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Abstract Genetic methods have become indispensable for sound fishery 
 management and will become even more so in the twenty-first century. Selectively 
neutral genetic markers are widely used in stock identification, mixed-stock fish-
ery analysis, monitoring levels of genetic diversity within populations and levels of 
connectivity among populations, and for a range of other applications. We expect that 
future research will continue to provide incremental improvements in the number 
and type of genetic markers available, as well as in the methods for data analysis and 
the necessary computational resources. Topics that will merit special consideration 
include: (1) developing a better understanding of the various flavors of demographic 
independence and how genetic markers can provide relevant insights; (2) more power-
ful ways to deal with the low signal-to-noise ratio of population differentiation found 
in many marine species (the signal of genetic differences is small compared to vari-
ous sources of random noise); (3) better integration of genetic information, biological 
information, and information about physical features of the habitat to provide a fuller 
picture of dynamic marine ecosystems; (4) whether the tiny effective size to census 
size ratios reported for some marine species are accurate, and if so what this means 
for conservation of large marine populations. In contrast to the situation with neutral 
genetic markers, evolutionary changes involving traits related to fitness have only 
recently attracted much attention in fishery management. In general, any changes 
to marine ecosystems alter the selective regimes that component species experience 
and hence can be expected to produce an evolutionary response. Three general topics 
are particularly important in this regard: harvest, artificial propagation, and climate 
change. One key challenge is to disentangle the effects of genetics versus environ-
ment in determining observed patterns of phenotypic change. Quantitative genetic and 
molecular genetic approaches can accomplish this, and our capabilities for examining 
functional parts of the genome are rapidly expanding. However, these methods are 
logistically challenging and resource-intensive, so in the near future will be feasible 
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for only a fraction of the species of interest to fishery management. Therefore, in the 
short term, inferences about evolutionary changes in marine species will have to draw 
on information for model species and other better-studied aquatic organisms.

Keywords Climate change · effective population size · genetic markers · harvest · 
hatcheries · mixed-stock fisheries · stock identification

23.1 Introduction

The historical approach to fishery management was characterized by independent 
assessments for each species, but two major developments in the last half of the 
twentieth century substantially modified this paradigm. First, the gradual recognition 
that most species are composed of multiple independent populations or stocks, and 
subsequent refinement of the stock concept (Simon and Larkin 1972; Ihssen et al. 
1981; Waldman 2005), led to a greater appreciation of the importance of genetic 
 considerations in conservation and management (e.g., Ryman and Utter 1987). 
Fishery managers are now routinely aware of, if not necessarily expert in, the 
importance of conserving fitness and genetic diversity within and among popula-
tions. Second, and more recently, the concept of “ecosystem management” has 
been increasingly adopted in fishery and conservation applications (Mooney 1998; 
Lubchenco et al. 2003). As a result, stock assessments often include evaluations 
of effects of management actions on marine food webs, interspecific interactions 
(competition, predation), and community structure.

Although integration of ecosystem considerations represents an advance over 
historical, one-dimensional approach to stock assessments, virtually all evaluations 
conducted under this framework have focused exclusively on ecological factors. In 
contrast, evolutionary considerations of anthropogenic changes to aquatic ecosys-
tems have received little attention. This is a serious omission, because any changes 
to aquatic ecosystems will also change selective regimes experienced by compo-
nent species, and we can expect evolution (genetic change over time) to occur as 
a result. Furthermore, evolutionary changes are an important concern for fishery 
management. Not only can these changes affect productivity and sustainability of 
living natural resources; they also are generally irreversible on human time frames, 
if at all. Irreversible changes are a particular concern under another major advance-
ment in natural resource management over the past decade – increasing application 
of the precautionary principle (articulated in the 1992 Rio Declaration, Anonymous 
1992; Restropo 1999). The essence of the precautionary principle is to guide man-
agement toward actions that will not cause irreversible harm. Because biological 
systems are complex, it is often difficult to predict with certainty the consequences 
of any proposed action. Application of the precautionary principle involves shifting 
the burden of proof from asking, “Is there convincing evidence that the proposed 
action will cause irreparable harm?” to “Is there convincing evidence that the 
proposed action will not cause irreparable harm?” Answering the last question in 
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a comprehensive way requires consideration of evolutionary as well as ecological 
consequences of proposed management actions.

In this chapter, we consider research that is needed to fully integrate genetic 
and evolutionary considerations into twenty-first century fishery management (see 
Waples et al. 2008 for a discussion of organizational, conceptual, and technical 
barriers that have hampered full use of genetic data in fishery management). For 
some well-established, genetically based programs, such as stock identification and 
mixed-stock fishery analysis, these future research needs are primarily incremental 
improvements to existing technologies and analyses. Evaluating the consequences of 
evolutionary changes in human-altered ecosystems will be more challenging, as this 
topic has been relatively neglected. Here, we focus on three major types of anthro-
pogenic changes that can be expected to elicit a profound evolutionary response in 
natural populations: selective harvest, artificial propagation, and climate change.

Genetically based methods have a wide range of additional applications to fishery 
management, even though the problems they address are not necessarily evolutionary 
in nature. Although a full treatment of this topic is beyond the scope of what we can 
cover in this chapter, we expect these applications to be increasingly important in the 
future. Examples include forensics and enforcement (Baker et al. 2007), monitoring 
the status of individuals (von Schalburg et al. 2005; Purcell et al. 2006), monitoring the 
health of marine ecosystems (Niemi et al. 2004; Suttle 2005), and parentage analysis 
and the elucidation of mating systems (Emery et al. 2001; Avise et al. 2002).

23.2  “Traditional” Applications Using Molecular 
Genetic Markers

In this section we consider what might be called “traditional” applications of 
genetic markers to fishery management, which date back at least to the 1950s. The 
primary management issues addressed by these methods have been stock identifica-
tion and population structure, analysis of mixed-stock harvests, and assessments of 
levels of genetic variation within populations. In the future, all of these approaches 
will benefit from incremental improvements in the number and quality of molecu-
lar markers, as well as continued refinements in methods of data analysis. Specific 
considerations are outlined below.

