tification approaches can be reconciled to form consensus conclusions and

practical recommendations. One emergent theme from the case studies was

the presence of uncertainty in stock identification and the search for the

most likely scenario that is supported by all available information. The steps

taken thus far provide the platform for more decisive interdisciplinary stock

identification studies in the coming years. It is envisaged that through increas-

ingly integrated collaborative efforts, and the sophistication of statistical ap-

proaches, it will become more achievable to address pressing issues of

resource management and conservation by delivering more robust stock struc-

ture information to policy makers that will not be over reliant on any one spe-

cific methodology.
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Movement rates, 432, 434
Movement studies, 370
MPA, see Marine protected areas
mRNA, see Messenger RNA
MSA, see Mixed stock analysis
MSE, see Management strategy evaluation
MSY, see Maximum sustainable yield
mtDNA, see Mitochondrial DNA
mtDNA sequence data tools, 271

BOLD, 272
chromatograms and interpretation,

273f
extraction, 271e272
MitoZoa database, 272

Mullica RivereGreat Bay estuary, 419
Multi-criteria evaluation analysis (MCEA),

539
Multistate models, 415
Multivariate analysis, 115, 134e135
Multivariate analysis of variance

(MANOVA), 151, 196, 221e222
Multivariate maximum-likelihood model,

190
Myxosporeans, 191e192

N
NAFO, see Northwest Atlantic Fisheries

Organization
Natal homing mechanisms

adopted migration theory, 17
closed populations in marine fishes, 17f
imprinting, 16e17

NCPA, see Nested clade phylogeographic
analysis

NEAFMC, see North East Atlantic
Fisheries Commission

Neighbor-joining, 276
Nested clade phylogeographic analysis

(NCPA), 276
Nested scales of governance

C. concholepas, 48e49
MPAs, 48
river herring, 50e51, 50t
TURF and non-TURF areas, 49e50

Next generation screening panels,
316e317

Next-generation sequencing (NGS), 269,
304

NGS, see Next-generation sequencing
Nonparametric methods, 463e464
Nonparametric tests, 174
North East Atlantic Fisheries Commission

(NEAFMC), 11e12
Northeast U. S. Stock Assessment

Workshop, 539e540
Northwest Atlantic Fisheries Organization

(NAFO), 11e12
Nuclear DNA (nucDNA), 265
Nuclear genome, 298e299

effective population size, 318e319
gene structure, 299f
genetic patterns and processes,

300
DNA barcodes, 300e301
large population size issue, 301e302
neutral evolutionary forces, 302
nuclear markers applicability task,

315t
mixed stock analysis, 317
neutral vs. adaptive variation, 302e303
nuclear “tool kit” for stock identification

candidate gene approach, 311e312
microsatellites, 304e307
proteomics, 312e314
restriction-assisted methods,

307e309
single nucleotide polymorphisms,

309e311
transcriptomics, 312e314

seascape genetics, 318
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GIS approach, 318
marine spatial planning, 318

stock identification, 299e300
stock structure, 315e317

Null hypothesis significance testing,
479e481

O
Observational studies, 483
Ontogenetic rates, 112e113
Ontogeny, 61
Operating model development, 506e507,

509
Operational validation, 507e508
Otoliths, 143, 208e210, 214

annual growth marks in, 149f
choice of, 144
clarity of growth marks, 146
edge contours, 148
elemental signatures, 161e162
growth, 338e339
microstructure patterns, 150
mounting, 144e145
sectioning and polishing, 145e146
shape, 136

Overlap model, 514e515

P
Pacific ocean perch (Sebastes alutus), 512
Pacific Ocean Shelf Tracking (POST), 400
PanI, 311
Panulirus argus (P. argus), 45f
Parameter fitting, 23
Parametric tests, 189e190
Parasite assemblage approach, 190
Parasites tags, 185

biological tagging, 186
case studies, 193e196
in fish population studies, 185e186
hosts and parasites collection, 191e193
interpretation of results, 193
methodology, 188e191
selection, 187e188
stock identification, 186

