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6.1 INTRODUCTION

The process of recruitment is the conversion of
eggs, through a series of density-dependent and
density-independent processes, to the fish that
reproduce in the next generation. Many simple
guestions concerning recruitment are quantita-
tive questions that require estimates of quantities
that are very difficult to determine. For example,
the question ‘When is the magnitude of re-
cruitment determined?’ requires a quantitative
estimate of the density-dependent and density-
independent components of mortality. This
question has usually been addressed by correlating
estimates of abundance at early ages with later
ages, as reviewed by Cushing (1996]. Although
such studies are useful, they are very seldom
carried out with estimates of measurement error
variability that are crucial for the estimation of the
truly important parameters. At the very least, a
measure of the estimation error variance of all
estimates should be used.

No standard definition of recruitment is
accepted by all fish ecologists. While all agree that
recruitment is the number of fish at some certain
age or stage, the choice of the age and stage varies.
Coral reef fish ecologists often define recruitment
as the settlement of pelagic larvae or juveniles
from the plankton (Hixon and Webster 2002; Jones
et al., Chapter 16, this volume), marine fisheries
biologists usually refer to recruitment as the first
age where fishing occurs, while salmon biologists
usually refer to recruitment as the return of adults

to spawn, Here, I discuss population regulation
and wvariability from the egg stage to first
reproduction.

There are two principal sources of information
on recruitment. First, there are time-series of data,
containing spawner abundance and subscquent
recruits. These come primarily from commer-
cially exploited fish stocks (see Fig. 6.1). Fisheries
biologists, with their access to long-term research
surveys and extensive catch data, have concen-
trated on evidence from larger geographical scales
that may contain data from more than one popula-
tion. Many crucial questions can be addressed
with such information but it can seldom be used to
study mechanisms. Sccond, there are experimen-
tal and obsetrvational data ona much smaller scale.
The best of this kind are from coral reef systems,
where local populations are studied. Coral reef
ecologists typically work on relatively common
species, where zygote limitation {i.e. limitation by
the number of eggs| is usually viewed as an unim-
portant source of variability in recruitment {Hixon
and Webster 2002].

I proceed as follows: T first discuss the maxi-
mum reproductive rate, the carrying capacity and
the life stages in which density-dependent and
stochastic density-independent mortality occurs.
This ends with a discussion of future directions for
research.Ithen discuss generalizations that appear
to be valid across many studics or populations, and
on processes that have been shown to be of wide
applicability from various published synthetic
analyses. I only briefly review the large literature
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on the influence of short- or long-term variation
in the environment on recruitment, as it is well
covered in a number of recent books, e.g. Cushing
(1996).

Throughout this chapter, I use the empirical
recruitment data that [ have compiled and
which is freely available from my website [http:
//fish.dal.cajwelcome.html).

6.2 THE LINK BETWEEN
SPAWNER ABUNDANCE AND
SUBSEQUENT RECRUITMENT

The spawner-recruit relationship is the basis for
estimation of the key parameters needed to under-
stand and manage fisheries, e.g. carrying capacity,
maximum reproductive rate and the variability in
recruitment. The wide scatter and the relatively
flat’ relationship often seen between spawners
and subsequent recruitment misled the naive into
dismissing such data without understanding what
can be learned from it. Many fisheries biologists
believed that the maximum reproductive rate is
so high that recruitment would not decline at low
spawner abundance. This belief was due to several
factors. First, it had been observed for many fish
populations that a reduction in spawner abun-
dance was not accompanied by a corresponding
reduction in the production of juvenile fish
(Gilbert 1997}, Furthermore, since many individ-
ual fish can produce a million eggs or more, thishas
been taken as proof that there can be no shortage of
juvenile fish (McIntosh 1899). It was only through
a very large meta-analysis of over 300 spawner-
recruitment datasets that it has been widely ac-
cepted that the production of juvenile fish does in
fact decline when spawner abundance is greatly
reduced [Myers and Barrowman 1996; Myers
1997].

The maximum reproductive rate for the popula-
tion, or equivalently the maximum slope of the
spawner-recruit curve, which is realized as the
origin is approached where stock size is zero, deter-
mines the limits to sustainable fishing and other
sources of anthropogenic mortality that a popula-
tion can sustain, The quantity, sometimes known
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as the compensatory reserve, is the most funda-
mental of all population parameters. Population
biologists and national and international manage-
ment agencies have come to a consensus that the
maximum reproductive rate is the appropriate
measure of the potential for a population to ‘com-
pensate’ for fishing, and is used to construct
management targets and limits (Sissenwine and
Shepherd 1987; Clark 1991, Mace and Sissenwine
1993; Mace 1994; Myers and Mertz 1998). In this
section,  examine examples of how this parameter
is estimatcd. When spawners and recruits are
expressed as absolute estimates of abundance, the
maximum reproductive rate can be estimated
directly from the fitted spawner—recruit relation-
ship. This section explains the most common
types of stock-recruitment models and provides
examples of stock-recruitment data from a variety
of fish populations.

The relationship between recruitment (R} and
spawner abundance (S), perhaps expressed as num-
bers or biomass, both of which are proxies for egg
production, would take the form

R=uaSf(8S), (6.1)

where et 1s the slope at the origin, and f{§) is usually
a monotonically decreasing function. As such £]5}
is the relationship between survival and spawner
abundance.

The parameter o in equation 6.1 defines the
scope a population has to compensate for any form
of increased mortality. For this parameter to be
calculated in equation 6.1, it is necessary that the
units of spawners and recruitment be the same.
For species that die after reproduction {e.g. Pacific
salmon, Oncorhynchus spp.) this is simple: one
can count the number of female recruits for each
female spawner. For species that do not die after
reproduction, this is more complex. The process
is explained below.

The estimation of o requires an extrapolation
because we seldom have abundance estimates at
extremely low population sizes. For this estima-
tion we require a functional form of the density-
dependent mortality, f{S}, above:

Ricker  E(R)=aSe™® (6.2)
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Beverton Holt  E(R) = I% (6.3]
oS

Shepherd  E(R)= —=— 6.4

epher (R) WAL , (6.4)

where E(R) is the expected recruitment and -p is
the density-dependent mortality. The parameter K
has the same dimensions as the spawners, S, and
may be interpreted as the ‘threshold biomass’ for
the model. For values of biomass § greater than the
threshold K, density-dependent effects dominate.
The Ricker model shows overcompensation, i.e. at
high spawner abundances recruitment declines.
The parameter v in the Shepherd model may be
called the ‘degree of compensation’ of the model,
since it controls the degree to which the [density-
independent] numerator is compensated for by
the (density-dependent) denominator {Shepherd
1982)].

The Ricker and Beverton-Holt formulations
are standards in fisheries science, but require some
explanation for general ecologists. First, the units
of R and § may be in biomass as opposed to num-
bers. The reason for this convention is that egg pro-
duction in many species is more closely related to
the biomass of spawners than to the number of
spawners. The slope, @, determines the highest
fishing mortality that can be sustained in a deter-
ministic equilibrium. Note that in these models,
all density-dependent mortality occurs during the
egg, larval or juvenile stage. That is, density-
dependent mortality occurs before the fish ma-
ture. This approximation is consistent with most
analysis of data for marine fish (Myers and Cadigan
1993a).