23.2.1 Stock Identification and Population Structure

Because stock assessments typically assume that the unit under consideration is 
 demographically homogeneous, stock identification is a necessary precursor to 
scientifically based fishery management (see Cadrin et al. 2005 for a review). The 
revelation that protein electrophoresis could uncover abundant genetic variation 
in natural populations led to an explosion of studies on natural populations of fish 
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(reviewed by Ward et al. 1994). More recently, mitochondrial DNA (mtDNA) 
and nuclear DNA (primarily microsatellites and single nucleotide polymorphisms 
[SNPs]) methods have seen widespread application (Carvalho and Hauser 1998; 
DeYoung and Honeycutt 2005; Ward 2006).

Genetic methods have provided a great deal of insight into stock structure in marine 
species, but they have some inherent limitations for drawing inferences about stock 
structure. This is because levels of migration or gene flow that can be most effectively 
studied using genetic techniques are low compared to the levels that are typically 
of interest in stock identification (Carvalho and Hauser 1994; Waples 1998; Waples 
and Gaggiotti 2006). For example, stock assessments generally assume demographic 
independence of the units under consideration, which means that population dynamics 
are driven more by local births and deaths than by immigration. The transition from 
demographic independence to dependence has not been rigorously studied, but available 
information suggests it occurs in the range of m = 0.1 (Hastings 1993; McElhany et al. 
2000) – that is, if the rate of exchange of individuals among populations (m) is greater 
than about 10%, the populations tend to have correlated demographic trajectories. 
This poses a challenge for use of genetic markers, since 10% migration represents a 
very high rate of gene flow in evolutionary terms. As a consequence, genetic markers 
typically have low statistical power to distinguish between migration rates (say 5% 
vs 20%) that could have very different management implications.

In the future, more work is needed in several areas. First, it is important to clarify 
the management question(s) more precisely than simply calling for “stock identifica-
tion.” Just as there is no single, universally accepted definition of  “species” or “sub-
species,”’ there is no single biological definition of “stock.” Rather, the appropriate 
concept of “stock” or “population” should be related to the management goals one 
is trying to achieve (Waples and Gaggiotti 2006). This point can be illustrated by 
considering three federal laws in the United States that mandate conservation of sub-
specific units of marine species: the Marine Mammal Protection Act (MMPA), the 
Endangered Species Act (ESA), and the Magnuson-Stevens Fisheries Conservation 
and Management Act (MSA). The MMPA defines a biological stock as a “group of 
animals in common spatial arrangement that interbreeds when mature.” Although 
this definition is rather vague, the stipulation of the MMPA to avoid localized deple-
tions has led to identification of stocks on a fine geographic scale in many instances. 
Under the SFA, the term “stock of fish” means a “species, subspecies, geographical 
grouping, or other category of fish capable of management as a unit.” A key driving 
force in implementation of the SFA is the requirement to rebuild overfished popu-
lations to sustainable levels within 10 years. Under this management framework, 
therefore, demographic linkages with another stock would have to be very strong to 
experience any significant rescue effect over this short time period. The ESA allows 
listing of subspecies and “distinct population segments” (DPSs) of vertebrates, as 
well as full species. In Pacific salmon (Oncorhynchus spp.) status determinations 
under the ESA, most DPSs have included relatively large geographic areas and a 
substantial number (∼20–30) of component stocks. To provide a framework for 
ESA recovery planning for salmon, McElhany et al. (2000) developed the concept 
of viable salmonid populations (VSP) and defined a demographically independent 
population (within a DPS) as one for which immigration from other populations 
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does not appreciably affect extinction risk over a 100-year time period. Thus, all 
these statutes require consideration of population linkages, but each entails a different 
concept of demographic independence and a different standard for assessing how 
strong the isolation must be to warrant recognition of separate management units.

Second, it is a curious fact that what would appear to be a central question in 
population ecology (how much migration among populations is required before 
they behave as a coupled system?) has received relatively little attention. The 
Hastings (1993) study, which is the only published paper that directly addresses this 
topic, provides only a rough guide for certain definitions of dependence/independ-
ence. More rigorous evaluations are needed of the levels of migration that lead to 
various flavors of demographic dependence/independence.

Third, the future will see incremental increases in the power of genetic markers 
to provide useful information for high-gene flow species. With arbitrarily large 
numbers of genetic markers, in theory it is possible to resolve arbitrarily small 
genetic differences among populations. However, the increases in power will be 
asymptotic, so at some point the marginal benefits of adding additional markers will 
decline sharply. Furthermore, along with greatly increased power comes greatly 
increased sensitivity of the results to data artifacts (Waples 1998). This topic has 
only recently been treated seriously in the scientific literature (Bonin et al. 2004; 
Pompanon et al. 2005). In the future, it will be increasingly important to rigorously 
assess data quality, quantify rates of genotyping errors, refine methods to keep error 
rates as low as possible, and evaluate performance of genetic methods for data that 
(inevitably) include some low level of errors.

Fourth, when the signal-to-noise ratio is low, as it often is in studying genetic 
 structure of marine species, it is also important to pay particular attention to experi-
mental design, because small departures from random sampling can be mistaken for 
a biological signal (Waples 1998). In addition, dynamic and chaotic processes in the 
ocean that govern dispersal and survival of larvae often produce patterns of genetic 
variation that are not temporally stable and are difficult to interpret in terms of population 
structure (Johnson and Wernham 1999; Pujolar et al. 2006; Selkoe et al. 2006). These 
challenges mean that adequate spatial and temporal replication is generally required to 
develop rigorous information about population structure in marine species.

Fifth, recent advances in physical oceanography and remote sensing open up 
exciting new possibilities to more fully integrate inferences about connectivity 
based on genetic markers with life-history traits and the dynamic nature of the 
marine environment (e.g., Galindo et al. 2006; Selkoe et al. 2008).