Parsimony analysis, 276e277
Partial least square (PLS), 237e238

plots of heart tissue, 249f
plots of salmon, 239f

Partial warp analysis, 112
Passive integrated transponder tags (PIT

tags), 373f, 374e376
detection, 382e383

Passive monitoring systems, 400
Passive telemetry, 405e407
Passive tracking, see Passive telemetry
Patuxent River estuary, 519f

PCA, see Principal component analysis;
Principal components analysis

PCR, see Polymerase chain reaction
PCs, see Principal components
PD, see Planktonic dispersal
PDur, see Planktonic duration
Peterson Disc tag, 366
Phenotypic character, 253
Phenotypic modulation, 62
Phenotypic stock, 330
Phenotypically plastic variability, 62

drivers of plasticity, 63e64
in environments, 62
interpretation of population structure, 62
reaction norms, 64e65
types, 62e63

Pink salmon, 91e92, 122
PIT tags, see Passive integrated

transponder tags
PIXE, see Proton-induced X-ray emission
Planktonic dispersal (PD), 333
Planktonic duration (PDur), 333
Planktonic larvae stage, 350
Planktonic survival (PS), 333
Planktonic transport (PT), 333
Plastic anchor tags, 367e368
Plastic head in-water tags, 372e374
Plastic tipped dart tag, 367, 367f
PLS, see Partial least square
PMRN, see Probabilistic maturation

reaction norms
Point estimation, 481e482
Poisson distribution, 439e440
Polishing, 145e146
Polyethylene streamer tags, 370e371, 371f
Polygon methods, 463e464
Polymerase chain reaction (PCR), 267, 269
Polynomials, 131
Pomoxis nigromaculatus (P.

nigromaculatus), 380
Pooled-group PCA, 117e118
Pop-up satellite tags (PSATs), 451
Population

parameters, 489, 523e524
restoration morphology, 122e123
structure types, 510e511

Population dynamics, 468
movement, 512e513

from Eulerian perspective, 514e515
full life history models, 515e516
from Lagrangian perspective,

513e514
larval dispersal, 513
straying and entrainment, 515

operating models development, 509
population structure types, 510e511
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Population dynamics (Continued)

spatial heterogeneity, 511e512
spatially structured populations,

510f
spawning isolation, 512

POST, see Pacific Ocean Shelf Tracking
Postsmolt scale growth patterns, 157
Power analysis, 483e484
Prawns, 386
Prerequisites, 485
Presence/absence, 411e413
Principal component analysis (PCA), 111,

116, 134, 174e175, 237e238
Principal components (PCs), 237e238

of fish samples, 241f
heart tissue samples of, 242f
muscle tissue samples of, 242f
overlapping, 250
of parr, 250f

Probabilistic maturation reaction norms
(PMRN), 93

Probabilistic transport model, 345e346
Probability density function, 333e334
Probe-based assay techniques,

219e220
Productivity and susceptibility analysis

(PSA), 39e40
Protein coding genes, 264, 268
Proton-induced X-ray emission (PIXE),

219
Proven correct validation, 508
PS, see Planktonic survival
PSA, see Productivity and susceptibility

analysis
PSATs, see Pop-up satellite tags
Pseudogenes, 267
PT, see Planktonic transport

Q
Q Factor, 382
Quantitative traits

continuous variability, 60
disentangling sources of phenotypic

variation, 67e72
phenotypic traits, 60
population structure, 60
variation in, 59, 61

genetic variability, 65e67
phenotypically plastic variability,

62e65
variability due to demography, 61

Quota setting
harvest control rules, 39e42
MSE, 36e39
spatially structured stock assessment

models, 31e36

R
Radio Frequency Identification tags

(RFID tags), 375e376
external tag types, 367e374
fish movement pattern, 383e388
internal tag types, 375e376
tagging data analysis, 389e391
tagging methods, 378e383