The estimation of the slope at the origin re-
quires an extrapolation to zero spawner abun-
dance, and thus is an approximation. It is clearly
necessary to have at Ieast two individuals for suc-
cessful reproduction, and in general almost always
more for a population to be sclf-sustaining. Any
management system will attempt to keep the
population size above the point where such depen-
sation occurs. Myers et al. {1995a) and Liermann
and Hilborn {1997) examined a large number of
commetcially exploited fish stocks for depensa-
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tory density-dependent mortality. There was no
evidence for depensation in most spawner-
recruitment time-series because compensatory
mortality appeared to occur throughout the
ohserved range of spawner abundances {Myers et
al. 1995a). The clearest evidence for depensation
occurred when population size was reduced tovery
low levels, e.g. below 100 spawners. Some species
groups, such as the Clupeidae, contained some
datasets that were consistent with depensation at
a moderate abundance of around 20% of unfished
spawner abundance, but it is unclear if this was
due to long-term environmental change or to
depensation {Myers ct al. 1995a; Licrmann and
Hilborn 1997). We thus conclude that the assump-
tion that survival, f{5), is a monotonically decreas-
ing function for the observed range of spawner
abundances appears to be an adequate approxima-
tion for most commercial species except at very
low spawner abundances. However, if populations
arc reduced to very low abundance, recovery may
be very slow. For example, the spring-spawning
herring (Clupea harengus) population in Iceland
has not recovered since the 1960s, and the cod
{Gadus morhua) populations in eastern Canada
have increased at a slower rate than predicted by
the data before the collapse.

I now examine several examples of spawner-
recruit data in which absolute abundances are
estimated. These examples are from a wide variety
of habitats, include heavily exploited and non-
exploited populations, and use a great variety of
techniques in their assessment of the populations.
We begin our examples with a sockeye salmon
{Oncorhynchus nerka) population because its
life history is simple to understand: almost all
females mature at 4 years, spawn once, and die. We
next consider brook trout (Salvelinus fontinalis),
a slightly more complex example that was
experimentally manipulated to investigate
density-dependent mortality. The last two exam-
ples examine more complex life histories.

6.2.1 Sockeyesalmon

For the population of sockeyc salmon in the
Adams River, British Columbia, females almost
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always live for 4 years. Spawning females are
counted in the river; this is the number of
spawners on the x-axis (Fig. 6.1). The number of
females produced from this group of spawning
females is simply the number that return to spawn
4 years later in the river, plus the number which
were harvested on their way to the spawning site.
Plotting the number of returning females against
the number of females that produced them yields a
classic spawner-recruit plot.

Both the spawners and recruits are in the same
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Fig.6.1 Spawner-recruitment data for Adams River
sockeyc salmon {Oncorhynchus nerka), British
Columbia, Canada. On the x-axis is the mumber of
spawning females in the river for any one year. Each
point represents the production of spawners produced
for cach batch of spawners in a given year. These
svecruits’ are adults that rerurn to spawn 4 years later.
The so)id and dotted lines are the maximum likelihood
fit for the Ricker and Beverton-Holt models respective-
ly. The straight dashed line is the replacement line. That
is, if a point is above this line, the population should
increasc if no fishing occurs. If 1000 spawning females
produced 5000 recruits 4 years later, the population
would have increased by five times during the 4-year
generation if no fishing had occurred. The solid curved
linc is the maximum likclihood estimate of the mean for
Ricker spawner-recruitment functions under the
assumption that the probability distribution forany SSB
is given by a lognormal distribution. The curved dotted
line is the equivalent line for the Beverton—Holt model.

units, in this case millions of females. If we plotthe
one-to-one line, or the replacement line, thenitisa
simple matter to see how much the population
would increase if there was no fishing on the
population. It can be seen that in most years the
number of replacement females produced per
female was approximately five or six. The average
replacement rate at low abundance, where densi-
ty-dependent mortality is not important, is given
by the slope at the origin of the spawner—recruit
curve; this quantity is usually termed, by ecolo-
gists, the maximum reproductive rate. Based on
the fitted spawner-recruitment curves, at low
abundance a female can produce approximately
nine replacements, This allows the population to
persist at very high fishing mortalities; typically
around 80% of the returning fish from the popula-
tion are harvested. However, this quantity also
defines the limits of exploitation: the population
will decline if much more than 80% of the popula-
tion is harvested on average, and a lower harvest
rate would be a much better management strategy.

For Pacific salmon, it is relatively easy to calcu-
late the maximum reproductive rate because the
fish are usually relatively easy to count, and be-
cause complications caused by multiple spawning
and complex age structure are avoided.

6.2.2 Experimentally manipulated
brook trout populations

Most good population dynamics data come from
heavily exploited populations. We now examine
seven populations that have experienced very
little fishing pressure but which have been
experimentally depleted to determine the nature
of density-dependent mortality [DeGisi 1994). An
experimental approach has clear advantages in
that the experimenter can manipulate the popula-
tions at will.

The seven brook trout populations are from
small lakes in the Sierra Nevada Mountains in
California. Population sizes were estimated using
maximum likelihood depletion methods from
experimental gill-net surveys. These gave esti-
mates of the number of mature fish present in the
population at the time of spawning and an esti-
mate of the number of fish produced from each
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group of spawners that survived to age 1. In this
example, the unit of spawner abundance is the
number of mature fish present at the time of
spawning, and the recruits are the resulting num-
ber of fish that survive toage 1.

In interpreting these data, one problem imme-
diately becomes apparent: the units of spawners
and recruits are not the same, and thus it is not
possible to use these units to estimate the slope at
the origin as in the sockeye salmon example. To
overcome this problem, the standard procedure is
to convert the units of recruits into the same units
as spawners, That is, we estimate the number of
spawners that would be produced from a given
number of recruits, if no fishing has occurred. We
use the same natural mortality as estimated by the
analysis of these data {(DeGisi 1994) and ask how
many spawners would be produced from the
observed level of recruitment. In this case, the age
at maturity is 2 and the natural mortality was
assumed to be close to 20% a year, although a
slightly different value was estimated by DeGisi.
We simplify slightly. Thus 80% of fish that reach
age | would survive tospawn if 20% died each year.
Once a fish reaches maturity, we need to estimate
how many times it would spawn on average in
the absence of anthropogenic mortality. For this
calculation, we sum the probability that a fish will
be alive in each year after it reaches the age of
reproduction. This probability is 0.8 for the first
year after spawning, 0.8 x 0.8 = 0.64 for the second
year, and so on. This is known as a geometric
serics, and its sum is 5 in our case. That is, a fish
that survived to 1 year of age would spawn an aver-
age of four times. Thisis calculated from the proba-
bility of surviving to spawn once, 0.8, multiplied
by the average number of times the fish would
spawn, five. To plot the spawners and recruits in
the same units, we multiply the number of recruits
from each age-class by the average number of times
they would spawn over their lifetime. This is the
scale on the right-hand axis of Fig. 6.2.