23.2.2 Mixed-Stock Harvests and Individual Assignments

Mixed-stock harvests represent one of the most pervasive and challenging problems 
facing fishery managers. Naturally occurring genetic marks have some inherent advan-
tages for the analysis of mixed-stock fisheries compared to more traditional methods: 
they do not require large efforts to manually mark individuals every  generation; genetic 
markers are temporally stable compared to some other stock identification methods 
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(such as scale pattern analysis) that need to be surveyed in baseline populations every 
year (Cadrin et al. 2005); they can provide information for natural populations as 
well as cultured ones. A maximum-likelihood method for genetic stock identification 
(GSI) was developed in the late 1970s that estimates the stock composition of a mixed 
harvest, based on genetic samples from populations that potentially contribute to the 
mixture and from the mixture itself. Subsequently, the basic approach has been modi-
fied a number of times (reviewed by Pella and Milner 1987; Manel et al. 2005) and 
applied broadly to a wide range of species and geographic areas (reviewed by Shaklee 
et al. 1999). Challenges for the future include the following:

● Increases in the number of genetic markers will improve overall power but will 
make the assumption that the markers are independent increasingly untenable. 
Studies to elucidate the physical linkages among markers will be important to 
maximize their usefulness. If properly accounted for, physical linkages can actu-
ally improve power of genetic markers to resolve mixtures of gene pools (Falush 
et al. 2003; Verardi et al. 2006).

● Current methods for assessing the power of GSI to resolve mixtures of specific 
natural populations are biased towards an overly optimistic assessment of power 
(Anderson et al. 2008). Improvements are needed in this area, not only in assessing 
uncertainty in stock origin of sampled fish, but also in incorporating uncertainty in 
sampling from the fishery into an overall assessment of precision and accuracy.

● Increasingly, conservation concerns focus on stocks that are minor  contributors 
to fisheries but can be the triggers for harvest management decisions. For exam-
ple, in the analysis of a large fishery, it can be crucial to determine whether a 
particular stock is totally absent, or contributes a small fraction (say <1%) of 
the catch. This is a very challenging statistical problem that requires advances in 
two areas: (1) power to distinguish stock-of-origin of fish from genetically simi-
lar stocks, and (2) power to draw reliable inferences about minor  contributors 
from relatively small samples from a large fishery.

● Although genetic markers are relatively stable over time, gene frequencies 
change stochastically in all finite populations, and evaluations of the effects of 
these changes on GSI estimates have been rather limited (Waples 1990). This 
issue will be increasingly important as increased power allows resolution of 
ever-more-closely related populations.

● The standard GSI model is referred to as “constrained maximum likelihood” 
because it assumes that all stocks in the mixture are represented in the baseline. 
An unconstrained model, which allowed for the possibility that unsampled popu-
lations might contribute to the mixture, was proposed by Smouse et al. (1990), but 
only recently have statistical refinements, development of more variable genetic 
markers, and vastly increased computational power combined to make this fea-
sible to implement for large-scale management problems. The recent increased 
interest in genetic clustering methods (e.g., Pritchard et al. 2000; Pella and 
Masuda 2006) holds promise for significant advances in this area in the future.

● A management problem related to GSI involves identification of stock-of-origin for 
individuals, using genetic “assignment tests.” This can be important, for example, in 
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forensic applications (where it might be necessary to determine whether a  particular 
individual was taken from a protected population), or to screen individuals in a 
broodstock program to ensure genetic purity (Olsen et al. 2000). These applications 
involve consideration of trade-offs between Type I and Type II error rates, and this 
topic needs further development (Paetkau et al. 2004; Manel et al. 2005).

23.2.3 Levels of Genetic Variation

Genetic variation within populations provides the raw material for evolution and the 
resilience for populations to respond to future environmental (and anthropogenic) 
challenges. Studies of marine and anadromous populations have provided a great 
deal of information about natural levels of genetic variability, primarily at gene loci 
thought to be selectively neutral. Two related topics will be important to resolve in the 
future, both involving the effective size (N

e
) of natural populations. N

e
, which deter-

mines the rate of evolutionary change, is generally smaller than the census size (N).
“Bottlenecks” in large populations: an overlooked risk? – Conventional wisdom 

holds that most marine species are largely immune to genetic effects of bottlenecks, 
because after a population “crash” a widespread marine species still might have very 
large numbers (>106) of individuals. It is true that dramatic declines that still left 
a large N

e
 would have essentially no effect on the rate of allele frequency change 

(which is already negligible in large populations), and it is also true that such declines 
would not necessarily have an appreciable affect on the most commonly used measure 
of genetic variability, average heterozygosity (H). Population genetics theory tells us 
that, at equilibrium, the expected value of H for selectively neutral alleles is given by

 H = 1 − 1/(1 + 4N
e  
m), (1)

where m is the per-generation mutation rate to neutral alleles (Kimura and Crow 
1964). Table 23.1 shows that for m in the range 10−3–10−5 (as might apply, e.g., to 

Table 23.1 At equilibrium, the amount of selectively neutral genetic 
diversity in a closed population is a function of effective population 
size and mutation rate (m). The number of alleles is much more sensi-
tive than heterozygosity to “crashes” in large populations (Based on 
Kimura and Crow 1964)

Effective population size

(A) Heterozygosity
105 107 109

m = 0.001 0.998 ∼1.0 ∼1.0
m = 0.00001 0.800 0.998 ∼1.0

(B) Effective number of alleles
105 107 109

m = 0.001 400 40,000 4,000,000
m = 0.00001 5 400 40,000
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microsatellites), H is nearly 1 for very large populations and still very high if N
e
 

drops to 105. In contrast, the effective number of alleles that can be maintained in 
a population (n = 1/(1 − H); Kimura and Crow 1964) is nearly a linear function of 
N

e
 for this range of N

e
 and m values. Thus, whereas a population that declines from 

N
e
 = 109 to 105 (four orders of magnitude) experiences very little loss of hetero-

zygosity, the same population can be expected to lose the vast majority of alleles, 
most of which occur at very low frequency (Ryman et al. 1995). So what? What 
happens if a population loses a large fraction of its standing crop of rare alleles, as 
long as it maintains adequate levels of heterozygosity?

