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Chapter 1
Recruitment in Marine Fish

Populations

Michael J. Fogarty and Loretta O’Brien

1.1 Introduction

The production of viable eggs by a population provides the raw material for recruitment (the
number of young ultimately surviving to a specified age or life stage). Recruitment processes
in the sea reflect the interplay of external forcing mechanisms such as physical drivers in the
environment that affect demographic rates, and stabilizing mechanisms exhibited by the popu-
lation. Many marine populations fluctuate widely in space and time (Fogarty et al. 1991). These
dramatic changes are attributable to fluctuations in biotic and abiotic factors affecting growth
and/or mortality rates during the early life history (Fogarty 1993a). Potentially countering these
sources of variability are internal regulatory mechanisms that can compensate for population
changes. Considerable attention has been devoted to the development of recruitment models
embodying different types of compensatory processes operating during the pre-recruit phase
of the life history (see Rothschild 1986, Hilborn & Walters 1992, Quinn & Deriso 1999 and
Walters & Martell 2004 for reviews). In contrast, the issue of compensatory changes in fac-
tors such as fecundity, adult growth, and maturation affecting reproductive output has received
less attention in modeling recruitment dynamics (but see Ware 1980, Jones 1989, Rothschild
& Fogarty 1989, 1998). We argue that a complete model of population regulation of marine
fishes must allow for the possibility of compensatory processes operating during both the early
life history and the adult stages, and that a refined understanding of reproductive processes as
described in the contributions to this book is essential in the quest to understand recruitment
of marine fishes. In particular, integrating our emerging understanding of maternal effects
on reproductive success of fish, as documented in this volume, into management models is
essential.

In this chapter, we attempt to set the stage for several themes found throughout this
volume—factors controlling the effective reproductive output of the population, the fate of
fertilized eggs and larvae, and the implications for assessment and management of exploited
marine species. In subsequent chapters these issues are explored in greater individual detail. An
understanding of recruitment processes is essential if we are to predict the probable response
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Figure 1.1 Time series of estimates of (a) recruitment (millions of 3-year-old fish), (b) spawning stock
biomass (thousand Mt), (c) total viable egg production (trillions), and (d) age diversity of spawners
(Shannon—Weiner index) for Icelandic cod. Based on assessment data from ICES (2014) and fecundity
relationships from Martinsdottir & Begg (2002).

of a population to exploitation and to proposed management actions. These predictions require
an analytical framework. Here, we trace the theoretical developments relating recruitment to
the adult population to provide such a framework. Our interest centers on exploring the con-
sequences of different recruitment mechanisms, demonstrating how these processes can be
modeled, and illustrating their importance for stability and resilience of the population. In a
variable environment, sustainable exploitation is possible only if the population exhibits some
form of compensation in response to variation in population size at some stage in the life his-
tory. The general issue of the role of compensation in population dynamics is therefore of both
theoretical and practical importance. Correctly accounting for the effective reproductive out-
put of the population, including the consideration of factors such as maternal effects on egg
and larval viability, the age composition of the adult population, female condition, and how
these are affected by population density or abundance, is critical in understanding the form of
the relationship between recruitment and egg production and how the population will respond
to exploitation.

An illustration of the magnitude of change in these population components is provided by
trajectories of recruitment and adult biomass over the past five decades for Icelandic cod, an
economically and ecologically important fish population (Figure 1.1a,b). Attempts have now
been made to refine estimates of reproductive output by reconstructing the total egg production
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by the female population (Figure 1.1c) and to understand how factors such as the age diver-
sity of the spawning stock (Figure 1.1d) affect recruitment success. Estimates of each of these
quantities are becoming increasingly available for more marine fish populations (e.g. Marteins-
dottir & Thorarinsson 1998, Trippel 1999, Marteinsdottir & Begg 2002, Marshall et al. 1998,
2003, Morgan et al. 2011, Cervino et al. 2013, Macchi et al. 2013). We will return to the rela-
tionship between recruitment and spawning stock biomass (SSB) or total egg production for
Icelandic cod in Section 1.2.4 to further explore these issues, and in Section 1.8.1 we address
the issue of whether consideration of the age diversity of the adult population improves the
predictability of recruitment for this population (Marteinsdottir & Thorarinsson 1998).

In the following, we describe several models incorporating factors affecting survivorship
from the egg stage to recruitment. These include competition for limiting resources, canni-
balism, and the interaction of compensatory growth and size-dependent mortality. Our initial
treatment will focus on deterministic processes for a single pre-recruit stage. We then broaden
our development to encompass consideration of compensatory processes operating during the
post-recruit phase of the life history, the stability properties of these models, multistage life
history patterns, the implications of maternal effects, and the effects of environmental and
demographic stochasticity. Throughout, the implications of these factors for management of
exploited populations is of primary interest.

1.2 Recruitment theory

Consider the life cycle diagram depicted in Figure 1.2. For the population to persist, a suf-
ficient number of progeny must, on average, survive to replace the parental stock. For the
purposes of illustration, we show several stanzas including egg, larval, juvenile and adult
stages. The eggs produced by the different adult stages can, in principle, exhibit different via-
bilities and have different probabilities of successful transition to the larval stage. For the pur-
poses of this simple illustration we do not trace the effect of the size or age of the adult females
beyond the egg stage, but we extend this treatment to later stages as well in a subsequent sec-
tion. The transitions between stages represent the probability of surviving and growing into
the next stage during a specified time interval. Note that the population becomes vulnerable
to exploitation following the first juvenile stage in this example. In the following, we use the

Vulnerable to fishery

=06
TO-e0-06

Pre-recruits | Post-recruits

Figure 1.2 Life cycle diagram including egg, larval, juvenile and adult stages. Eggs produced by adults of
different ages can have different viabilities.
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Recruitment

Total egg production

Figure 1.3 Density-independent model relating recruitment and egg production for three levels of the
density-independent mortality rate.

size or age at first harvest as the demarcation point for recruitment. The life cycle is com-
pleted with the production of eggs by the adult component of the population. The fishery
reduces the probability of survival in the late juvenile and the adult stages with important
consequences for the overall reproductive output of the population. The number and quality of
eggs produced by different segments (age or size classes) of the adult female population varies
in relation to spawning history, condition, and other factors — a central theme of many contri-
butions found in this volume (see Chapters 2, 4, and 8) with potentially important management
implications (see Chapters 9, 10, and 11). In this section, we address the issue of the form of
the relationship between the production of viable eggs and recruitment in which survivorship
from hatching to recruitment does not depend on factors such as maternal age or reproduc-
tive experience. Here, viability is taken to represent an amalgam of fertilization success and
hatchability.

To model this process, we begin with the simple observation that, for a closed population,
the number of individuals in a cohort can only decline over time. A cohort is defined as the
number of individuals hatched in a specified period (spawning season, year, etc.). In the very
simplest case where no compensation occurs, the number of recruits (R) is given by the product
of the proportion surviving (S) from the egg to the recruit stage and the initial number in the
cohort (the number of viable eggs — designated E):

R=SE (1)

This gives a simple linear relationship between egg production and recruitment with slope
equal to the survival fraction (Figure 1.3). We can think of E as the sum of egg production by
each female spawner age class multiplied by an age-specific viability coefficient (see Section
1.3.1). For a closed population, the relationship goes through the origin. Being able to cor-
rectly identify the members of the population and their spatial domain is of course a critical
prerequisite for defining this relationship (see Chapter 7). For metapopulation structures with
interchange among populations, the relationship may not pass through the origin (e.g., for a
sink population receiving a subsidy from a source population; see also Section 1.2.2).
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In subsequent sections we will expand the density-independent case to include compen-
satory processes resulting in nonlinear relationships between the number of viable eggs pro-
duced and recruitment, random variation in vital rates, and other factors. For now, we will
focus on the underpinnings of the simple density-independent model. We will consider this to
be our null recruitment model. Note that a straight line with zero slope is not an appropriate
null model in this context — it implies that recruits can be produced when the egg production
has been reduced to zero. Adopting such a null model would entail high risk to the population
(see Fogarty et al. 1992, 1996).

The null model can be derived from first principles by describing the rate of change of a
cohort:

dN
2NN 2
7 H 2
where N is the number in the cohort and y is the instantaneous rate of mortality during the
pre-recruit phase. This model of course captures the idea that the number in the cohort can
only decline over time (in this case, at a constant rate). Separating variables we have:

R tr
dN
— = dt 3
/ N H (3)
N=E =0

where E is again the initial number in the cohort (the number of viable eggs produced), and
R is the number surviving to the age of recruitment (z,.). The solution to this simple model is
given by:

R=EeH 4)

where for simplicity we have set 7 = #,—, and where e #' is the survival fraction (S; cf., Equa-
tion (1)).