In cach of the seven populations, the unex-
ploited population persists around an equilibrium
population size. For example, the Hell Diver 3
population appears to produce an cquilibrium
when the number of spawners is between 150 and
200 (Fig. 6.2). Above this level, the production of
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Fig.6.2 Spawner-recruitment data for brook trout
{Salvelinus fontinalis)in the Hell Diver 3 lake in the
Sicrra Nevada. On the x-axis is the number of spawning
adults for any one year. Each point represents the pro-
duction of 1-year-old recruits for each level of observed
recruitment on two different scales: on the left-hand side
is the estimated number of trout that survive toage 1,
and on the right-hand side is the resulting number of
spawners that would be produced if no fishing occurred
on the cohort over the lifetime of the cohort, The scale
on the right-hand sidc is the scale on the left-hand side
multiplied by the average number of timesa 1 year old
would be expected to spawn if no fishing occurred {see
text for explanation), The straight dashed line is the
replacement line. The intersection of the Ricker
spawner—recruitment curve (solid line} with the replace-
ment line represents the approximate equilibrium for
the population. The dotted line is the Beverton curve.

recruits decreases below the equilibrium level,
while below this population size the production of
recruits increases.

When the population was increased to high
levels, average recruitment decreased in each of
the seven experimental lakes. This form of densi-
ty-dependent mortality, called overcompensation,
has rarely been so clearly demonstrated. The maxi-
mum reproductive rate for these populations is
estimated to be around 19 replacement spawners
per spawner from the Ricker model, a value that is
similar in all the seven experimental populations
{Myersetal. 1999).

It is useful to examine Fig. 6.2 in detail to under-
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stand the nature of the extrapolation to the origin.
There are three data points where approximately
50 spawners were observed, and we calculate a pro-
duction of replacement spawners of around 400 for
this case, which results in a slope of around 8. The
extrapolation to the origin increases a pattern that
is typical for a curve with overcompensation. If
there are observations at low spawner abundances,
such as in Fig. 6.1, this is much less of a problem.
Also note that the Beverton-Holt model does a
very poor job of fitting these data, and results in an
effectively infinite slope at the origin.

6.2.3 Iceland cod

The next example is the cod population from
Iceland, based on data collected between 1928 and
1995 (Fig. 6.3). The history of this population has
been reconstructed from detailed catch-at-age
records over this time period and represents one
of the best-documented fish populations in the
world (Schopka 1994). This population has re-
cently shown only a small decline in recruitment
even though spawning biomass has been reduced
‘toless than one-tenth of what it was 50 years ago.

More importantly, from the relatively low
population level of 200000 tonnes of mature fish,
the stock can produce about 200 million 3-year-old
recruits. Again, we can convert the production of
these 200 million recruits to the same units as the
spawners. To do this, we ask how much spawning
biomass would be produced for each recruit, and
then calculate the spawning stock biomass per re-
cruit with no fishing, SPR,_,, where the subscript F
indicates dependence on fishing mortality, which
is zero for this definition {Mace 1994). This is
calculated as

oo

SPRr—g= 3 wal,p,,

A=ty

(6.5)

where I, is the natural survival from the age of
recruitment to age a, p, is the proportion of
fish mature at age a, w, is the weight at age a, and
a.. is the age of recruitment, which is 3 years old
tor Iceland cod. For explicitness, we must state
that . represents the first age at which abun-
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Fig.6.3 Spawner-recruitment data for cod from
lceland. On the x-axis is the biomass of spawning adults
for any one year. Each point represcnts the production of
recruits for each level of ohserved spawner biomass on
two different scales: on the left-hand side is the recruits
inmillions of 3-year-old cod, and on the right-hand side
is the resulting spawning biomass if no fishing occurred
on the cohort. To convert the scale on the left-hand axis
to the one on the right-hand axis, multiply the number of
3-year-old fish by the average spawning lifetime biomass
produced by one 3-year-old if no fishing occurred (see
text forexplanation). The straight dashed line is the
replacement line. The intersection of the spawner—
recruitment curves with the replacement line represents
the approximate equilibrium for the population if no
fishing occurred.

dance can be estimated, and it is also generally the
first age at which it is feasible to harvest. This cal-
culationresults in the estimate that one 3-year-old
cod is expected to produce around 24 kg of spawn-
ing biomass, if no fishing occurs. That is, the 200
million recruits would be expected to produce
around 4.8 million tonnes of spawning biomass
over their lifetime. The maximum reproductive
rate can be calculated from the Ricker curve in Fig,
6.3: at low population sizes, a spawner should pro-
duce more than 20 replacements over its lifetime.
This population has sustained a relatively high
rate of exploitation, which has typically seen over
50% of the fish removed in any one year. Note that
the slope at the origin for the Ricker model is much
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less than that estimated for the Beverton-Holt
model {the dotted line).

The cod population in Iceland and the brook
trout population from lakes in the Sierra Nevada
Mountains differ in almost every possible way;
however, their maximum reproductive rate is
approximately the same in both cases.

6.2.4 Striped bass on the east coast
of North America

Recently, a detailed assessment of striped bass
{Morone saxatilis} on the east coast of North
America has been completed {National Marine
Fisheries Service 1998). The NMFS asscssment
can be used to estimate spawner recruitment for
the years 1982-95. The biomass of spawners in-
creased by a factor greater than five during this
period, primarily due to reduced fishing mortality.
The reduction in fishing mortality allowed many
mare fish to reach maturity, which alse produced a
subsequent increase in recruitment (Fig. 6.4).

The maximum reproductive rateis given by the
slope at the origin of the spawner-recruitment
plot. In this case, both the Beverton-Holt and
Ricker models give similar estimates of the slope
at the origin of the curve. The recruitment was

15000 e
. g
[7.]
§ : ' 4150 8
2 2
£ 10000 T 3
£ 23
= 22
ez 4100 &=
o (=]
© [=)]
; 55
2 se00f 2%
2 150 = 5,
o= E

£
2
ot 1o ®

0 2 4 6 8 10
Spawners (thousand tonnes)

Fig.6.4 Spawner—recruitmentdataforstriped bass on
the cast coast of North America. The explanation of the
scales is the same as for Fig. 6.3.
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converted to spawning biomass in the same way
as for cod described in the last section. These data
show that, at low levels, the replacement level is
almost 20 spawners per spawner in the absence of
anthropogenic mortality, similar to that for the
Iceland cod.

The high levels of compensatory reserve esti-
mated from the spawner—recruit data are also seen
from rescarch surveys of the Hudsen River popula-
tion of striped bass. Pace et al. (1993) showed that
the young-of-the-year (YOY) index of striped bass
in the Hudson River was unrelated to the number
of larvae. This implies either density-dependent
mortality between the early larval stage and the
establishment of the YOY index, or inadequate
sampling of the YOY when their abundances are
high (see Persson, Chapter 15, this volume). Since
the analysis of Pace et al. {1993}, spawning stock
has continued to increase in the Hudson River.
Resulting YQOY indices have also remained
relatively constant despite this increase in
stock size {National Marine Fisheries Service
1998).

6.3 GENERALITIES
THROUGH META-ANALYSIS

The previous examples of spawner-recruitment
relationships come from a wide variety of fish
species with very different life histories and pat-
terns of exploitation. For example, the cod popula-
tioninIceland and the brook trout population from
lakes differ in almost every possible way; however,
their maximum reproductive rates are very simi-
lar, Despite the wide variety in the species exam-
ined, one central biological point remains: the
maximum reproductive rate was suhstantial [i.e.
>1]for all the populations examined. However, the
maximum reproductive rate is not so high that
overfishing, particularly of pre-reproductive fish,
will not cause stock collapse. Since time-series for
individual populations are often short and noisy,
we can use meta-analysis to estimate, for example,
the rate of fishing that would lead to stock
collapse.