One of the challenges in the future will be to answer this question. Although 
immediate consequences for the population might not be severe, longer-term 
prospects are less certain. Rare alleles lost during a population crash could take 
a very long time to regenerate by mutation. Certain genes, such as those associ-
ated with the major histocompatibility complex (MHC), are extremely variable in 
vertebrates. These loci play crucial roles in immune response, and the high levels 
of variability appear to be maintained by natural selection (Bernatchez and Landry 
2003; Garrigan and Hedrick 2003). If the ratio N

e
/N is very low in some marine 

species (see Section 23.3), these “bottleneck” effects on genetic diversity might be 
apparent at much higher population sizes than has previously been appreciated.

The N
e
/N ratio in marine species: can we believe the tiny estimates? – At least 

a half-dozen published studies of N
e
 in marine species have estimated tiny ratios 

of effective size to census size (N
e
/N ∼ 10−3–10−5; Turner et al. 2002; Hauser et al. 

2002; Hauser and Carvalho 2008). These estimates contrast sharply with theoretical 
considerations that suggest the N

e
/N ratio should only rarely be less than 0.5 (Nunney 

1993) and empirical data for a wide range of species, for which most estimates fall 
in the range of 0.1–0.5 (Frankham 1995). Hedgecock (1994) proposed a possible 
mechanism (sweepstakes recruitment) to explain low N

e
/N ratios in marine species. 

According to this hypothesis, chance events in the chaotic and patchy marine envi-
ronment cause most families to produce no offspring at all that survive to reproduce; 
instead, the next generation is derived from the relatively few sweepstakes winners, 
whose offspring happen to arrive in the right places at the right times to promote feed-
ing, predator avoidance, dispersal, and other vital life-cycle events. If this hypothesis 
is generally true, and as a result N

e
/N ratios in many marine species are orders of mag-

nitude lower than typically found for other organisms, it means that serious genetic 
concerns might apply to populations that would otherwise appear to be immune. For 
example, Hauser et al. (2002) estimated that for the New Zealand snapper (Pagrus 
auratus) in Tasman Bay, harmonic mean N for the period 1950–1998 was several 
 million fish but N̂

e
 was only 176 – over four orders of magnitude smaller. A popula-

tion with N
e
 > 106 experiences essentially no genetic drift, while a population with 

N
e
 = 176 is in the range where random genetic processes are a real conservation 

concern. It is therefore important to consider the question, “Are the tiny N
e
/N ratios 

estimated for some marine species reliable?”
All of the tiny N

e
/N estimates are based on genetic estimates of N

e
 and  demographic 

estimates of N. Although estimates of N are often highly uncertain, it seems unlikely 
that errors in estimating population abundance could be large enough to explain this 



23 Research Needs for the Future 435

discrepancy. Genetically based estimates of N
e
 typically also have a high stochastic 

variance, and the distribution is very skewed toward high values because of the inverse 
relationship between N

e
 and the genetic quantities being measured. As a result, the 

upper bounds of confidence limits (CIs) to N̂
e
 are often very high. For example, for 

many of the point estimates of N
e
 reported by Hauser et al. (2002), the upper bounds 

of the CI included infinity, even when the point estimate was in the range of 102–103. 
Issues that need more attention in the future include the following:

● Effects of small departures from random sampling
● Effects of genotyping errors
● Small biases in N

e
 estimators that might become large under certain conditions

● Effects of migration and selection
● Optimal ways to combine information from multiple methods for estimating N

e

23.3 Evolutionary Changes in Aquatic Populations

The applications of genetic markers discussed above all take advantage of natural 
 evolutionary processes that have occurred among and within populations and which 
produce a signal that can help inform fishery management. Here we consider evolu-
tionary changes to natural populations that are influenced by anthropogenic factors (see 
Smith and Bernatchez 2008 for extensive treatment of this general topic). Whereas the 
approaches discussed above generally utilize neutral markers, the changes considered 
here involve traits directly related to fitness. Most fitness traits are coded by a number 
of genes – known as quantitative trait loci (QTL) – that interact with each other and 
with the environment to produce a range of phenotypes. In this section, we first dis-
cuss the potential for (and some general limitations of) the study of quantitative traits 
in aquatic populations, and we conclude by focusing in more detail on three specific 
topics: selective fisheries, artificial propagation, and climate change.

23.3.1 Establishing the Genetic Basis of Trait Variation

A difficult challenge is to discriminate evolutionary (genetic) changes from  phenotypic 
plasticity, which occurs when the same genotype exhibits different phenotypes in 
diverse environments (Naish and Hard 2008). The range of phenotypes a particular 
population exhibits under different environmental conditions is known as its norm 
of reaction (Pigliucci 2005). A population can respond plastically (without genetic 
change) to different environmental conditions by moving along its norm of reaction, 
or it can respond by evolving a different relationship between genotype and envi-
ronment (i.e., by changing its norm of reaction). Figure 23.1 illustrates these points 
schematically, using hypothetical mean trait values for four populations across five 
different environments. Population 4 has a flat norm of reaction (no variation in trait 
value among environments) and hence no phenotypic plasticity. Populations 1 and 2 
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have roughly parallel norms of reaction, indicating considerable phenotypic plasticity. 
Population 3 shows a complex reaction norm, with a peak trait value in the middle 
of the environmental gradient. The  different reaction norms imply genetically based 
adaptations to local environmental conditions in different populations. Populations 
1–3 have considerable ability to respond to environmental change by modifying 
their phenotypes, but Population 4 does not. One possible response to environmental 
change of a population like Population 4 is to evolve a different norm of reaction to 
provide more opportunity for phenotypic plasticity.