1.2.1 Compensatory and overcompensatory models

The null recruitment model implies that there are no constraints on the number of recruits
produced for a given level of egg production, leading to unrealistic predictions of unre-
strained population growth (see Chapter 7). We can readily extend the density-independent
recruitment model to incorporate various types of compensatory processes affecting growth
and survival during the pre-recruit phase. Because the density-independent model cannot
account for limitations in recruitment that emerge as a result of competition for limiting
resources (food, space, etc.) or factors such as cannibalism known to be important in many
marine populations, we need to expand our consideration of underlying recruitment mecha-
nisms. (For a lucid verbal description of the underpinnings of the classical stock-recruitment
models embodying these mechanisms, see Chapter 7.) These considerations lead to non-
linear models with important implications for the stability of the population. In the fol-
lowing, we will refer to a compensatory recruitment model as one in which the per capita
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rate of change of a cohort is a decreasing linear function of the number in the cohort dur-
ing the pre-recruit period. In contrast, an overcompensatory model is one in which the per
capita rate of change is a decreasing linear function of the initial number in the cohort or
a related metric (e.g. the number of adults exerting cannibalistic controls on recruits). The
principal focus of this book is in incorporating increased biological realism into our mea-
sures of reproductive output of the population. We are no less interested in incorporating
biological realism in the development of recruitment models. We view recruitment models
not simply as heuristic guides to the shape of the egg production—recruitment relationship
but as the elaboration of testable biological hypotheses concerning different compensatory
mechanisms.

1.2.1.1 Intracohort competition

In situations where members of the cohort compete for critical resources (food, space, etc.),
density-dependent mortality may be critically important. The simple null model can be
extended to account for a linear increase in mortality with increasing cohort density by making
the substitution y = (u, + p;N). Our model for the rate of decay of the cohort can then be
expressed as:

dN
7 —(Hy +Hy N)N 4)

where p,, is the instantaneous rate of density-independent mortality and y; is the coefficient
of density-dependent mortality (Beverton & Holt 1957). Note that this model simply indicates
that the per capita rate of change of cohort size (d{N/Ndt) declines linearly with increasing N.

-1
1 ”1
R H,t H,t 1 6

The solution is given by:

which can be simplified to:
R=[% 45" 7
=|=+
%+ 5] ()

where a = exp(u,t) and f = ((u;/p,)(exp(u,t)-1)). For this model, recruitment initially
increases rapidly with increasing egg production and then approaches an asymptote (Figure
1.4). We further note that intracohort cannibalism could also result in a model of this general
form.

In this chapter, we will refer to this asymptotic form as a compensatory recruitment model
and will distinguish it from “overcompensatory”” models in which recruitment actually declines
at higher levels of egg production (see next section), although some authors define these terms
differently. Rothschild & Fogarty (1998) describe generalized models in which the per capita
rate of change as a function of cohort size is not limited to the linear case as in the model
above.
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Figure 1.4 Beverton—-Holt-type model relating recruitment and egg production for three levels of the
parameter a.

1.2.1.2  Cannibalism by adults

Cannibalism has been shown to be an important population regulatory mechanism in many
marine fish populations (Dominey & Blumer 1984). In many cases, the adults are the principal
predators of earlier life stages. To represent intraspecific predation by adults on pre-recruits,
we can let y = (4, + p,P), and the model for the decay of the cohort now can be specified:

dN
= =W+ iy PIN (8)

where u, is the coefficient of “stock-dependent” mortality (Harris 1975), and P is a measure
of the cannibalistic component of the adult population. Here, the per capita rate of change
declines linearly with the adult population size metric. Note that some segments of the adult
population may contribute more to cannibalism, and the index of the adult population used can
and should reflect this fact where available. The solution is:

R=E e_(M” + My P)t (9)

and in this form, we require information on both total egg production (E) and the relevant
index of adult population size. For some applications we are ultimately interested in a bivariate
model relating recruitment to total egg production. This requires a substitution of the index
of population size by one for total egg production in the model. Later in this chapter, the
potentially complex relationship between egg production and population size is explored in
the context of these models. For the moment we will consider only the simplest case where
egg production is related to the measure of cannibalistic adult population size by a constant of
proportionality (@) to illustrate the translation to a bivariate form. Letting ¥ = exp(—u, ) and
6 = p,t/ow, the model can be written as:

R =«kEe%F (10)

Trim: 246mm X 189mm|
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Recruitment

Total egg production

Figure 1.5 Ricker-type model relating recruitment and egg production for three levels of the slope at the
origin parameter.

This overcompensatory model produces a characteristically dome-shaped relationship
between recruitment and egg production (Figure 1.5). We note that the model implicitly
assumes random encounter between the progeny and the adult predators. If the early life stages
are aggregated and the encounter probabilities are nonrandom, the degree of curvature of the
relationship decreases (i.e., becomes less convex; see Ricker 1954).

Ricker (1954) also noted that in instances where there is a delayed response by a predator
to the initial number in the cohort, an overcompensatory response may be generated. In this
case, our specification of the model for the rate of change of the cohort would directly include
a term for the number of eggs produced, generating a model identical in form to Equation (10)
but with a different interpretation of the parameter in the exponent.

1.2.1.3 Size-dependent processes

Compensatory recruitment models based on size-specific mortality rates have also been devel-
oped to reflect the interaction of compensatory growth and mortality rates. If smaller indi-
viduals are more vulnerable to predation, then density-dependent factors that affect the time
required to grow through a “window of vulnerability” to predation will have a direct effect
on recruitment (see Chapter 3 for an overview). In particular, size can have critical effects
on vulnerability when the ratio of predator to prey size is relatively low (Miller ez al. 1988).
Accordingly, density-related effects on growth can have potentially important implications for
survival rates even if mortality itself is independent of density. Maternal influences can result
in differential growth rates of larvae, and the incorporation of this factor can have important
implications for recruitment dynamics (see Section 1.3.2).

Beverton & Holt (1957) first illustrated this concept in a derivation of a two-stage pre-
recruit life history model. The pre-recruits were subjected to differing levels of mortality during
the two stages. Beverton & Holt (1957) considered the case where the time required to grow
from the first to the second stage was inversely proportional to the food supply and directly
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proportional to the initial number in the cohort, and showed that such a formulation resulted
in an overcompensatory stock—recruitment relationship.

It is possible to directly model growth processes and their interaction with mortality during
the pre-recruit stage. Consider a model for individual growth in weight:

dw
— =GW) (11)

where G(W) is a compensatory function for individual growth. If the mortality rate is size-
dependent, then we have:

‘Z—Ztv = _u(W)N (12)

and the rate of change of cohort size with respect to weight (size) is therefore:

dN uw)
oy _ A7) 13
aw G(W) (13
The solution to this model is:

_ )
R=NW;) = Nw,)e Tam® (14)

where N(W;) is the number in the population surviving to weight (size) W;, which we will
take to be the size at recruitment. This model has been discussed by Werner & Gilliam (1984).
Without further specification of the functions (W) and G(W), it is not possible to deter-
mine the functional form of this size-based recruitment function. However, if the growth rate
is taken to be dependent on the cohort size and the mortality rate to be density-independent,
then the recruitment function will generally be compensatory. If instead, the growth rate is
taken to be dependent on the initial number in the cohort, then the recruitment function will
be overcompensatory (Ricker-type) (see Rothschild & Fogarty 1998).

Shepherd & Cushing (1980) assumed that G = G*/(1 + N/K), where G* is the maximum
growth rate, N is cohort size, and K is a constant related to the abundance of food. It is further
assumed that the mortality rate u is independent of density. When N = K, the growth rate is
exactly one half of the maximum rate. Separating variables, we can then write the model as:

dW _ G* _dN
AL (15)
W K+ 2N

and the solution is:

W G* (K+E)N1
21y _U - 1
o8 <W> i o8 [<K+N1>E] (1o
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Recruitment

Total egg production

Figure 1.6 Cushing—Shepherd-type model relating recruitment and egg production for three levels of the
density-dependent parameter K.

where again, the initial number in the cohort (E) emerges as the lower limit to integration on
the right-hand side of Equation (16). Exponentiating and letting A = exp{—(u/G*)In(W;/W,)},
the model becomes (after further rearranging terms):

AE

R=NWD =0 —DE/K

a7

which describes an asymptotic relationship between total egg production and recruitment
(here, the number surviving to some specified weight class (R = N(W,); see Figure 1.6).

These examples should suffice to show that many different mechanisms can underlie
recruitment dynamics and that, in some cases, very different mechanisms can give rise to
similarly shaped recruitment curves. Therefore, it will not generally be possible to understand
the important regulatory mechanisms operating in the population based on information on egg
production and the resulting recruitment alone. However, an understanding of the underlying
biological mechanisms can guide the choice of appropriate recruitment models, an issue
of considerable importance in the face of the characteristically high levels of recruitment
variability exhibited by many marine populations which tends to obscure the underlying
relationship (see Section 1.8).