Meta-analysis refers to the process of combin-
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ing and assessing the findings from several sepa-
1ate research studies that bear upon a common
scientific problem {Hedges and Olkin 1985; Coop-
erand Hedges 1994). The use of statistical methods
of meta-analysis for research synthesis is now the
standard accepted method for making crucial deci-
sions in medical treatment, drug evaluations, and
issues in public health and social policy. Recently,
it has become a standard approach for evaluating
the critical population parameters needed to un-
derstand fisheries dynamics (Mace and Sissenwine
1993; Myers and Barrowman 1996; Liermann and
Hilborn 1997; Punt and Hilborn 1997; Myers and
Mertz 1998; Myers et al. 1999). For its use in exam-
ining the effects of fishing on marine ecosystems,
see Kaiser and Jennings, Chapter 16, Volume 2,
Until recently the formal implementation of
meta-analytic methods was hampered by a lack of
appropriate statistical methods and of compiled
datasets. These two problems have been largely
overcome. The compilations by Mace and cowork-
ers |e.g. Mace and Sissenwine 1993) and by Myers
and coworkers je.g. Myers et al. 1995b} provide
examples of the databascs required for a thorough
meta-analysis of compensatory reserve. Mace’s
data have been incorporated into the ongoing com-
pilation by Myers. Recent advances in statistical
software allow for the implementation of complex
linear and non-linear mixed effects (variance com-
ponents) models. These models have been used to
greateffect in meta-analysis [Myers et al. 1999].
Meta-analysis of compensatory reserve has
recetved a great deal of attention because of its
usefulness in estimating limits to fishing mor-
tality, maximum sustainable yield and the shape
of the spawner-recruit relationship. The hroadest
examination of compensatory reserve is an analy-
sis of 246 fish populations by Myers et al. (1999).
These analyses demonstrate that cormpensatory
reserve appears to be relatively constant within a
species and within groups of related species. The
analyses employed variance components models
that assume that the log of the standardized slope
at the origin of the spawner—recruit curve is a
normal random variable [Searle et al. 1992, This
analysis suggested a new and unsuspected finding:
the maximum annual reproductive rate, which is
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the maximum reproductive rate divided by the
average number of spawnings in an exploited pop-
ulation, for any of the species cxamined is usually
between one and seven. This number may be less
for some species and more for others, but the rela-
tive constancy of the annual reproductive rate is an
unanticipated and very important finding,

The common belief that there is norelationship
between spawner biomass and recruitment is
founded on the notion that the maximum repro-
ductive rate for fish is essentially infinite. This
belief is based on the observations that fecundity
of fish is often large and that no strong reduction of
recruitment is observed at low spawner abun-
dances over the range of the cbservations. The
problem lies in that little information can be
gleaned from individual datasets, particularly as
data at low spawner abundance is sparse. Instead,
we need to cxamine a variety of datasets simulta-
neously in order to make proper inferences about
spawner—recruitment relationships (Myers and
Barrowman 1996; Myers 1997).

6.4 CARRYING CAPACITY

A cursory examination of the spawner-recruit
data for an Icelandic cod stock suggests that the
carrying capacity is around 200 million 3-year-old
recruits {Fig. 6.3}. It would be extremely useful to
have a theory to explain differences in carrying
capacity, yet none exists. This is perhaps the
greatest outstanding, and overlooked, problem in
recruitment. One exception are students of
salmon biology, who have studied this issue with
some care [e.g. Bradford et al. 1997). Only recently
have we begun to study marine species in the same
way (Iles and Sinclair 1982; Rijnsdorp et al. 1992;
Myers etal. 2001},

No serious ecologist believes that carrying
capacity is constant for any population, as it is
certain to change with the environment and the
abundance of predators, parasitcs and competitors.
It is crucial that fisheries ecologists begin develop-
ing a predictive understanding of the variability in
carrying capacity asitis central to many ecological
and management issues. It is clear that a meta-
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analytic perspective wilt be required, so as to esti-
mate the variability in carrying capacity both
within and between populations. The first step to
such an analysis is to standardize carrying capacity
0n a per unit area basis, so that it can be compared
across populations. Then it will be possible to
employ non-linear mixed effect models to carry
out a meta-analysis of the carrying capacity for all
regions simultaneously, and to analyse cofactors,
such as primary productivity and species interac-
tions, that could cause the carrying capacity to
vary (Myers et al. 2001). T believe that such an
analysis will greatly improve our understanding of
the factors that limit carrying capacity, and thus
recruitment.

6.5 VARIABILITY IN
‘ RECRUITMENT

Thusfar, Thave concentrated on the mean relation-
ship between spawner abundance and subsequent
recruitment; however, variability in recruitment
is often the most notable feature of such data. I
now look at recruitment variability using the
spawner—recruitment database that [ have assem-
bled. T examine two estimates of the variability:
the coefhcient of variation (CV) of recruitment and
the standard deviations of log residuals from a
Ricker spawner—recruitment function (Fig. 6.5).
Maximum likelihood was used to estimate the
parameters of the spawner-recruitment function
under the assumption that the variability in
recruitment for any spawner abundance was
lognormally distributed (see Myers et al. 1995b for
details). Similar estimates of the variability were
obtained if alternative spawner-recruitment
functions were used. Unfortunately, it is very diffi-
cult to obtain unbiased estimates of recruitment
variability. For cxample, ageing errors will reduce
estimated variability in recruitment for catch-
at-age analyses |[Bradford 1991), while research
surveys may overestimate the variability hecause
estimation error may be an important source
of variability. Thus, these results should serve
only as a rough guide (see my website for more
information).
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There are very large differences among families
in recruitment variability; however, most of the
data shows recruitment variability with a CV of
around 50% (Fig. 6.5). Surprisingly there exists no
theory to explain this important observation. For
example, why is the typical value not around 10%
or 100%? We cannot pretend to have a quantitative
theory of recruitment until we have explanations
of this and similar observations.

There are other generalities that emerge about
recruitment variability. The spectrum of the time-
series of animal abundance typically contains sig-
nificant low-frequency variation. Anyone familar
with recruitment time-series will realize that this
effect is almost always present; however, a few
time-serics, e.g. recruitment for Icelandic cod, do
not show this effect. This may be because this
species lies within the centre of its range (Myers
1991). Several empirical patterns have been pro-
posed to help explain the patterns in recruitment
variability; these are summarized in Table 6.1.

6.6 AT WHAT LIFE-HISTORY
STAGE DOES DENSITY-
DEPENDENT MORTALITY
OCCUR!?

In the spawner—recruit examples, we do not know
at what stage density-dependent mortality and
stochastic density-independent mortality occurs.
This question was first addressed in terms of the
critical period hypothesis that states ‘the numeri-
cal valuc of a year class is apparently stated at a
very early age, and continues in approximatcly the
same relation to that of other vear classes through-
out the life of the individuals’ (Hjort 1914). This is
certainly true to some extent but with the follow-
ing limitations: {i) some stochastic mortality after
and (ii) density-dependent mortality changes the
relative abundance, but good ycar-classes remain
good. For some populations we can examine how
interannual variability changes with age, and use
maodels to examine when density-dependent and
density-independent mortality occurs. Two con-
trasting situations can be seen in the data for
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brown trout (Salmo trutta) from Black Brows Beck
{Elliott 1994} and cod from the North Sea {Fig. 6.6).
Very strong density-dependent mortality occurs
in the first 6 months after eggs are deposited for
brown trout, while mortality that varies among
years, and is largely independent of density, occurs
until maturity at age 3. For brown trout, recruit-
ment variability increases with age {Fig. 6.7).