Two general approaches are used to discriminate genetic and environmental 
effects on the phenotype. The first, particularly useful for detecting evidence 
of local adaptation, relies on reciprocal transplants or common garden rearing 
(Kawecki and Ebert 2004). Because environmental variation is controlled, dif-
ferentiation between individuals or populations is assumed to be genetic. The 
second approach partitions the observed phenotypic variance of a fitness trait, V

p
, 

into the genetic (V
g
) and environmental (V

e
) variances (V

p
 = V

g
 + V

e
) by studying 

the co-inheritance of traits between relatives. If one can estimate the heritability 
(h2, the fraction of total trait variation that is due to additive genetic variance) and 
the strength of selection S for a trait, the population response R can be predicted 
from the breeder’s equation R = h2S (Falconer and Mackay 1996). However, both 
approaches have limited applications to natural populations. Transplant experi-
ments are logistically challenging, even if a permit could be obtained, and common 
garden experiments typically require at least two generations of breeding to reduce 
maternal effects. Estimating h2 in fitness-related traits requires careful tracking of 
relatives in a common environment (Falconer and Mackay 1996), which is difficult 
in nature. As a consequence, estimates of heritability in fishes are dominated by 
production-related traits relevant to aquaculture (Gjedrem 2000). Improvements 
in methods of pedigree analysis using molecular markers have made it possible to 

T
ra

it 
va

lu
e

Pop 1
Pop 2
Pop 3
Pop 4

A B C D E

Environmental gradient

Fig. 23.1 Norms of reaction for four hypothetical populations across an environmental gradient. 
Datapoints are mean population trait values in each environment. See text for discussion
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study the inheritance of traits between relatives, which in turn has led to estimates 
of h2 in some wild populations (Keller et al. 2001; Garant et al. 2003). Use of these 
methods to track rate, direction, and mode of selection in wild populations is prom-
ising, but will necessarily involve research over many generations.

It is becoming increasingly apparent that quantitative traits cannot be evaluated in 
isolation. For example, body size and growth rate typically affect other traits such as 
age at maturity, number of offspring, and survivorship. Evolution of correlated traits 
can be studied by evaluating changes in the genetic variance – covariance matrix (the 
G matrix; McGuigan 2006). Future research needs in this area are the generation of 
empirical measures of additive genetic variances and covariances of correlated traits 
in wild populations, which can then be used to parameterize models investigating 
the likely consequences of anthropogenic influences on fish populations.

23.3.2  Molecular Approaches to the Study 
of Adaptive Traits

The many logistical challenges associated with traditional quantitative genetic 
methods have fostered interest in molecular approaches aimed at studying function-
ally important genetic variation, which is the raw material on which selection acts. If 
the genes underlying a quantitative trait can be identified, then a more  mechanistic 
approach to predicting evolutionary responses can be developed. Efforts towards 
identifying this variation is most advanced in organisms whose genomes have been 
sequenced (e.g., humans (Akey et al. 2004), the fruit fly, Drosophila (Schlotterer 
et al. 2006), and the plant Arabidopsis (Mitchell-Olds and Schmitt 2006)). Most 
marine species will probably not be the target of sequencing efforts for many years, 
and even if sequences were generated, the task of identifying functionally important 
variation requires large-scale studies at the population level, across a significant 
number of individuals. Therefore, identifying this variation in non-model organ-
isms (including most fish species) will require adapting the most promising results 
from model organisms.

Approaches for detecting adaptive genetic variation in non-model organisms can 
be broadly classified into “top-down” methods (which start with the phenotype 
and work downward to elucidate the underlying genetic factors) and “bottom-up” 
methods (which start with DNA polymorphisms and work upwards to the phenotype) 
(Fig. 23.2; see also Vasemagi and Primmer 2005).

Detection of quantitative trait loci (QTL) – An example of a top-down approach 
that has been rapidly expanding in fishes (Danzmann and Gharbi 2001) is the use 
of genome mapping to detect QTL underlying life-history traits. Genome mapping 
of QTL involves tracking the co-inheritance of markers and genes in pedigrees 
segregating for the fitness traits of interest. If trait genes and markers are inherited 
together, the latter can be used as proxies for the former. QTL mapping is dependent 
on populations that segregate for the trait of interest. Such populations are readily 
available in model organisms but are rare in marine species – even in  aquaculture 
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populations that have been cultured for several generations. In the future, attention 
should be focused on creating and maintaining such experimental lines, or on per-
forming informative crosses between populations that differ in life-history traits. 
Such efforts will be considerably enhanced by development of genome maps with 
sufficient marker coverage. One disadvantage of QTL studies is that markers found 
to be linked to QTL are only useful if recombination has not occurred between 
these two regions, so this approach is most useful for recently diverged populations 
(Lynch and Walsh 1998).

Microarrays and mapping of expression variation – Microarrays, which consist 
of many expressed or short DNA sequences spotted on chips or membranes (Stearns 
and Magwene 2003), represent a second type of top-down approach. Messenger 
RNA extracted from samples can be hybridized to these arrays to identify genes 
that are either up- or down-regulated under different conditions. Most microarray 
studies have focused on physiological or disease status rather than evolutionary 
considerations; however, Roberge et al. (2006) showed that a subset of genes in two 
aquaculture strains of Atlantic salmon of different origin have similar patterns of 
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directional divergence from their progenitor wild strains, suggesting a generalized 
genetic response to the effects of domestication.

In a related approach that integrates QTL mapping and expression analyses 
(eQTL mapping; Schadt et al. 2005), individuals are assayed with microarrays and 
expression levels are treated as phenotypes and mapped to chromosome regions. 
In this way, gene regulation can be attributed to polymorphism in the gene itself 
(if segregation in expression levels map to the same position as the gene) or to 
other genomic regions controlling the transcription of a given gene (if the eQTL 
maps to another position), and interactions between genes in a pathway underlying 
a  complex trait can be teased apart.

Microarray studies require careful experimental design. Differences in gene 
expression can arise from environmental as well as genetic variation, and extensive 
replication is necessary to accommodate environmental and life-history differences 
between test subjects. In addition, such experiments do not discriminate between 
partially and fully transcribed genes. At present microarray experiments are 
expensive to implement on a large scale, so technological improvements would be 
needed to allow implementation in large experiments. Such improvements would 
also require advances in complex analytical methods for the extensive datasets that 
would be generated.

Population genomics – Population genomics is a bottom-up approach that 
involves sampling the genome for polymorphisms that might help elucidate the 
dominant evolutionary processes affecting populations. If neutral markers are 
physically linked to genes under selection, the neutral markers will also be affected 
by selection (through a process known as hitchhiking), and their behavior will 
deviate from models of neutrality (Luikart et al. 2003; Storz 2005). The neutral 
markers thus can be used as proxies for selected regions to address a wide array of 
questions. The basic population genomics approach involves comparing divergence 
between two or more populations at a large number of marker loci, in a process 
known as a “genome scan.” Genes whose behavior does not conform to a neutral 
model are subjected to additional tests to determine the type of selection involved. 
Inferences can be drawn about the population’s demographic history (drift and gene 
flow) and weighed against the relative role of fitness and adaptation in determining 
population divergence.