1.2.2 Depensatory processes and the Allee effect

The preceding sections have focused on compensatory and overcompensatory mechanisms.
For closed populations, these processes generally lead to stable non-zero equilibrium points
(see Section 1.4), although for the case of overcompensatory models, quite complex dynam-
ics can emerge (Ricker 1954), including chaos. Depensatory mechanisms of various types
are also potentially of interest and can lead to multiple equilibria. Depensatory recruitment
dynamics occur when the per capita rate of change of recruitment increases over some range
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Figure 1.7 Models allowing for depensatory effects based on generalizations of (a) Beverton—-Holt-type
and (b) Ricker-type models relating recruitment and egg production.

of population or cohort size rather than declining monotonically as in compensatory and over-
compensatory models. For such a system, we observe an inflection in the relationship between
egg production and recruitment, and this characteristic can lead to multiple equilibrium points
for the population (see Section 1.4). For the case of “critical depensation” a lower unstable
equilibrium point exists, and if the effective egg production by the population is driven below
some threshold level, a sudden population collapse is predicted.

Depensation can occur under a number of mechanisms, including when fertilization success
is low at low population densities or there is a reduced probability of finding a mate. More
broadly, when fitness or population growth is enhanced in the presence of conspecifics over
some range of population size we have a so-called “Allee effect.” (For a description of the array
of behavioral and ecological mechanisms that can lead to this effect, see Stephens et al. 1999.)
Among the mechanisms of direct interest in this chapter are effects related to fluctuations in
the sex ratio at low population sizes (Stephens et al. 1999) which affect fertilization success.

The Beverton—Holt model can be generalized to allow for depensation as follows:

R= [—+/3] (18)

where y is a “shape” parameter and all other terms are defined as before (when y > 1, depen-
satory dynamics occur; see Figure 1.7a). Similarly for a generalized Ricker model, we can
write:

R = kE" ¢7%F (19)

where, for economy of notation, y again represents the shape parameter (Figure 1.7b).
Attempts to discern widespread evidence for depensatory dynamics in exploited fish popu-
lations have so far provided relatively few direct examples (Myers et al. 1995), but a lack of
information at very low population levels may be responsible, in part, for this result. Marshall
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et al. (2006) did find that the relationship between recruitment and SSB for Northeast Arctic
cod was depensatory when the analysis focused on more recent years (since 1980), although
estimates based on female spawning biomass and total egg production did not indicate depen-
satory dynamics.

Frank & Brickman (2000) considered a Ricker-type model incorporating a specific form of
Allee effect in which no recruitment at all occurs below a threshold population level. Frank
& Brickman (2000) further considered a system comprising a number of spatially defined
substocks (i), each of which is subject to the Allee effect. Reframing this model in our notation
and expressing in terms of egg production levels, we have:

R; = k;(E; — E, )e *Ei~Eo) (20)

where E,, is the threshold level of egg production below which no recruitment occurs, and the
subscript 7 indicates an individual substock. Frank & Brickman (2000) showed that if Allee
effects are important and managers either ignore or are unaware of the substock structure,
the Allee effect may be masked and lead to risk-prone decisions concerning appropriate har-
vest levels. This example reinforces the importance of both understanding the true population
structure (see Chapter 6) and the nature of population regulatory mechanisms.

1.2.3 Maternal effects on pre-recruit survivorship

In the models described above, maternal effects were restricted to the development of “viable”
eggs defined by fertilization and hatching success. Shelton et al. (2012) provided an approach
to specifying differential survival of progeny of spawners of different ages to effectively gen-
erate recruitment curves for different aged spawners. Although they developed the method for
an overcompensatory recruitment model, the approach can in principle be applied to a broader
array of recruitment models. Adapting our earlier notation, the model can be written as:

dN,
— =~y + 1y PN, 1)

where the subscript i denotes progeny (N) or mortality processes (u) associated with spawners
of age i and P is the biomass of fish contributing to density-dependent mortality. The solution
is:

R, =E; e WoitiaiP (22)

and the total recruitment is then the sum over all age-classes of spawners:

1 —(l )
R=) B (ot Hai Pp)t (23)

i—

Shelton et al. (2012) allowed the mortality terms to be simple linear functions of maternal
age.
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1.2.4 Total egg production or spawning stock biomass: does
it matter?

We have framed our analysis of recruitment dynamics in terms of total viable egg produc-
tion by the population and factors affecting growth and survival during the pre-recruit period.
Because estimates of total egg production were not widely available at the time, the ear-
liest recruitment models were recast in terms of SSB. Both, Ricker (1954) and Beverton
& Holt (1957) assumed a simple proportional relationship between egg production and adult
biomass, and used the latter as a proxy for the former (Chapter 11). Rothschild & Fog-
arty (1989) noted that the assumption of proportionality may be questionable, and Mar-
shall (Chapter 11) showed that other implicit assumptions such as a constant sex ratio
and mean fecundity are not generally valid. As noted by Marshall (see Chapter 11), the
use of spawning biomass as a proxy for total egg production remains the standard today,
and will likely remain so until refined estimates of reproductive output are more widely
available.

Estimates of recruitment and adult population size are available for many species using
well-established stock assessment methods (see Chapter 7), and these provide an important
foundation for our analysis of recruitment dynamics. Although fecundity estimates are
routinely made for a relatively few but growing number of populations, rapid measurement
techniques have been developed that promise to increase the availability of this type of
information (Chapter 11). With the diversity of reproductive patterns in marine fishes, and
the range of reproductive strategies and tactics represented, obtaining a proper accounting of
fecundity and reproductive output is no trivial matter (see Chapters 2 and 8), but important
progress is now quite evident. Given reliable estimates of fecundity in concert with age-
specific estimates of sex ratios and abundance, it is possible to derive estimates of total egg
production. Alternatively, for some populations, egg abundance can be measured directly
at sea and corrected to provide estimates of viable egg production (Chapter 5). Given the
documented changes in sex ratios, female condition, and other factors over time (Trippel,
1999, Marshall et al. 1998, 1999, 2000, 2003, 2006), there is ample justification for broader
application of estimates of total egg production in recruitment studies (see Chapter11).

Relationships between recruitment and adult biomass and between recruitment and total
egg production for Icelandic cod are illustrated in Figure 1.8. The high recruitment variability
that is common to many marine fishes is clearly evident in both representations (see Sec-
tion 1.8). Cod are cannibalistic, and we accordingly fit Ricker-type models to these data. For
this population, a recruitment model based on egg production explains somewhat more of the
variability in recruitment than does one based on SSB. We show in Section 1.8.1 that further
improvements in the fit of the model are obtained by also considering the age diversity of
spawners.

In addition, the modeled relationship between recruitment and egg production reveals sub-
tle differences that are important in understanding how a population will respond to exploita-
tion when compared to a model based on SSB. In particular for Icelandic cod, the slope of
the recruitment curve at the origin is steeper for the recruitment—egg production relationship
(Figure 1.9). Relatively small differences in the slope of the recruitment curve at the origin
can have important implications for inferences concerning the resilience of a population to
high levels of exploitation. Later in this chapter, we will explore how these considerations
shape our view of the resilience of a population to harvesting and the ways in which a refined
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Figure 1.8 Relationship between (a) recruitment and female spawning stock biomass and (b) recruitment
and total viable egg production for Icelandic cod.

understanding of the reproductive output of a population can help in setting appropriate man-
agement objectives.

1.3 Completing the life cycle

The previous sections have dealt strictly with processes during the pre-recruit phase, operating
on the initial number of viable eggs produced by the population. To complete our consideration
of the life cycle dynamics of a cohort, we next examine models of the reproductive output of
the adult population. Many of the topics covered in this book of course deal with this issue in
detail.
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Figure 1.9 Fitted Ricker models for normalized recruitment and reproductive output using total egg pro-
duction (solid line) and spawning stock biomass (dashed line) for Icelandic cod.