The pattern is quite different for cod in the
North Sea where the variability in recruitment
decreases with age. The decrease in recruitment

variability at age in cod is caused by strong density-
dependent mortality during the demersal juvenile
stage, and is scen in the 17 populations of demersal
fish studied by Mycers and Cadigan (1993a,b).
Several observations from the cod data should be
noted: (i) year-classes that are large soon after set-
tlement remain relatively large for all subsequent
surveys, {ii] the variability decreases with age and
(iii] larger spawner abundances are slightly posi-
tively correlated with higher recruitment. The
first two observations are clear from virtually all
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Table6.1 Patternsinrecruitment variability.
Pattern Species Reference
CV{R) -50% Most species This chapter

Var(R) T with length of time-series Most species

Myers et zl. (1995a)

var(R) T at edge of species range Cod, haddock, herring Myers {1991) )

Var(R) T for greater fecundity (slight effact) 57 species Mertz and Myers (1996), Rickman et al. {2000)
var(R/5) T atlow spawner abundance 10 families Myers (2001)

Var(R) T with smaller duration of spawning Cod Mertzand Myers{1994)

var(R) T an offshere banks Cod, haddock, American plaice Myers and Pepin (1994)

Var(R) J at older ages Marine demersal fish Myers and Cadigan (1993a)

Var{R) T at olderages

Var(R} is greater for anadromous than marine
Spatial scale of R~500km

Spatial scale of R<50 km

Anadromous salmonids

11 marine species
7 freshwater species

Bradford {1995)
Rothschild and DiNarde (1987)
i Myersetal.(1997a)
k Myersetal. (19972), Bradford {1399}

Var(R), variance of recruitment; CV(R), coefficient of variation in recruitment; Var{R/S), variance of survival for egg

production to subsequent recruitment.

population dynamics data of demersal fish with
a planktonic life stage (I return to this in a later
section]. The last observation is certainly weak
for these data, but is a persistent feature of the
vast bulk of spawner-recruit data (Myers and
Barrowman 1996}. Note that both of these very
reliable datasets show similar levels of variation at
age 3, with a CV of about 0.5, which we have previ-
ously seen to be commonly observed for fish {Fig.
6.5).

While the result for demersal fish appears to
hold tor many populations, the result for trout may
not be true for salmonids in general, although
there is sometimes increased variance in demersal
fish due to density-dependent mortality in the
juvenile stage (Myers and Cadigan, 1993b;
Fromentin et al. 2001}). For cxample, Bradford
(1995) found that the variance in survival in-
creased with age for many Pacific salmon species,
and about half the variability in natural survival
occurred after migration to the sea. It would be of
great interest to apply the methods that I devel-
oped with Cadigan, which include estimation
error, to examine the general question of the
creation of variability in survival by density-
independent mortality and the reduction in the
variance by density-dependent mortality for
salmonid data.

A complementary approach to this problem is

to use otolith analysis to examine variation in sur-
vival within and among cohorts{Rice et al. 1987). If
acohort is sampled multiple times, it is possible to
use otolith microstructure to measure patterns
of daily growth, and hence greatly increase our
understanding of recruitment processes. However,
the amount of sampling required to test statistical
models with such data can be overwhelming;
careful modelling should precede such a project.

6.7 ESTIMATING DENSITY-
DEPENDENT MORTALITY
FROM LONG-TERM SURVEYS

Studies of recruitment have been hampered by the
unwillingness of many biclogists to use methods
that account for the estimation error inherent
in estimating the abundance of fish populations.
With newer methods, it is possible to make better
use of the many long-term research surveys of fish
abundance. These surveys can be used (o estimate
the extent of density dependent mortality and, if
performed over multiple life-history stages, can be
used to infer at which life-history stage compensa-
tion is occurring. Such an analysis is best carried
out using an extension of key-factor analysis that
includes estimation error. The original version of
key-factor analysis assumed that measurements
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were made without error; this is not an adequate
approximation for fish population data.

Myers and Cadigan (1993a,b) considered a
population in which each generationis surveyed at
several stages or ages. Let the number of individu-
als entering stage a be N,. Consider the dynamics
between two stages, a and a + 1, where the natural
mortality is divided into three components: (i) the
average mortality between the two stages that
is independent of density, t,; [ii] the density-
dependent component, 8, which is assumed to be
proportional to the logarithm of the initial density;
and (iii} the variable component unrelated to abun-
dance, £,. The dynamics between two stages is
described by:
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N, =N.exp(-1,-8,l0g N, +&,). (6.6}
Note that the above formulation assumes that
density-dependent mortality occurs before the
stochastic component of density-independent
mortality; this should be kept in mind when
interpreting the results.

Myers and Cadigan showed that if estimates of
the observation error variance are available from
the sampling variability, or if multiple surveys
of the same cohort occurred, it was possible to
estimate the density-dependent mortality and the
variance of the density-independent mortality.
Furthermore, it is possible to estimate the delayed
density-dependent mortality as well. They tested
the hypothesis that population variability is
created and regulated at the juvenile stage for 17
populations of groundfish. Density-dependent
mortality was estimated using an extension of
classical key-factor analysis (Varley and Gradwell
1960) that explicitly included estimation error.
Myers and Cadigan concluded that the juvenile
stage was crucial for density-dependent popula-
tion regulation in these species, but that the source
of interannual variability in year-class strength
occurs during the larval stage or the very early
juvenile stage. These quantitative estimates con-
firm previous analyses that show the strong influ-
ence of density on mortality in the juvenile
demersal stage after settlement to the bottom
{Rauck and Zijlstra 1978; Lockwood 1980; Van Der
Veeretal. 1950).

One major disadvantage of Myers and Cadigan’s
method was that it was restricted to the assump-
tion that density-dependent mortality is propor-
tional to the logarithm of the initial density. This
assumption was needed to obtain linearity of the
model equations. However, it should be possible to
consider much more general forms of density-
dependent mortality using more modern methods,
such as non-linear state space models estimated
using the hierarchical Bayes methods {Gilks et al.
1994,

Much less is known about density-dependent
mortality from research surveys of pelagic fish,
probably because of the much greater difficulty of
estimating abundance of pelagic fish compared
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to demersal species. We know of no analysis for
pelagic species similar to the work of Myers and
Cadigan that have included the role of estimation
error in the statistical models.

Long-term surveys of lakes have also gencrally
shown strong density-dependent mortality during
the preadult life stages. For example, long-term
surveys using research traps for European perch
in Windermere, UK {Mills and Hurley 1990},
trawls for yellow perch in Oncida Lake, New York
(Nielsen 1980) and mark-recapture studies of
walleye in Escanaba Lake, Wisconsin (Serns 1982)
have demonstrated the importance of density-
dependent mortality during preadult life stages.