Population genomic approaches are rapidly evolving (Goetz and MacKenzie 
2008), and the statistical power to detect the existence and mode of selection is still 
unclear. A handful of theoretical studies have shown that the likelihood of detect-
ing genomic regions under selection will depend on mutation rate of the marker, 
the recombination rate between that marker and the selected region, the time since 
divergence between the populations, the strength of selection, the sizes of the 
populations since divergence, and whether selection has acted upon new, or stand-
ing, variation within a population (Beaumont 2005; De Kovel 2006). Therefore, a 
strong research need exists for analytical approaches that will provide a realistic 
understanding of what can and cannot realistically be accomplished using popu-
lation genomics. One additional disadvantage is that the exact link between the 
phenotype and the chromosome region under selection will not be known without 
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further study. However, population genomics can help in targeting regions of the 
genomes that have played an important role in evolution for further characterization 
by sequencing.

23.3.3 Selective Harvest

Harvest management typically focuses on the numbers of fish captured or the  harvest 
rate. However, any mortality imposed upon a population also has the potential to 
elicit an evolutionary response (genetic change) in the population if the mortality is 
selective (non-random) with respect to a genetically controlled trait. A wide range 
of traits might be subject to this type of selection, including size and age, migration 
timing, and behavior.

Size and age – Ricker’s (1981, 1995) early work on this topic involved Pacific 
salmon, but more recently the potential evolutionary consequences of size-selective 
harvest for marine fish have attracted a good deal of attention. In a widely publi-
cized example, Olsen et al. (2004, 2005) showed that in the decades prior to the 
collapse of cod (Gadus morhua) populations off Newfoundland and Labrador, a 
continual shift occurred toward maturation at an earlier age and smaller size. In 
an attempt to control for various confounding environmental factors, these cod 
studies focused on reaction norms for maturation and concluded that there was 
evidence for rapid fishery-induced evolution of maturation patterns. Because 
fecundity and gamete quality in cod (and other marine species) are positively cor-
related with size (Trippel 1998), the observed changes in life history substantially 
reduce productivity (and hence resilience) of the affected populations. Furthermore, 
evolution of early maturation at small size in response to selective take of larger 
fish can have long-lasting consequences for a population. Even if selective harvest 
is terminated, it might take a long period of time (perhaps much longer than the 
period of change driven by selective harvest) for the population to re-evolve traits 
consistent with high productivity. During this period, the population must repay the 
‘Darwinian debt’ created by rapid evolution toward a new fitness peak in an altered 
 environment (Walsh et al. 2006).

The approach used to identify fisheries-induced evolutionary change in cod 
(“probabilistic maturation reaction norms” [PMRNs]) recognizes the important 
effect of evolution on correlated traits (Grift et al. 2003). The approach is retro-
spective in nature and assumes that one correlated trait (age at maturity) is under 
genetic control, while the other (length at maturity) is environmentally influenced 
(Grift et al. 2003; Olsen et al. 2004). This assumption is controversial. Many quan-
titative genetic studies have shown that both traits are influenced by genetic vari-
ation and the environment, and some have shown that growth rate rather than size 
at age determines maturation (Morita and Fukuwaka 2006). Observed changes in 
the maturation schedule in cod were rapid following a fishery moratorium – faster 
than might be expected if evolution were occurring – suggesting that the changes in 
maturation reaction norms might have responded to shifting environmental condi-
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tions, rather than to genetic change (Law 2007). However, proponents of PMRNs 
have argued that the approach is valid as long as growth has an  environmental 
component (Dieckmann and Heino 2007). It has also been pointed out that the two-
dimensional PMRN approach used in the cod example does not separate pheno-
typic plasticity from changes in maturation schedule, although a multidimensional 
approach might (Kraak 2007). The maturation reaction norm is only one of many 
traits that might respond to harvest selection (Law 2007), so there is a strong need 
to experimentally verify the PMRN approach across a wide range of harvested 
 species and traits.

Migration timing – Diadromous fishes are legendary for their long migrations, 
but many marine species also make considerable geographic movements between 
feeding and breeding grounds, and these migration routes often provide key harvest 
opportunities. Harvest of migrating fish stocks has a strong potential to elicit an 
evolutionary response; unless the harvest rate (chance that an individual is cap-
tured) is constant over the entire migration, certain portions of the population will 
experience higher mortality than others. Furthermore, temporally selective harvest 
could affect other traits correlated with migration timing. For example, if harvest 
rates are higher in the first part of the migration, and if older, larger fish tend to 
migrate early, then this type of fishery would have the same consequences for age 
and size as one whose gear actively selected for large fish.

An empirical example from Pacific salmon illustrates how management  strategies 
can have evolutionary consequences for migration timing. The Bristol Bay, Alaska, 
fishery for sockeye salmon has remained productive for over a century, in part 
because of strong safeguards to ensure that an adequate number of spawners reach 
the spawning grounds. One way to accomplish this is to keep harvest rates low 
until the escapement goals are reached, in which case the fishery actively selects 
against late-migrating fish. Quinn et al. (2007) found empirical evidence that over 
a 35-year period under this type of harvest regime, sockeye from the Egigik district 
have shifted toward an earlier migration timing – the type of response predicted by 
an evolutionary model, although environmental effects cannot be ruled out.

Behavior (catchability) – Harvests will also be selective if the probability that 
an individual is caught (its catchability) depends on its behavior (cautious vs curi-
ous; more vs less aggressive; preference for deep vs shallow habitat; strong vs 
weak diurnal vertical migrations; etc.). To the degree that such differences affect 
catchability and have an underlying genetic basis, they can be expected to produce 
an evolutionary response in the population. This topic has had little treatment in 
the literature, but an unpublished study over four generations in largemouth bass 
(Micropterus salmoides) showed a strong evolutionary response to selection for 
vulnerability to angling (Philipp et al. in press).