1.3.1 Viable egg production

The number of individuals of a cohort alive at each successive age following recruitment is
simply the product of the survival rates over the age classes considered and the number of
recruits (taken as the starting point for this phase of the life history):

amaX
N, =R H exp~MatPal)

a=a,

(24)

where M, is the natural mortality rate at age a, p, is the proportion vulnerable to the fishery
at age a, F is the instantaneous rate of fishing mortality, a = a,. is the age at recruitment, and
Qe 18 the maximum age. The expected number of viable eggs produced by a cohort over its
lifespan can be expressed:

ama,\'

E = Z VamafasaNa

a=da,

(25)

where v, is the relative viability of eggs produced by females at age a (expressed as a propor-
tion), m, is the proportion of mature females, f,, is the fecundity, s, is the sex ratio, and N, is
the number in the population at age a (see also Rothschild & Fogarty 1998; Chapter 11). If
we normalize these results for the initial number of recruits, we define the egg production-per-
recruit (EPR) — a quantity of interest in a number of analyses presented later in this chapter.
We can further define a percent spawning potential ratio (SPR), expressed as the ratio of the
EPR at each level of fishing mortality divided by the EPR at F = 0 (see Brooks 2013 for a
recent exposition). It is possible to define the SPR resulting in “maximum excess recruitment”
(SPRygr) — the level of recruitment beyond that needed for replacement of the population.
This quantity is a function of the slope of the recruitment curve at the origin and the EPR
at F = 0 (reviewed in Brooks 2013). Chapter 7 describes the conceptual foundation for this
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Figure 1.10 Normalized egg production per recruit (proportion of maximum) as a function of fishing mor-
tality assuming no maternal age effects (thick line) and a maternal age effect on egg viability (thin line).
Normalized egg production on a logarithmic (base 10) scale.

approach in terms of spawning biomass as currently applied to most fish stocks (see also Chap-
ter 9). In principle, each of these parameters can be expressed as functions of some measure
of population size to reflect compensatory processes operating during the post-recruit phase
(see below). We have explicitly allowed for differences in the viability of eggs produced by
females of different ages or size classes. Larger females may produce larger eggs with higher
energetic reserves (see Chapters 2 and 11); developmental success may also be higher for the
progeny of these individuals (Chapters 2 and 8). In principle, it may also be possible to make
the age-specific viability term time-dependent and account for interannual variation in the con-
dition of female spawners. For example, information on total lipid energy in liver tissue has
successfully been used as a proxy for egg production (Marshall ez al. 1999, 2000; Chapter 9),
and this can be used to develop a time-varying index of egg viability.

With increasing levels of fishing mortality, the expected lifetime reproductive potential of
the cohort decreases nearly exponentially (Figure 1.10). Note that if eggs produced by older
females have a higher hatching success, the decline is sharper than for the case of no age-
specific differences in egg viability. This holds important implications for understanding the
stability and resilience of populations to harvesting pressure (see Section 1.7).

It is also possible to modify this expression to reflect not only the age of spawners but also
their reproductive history (Murawski ef al. 2001, Scott et al. 2006). If hatching success is a
function of the previous number of reproductive events experienced by a female, we have:

gy 1

E= Z Z mafa Sapajtha (26)

a=a, j
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where p, ; is the proportion of females of age a spawning for the jth time, #; is the hatching
success for a female experiencing her jth spawning event, and all other terms are defined as
before.

1.3.2 Larval viability and survival

Some empirical studies have indicated that egg hatching success and egg survival per se may
not depend on the age of the spawners, but that larval viability does increase with egg size and
energetic reserves, which in turn are functions of the age and, possibly, the reproductive history
of the female. If we incorporate larval survival rates, the output then would be the number of
larvae surviving to some specified age or size (see Murawski et al. 2001, O’Farrell & Botsford
2006, Spencer et al. 2007). We then have:

Anax

L= mf,s,t4N, (27)

a=a,

where L is the number of larvae surviving to a specified point in time (e.g., settlement), [,
is the proportion of larvae from females of age a surviving to this point, and all other terms
are defined as before. Murawski et al. (2001) provide an expression for the case where the
reproductive history of the female is also considered.

1.3.3 Sex ratios

As noted by Marshall (Chapter 11), it has often been assumed that the sex ratio remains con-
stant over time in analyses that attempt to substitute spawning biomass as a proxy for total egg
production. Larkin (1977) had earlier called attention to the potential pitfalls of making this
assumption (see Chapter 9). For species exhibiting sexual dimorphism in growth, the vulner-
ability to size-selective fishing gear differs by sex. Changing rates of fishing mortality in turn
result in systematic changes in the sex ratio. Sex-specific differences in natural mortality and
longevity may also contribute to this effect. Given an equal sex ratio at hatching, the expected
proportion of females in a cohort as a function of age, fishing mortality, and natural mortality
can be expressed:

e_(Ma,f"'pu,fF) -1
5, = 28)

e_(Ma,m+pu,mF)

where the subscripts m and findicate males and females. For species in which the females grow
more rapidly and reach larger sizes (e.g., many flatfish species), the ratio of females to males
will decline with increasing age as the fishing mortality rate increases. An illustration is pro-
vided in Figure 1.11 for a hypothetical long-lived population. Conversely, if males grow more
quickly, the ratio of females to males will increase (see also Chapter 11). At low population
levels in particular, distortions in the sex ratio of this type can lead to adverse effects on fer-
tilization success. This can exacerbate chance variations in sex ratios at low population sizes,
and lead to Allee effects by affecting the probability of finding a mate or other mechanisms.
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Figure 1.11  Proportion of females in a population as a function of age and fishing mortality when females
exhibit faster growth and males and females experience identical natural mortality rates. The sex ratio at
birth is assumed to be 1:1. For a color version of this figure, please see Plate 1 in the color plate section.

1.3.4 Effects on genetic structure

We have thus far focused on ecological processes and dynamics. It must be appreciated that
exploitation also may potentially affect the genetic structure of populations with important
consequences for sustainability and reversibility of the effects of fishing (see Chapter 4 for a
detailed overview). Life history theory predicts that increased adult mortality will select for
earlier maturation (Gadgil & Bossert 1970), and that increased juvenile mortality will select
for later maturation (Reznick ez al. 1990). Direct evidence that size-selective removals from
a population can contribute to rapid evolutionary change has been examined in small-bodied
fishes amenable to experimental manipulation and/or field observation (Conover & Munch
2002, Reznick et al. 1997). Reznick et al. (1997) demonstrated that size-selective predation
in natural populations of guppies resulted in a significant evolution of life history traits of age
and size at maturity (Reznick ez al. 1990, 1997). Experiments in size-selective harvesting over
four generations of Atlantic silverside resulted in the evolution in egg size, larval growth, and
other life history traits (Conover & Munch 2002).

Attempts to determine potential evolutionary effects of fishing on natural populations of
marine fishes have focused on estimating “reaction norms” (see Chapter 4). A reaction norm
is derived by measuring the phenotypic expression of one genotype when exposed to different
environmental conditions. Although reaction norms are generally determined experimentally,
the need to understand the possible genetic impact of fishing on natural populations has led
to an emphasis on the development of probabilistic reaction norms in wild populations. These
studies have focused in particular on maturation, and have attempted to disentangle environ-
mental effects on phenotypic characteristics from genetic effects attributable to harvesting
(see Marshall & Browman 2007 and contributions within). Evidence for changes in matu-
ration attributable to selective fishing effects have now been reported for a number of marine
fishes based on probabilistic maturation reaction norms (Dieckmann & Heino 2007), and work
continues on further attempts to separate environmental from fishing effects (Marshall &
McAdam 2008).
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1.3.5 Compensation during the post-recruitment phase

If no compensatory processes operate during the post-recruit phase of the life history affecting
fecundity, maturation schedules, and so on, then the relationship between viable egg produc-
tion and recruitment is linear and the slope of the relationship is a function of the age-specific
fishing and natural mortality rates. We next turn to the case where compensatory response in
fecundity and maturation schedules is important.

1.3.5.1 Compensatory fecundity

Fecundity is potentially affected by changes in abundance (see Ware 1980, Rothschild 1986,
Rothschild & Fogarty 1989, Cushing 1995). Although direct estimates of fecundity as a func-
tion of population size are comparatively rare, there is substantial information on changes in
the body size of fish as a function of abundance. The fecundity of marine fish is generally a lin-
ear function of body weight, and we can infer changes in mean fecundity with changes in body
size if we can evaluate tradeoffs between allocations of energy for growth and reproductive
output.

Ware (1980) and Rothschild & Fogarty (1989) considered the case where the total popula-
tion fecundity is a nonlinear function of the spawning biomass (5):

E=dSess (29)

where d and g are model parameters which incorporate terms for sex ratio and mean fecun-
dity. This model arises when the mean fecundity per unit biomass decays exponentially with
increasing population biomass. Ware (1980) combined this result for stock-dependent fecun-
dity with a density-dependent mortality structure to derive his energetically based stock—
recruitment model. Rothschild & Fogarty (1989) showed that this relationship, when combined
with a density-independent mortality function, results in a Ricker-type stock—recruitment
function.

A simpler power function may be appropriate in some instances to describe the relationship
between total egg production and spawning biomass:

E = kS" (30)

where k and h are model parameters which again incorporate terms for sex ratio and mean
fecundity. For the case when mean fecundity declines geometrically with increasing stock
biomass, we obtain a compensatory relationship between total egg production and stock size
(in this case, i < 1.0). However, Marshall et al. (1998) found that for Northeast Arctic cod
during the period 1985-96, total egg production increased with spawning biomass (h = 1.286;
Figure 1.12), implying a depensatory relationship over the range of available observations (see
also Section 1.2.2).