Density-dependent mortality has been ob-
served in many long-term research surveys of
stream fish. This was ohserved in those cases
where cohorts were observed multiple times, for
example brown trout (Elliot 1994), brook trout
(McFadden et al. 1967), Atlantic salmon
{Chadwick 1985) and several Pacific salmon
specics of the genus Oncorhynchus [Ricker 1954;
Mycers et al. 1997b). Strong density-dependent
mortality and/for growth is expected in species that
have territorial behaviour, which is typical of
stream-dwelling species (Elliott 1994).

Extensive surveys of anadromous fish have
been helpful for establishing the timing of density-
dependent mortality. For example, the monitoring
of the number of anadromous alewife (Alosa
pseudoharengus) spawners into, and the number
of seaward migrants out of, Damariscotta Lake,
Maine showed that a five-fold change in egg pro-
duction resulted in almoest no change in recruits;
strong compensation was occurring in the egg or
larval stages (Walton 1987). These results are con-
sistent with other studies of Alosa species (Lorda
and Crecco 1987}, and contrast with those of the
demersal fish described above for which strong
density-dependent mortality existed later in the
post-larval stage.

In summary, long-term research surveys have
provided valuable insights into the nature of popu-
lation dynamics and compensation from fishery
independent sources. If estimation error is explic-
itly included in the analysis of the results from
such surveys, they allow quantitative estimates of
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the importance of density-dependent and density-
independent mortality at various life stages. Fish-
eries ecologists have madc very inefficient use of
the excellent survey data available to them; the
analysis is difficult and requires the use of subtle
statistical methods. We should make better use of
such data.

6.7.1 Density-dependent mortality
within and between cohorts

Spawner-recruit data relies on a regression
approach. Another source of evidence, the
within-cohort data, ts usually ignored. Although
traditional methods of analysis of data within co-
horts, such as key-factor analysis, are useless for
fisheries work because of the assumption that
abundance is measured without error, it is possible
to extend this type of analysis using modern statis-
tical methods (Myers and Cadigan 1993a,b). The
basic idea of these methods is not to treat each co-
hort abundance as an unrelated number but to as-
sume that the initial recruitment comes from a
statistical distribution, usually lognormal, and to
treat all variation in subsequent ages as also com-
ing from a statistical distribution. This allows a
much deeper understanding of the process.

Previous work has been limited by rather strict
distributional assumptions, for example that re-
cruitment is lognormal. The methods appear to be
reasonably robust to this assumption; perhaps the
more important assumption is the nature of the
functional form of the density-dependent mor-
tality. Recent state-space and non-linear time-
series methods should allow this to be studied in
the near future.

6.8 PELAGIC EGG, LARVAL
AND JUVENILE STAGES

The population biology of the pelagic stages
remains the most difficult of all problems related
tounderstanding recruitment. The primary source
of variability in recruitment is the enormous
interannual variability in density-independent
mortality during the pelagic egg and larval stages
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of marine fish; however, it has been difficult to
identify the source of this variability [Leggett and
DeBlois 1994), Before discussing these issues in
depth, I detail the most influential theory concern-
ing interannual variability in larval survival.

6.8.1 Match/mismatch hypothesis

The match/mismatch hypothesis of Cushing
{1969, 1990) has provided considerable insight
about year-class success and its variability in
marine fish populations. The central idea is that
the closeness of the temporal match between
the abundance peaks of larvae and their planktonic
prey controls larval mortality. This may be aresult
either of the vulnerability of first-fceding larvae to
starvation or to the fact that poorly fed larvae grow
slowly and are more susceptible to predation.
Since larval mortality is thought to be very high,
the larval stage may be the principal determinant
of year-class strength. This picture seems very
plausible and it enjoys some empirical support (see
Cushing 1990 for areview).

Figure 6.8, adapted from Cushing {1982), illus-
trates the match/mismatch hypothesis. The im-

Fig.6.8 Illustration of amatch
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portance of the match depends on (i) the length of
time between peaks of the two distributions {¢,)
and [ii) the width of the distributions, where & and
@ are measures of the width of the zooplankton and
larval distributions respectively. For example, if
the larval distribution has a width of 2 months, a
mismatch of peaks equal to 2 weeks may be in-
consequential. Cushing’s idea can be put in a
simple mathematical model {Mertz and Myers
1994), which results in powerful testable predic-
tions. Namely, we can calculate how year-to-year
changes in the food consumed by the entire cohort,
F, are related to those changes in the delay between
the peak of first-feeding larvae and the peak in their
tood supply, t,.. Since F is a maximum for t,= 0, we
expect that the average value of ¢ is zero. The dif-
ference in food consumption, and hence survival
from the assumption of the hypothesis, can now be
simply calculated approximately as

2

“3ro? 16.7)

(see Mertz and Myers 1994 for details). That is, a
difference in survival is now hypothesized to de-

|
B
o

and amismatch of larval fish to
their planktonic prey [time units
arc arbitrary). Production of larvae
Pit)follows eggrelease andina
match situation (top panel) the
larval production peak closely
coincides with the peak of
palatable zooplankton [curve
designated Z(t)). The match
condition is characterized by t,~ 0.

Probability density

The representative widths of the
larval production and zooplankton
peaks are ¢ and § respectively,

Time (days}
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cline by the square of the difference in timings of
the peaks, t, divided by the sum of the variances
of the seasonal distribution of first-feeding larvae
and zooplankton abundance. This formulation
allows a priori quantitative testing of the match/
mismatch hypothesis using data that is presently
available from regions with regular plankton
surveys.

There are other predictions from the above
model that have been tested. Cushing {1990} noted
that the effect of variable and unpredictable tim-
ing of the plankton peak will be mitigated if a fish
stock spreads its spawning effort over a broad
temporal window. This corollary of the match/
mismatch hypothesis also suggests that there
might exist a relationship between the width of
the spawning window, measured by the standard
deviation of the estimated egg production versus
time curve, for a given stock and its recruitment
variability. Mertz and Myers {1994} were able to
confirm this hypothesis for cod stocks in the
North Atlantic,

6.8.2 Density-dependent mortality
in the pelagic stage

Density-dependent mortality has heen often hy-
pothesized as a key factor in population regulation
in the pelagic larval stage; however, it has rarely, if
ever, been convincingly demonstrated for any
marine species {Cushing 1996}, For example, at-
tempts to demonstrate food limitation, which is
the mechanism most often proposed for mortality,
have generally yielded ambiguous results at best
{Heath 1992; Leggett and DeBlois 1994, Lochmann
etal. 1997}. On the other hand, density-dependent
mortality in the pelagic stage in freshwater
species, or pelagic freshwater stages of anadro-
mous species, has been clearly demonstrated in a
number of cases (Walton 1987},

There are scveral reasons for the difference be-
tween our understanding of freshwater and marine
systems [see Jones et al., Chapter 16, this volume).
First, recruitment variability in fresh water may
depend predominantly on biotic influences, par-
ticularly the predation by adults of one species on
juveniles of another. Walleye (Stizostedion vit-
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rewm) predation has been shown to have a signifi-
cant impact on year-class strength of yellow perch
i{Perca flavescens| in Oneida Lake [Mills et al.
1987). In contrast, these effects have not been
convincingly demonstrated in marine systems
(Leggett and DeBlois 1994}, Verity and Smetacek
(1996) have conjectured that predation is a less
dominant influence in marine systems because
fish densities appear to be 10-1000 times smaller
than in freshwater systems (Horn 1972); however,
Horn's estimate may not be relevant because he
did not estimate densities that should actually
occur in the ocean. The orders of magnitude differ-
ence in the density of larvae clearly suggests that
density-dependent mortality may be more impor-
tant during pelagic larval and juvenile stages in
fresh water.