Research needs for the future – If (as will almost inevitably be the case) harvest 
rates are not uniform across all types of individuals in a population, and if the traits 
subject to selective harvest have at least in part a genetic basis, the key questions 
are not whether evolutionary change will occur, but rather the following: How large 
will these evolutionary changes be? What effect will these changes have on fishery 
yield and population viability? If selective harvest is terminated, can  evolutionary 
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changes be reversed, and if so, how long will it take? The following types of 
research can provide insight into these questions.

● Characterize the genetic basis of traits under selection (especially size, growth, 
age structure, and fertility), as well as the genetic correlations among traits.

● Measure the degree of selectivity of harvests, and monitor changes in  life-history 
traits in exploited populations.

● Determine how to distribute fishing mortality over fish of different sizes 
(or other traits) to minimize selectivity.

● Evaluate how shaping fishery impacts (controlling time and location of harvests; 
gear types) affects harvest selectivity.

● Consider scaling harvest rate and selectivity to ocean/habitat productivity.

Integration of the G matrix into harvest models can contribute to an understanding 
of the evolutionary consequences of fishing (Law 2000) and the effects of meas-
ures taken to reduce these changes (Hard 2004). This approach can be parameter-
ized using empirical measures of heritabilities, variances, and covariances derived 
for individual species. Further work in this area should seek to integrate these 
approaches into standard harvest and population viability models.

23.3.4 Artificial Propagation

Evolutionary consequences of fish culture on natural fish populations, especially 
for salmonids, have been extensively treated in the literature, and this topic will 
only briefly be summarized here. Interested readers can find more detailed treat-
ments of these topics in Busack and Currens (1995), Waples and Drake (2004), 
Naylor et al. (2005), Ward (2006), Naish et al. (2008), and Fraser (2008). It is 
important to distinguish two general kinds of artificial propagation: (1) aquaculture, 
which involves raising individuals to market size in what are intended to be closed 
systems; and (2) sea ranching, which involves intentional release of individuals 
into the wild. Similarly, two general types of sea-ranching programs can be identi-
fied: those designed for harvest augmentation (which, like aquaculture programs, 
might produce societal benefits, but also entail risks to natural populations); and 
those designed for supplementation of natural populations (which therefore involve 
intentional integration of hatchery and natural production). Aquaculture and har-
vest augmentation programs provide little or no benefit to wild populations, but (in 
at least some circumstances) the risks can be contained within an acceptable level. 
Supplementation programs have the potential to (at least temporarily) improve the 
status of wild populations, but also can dramatically change the selective regimes 
they experience. Careful articulation and consideration of program goals is there-
fore necessary in evaluating the overall risks and benefits of artificial propagation.

The principle evolutionary changes that natural populations can experience 
directly or indirectly as a result of artificial propagation are loss of genetic diver-
sity within and among populations and loss of fitness. A number of strategies can 
be used to help reduce genetic risks of artificial propagation (see references cited 
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above), but certain facts must be realized at the outset and should be factored into 
management plans. First, evolutionary changes cannot be avoided in cultured popu-
lations. The whole raison d’etre of an artificial propagation program is to provide 
a benign environment to promote high survival. Dramatic changes in the mortality 
profile of a population cannot occur without attendant evolutionary changes; at best 
one can hope to minimize these changes. Second, it is not possible to simultane-
ously minimize all risks associated with artificial propagation; many of the risks are 
inversely correlated, such that reducing one inevitably increases another (Waples 
and Drake 2004). To take just one example, in supplementation or sea-ranching 
programs, releasing juveniles early helps to minimize the scope for selective 
changes due to culture and provides more opportunity for selection to act in the 
wild. However, early-release juveniles typically have lower survival (which might 
affect program goals), and releasing large numbers of early life-stage juveniles into 
the wild increases opportunities for competitive interactions with wild fish and also 
affects the selective regimes experienced by the wild population.

Although much of the literature on effects of cultured fish on natural populations 
involves salmonids, the number of marine species that are actively propagated is 
in the hundreds and rapidly increasing (Leber et al. 2004). Nearly half of all the 
fish consumed around the world are now farmed (FAO 2006), and expectations for 
future increases in marine protein production rely heavily on aquaculture. Recently, 
Woods Hole Oceanographic Institution convened a Marine Aquaculture Task Force 
to recommend standards and practices for US marine aquaculture to protect the 
health of marine ecosystems. If the recommendation of the Panel (Anonymous 
2007) to shift culture toward local, native populations is followed, it would 
 considerably alleviate concerns regarding spread of disease and invasive species. 
However, this change could also greatly increase opportunities for genetic interac-
tions with wild populations, with uncertain consequences. Some research topics 
that will be important in the future include the following:

● What are the relative evolutionary consequences for natural populations 
 interacting with cultured populations of local versus foreign origin? Genetic 
interactions with cultured, non-native populations almost certainly will be delete-
rious, but their frequency might be greatly reduced by physical, behavioral, or 
management isolating mechanisms. Genetic interactions with cultured popu-
lations of local origin should be less harmful per interaction, but the frequency 
of interactions might be greatly increased. The net effect on the wild population 
will be a function of both the frequency and severity of the interactions when 
they do occur, and this topic has not been treated rigorously in the literature.

● What are the genetic mechanisms involved in domestication? (see Araki et al. 
2008). To what extent is domestication reversible, and on what time frames? 
What culture practices can effectively minimize effects of domestication?

● What is the reproductive success in the wild of individuals reared in cul-
ture? What are the long-term effects of supplementation on the ability of popula-
tions to sustain themselves in the wild?

● What is the relative importance of inbreeding depression and outbreeding depression, 
and how does this vary among species and among populations within species?
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A variety of methods can provide insight into these questions. Genomic and 
quantitative genetic studies will be feasible for some species. Ready availability 
of numerous, highly polymorphic molecular markers allows reliable parentage 
analysis of progeny, which provides high power to studies of reproductive success 
and selection differentials in the wild. Genomic approaches can identify genes that 
might respond to selection, inbreeding depression, and outbreeding depression, and 
changes in their population frequencies can be monitored. However, it should be 
recognized that many of these questions can only be answered with long-term stud-
ies, since many fitness effects will only become apparent over many generations.