Radio telemetry, 398e399
advantages and disadvantages,

401
animals tagging, 402f
bull trout, 419

Random forests technique, 190
Random variability, 523e524
Range testing, 408e409
RE, see Restriction enzymes
Reaction norm approach, 89, 90f
Reaction norms, 64e65
Recapture rate, 432
Receiver arrays, 400
Recovery rate, 434
Rectangularity, 134
Red Steenbras (Dentex rupestris),

367e368
Redfish (Sebastes mentella), 133f
Reduced genomic representation (RGR),

308e309
REs, see Restriction endonucleases
Residence index, 413e414
Residence time, 413e414
Residual standard deviation max

(RSDmax), 238
Response diversity, 502e503
Response variables, 507
Restriction analysis, 270
Restriction endonucleases (REs), 269
Restriction enzymes (RE), 307
Restriction fragment length polymorphism

analysis, 270
Restriction-assisted methods,

307
adaptor ligation, 307
AFLP, 307
fragmentation process, 307
genomic DNA, 307
PCR amplification, 307e308
whole-genome analyses, 308e309

RFID tags, see Radio Frequency
Identification tags

RGR, see Reduced genomic representation
Rotational harvest strategies, 44
RSDmax, see Residual standard deviation

max
Russell’s catch equation, 9
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S
Sablefish (Anoplopoma fimbria), 515
Sagitta, 144
Sailfish (Istiophorus platypterus), 459
Salmon

farmed fish with wild populations,
157e160

larval origin reconstruction and dispersal
pathways, 160e162

Salmon case studies, 118e120
adaptive hypotheses, 122
body morphology of Atlantic, 120
breeding experiments, 120
burst performance, 121
C-start burst performance, 121
Chum salmon, 122
Coho Salmon, 121
fineness ratio, 120
functional hypotheses, 123
morphometric patterns, 120
morphometric stock identification, 123
morphometrics, 120
pink salmon, 122
population restoration morphology,

122e123
swimming behavior, 118e120
swimming kinematics, 121e122

Salmon parr, 238e250
Salmon shark (Lamna ditropis), 455e456
Salvelinus leucomaenis (S. leucomaenis),

65
Sampling, 111e112
Sanger sequencing method, 270e271
Satellite linked radio transmitter (SLRTs),

449e451
SBT, see Southern bluefin tuna
Scale growth patterns, 157
Scale pattern analysis, 156
Scales, 210e211
Scanning electron microscope, 147
SCCZ, see Spring Cod Conservation Zone
School mackerel (Scomberomorus

queenslandicus), 381
Scientific endeavors, 536
Sea surface temperature (SST), 455e456
SEAPODYM, see Spatial ecosystem and

population dynamics model
Seascape genetics, 318
Sebastes mentella (S. mentella), 82, 546

biological stocks, 547f
EU Redfish Project, 546
ICES, 546e547

Self-locking tags, 370, 370f
Sensitivity analyses, 508
Shallow water crabs, 384

Sharks, 386e387
Shelled mollusks, 384
Shifted stocks, 13e14, 14f
Short tandem repeats (STR), 304
SIMCA, see Soft Independent Modeling of

Class Analogy
Simple sequence repeats (SSR), 304
Simulation modeling, 23, 37, 502e504

assessment, stock structure implications
for, 520e522

conceptual model, 506
considerations in, 505t
ecological consequences, 517e520
fisheries management, stock structure

implications for, 522e524
hypothesis testing, 508e509
model validation, 507e508
model verification, 507
operating model development, 506e507
opportunities and limitations, 524e526
response variables, simulation and

measuring, 507
stock structure, 516e517
tailor-made model, 504
10 cod demes, 517f