Second, there are fewer sampling difficulties in
lakes than in the ocean, although some difficulties
are similar, for example larvae avoid the sampling
device and the avoidance behaviour changes with
age or size. Many marine populations spawn over
a wide geographical and temporal window, which
may change among years (Hutchings and Myers
1994a), making sampling difficult, For example,
the very well studied cod population off Lofoten
iPedersen 1984} actually also spawns outside
the fjord. The strong advection that occurs for
marine populations makes estimation very diffi-
cult (Helbig and Pepin 1998}, The advected larvae
may die, if they are advected into regions where
they cannot survive {Myers and Drinkwater 1988),
or they may survive and return to the spawning
region at an older age (Polacheck et al. 1992).

Error in estimating abundance poses funda-
mental limitations to the kinds of questions that
can be addressed. For demersal fish, it is possible
to estimate the density-dependent and density-
independent component of mortality between egg
and demersal stage, or within the demersal stage.
However, reliable estimates of the sources of
variability within the egg and larval stage are
almost impossible except for a very few species
using enormous sampling effort, as illustrated
by the California Cooperative Oceanic Fisheries
Investigation.

Finally, an experimental approach is much
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easier to undertake in freshwater systems than in
the ocean. For example, out-planting artificially
reared larvac or juveniles has been widely used in
freshwater systems to study density-dependent
growth and mortality. Whitefish (Corigonidae} has
been experimentally stocked at controlled densi-
ties in lakes in Finland {Salojarvi 1991}, gizzard
shad has been experimentally stocked in reser-
voirs in Kentucky (Buynak et al. 1992}, walleye in
ponds in the midwestern USA {Fox and Flowers
1990) and steelhead |Oncorhynchus mykiss) fry
into tributaries of Lake Superior [Close and
Anderson 1992). Each of these studies demon-
strated strong density-dependence in growth
and/or mortality.

Research in this area has concentrated on the
sources of stochastic density-independent mortal-
ity caused by lack of food, predation or advcetion,
The first two are potentially density dependent,
but we have little evidence for marine species that
they are density-dependent in the pelagic stage.
The most likely mechanism in the observed cases
is food limitation. This has been clearly demon-
strated for pelagic juvenile sockeye salmon, where
large year-classes substantially reduce the zoo-
plankton abundance (Hume et al. 1996). Food limi-
tation during the freshwater phase of anadromous
species that fluctuate greatly in abundance, such
as the sockeye salmon, will be the most easy to
demonstrate.

Although density-dependent mortality is pro-
bably important for many species in the pelagic
stage, it cannot be quantified until a systematic ap-
proach is taken to estimation and meta-analysis.

6.8.3 Stochastic density-
independent mortality
in the pelagic stage

The most expensive research efforts in recruit-
ment have been to understand the creation of vari-
ability in recruitment at pelagic stages of marine
fish. Although progress has been made, the over-
all results are meagre; this ambitious research
programme has not resulted in a fully predictive
theory.

This research is usually justified because of the
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importance of predicting recruitment, Approaches
to this task may involve finding environmental
correlates of recruitment or the field sampling of
pre-recruit life-history stages. Predictions of re-
cruitment have been sought through the cor-
relates of recruitment with environmental factors.
Wind speed has been proposed as a determinant
of recruitment in that storm-driven mixing
can disperse larvae and their prey, reducing
food availability (Lasker 1975, 1981; Peterman and
Bradford 1987). Larval food supply may also be in-
fluenced by the lag between appearance of larvae
and the peak of abundance of their prey {Cushing
1990). The intensity of turbulence may control
the frequency of contact between larvae and their
prey (Rothschild and Osborn 1988). Larvae may be
exported to inhospitable waters by the action of
wind-driven currents or the incursion of Gulf
Stream rings [Myers and Drinkwater 1989). For
thorough discussions of environmental influ-
ences on recruitment see Fogarty (1993), Wooster
and Bailey (1989} and Cushing 1996).

The complexity of the mechanisms that have
been proposed can be seen by examining one fac-
tor. Consider the effect of the wind, described by
the vector w, on the survival of pelagic eggs and lar-
vae in the Northern Hemisphere. The cross-shelf
wind stress component, t,, will have little effect
except on the neuston. The long-shelf wind stress
component, T, and the turbulence generated by
the wind, which is proportional to lwl* and which
will generally be non-linear, may have a plethora
of important effects on survival (Cury and Roy
1989; MacKenzic et al. 1994; Dower et al. 1997).
These factors may be critical for only short periods
of the pelagic stage. For example, Ekman transport
caused by the long-shelf wind stress component
may decrease survival by transporting larvae off-
shore {Bailey 1981) or increase survival by in-
creasing larval food supply {Bakun 1996). Recent
theoretical models have shown that small-scale
turbulence enhances encounter rates between lar-
val fish and their prey (Rothschild and Osborn
1988}, while carlier work suggested it would de-
crease survival by dispersing food (Peterman
and Bradford 1987). Empirical laboratory and field
observations have helped to clarify the issues
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{(MacKcnzie and Kiorboe 1995); understanding
the physics of the upper ocean allows the relative
magnitude of the effects to be estimated, but the
final link to resulting recruitment has not been
established. Similarly, food limitation via Cush-
ing’s match/mismatch hypothesis has been
investigated and some empirical links from field
data demonstrated; again its overall importance is
uncertain. It is difficult to produce quantitative
estimates from any of these models but it is often
possible to use data-driven physical oceanographic
models of historic data to quantitatively estimate
the effects {Myers and Drinkwater 1988,

One approach to understanding the sources of
interannual variability in density-independent
mortality is primarily empirical, by correlations
with many environmental correlates. Much of
this work has been marred by the extreme unwill-
ingness to look at the statistical difficulties of the
analyses (reviewed by Myers 1998) and the desire
to blame all fisheries problems on the environ-
ment. For example, 5 years after there were claims
that recruitment of ‘northern’ cod could be par-
tially predicted from the presence of cold water
that led to a greater probability of good survival of
cod larvae, the collapse of the stock was being
blamed primarily on cold water, a claim that did
not stand up to scrutiny (Hutchings and Myers
1994b). The claim that poor recruitment of North-
ern cod was caused by warm water, and then by
cold water, was based on the use of statistical
methods that were at best unreliable. The result-
ing comedy of errors, which resulted in the loss
of around 50000 jobs, should cause any fisheries
scientist to carry out such analyses with more
care.