23.3.5 Climate Change

Evidence is rapidly accumulating to demonstrate that global warming has caused 
genetic changes in animal species as diverse as birds, squirrels, and mosquitoes 
(Bradshaw and Holzapfel 2006). To date, the documented changes have primarily 
involved timing of seasonal events (e.g., reproduction or migration), although it is 
expected that further research will uncover morphological, behavioral, and physi-
ological adaptations, such as increased thermal tolerance. The effects of climate 
on fish population dynamics has long been recognized (Cushing 1983; Tolimieri 
and Levin 2005), but only recently has attention focused on the likely future con-
sequences of global warming (Overland and Wang 2007). Aquatic species have 
evolved mechanisms to allow persistence in variable environments, but long-term, 
directional changes (such as are predicted under many climate change scenarios) 
will represent a new type of challenge. Here are the some current and future 
research needs that would increase our understanding of this key topic.

● Document nature, extent, and rate of environmental changes expected to be 
associated with future climate change. This would involve translating general 
predictions from the most recent Intergovernmental Panel on Climate Change 
report (IPCC 2007) into more focused predictions for marine ecosystems.

● Identify key species and their vulnerable life stages that are most likely to be affected 
by global warming. A key element here will be integration of biological informa-
tion for the species with physical information about their changing habitats.

● Evaluate capacity of the species to respond to environmental changes through 
 phenotypic plasticity. Initially, such experiments can be conducted in the labora-
tory by exposing individuals from genetically uniform populations to different 
temperature environments. Ideally, these experiments would then be extended to 
the wild by transplanting related individuals into different environments and studying 
the range of their phenotypic responses, such as levels of expression at  relevant 
genes, changes in correlated fitness traits, and their reproductive success.

● Evaluate the capability of the species to adapt to new environmental conditions. Can 
the species evolve fast enough to keep pace with the rate of environmental change? 
In the absence of experimental data for the species in question, insights can be 
obtained from literature surveys that show rates of evolutionary change  typically 
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found in natural populations (Hendry and Kinnison 1999), from  long-term studies 
of evolution of quantitative traits in controlled environments, or from models based 
on empirical measures of genetic variation underlying fitness traits.

● Look for mismatches between anticipated magnitude and rate of change in 
the physical environment and the capacity for a plastic and/or an evolutionary 
response. These mismatches identify the species and life stages that are most 
likely to be strongly affected by global warming.

23.4 Discussion and Conclusions

Genetic methods have become indispensable to twenty-first-century fishery 
 management, and their relative importance is likely to increase in the coming decades, 
particularly as genetic approaches become better integrated with more traditional 
ones. In this chapter we have considered only a fraction of the types of questions that 
can and will be addressed by genetic approaches, and we have chosen to focus on 
two areas: (1) questions that utilize neutral genetic markers and provide insights into 
population genetic processes that are relevant to conservation and management, and 
(2) questions that rely on methods that study traits under selection, which are more 
directly related to population fitness.

One general topic that should get more serious consideration in the future is the 
relationship between statistical significance and biological significance (Waples 
1998; Hedrick 1999; Palsbøll et al. 2007). Although the traditional hypothesis-
testing framework has many advantages, it is safe to say that no aquatic population 
ever suffered any consequences directly as the result of a P-value associated with 
a statistical test. Rather, biological consequences depend on the magnitude and 
direction of an effect (the effect size). That is, it is not enough to determine that 
a (nonzero) effect can be detected; it is also important to determine how large the 
effect is, and what the biological consequences are for the species of interest. The 
importance of this point for identification of stocks and conservation units has been 
emphasized in the literature (Waples 1998; Palsbøll et al. 2007), but it applies more 
generally to the field of fishery management.

This is an exciting time for use of genetic methods in applied conservation, as a 
confluence of several factors has conspired to provide unprecedented opportunities. 
First, technical advances in the laboratory have uncovered an essentially unlimited 
number of highly variable genetic markers that can be utilized to study natural 
populations. These methods can extract DNA nonlethally from increasingly small 
amounts of biological material, which allows routine, non-invasive monitoring as 
well as retrospective analyses using historic samples (Schwartz et al. 2007). Second, 
numerous powerful analytical methods have been developed in the past decade that 
provide new opportunities to test hypotheses about contemporary evolutionary 
and ecological processes in populations (Pearse and Crandall 2004; Manel et al. 
2005). Finally, in accordance with Moore’s law, computational power continues to 
increase rapidly, and these increases have made feasible implementation of many of 
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the new likelihood-based methods that are computationally demanding. We expect 
that incremental improvements in each of these areas will continue into the future, 
and these improvements will continue to refine and improve the applications of 
neutral genetic markers to fishery management.

Collectively, these and other advances have brought us to the point where it is 
feasible to contemplate the rigorous study of genetic variation at fitness-related 
traits in natural populations. These studies, however, are logistically challenging 
and resource-intensive, so in the near future they will be feasible only for a small 
fraction of marine species. It would be useful, therefore, if researchers working on 
marine species would coordinate selection of species on which to conduct quantita-
tive genetic or population genomic studies. If this were done, it should be possible 
to arrange coverage across taxa in such a way to maximize the inferences that can be 
drawn from the studied species to the large majority that will not be studied directly. 
Both types of studies (whether they focus on neutral markers or genes under selec-
tion) could benefit from better integration with other types of information for the 
species in question (life history, physiology, behavior) and the  environments they 
inhabit (current patterns, physical features of the habitat).

It is easy to see that whereas the ecological consequences of anthropogenic 
changes on aquatic populations have received a great deal of attention, the evolu-
tionary consequences of these changes have been relatively neglected. It is much 
more difficult to determine exactly what these evolutionary consequences will be, 
and how important they will be to conservation and management. This is now an 
active area of research for terrestrial as well as marine species (e.g., a new journal, 
Evolutionary Applications, began publication in 2008), and we expect important 
new insights will emerge over the next decade.
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