Single nucleotide polymorphisms (SNPs),
309e310

advantage, 310
challenges, 310e311
chromosomal stretch, 309f
GBS techniques, 310

Site fidelity, 417e419
Skipjack tuna (Katsuwonus pelamis), 33,

386, 468
SLRTs, see Satellite linked radio

transmitter
Small subunit (SSU), 265
Small yellow croaker (Larimichthys

polyactis), 523e524
Small-scale PIT tag studies, 383
SNPs, see Single nucleotide

polymorphisms
Soft Independent Modeling of Class

Analogy (SIMCA), 238e250
Southern bluefin tuna (SBT), 466
Spatial distribution of catch

basin dynamics, 44
Belizean spiny lobster, 46
C. harengus, 43e44, 43f
Chile’s red sea urchin, 46
demographic differences, 44e45
eroding spatial structure, 43
rotational harvest strategies, 44

Spatial ecosystem and population
dynamics model (SEAPODYM),
468, 515
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Spatial heterogeneity, 511e512
Spatial indicators, 40
Spatial management strategies, 42

marine protected areas, 46e48
nested scales of governance, 48e51
spatial distribution of catch, 43e46

Spatially explicit models, 507
Spatially structured stock assessment

models
application, 33
connectivity patterns, 36
cryptic biomass implications, 33
demographic units and exchange rates,

31e33
rebuilding trajectories, 35
stock area, 36
in 2008 assessment, 32fe33f
in 2010 assessment, 32fe33f

Spatiotemporal variation, 488
Spawning (Sp), 333e335

groups, 152
isolation, 512
migration, 516
periodicity, 91e92
sampling

in spawning area, 488e489
in spawning time, 488e489

seasonality, 91
Spheniscus demersus (S. demersus),

193e195
Spines, 212e213
Spiny lobster, 385
Spotted mackerel (Scomberomorus

munroi), 381
Spring Cod Conservation Zone (SCCZ),

409f
male and female Atlantic cod resident

proportion, 414f
residence times of spawning Atlantic

cod, 413f
Squid and octopus, 384
SSR, see Simple sequence repeats
SST, see Sea surface temperature
SSU, see Small subunit
State space models, 456e459
State-space formulation models, 441
State-space models, 440e441, 457e458
Stationary reference tags, 408e409
Statistical methods, 67e70, 116e118
Statistical model fitting, 130e133
Statistical power, 483e484
Stock assessments, 398, 447e448
Stock assignment application, 338e339
Stock discrimination, 477e478
Stock identification, 1, 79, 236, 477e478,

516, 536

applications, 3
case studies on, 2
cursory treatment to, 1e2
ecosystem framework, 350e352

larval distributions formation, 352t
larval flatfish distribution, 354f
weakfish life history, 351f

ELS information, 331, 332f
Atlantic bluefin tuna, 344e346
Atlantic herring, 341e344
Lobster ELS, 346e348
planktonic dispersal effect, 334f
role of, 331e335

ELS use
distribution, 335e337
holistic approach, 340e341
Lagrangian particle tracking,

339e340
otolith chemistry, 337e338
phenotypic traits, 338e339

in fishery science, 1
fishery stocks, 330
geostatistics use, 348e349
ICES Study Group, 2
identification process, 315e316
life cycle models, 349e350
management units, 3
stock, 329e330
stock structure, 2e3, 349e350, 353
techniques, 340

Stock identity research, 477e478
Stock mixing, 420
Stock structure, 22, 315e317

cod demes, 517f
connectivity, 523f
ecological consequences, 517e520
fish movement, 516
for fisheries management, 522e524
fishing mortality, 516e517
implications for assessment, 520e522
inferences, 366e367
model domain, 522f
movement scenarios investigation, 518f
Patuxent River estuary, 519f
simulation models, 516, 525f
spawning biomass simulations, 517
stock identification methods, 516
white perch simulation model, 520f

STR, see Short tandem repeats
Straying, 18, 515
Striped bass (Morone saxatilis), 180e181
Striped sea bream

(Lithognathusmormyrus), 548,
548f

Sun altitude, 452e453
Sunfish (Mola mola), 449e450
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Super-population
fraction, 433
size, 433