1.3.5.2  Maturation schedules

Shifts in the age or size at maturation with changes in abundance have been documented for
a number of exploited fish populations (see reviews in Rothschild 1986, Cushing 1995). If
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Figure 1.12 Relationship between spawning stock biomass and total egg production for Northeast Arctic
cod for the period 1985-1996 (after Marshall et al. 1998).

the maturation schedule is affected by population size (reflecting density-dependent effects on
energy available for growth and maturation), the proportion of mature females for the ith age
or size class can be described by the logistic function:

1
m = —
b 4 ea—biteN

(3D
where a, b, and ¢ are coefficients, i represents age or size, and N’ is a measure of population size
(e.g., total abundance, adult abundance, abundance of the ith size or age class, etc.). We have
focused on density effects in this context because they ultimately have direct consequences
for the shape of the recruitment—egg production curve. We can, in principle, also extend this
approach to consider the effects of other factors affecting reproduction schedules (e.g., food
supply) that reflect broader ecosystem changes.

Density-dependent maturation results in a nonlinear relationship between the number of
recruits and the lifetime egg production of the cohort. We show the expected form of the
relationship between egg production and recruitment in Figure 1.13 for the case where

F(low)
F(med)
F(high)

Lifetime egg production

Recruitment

Figure 1.13 Lifetime egg production as a function of recruitment for a model incorporating density-
dependent maturation at three levels of fishing mortality.
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maturation follows the logistic maturation model with explicit consideration of abundance
effects (Rothschild & Fogarty 1998). Harvesting alters the lifetime reproductive output by
affecting the number of reproductive opportunities; accordingly, we provide results in Fig-
ure 1.13 for several levels of fishing mortality.

1.4 Stability properties

We next examine the stability and resilience of the population to sustained perturbations such
as exploitation. The previous sections have illustrated relationships between egg production
and recruitment and between recruitment (Section 1.2), and lifetime expected egg production
(Section 1.3). We can combine these representations of the two major stanzas of the life his-
tory to examine stability points. First, we return to the relationship between egg production
and recruitment and use an overcompensatory relationship to represent this life history stanza
(Figure 1.14a). Next, if compensatory mechanisms are not important in the post-recruit phase
of the life history, we can represent the relationship between recruitment and lifetime egg pro-
duction as a family of straight lines for different levels of fishing mortality (Figure 1.14b).
Essentially, for any level of fishing mortality we have a single value of egg production per
recruit (refer to Figure 1.10) which specifies the slope of these lines. Next, can we overlay
these relationships (Figurel.14a and b) on the same graph (this will involve exchanging the

(a)
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Figure 1.14 The relationship between (a) recruitment and total egg production, (b) lifetime egg production
(LEP) and recruitment for three levels of fishing mortality (low, medium, and high) assuming no compen-
sation in post-recruitment processes, and (c) superposition of panels (a) and (b) to illustrate intersection
points representing stable equilibria.
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Figure 1.15 Stable and unstable equilibrium points for a depensatory model at one level of fishing mortality
assuming no compensation in post-recruitment processes.

Total egg production

axes for the recruitment-lifetime egg production relationship so that the relationships can be
superimposed; Figure 1.14c).

The points where the relationships for egg production—recruitment and recruitment—lifetime
egg production now intersect represent equilibrium points. Note that, as the fishing mortality
rate continues to increase, we eventually reach a level where there is no intersection point and
a stock collapse is predicted. It follows that the steeper the recruitment curve at the origin,
the more resilient the population will be to exploitation. However, because consideration of
maternal effects may not only affect the slope of the recruitment curve at the origin but also
the egg production per recruit curve, we must consider the interplay of these two factors in
determining the stability properties and resilience of the population. With this type of infor-
mation, we can estimate the levels of fishing mortality rate that would result in a high risk of
population collapse and employ a precautionary approach to ensure that these levels are not
approached.

These basic principles hold when we also observe compensatory processes during the post-
recruit phase. Now, we have nonlinear relationships between recruitment and lifetime egg
production, but as long as we have an intersection point between the curves an equilibrium
point exists (see Rothschild & Fogarty 1998 for a graphical illustration).

As noted earlier, for the case of critical depensation, we have the possibility of multiple
equilibria. This is illustrated in Figure 1.15 for the case where the post-recruit dynamics are
density-independent and for one level of fishing mortality. Note that in this case, the upper
intersection point at higher egg production gives a stable equilibrium point, while the lower one
represents an unstable equilibrium. If the total egg production is driven below the lower level,
a sudden population collapse is predicted.

1.5 Multistage models

In the preceding sections, we have collapsed the life history into two principal stanzas: pre-
and post-recruitment. We can represent the life history with finer resolution within each of
these stanzas. We have seen that it is important to account for relationships between the adult
female population and viable egg production, between the egg and larval stages, from larvae
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Figure 1.16 Paulik diagram for a four-stage life history pattern with nonlinear dynamics in two quadrants.
Two levels of fishing mortality are represented in Quadrant IV. Arrows trace the trajectories of the population
over several generations under the lower and higher fishing mortality rates.

to recruits, and from recruits to adults. An illustration of such a system is provided in Fig-
ure 1.16 (see also Rothschild & Fogarty 1998). In effect, this approach allows us to combine
consideration of the factors explored in Sections 1.3 and 1.4 into a single framework. This
graphical representation (or Paulik diagram; Paulik 1973, Rothschild 1986) allows a ready
visualization of the implications of linear and nonlinear transitions between life stages for
the stability properties of the population. In this example, the relationship between the adult
female population and egg production is taken to be overcompensatory (Quadrant I), the tran-
sition between eggs and the larval settlement stage is linear (no density-dependence; Quad-
rant II), and the relationship between larvae and recruits (Quadrant IIT) is compensatory. In
this example, the relationship between recruitment and the adult stage is linear. This rela-
tionship of course varies with the exploitation rate and we have shown results for two levels
of fishing mortality, with the dashed line in Quadrant IV representing higher exploitation.
For the lower exploitation rate we trace the transitions between life stages for two genera-
tions from an arbitrary starting point (see thin lines). Note that the compensatory processes
result in a stabilization after two generations from the starting conditions in this example.
When we increase the fishing mortality rate in the exploitation module (Quadrant IV; see
dashed line), we find that tracing the trajectories between successive life stages results ulti-
mately in convergence to a lower adult population level, but one that still results in a stable
population.

In principle, any of these quadrants or modules can involve compensatory, overcompen-
satory, or depensatory processes. Some interesting mechanisms affecting the relationship
between larval settlement and recruitment (Quadrant III) have been explored by Walters &
Juanes (1993) and Walters & Martell (2004). Walters & Juanes (1993) evaluate the tradeoffs
between individual growth and predation risk associated with the foraging behavior of juvenile
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fish. The system comprises spatial refuges and nearby foraging areas. The survivorship during
the juvenile phase (S;) can then be expressed:

Sj = o~ Mo+MTj) (32)

where M, is the instantaneous mortality rate due to all sources other than predation, M| is the
instantaneous predation risk per unit time, and 7} is the time spent foraging. Walters & Juanes
(1993) define fitness as the product of the survival rates in the juvenile and adult stages and
the mean fecundity, and show that for a simple but robust relationship between fecundity and
foraging time, the optimum time spent foraging (R,,,,) is:

R,, =R, +1/M, (33)

opt
where R, is the minimum foraging time required to survive and reproduce after leaving the
juvenile refuge area. If the optimum time spent foraging is directly proportional to the larval
settlement (L), then the recruitment relationship will be overcompensatory:

R= Lse—(MD+M1/LS) (34)

where M’ is the product of the predation risk coefficient and the constant of proportionality
between R, and L, (Walters & Juanes 1993). If, instead, the foraging time of the cohort
changes continuously with abundance of the cohort, a compensatory (asymptotic) recruitment
curve results.

Walters & Martell (2004) considered a different scenario in which juveniles compete for a
limited number of shelter sites. In this model, the juvenile population is partitioned into two
groups: one group which is in a dispersal state, and another group comprising individuals who
have located shelter. The rate of change for the dispersal component is:

dN,
— = ~MuNy = aNy(k = N,) (35)

where M, is the mortality rate for dispersers, a is the search rate for dispersing individuals, k
is the number of shelter sites, and N, is the number of individuals in shelters. The model for
individuals having found shelter is:

dN,
- = ~MN,+ aN y(k — N,) (36)

Although this system of equations does not appear to have an analytical solution, Walters &
Martell (2004) showed that the numerical solution indicates an asymptotic recruitment model.
Interestingly, the solution reveals a more abrupt transition to the asymptotic state than the
Beverton—Holt model, and is more similar to the results obtained with the so-called “hockey-
stick” representation of Barrowman & Myers (2000), in which recruitment increases linearly
from the origin until a threshold level of reproductive output is reached and recruitment remains
constant thereafter (see Marshall et al. 2006 for an application to Northeast Arctic cod).
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1.6 Yield and sustainable harvesting

In general, information from a stock-recruitment model can be combined with information
from a yield- and spawning-per-recruit analysis to estimate total equilibrium yield (see Chap-
ter 7 for an overview and verbal description). Here, we illustrate this process when viable
egg production is the metric used to represent reproductive output. In the following, we will
consider just the case where the post-recruitment processes do not exhibit any form of compen-
sation. To begin, note that we can solve the recruitment model in terms of total egg production.
For example, returning to our earlier specification for the Ricker model (see Equation (10)),
we can write:

log, [g] = log, k — SE. 37)

Solving for total egg production we have:

o= o [+(5)]

Notice that the expression inside the brackets includes (E/R), or egg production-per-recruit.
Given estimates of the parameters of the Ricker model and an egg production-per-recruit
analysis, we can substitute estimates of E/R for different levels of fishing mortality (E/R)g
to determine the total egg production for each of these fishing mortality rates. This general
approach can of course be followed using other recruitment models. Once the total spawning
biomass corresponding to a particular level of fishing mortality is determined, the correspond-
ing recruitment can be obtained by the simple identity:

— EF
Rr=E/R),

(39)

and in essence, we have simply provided the analytical framework for the graphical analysis
presented in Figure 1.14.

We can now obtain the predicted equilibrium yield for each level of fishing mortality by
combining the yield per recruit at each level of fishing mortality with this predicted recruitment
level to obtain an estimate of the total yield at each level of fishing mortality:

Yr =Y /R)r Rp (40)

An illustration of this approach is provided in the next section to evaluate the implications of
factors such as maternal effects on viable egg production. Specification of these yield curves
allows us to determine key biological reference points, such as the maximum sustainable yield
(MSY) and the fishing mortality rate resulting in MSY (Fygy). The fishing mortality rate
resulting in a predicted collapse of the population is designated F, .
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1.7 Implications of maternal effects

When maternal effects on egg viability are important, our perceptions of the relationship
between egg production and recruitment (the pre-recruit phase) and the relationship between
recruitment and lifetime egg production (the post-recruit phase) are altered. In particular for
observed levels of recruitment, if the viable egg production is lower than the nominal total
egg production because of fishing effects on the age-structure of the population, the slope of
the recruitment curve at the origin may be steeper than our perception if we ignore or are
unaware of this effect. This can occur because the observed levels of recruitment are actu-
ally derived from lower levels of effective reproductive output relative to our perception if we
use egg production uncorrected for maternal effects. This seemingly paradoxical result also
of course holds when spawning biomass is used as the index of reproduction when mater-
nal effects on viable egg production are in fact important (as shown for Icelandic cod in
Figure 1.9).

Countering this effect is the fact that the lifetime reproductive output of viable eggs by a
cohort will be lower than perceived if maternal effects are important and we do not take them
into account (see Figure 1.10). If we ignore or are unaware of maternal effects, the conse-
quences of fishing on the population will then depend on the interplay of these two factors — the
potential underestimation of the slope of the recruitment curve at the origin, and the overesti-
mation of the lifetime reproductive output of viable eggs.

Recall the development in Figure 1.14 showing equilibrium points and the limiting level
of fishing mortality beyond which the risk of stock collapse is high. Suppose now we have a
“perceived” relationship between egg production and recruitment in which maternal effects are
not recognized (see Figure 1.17a, thin line) and an “actual” relationship with a steeper slope at
the origin (Figure 1.17a, bold line) with a proper accounting of realized egg production levels.
Next, consider the case where we calculate the lifetime egg production per recruit for a par-
ticular level of fishing mortality but are unaware of important maternal effects (Figure 1.17b,
thin line; labeled F(s)) and contrast this with two cases of maternal effects on viable egg pro-
duction at the same level of fishing mortality as for line F(s), one of which reflects a stronger
maternal effect (labeled F(m2) in Figure 1.17b). Note that “stronger” here refers to the case
where there is a larger differential in egg or larval viabilities with age. We now overlay panels
(a) and (b) as before. For the case where we do not account for maternal effects either in the
egg production—recruitment relationship or in the calculation of lifetime egg production, we do
have an intersection point and we would predict that this level of fishing mortality would be sus-
tainable under our (mis)perceived view of the dynamics of this population. Now consider the
case where we correctly portray maternal effects both in both the egg production—recruitment
relationship and in the calculation of lifetime viable egg production. Under the more moderate
maternal effect on lifetime egg production (labeled F(m1)), we still predict a stable equilib-
rium point. In effect, for this hypothetical case the steeper slope of the recruitment curve at the
origin for the “actual” case is sufficient to offset the lower level of lifetime egg production at
this level of fishing mortality when maternal effects are in fact important. However, with the
second case representing a stronger maternal effect on lifetime viable egg production, we no
longer have an intersection point with the egg production—recruitment curve and we predict
a stock collapse at this level of fishing mortality. In this case, our prediction of a sustainable
fishery when we did not properly account for maternal effects would place the population at
risk.
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Figure 1.17 (a) Recruitment curves for the case of maternal age effects (“actual”; thick line) and when
maternal effects are important but are unrecognized (“perceived”; thin line); (b) estimated lifetime egg pro-
duction (LEP) as a function of recruitment at the same level of fishing mortality assuming the “standard”
model of no maternal effect (F(s)), a “moderate” maternal effect (F(m1) and a “strong” maternal effect
(F(m2)); (c) superposition of these relationships to determine equilibrium points.

Emerging evidence suggests that different outcomes are predicted for different
species/populations. Lower overall resilience to high exploitation for different cod stocks
using different metrics for maternal effects have been reported (Marshall et al. 2000, 2006,
Murawski et al. 2001, Martinsdottir & Begg 2002). In contrast, Cervino et al. (2013) found
that an increase in the slope of the R—E curve relative to the R—S curve more than offset the
decreased EPRp. curve relative to SPRE, resulting in a higher estimate of Fygy. Spencer et al.
(2007) and Spencer & Dorn (2013) each reported a lower resilience to high exploitation rates
for Pacific ocean perch when viable larvae was used as the index of reproduction relative to
either SSB or total larval production, although the Fyqy levels were similar for each metric
of reproductive activity. O’Farrell & Botsford (2006) found that if maternal effects were only
important for a restricted range of younger age groups of rockfish species on the west coast
of the United States, little effect on the perceived resilience of the population to harvesting
would be evident. However, if maternal effects were important for a broader range of ages
in the adult population, the discrepancy between the perceived and actual resilience of the
population would be greater, possibly resulting in a higher risk to the population.

Using the approach described in Section 1.6, we can construct yield curves corresponding
to the hypothetical cases described above. The “normalized” yield predicted for the case of
no maternal effects is depicted in Figure 1.18 (thick line). We contrast the normalized yield
as a function of fishing mortality for the case where maternal effects on viable egg production
are important (Figure 1.18, thin line). In this instance, the population is less resilient at high
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Figure 1.18 Normalized yield as a function of fishing mortality for the case of no maternal age effects
(thick line) and maternal age effects on viable egg production (thin line).

levels of fishing mortality when maternal effects on lifetime viable egg production is more
than sufficiently strong to offset the steeper slope of the recruitment curve at the origin.

1.8 Recruitment variability

The models described above do not consider exogenous environmental effects (either biotic or
abiotic) on recruitment, and nor do they explicitly account for factors such as the age diversity
of spawners that may serve to dampen the effects of fluctuations in the environment. Yet, as
noted earlier, recruitment is extremely variable, largely as a result of the effects of exogenous
forcing factors. In the context of the major theme areas of this book, we are interested in ques-
tions such as whether a proper accounting of the relationship between reproductive output and
recruitment improves the predictability in recruitment (see Chapter 11), and how recruitment
variability is related to egg production (see below). Houde (see Chapter 3) describes the many
sources of variability in growth and mortality during the early life stages and their implica-
tions for recruitment variability. In the following, we explore two general approaches to this
problem. In the first approach, additional factors are explicitly represented in the recruitment
model in an attempt to partition the variance in recruitment into definable sources. In the second
approach, recruitment is treated as a stochastic process as a result of random variation in mor-
tality rates during the pre-recruit stage (environmental stochasticity) or, for small populations,
chance variation in the number of deaths in a given time interval (demographic stochasticity).

1.8.1 Multidimensional recruitment models

The models described earlier treat recruitment solely as a function of egg production; other
aspects of the biotic and abiotic environment are not explicitly considered. However, it is
appreciated that recruitment processes are highly dimensional (Rothschild 1986, Fogarty et al.
1991). To the extent that specific environmental factors affecting recruitment can be identified
and quantified, these should be incorporated into recruitment—stock formulations (see Chapters
3,9, and 10). This approach has received considerable attention as an extension to traditional
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Figure 1.19 Relationship between recruitment and egg production under two environmental regimes and
two levels of fishing mortality, demonstrating the interaction between harvesting and changes in productivity
states on stability of the population.

recruitment models (see Hilborn & Walters 1992 for an overview and caveats). Marshall et al.
(2000) demonstrated the utility of developing recruitment models incorporating both maternal
effects and temperature for Northeast Arctic cod.