Superglue, 372

T
T-Bar anchor tag, 368, 369f
Tag

durability, 379
loss, 436
recovery program, 376e377
retention, 379
selection, 403
shedding rate, 389

Tag-recovery models, 448
Tagging method, 403e405

catching methods, 378
data analysis, 389e391
holding techniques, 378
procedure and impacts, 379e380
reporting rates, 380e382
sterilization of tags, 378
use of anesthetics, 378

Tagging mortality rates, 379
Tailor-made model, 504
Telemetry data, 463
Telemetry methods, 448e449
Template approach, 453
Temporal stability, 487
Territorial user rights fishing (TURFs),

48e49
Threshold based approach, 453
Thunnus thynnus (T. thynnus), 81
Thymallus thymallus (T. thymallus), 65
Time series data, 451e452
Trachurus trachurus (T. trachurus), 81e82
Track reconstruction, 454e455
Tracking method

active telemetry, 405
passive telemetry, 405e407

transfer RNAs (tRNAs), 261
Transmission genetics, 262e263
Trawl-caught specimens, 172
Triangulation, 415e417
tRNAs, see transfer RNAs
Tropical fish in Lakes Victoria, 238e250
TURFs, see Territorial user rights fishing
Two-stock hypothesis, 81

U
UDs, see Utilization distributions
Ultrasonic pulses, 400
Ultrasonic tags, 399
Unit stock, 7e8

coastal spawning beds, 16
collapse of canyon walls, 7e8

complex life cycles, 14e15
connectivity, 20
discrete groups of fish, 9
fishing across boundaries

hereditary rights, 11e12
management unit, 12e13, 12f
policy frameworks, 11

mixed stocks, 13
modern fisheries science, 8e9
natal homing mechanisms

adopted migration theory, 17
closed populations in marine fishes,

17f
imprinting, 16e17

open life cycles, 15
open populations

imprinting and straying, 18
marine planktivorous fishes, 19
school-trap, 19e20
segments, 19

operational definitions
conservation biology, 10e11
ecological organization levels, 10f
internal dynamics, 9e10

reef fishes, 18
shifted stocks, 13e14, 14f
spawning runs, 15e16
track fish stocks, 21e23

Universal primer, 262
Utilization distributions (UDs), 416e417

V
Valid ageing methods, 85
Variability

confounding effects of demography,
61

interpretation, 69f
leptocephalus, 61
population-level averages, 61

VBGF, see Von Bertalanffy growth
function

Vemco’s Radio Acoustic Positioning
system (VRAP system), 400,
415e418

Vertebrae, 211e212
Vessel monitoring systems (VMS),

525e526
Visible Implant Alpha tags, 373f, 374
Visible Implant Elastomer� tags, 374, 374f
VMS, see Vessel monitoring systems
Volunteer angler tagging programs, 381
Von Bertalanffy growth function (VBGF),

86e87, 149e150
VPS, see VR2W Positioning System
VR2W Positioning System (VPS), 400

array, 408e409, 416
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VR2W Positioning System (VPS) (Continued)

Vemco, 409f
VRAP system, see Vemco’s Radio

Acoustic Positioning system

W
Wavelength-dispersive electron

microprobe (WD-EM), 219
WD-EM, see Wavelength-dispersive;

Wavelength-dispersive electron
microprobe

White perch (Morone americana), 519
White perch simulation model, 520f
White sharks (Carcharodon carcharias),

449e450
Winter flounder (Pseudopleuronectes

americanus), 177e179, 420,
540e541

Atlantic Canada and northwest Atlantic
continental shelf, 541f

Estuarine spawning, 541e542
northeast United States and continental

shelf, 540f
regional genetic stock structure, 542

Within-group PCA, 116e117, 174e175

Y
Yellowtail flounder (Limanda ferruginea),

511, 543e544
geographic variation of female, 119f
morphometric landmarks, 113f
sexual dimorphism, 115f

Z
Zone-based system, 340
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