Consider a simple extension of the Ricker model to account for an additional physical or
biological environmental variable:

R = kE e 0E+X (41)

where v is the coefficient for the environmental factor X and all other terms are defined as
before. We now have a three-dimensional surface rather than a bivariate egg production—
recruitment plane. The effect of projecting multidimensional data into an artificially reduced
two-dimensional system, as in the classical egg—production recruitment models, will then show
a potentially highly variable representation as a result of this compression (Marshall et al.
2000). Pope (see Chapter 7) shows that incorporating temperature into the stock—recruitment
relationship for Northeast Arctic cod substantially improves the fit of the model. For examples
of recruitment models including biotic (multispecies) interactions, see Chapter 10. Cochrane
(see Chapter 9) reviews additional applications involving physical variables. Note that this
approach can accommodate multiple environmental variables.

We can also think of this multidimensional system as a family of recruitment curves for
given levels of the biotic and abiotic variables. Consider the egg production—recruitment
relationship under two environmental regimes representing low and high productivity states
(Figure 1.19). We can see immediately that, although a relatively low fishing mortality rate
may be sustainable under either the low- or high-productivity regime (there are equilibrium
points under both environmental states when the exploitation rate is low), the combination
of low productivity and high fishing mortality can result in a stock collapse at an exploita-
tion rate that is sustainable when productivity is high (Figure 1.19). We therefore need to be
concerned about the interaction between environmental change and fishing pressure and not
ascribe changes to either fishing or the environment alone (Fogarty et al. 1991).
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It is also possible to consider additional types of explanatory variables in these recruitment
models. In keeping with the focus of this book on identifying critical factors affecting spawning
success, we considered the effect of including an index of the age diversity of spawners in an
extended Ricker model for Icelandic cod. Marteinsdottir & Thorainsson (1998) had previously
demonstrated an improvement in the fit of a recruitment model when age-diversity of spawners
was incorporated in the model for this population. Age diversity was measured using the well-
known Shannon—Weiner diversity index (Figure 1.1d). It has been hypothesized that higher
levels of age-diversity in the spawning stock increases the spawning window in time, and
may serve as an important bet-hedging strategy for reproduction in a variable environment
(see Chapter 11) by spreading reproductive effort over a range of environmental conditions
throughout the spawning season. Conversely, truncation of the age distribution can reduce the
length of the spawning period by up to a month and a shift in the peak spawning period (Scott
et al. 1999).

In our updated analysis using a linearization of Equation (41), we found a significant
improvement in the fit of the model. The adjusted coefficient of determination increased from
0.50 to 0.68 when the age diversity of spawners was included. Other analyses, including con-
sideration of the age-diversity of spawners, have provided mixed results; for example, O’Brien
et al. (2003) found that including an index of age diversity along with measures of bottom tem-
perature and the spatial distribution of spawned eggs improved the fit of a model of egg survival
rates for Georges Bank cod. Morgan et al. (2007), however, found no consistent improvement
in model fit when adding consideration of the age composition of the spawning stock for three
Canadian cod populations and one American plaice population.

1.8.2 Environmental stochasticity

We have thus far provided an overview of key issues in pre-recruit processes in a determinis-
tic setting to focus attention on fundamental demographic principles. However, as described
above, the high dimensionality of the marine environment virtually assures that the full com-
plexities of pre-recruit processes cannot be represented in simple models. Variation in physical
forcing mechanisms and predator and prey fields translates into variation in survival and/or
growth rates during the pre-recruit phase (Houde 1987, 1989; see Chapter 3). Clearly, when
these mechanisms have been identified, they should be incorporated into recruitment models
(see Section 1.6.1 and discussions in Chapters 9 and 10). In this section, we describe an alter-
native approach for the case where key physical and biological environmental variables have
not been identified (or the case where substantial random variation remains after key vari-
ables have been incorporated into recruitment models). We will illustrate the development of
stochastic recruitment models for the density-independent case to explore the expected form
of recruitment variability when the pre-recruit mortality rate is not constant but instead is a
random variable (see Fogarty 1993a for an overview of stochastic models for other functional
forms). We will also consider questions such as whether the magnitude of egg production
affects the expected level of variability in recruitment.

First, consider the case where the density-independent mortality term is assumed to be a
normally distributed random variable. The assumption of normally distributed mortality rates
can be justified under the Central Limit Theorem (see Fogarty 1993b). If the mortality coef-
ficient varies randomly during the pre-recruit phase, then the overall mortality can be viewed
as the accumulated sum of random variables. For the case of independent mortality rates and
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Figure 1.20 Representation of the conditional probability distributions of recruitment for the density-
independent models (after Fogarty et al. 1991).

for a relatively large number of such intervals, the overall mortality rate will be normally dis-
tributed. However, the Central Limit Theorem holds under much more general conditions for
non-independent stationary processes (see Fogarty 1993b for a review). In the following, we
will illustrate some results using the null (density-independent) model, although extension to
the various compensatory recruitment models considered earlier can be readily made (Fogarty
1993a).

Under these assumptions, the conditional probability density function of recruitment for the
density-independent model is lognormal:

R! [—(log,(R/E) + it )*]
exp

242
\/ZHUMZ 20—;4t

P(RI|E) =

(42)

where y is the mean density independent mortality rate and o MZ is its variance. The shape of
the distribution for several levels of initial cohort size is illustrated in Figure 1.20. The mean
is:

R = B Ftou /21 43)

and its variance is:

V(R) = B2 00 (0% _q) (44)
The mean recruitment level is higher for the stochastic model than for the corresponding

deterministic case by the factor exp[(c ,12/2)t2 ]. The modal recruitment is, however, lower for

the stochastic case than the deterministic recruitment level. Notice that the expression for the
variance of recruitment conditioned on egg production is a function of the square of the total
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egg production. We would therefore expect that populations with higher levels of egg pro-
duction would exhibit higher absolute variability in recruitment (although the coefficient of
variation of recruitment is independent of the initial number of eggs; see below).

Several general consequences emerge from the properties of the lognormal recruitment dis-
tributions. First, we expect low to moderate recruitment levels most of the time, with occasional
strong year classes (represented by the strong right-hand tails of the distributions). Second,
a relatively small variation in mortality rates translates into a large variation in recruitment.
To see this, note that the coefficient of variation (CV) for the model described above can be
expressed:

CV(R) = (%" —1)1/2 45)

The CV therefore depends on the variance of the density-independent mortality rate, but not
on the number of eggs in this model. The instantaneous rate of density-independent mortality
is typically on the order of y = 10.0. Even a relatively low level of variability in the mortal-
ity rate translates into a high level of recruitment variability. For example, when p = 10.0,
a CV as low as 10% in mortality would result in over a 100% CV in recruitment. It is clear
that small changes in mortality can result in large changes in recruitment. Indeed, given the
potential range of variation, it is surprising that fish populations are not more variable than actu-
ally observed (Gulland 1982; Chapter 3). This observation suggests that mechanisms exist to
dampen variability (see also Chapter 3). Fogarty (1993a) noted that density-dependent mech-
anisms can serve to reduce variability in this context. These general results also suggest that
even with a more detailed accounting of effective reproductive output, we should still expect
high levels of variability in recruitment for many marine species because of events follow-
ing the production of viable eggs by the population. It is therefore perhaps not surprising that
equivocal results have been obtained for the proportion of variation explained by recruitment
models in comparisons using SSB as the indicator of reproductive output with those using total
egg production (see Brunel 2010, Morgan et al. 2011; Chapter 11).

Attempts to relate recruitment variability to fecundity have provided conflicting results
(Rothschild & DiNardo 1987, Mertz & Myers 1996, Rickman et al. 2000). Rothschild &
DiNardo (1987) found such a relationship for anadromous fish but not for marine fish. Mertz
& Myers (1996) were also unable to detect an empirical relationship between fecundity and
recruitment variability. In contrast, Rickman et al. (2000) demonstrated a relationship between
fecundity and recruitment variability for marine fish after accounting for phylogenetic relation-
ships in an analysis of 52 fish stocks.

1.8.3 Demographic stochasticity

The model for environmental stochasticity described above is appropriate for the case where
mortality rates vary during the course of the pre-recruit period. We can also consider a model
for the number of individuals in a cohort based on time-invariant survival probabilities where
the cohort size can assume only discrete values (see Fogarty 1993b). Models of this type are
particularly appropriate for species with relatively low population sizes and substantial ener-
getic investment in the progeny by the parents such that variability in mortality is relatively low.
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For example, application to certain threatened elasmobranch populations might be appropri-
ate in this context. In the following, it is assumed that the probabilities for each individual are
independent and constant through time. The probability of an individual dying in an interval
of time At is uAt + o(Af), where o(Af) is a quantity of smaller order than Az. The probability
of obtaining exactly N individuals at time #+A¢ is given by:

Py(t+ Af) = Py (Ou(N + DAL + Py(H)(1 — uNAr) (46)

where the first term on the right-hand side is the probability of exactly one death in a small
interval of time Az, and the second term is the probability of no deaths in the interval. The
interval is defined to be sufficiently small that the probability of two or more events is negli-
gible. These probabilities are taken to be independent, and therefore additive. The model can
be expressed as:

Pn(t+ Ar) — Py(t
B Ai 0 = u(N + 1) Py (1) = u(N) Py (1) “n

and taking the limit as A7 — 0 and solving yields the probability density function (PDF) for
recruitment. The PDF is now binomial:

P(RIE) = (f; > (e — eTHHEE (48)
with mean:
R=Ee™ (49)

and variance:
V(R) =Ee M1 — e ] (50)

The coefficient of variation is given by:

(D

-]
Ee# ]

CV(R) = [

Although the exact shape of the probability distribution is dependent on the level of mortal-
ity, in general it is much more symmetrical than for the case of the environmental stochasticity
(it also of course is a discrete rather than continuous distribution). Note that, in contrast to the
model of environmental stochasticity, the mean is identical to the deterministic level and the
coefficient of variation does depend on E; in this case, the CV decreases with increasing E and
the results converge to the deterministic case.

Shelton (1992) constructed a simulation model in which the fate of individual eggs and
patches of eggs was traced. For the latter case, individuals in a patch all shared the same fate.
Shelton further considered the important case where individuals or patches could exhibit dif-
ferent survival probabilities. Fogarty (1993b) showed that Shelton’s (1992) simulations could
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be cast as a pure death stochastic process of the form described above. In Shelton’s (1992)
simulations the mean recruitment can be written:

R = nE*S (52)

where n is the number of patches, E* is the number of eggs in the group, and S is the survival
fraction (S = e~ #"); the total egg production is of course E = nE*. The variance is now:

V(R) = nE*28(1 - S) (53)

and the coefficient of variation is:

(54)

_ml/2
CV(R)Z[{nS(l S)} ]

nS

Notice that the CV does not depend on the number of eggs in a patch in this case. The sig-
nificance of this formulation is that it is now possible to consider the fate of groups of eggs
that could, for example, represent reproductive events for individual females (each comprising
a patch) or eggs derived from more than one female in a given location forming a patch. In
his simulations, Shelton contrasted results for individual eggs (E = 1) with patches of eggs
(E > 1). Shelton (1992) equated the former with bet-hedging strategies in which the risk is
spread by placing a large number of eggs in space and time with effectively independent sur-
vival probabilities.

Shelton’s (1992) extension to the case of different survival probabilities for individual eggs
or groups of eggs further allows consideration of factors such as maternal effects or the effects
of spatial heterogeneity in survival rates. The mean recruitment is now:

n
(R)=E* 2 s, (55)
i=1
where the subscript i indexes the individual or group. The variance is given by:
n
V(R)=E2 ) S(1-S) (56)
i=1

Interestingly, the variance is actually lower relative to the case of identical survival rates.
The coefficient of variation for this case is:

" 1/2
{ 2 S - Si)}
i=1

CV(R) =

(57)

and we see that the CV depends only on the survival rates for individuals or patches.
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It is therefore possible to incorporate some of the considerations related to maternal effects
and other factors in these simple models to understand what we might expect for patterns of
variability in recruitment. The models can be extended to consider more complicated cases
where the survival within a patch is not a completely dependent all-or-nothing response struc-
ture (Fogarty 1993b). It is also possible to include environmental stochasticity in these models
(Fogarty 1993b).

The simple consideration of patch dynamics in the above representation is a stepping stone
to increased realism in modeling. O’Brien (see Chapter 10) provides an illustration of a much
more detailed spatially explicit model for cod around the British Isles, where careful atten-
tion is paid to physical processes, ecological interactions and demographic structure. Scott
et al. (2006) have developed a model with full representation of size and age structure, female
condition and seasonal dynamics to estimate reproductive output.

1.9 Summary

The renewed emphasis on recruitment processes as a function of total egg production of the
population rather than SSB represents a return to the origins of recruitment theory. The con-
tributions to this book explore the current state of knowledge and the importance of return-
ing to these roots. Information is now accruing that will allow a broader utilization of infor-
mation on the relationship between total egg production and recruitment in fishery manage-
ment, although a concerted effort is needed to collect the necessary information for many
more populations. Although timed series of fecundity estimates required to estimate total egg
production remain relatively rare, the development of rapid estimation methods promises to
revolutionize the acquisition of this vital information. In general, it is currently possible to
examine the relationship between total egg production and recruitment only for restricted
time periods and for selected species. To reconstruct longer time series, it has sometimes
been possible to use predictive relationships derived from the shorter series and/or proxies,
and to expand these to the full-time series (see Marshall et al. 1998, 2006; Chapter 11). If
information on fecundity is not available, it will be valuable to account for changes in sex
ratios over time to develop estimates of female spawning biomass in place of total SSB (see
Chapter 11).

An understanding of how a fish population will respond to harvesting requires not only an
accurate accounting of its effective reproductive output but also an understanding of the relative
importance of compensatory mechanisms operating at different points in the life cycle. Under
some circumstances, the choice of different measures of reproductive output (total spawn-
ing biomass, female spawning biomass, total egg production) results in different views of the
types of regulatory mechanisms that are operative (Morgan et al. 2009). Marshall et al. (2006)
showed that this choice results in models for Northeast Arctic Cod which indicate depensatory
dynamics when SSB is used, while overcompensatory models are indicated when female SSB
or total egg production is employed.

Even relatively low levels of variability in growth and mortality can translate into high levels
of recruitment variability. This variability in recruitment should be viewed as an integral part of
the life history strategies of many marine species. Occasional strong year classes (represented
by the tails of the distributions depicted in Figure 1.20) can be important in maintaining the
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population, and this so-called “storage” effect (Chesson 1984) may permit population persis-
tence in a variable environment. It must be appreciated that harvesting can interfere with this
mechanism by truncating the age distribution of females and reducing the number of lifetime
reproductive opportunities (Fogarty 1993a, Longhurst 2002, Beamish et al. 2006). Coupled
with information showing the importance of maternal effects, and that the age-diversity of
spawners is a critical attribute of many populations, the implications of overharvesting can be
more severe than previously appreciated.

Evidence from a growing number of species currently suggests that maternal effects are
important in determining egg and larval viability, and that the age, condition, and/or reproduc-
tive history of an individual female may be critically important. The consequences of these
maternal effects can depend greatly on their relative importance for our perception of the rela-
tionship between recruitment and the adult population (particularly the slope of the recruit-
ment curve at the origin), and their implications for the effective lifetime reproductive output
of an individual female. The interplay of these two factors determines whether the resilience
of the population to exploitation will be wrongly estimated if maternal effects are ignored or
unappreciated.

These considerations can in turn inform the choice of tactical management tools (for
an overview of management tools and their application in a conventional fishery manage-
ment setting, see Chapter 9). Although management strategies such as reductions in fishing
effort and fishing mortality result in an increased probability of survival to older and larger
sizes, other methods can be tailored specifically to enhance the population of older indi-
viduals. For example, the use of marine protected areas has been shown to be effective in
rebuilding the age and size structure of fish populations within reserves for species charac-
terized by low to moderate mobility. The potential buildup of larger, older individuals within
the reserve can then serve as a source for the replenishment of adjacent areas through the
export of eggs and larvae. If larger, older females produce eggs and/or larvae with higher
survival probabilities, the utility of the protected area will be enhanced and this should be
accounted for in evaluations of the efficacy of the reserve as a fishery management tool.
The elimination of size-selective harvesting in at least parts of the population area may also
help to reduce adverse selective pressure on the genetic composition of exploited species
(Law 2007).

For harvesting methods that result in the capture of fish that can be released alive (e.g.,
hook and line, certain traps), it is possible to consider the use of maximum size limits in which
the taking of larger individuals is prohibited, or “slot” limits in which both minimum and
maximum size limits are employed. Of course, in the face of high exploitation rates the num-
ber of individuals that reach the upper size limit can be sharply reduced, and slot or maxi-
mum size limits must be used in conjunction with controls on overall fishing mortality to be
effective.

These considerations all point to the utility of developing a refined understanding of repro-
ductive dynamics in order to enhance the resilience of harvested populations to exploitation
through the management choices we make. By quantifying the effect of factors such as mater-
nal effects on egg and larval survival, we can develop more realistic models of the dynamics of
exploited populations and devise more effective fishery management strategies. The follow-
ing chapters provide important insights into current the state of knowledge and directions for
future research in reproductive dynamics that will substantially advance this critically impor-
tant goal.
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