There arc theoretical reasons to doubt that re-
cruitment can be predicted with sufficient ac-
curacy from environmental data to be useful for
management (Bradford 1992, Mcrtz and Myers
1995). The basis of the simulations by Bradford
{1992) and the analytical models of Mertz and
Myers [1995]is the distribution of mortality across
life-history stages that is typically observed
(Bradford 1992; Bradford and Cabana 1997} and the
strength of density-dependent mortality in the ju-
venile demersal stages [Myers and Cadigan 1993b).
When these factors are combined, the ability to
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predict recruitment from environmental factors is
very limited, even if the principal mechanism de-
termining interannual survival during the egg and
larval stage is well understood, which is seldom
the case. The utility of spending large amounts
of public research funding to establish predictions
of recruitment based on environmental indices
should thus be questioned {Walters and Collie
1988). Nevertheless there are broadly two main
patterns that emerge from the empirical analysis
of such data from a meta-analysis of over 50 stu-
dies where previously published environment—
recruitment correlations had been retested with
new data [Myers 1998). The two conclusions
were, first, that correlations for populations at the
limit of a species’ geographical range have often re-
mained statistically significant when re-examined
and, second, that a dome-shaped relationship
appears to exist between the recruitment success
of small pelagic fish in eastern boundary current
upwelling systems {Bakun 1996) and the upwelling
intensity (optimal environmental window, OEW)
{Cury and Roy 1989). Unfortunately, thesc envi-
ronment-recruitment correlations do not appear
to be very useful in practice. I rceently examined
the 47 environment-recruitment correlations re-
viewed by Shepherd et al. {1984) and found that
only one was being used in the estimation of
recruitment in routine assessments (Myers 1998).

6.8.4 Demersalstages

Density-decpendent mortality prabably occurs
chiefly in the juvenile demersal stages for coral-
reef fish, shelf demersal species and tidepools
(Pfister 1996). We know much more about the
mechanisms for density-dependent mortality in
demersal stages of coral-reef fish than any other
group. The mechanisms have largely been unrav-
elled by field cxperiments that examine how food
limitation interacts with predation. Predation
mortality can be mediated through territorial
behaviour or the ‘growth mortality hypothesis’
that proposes that greater competition for food in-
creases the time required to grow to a size where
they are less vulnerable to predation (Ricker and
Forrester 1948). Forrester [1995a) experimentally
demonstrated the second mechanism by artifi-
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cially supplementing food for damselfish
{Dascyllus aruanus). The link between predation
and structural complexity was examined by
Beukers and Jones (1998).

Hixon and Carr (1997) translocated 32 live
coral-reef heads to a large sand flat so that they
could manipulate orthogonally the density of prey
and the presence of predators. They demoenstrated
that density-dependent mortality of juvenile
coral-reef fish was dependent upon the presence
of two suites of predators: transient piscivores
attacking from above and resident piscivores
attacking from below. If cither predator was ab-
sent, mortality was entirely density-independent.
Similarly, Steele (1997) has shown strong density-
dependent mortality using manipulative experi-
ments on temperate juvenile gobies; again, the
density-dependent mortality was primarily due to
predation. Forrester {1995h) also showed that juve.-
nile and adult mortality of gobies was strongly
density-dependent in a series of manipulative ex-
periments. The experimental results that demon-
strate that structural shelter for prey refuges is
often limiting (Hixon 1991) strongly supports the
importance of protecting the sea bottom from
destructive fishing practices (Watling and Norse
1998

The great success of manipulative field experi-
ments for coral-reef fish should be cmulated
by researchers who study other systems. There
have been some notable successes in other regions.
DeGisi’s (1994} whole-lake experiments on brook
trout, discussed above, is one of the most ambi-
tious. Another experimental approach is to supple-
ment natural populations with artificially reared
competitors. Such large-scale experiments have
been undertaken on a marine species, cod, in
Norway. These have revealed strong density-
dependent mortality in the juvenile stage and
shown that artificial enhancement of the species
in the wild is generally not possible (Nordeide et al.
1994). Density-dependent mortality in this case
appears to be caused by competition for limited
food supply.

There are remarkably few experimental man-
ipulations of abundance for stream populations. In
one of the few such studies, LeCren {1965} used en-
closures to demonstrate extremely strong density-
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dependent mortality during the egg to fry stage in
brown trout. I find this study particularly inter-
esting because the pattern of density-dependent
mortality was not ohserved in Elliott’s study of
interannual variahility.

The most direct method of assessing com-
pensation is by experimental manipulations of
abundance in a carefully controlied manner. The
advantage of this approach is cbvious: powerful
statistical methods of experimental design can be
used to construct experiments that can resolve
questions that are difficult to answer from obser-
vational data alone.

6.9 FUTURE RESEARCH

6.9.1 Theneed for
quantitative theories

At present, our understanding of recruitment is
limited to conceptual theories and empirical
models, meaning spawner-recruitment functions.
Although we can estimate biologically meaning-
ful parameters such as carrying capacity and
make quantitative predictions, we lack mechan-
istic models of basic biological and physical
processes. Although we have physical models of
some mechanisms (Rothschild and Osborn 1988,
they are seldom capable of making predictions
about recruitment. Thus, few recruitment studies
are taken beyond the interpretive stage and can
only claim that observations are consistent with a
model or a concept. Ultimately, in order for
‘recruitment science’ to make progress, we need
mechanistic models that make quantitative pre-
dictions about the functional form and mean of
different processes. Such modelling is difficult,
and unappreciated.

My late friend, Gordon Mertz, was a master
of models that yielded testable quantitative pre-
dictions. For example, Mertz developed a model
of Cushing’s match/mismatch hypothesis which
predicted that recruitment variability should in-
crease as spawning duration decreases, a predic-
tion supported by an analysis of Atlantic cod data
{Mertz and Myers 1994). Similarly, he was able to
transform very vague concepts of the relationship
between fecundity and recruitment variability
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Into a quantitative predictive theory [Mertz and
Myers 1996]. I believe that it is this type of mode?
that will yield a greater understanding of recruit-
ment, not vague ‘conceptual’, non-parametric or
black-box models.

It is useful for recruitment biclogists to exam-
ine the role of the fit of a functional model to data.
For example, Max Planck developed a quantitative
model for black-body radiation that gave the world
the beginnings of quantum theory 100 years ago
(Pais 1982). If Max Planck, and the physicists of the
day, had been satisfied with a non-mechanistic,
non-parametric fit to the data or if the experimen-
talist at the University of Berlin had been satisfied
with anything less than the most exacting mea-
surements, we would not now have quantum me-
chanics. Thus, functional models are not the goal
of science; rather they serve as intermediary steps
between ever more refined mechanistic models. If
progress is to be made towards understanding
recruitment, we must take models and data more
seriously.

6.9.2 Theindividual
and recruitment

Modellers of fish populations traditionally as-
sumed that all individuals of a given age are identi-
cal. However, we know that this is not the case
since competition often takes place between
individuals; this is the basis of recent work on
individual-based models {Cowan et al. 1996,
Letcheretal. 1996; Huseetal,, Chapter 11, Volume
2).

Individual-based models that predict that the
skewness and the coefficient of variation of weight
distributions increase with population density
assume density-dependent growth and unequal
competition among individuals of a given age
(Kimme 1986). Unequal competition assumes un-
equal resource partitioning, which can result from
a combination of territorial control of resources,
plastic growth, selective mortality and emigra-
tion. Since an animal’s size is highly correlated
to its competitive ability, relevant models predict
a positive feedback cycle, whereby better com-
_ petitors grow larger and become even better com-
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petitors (Latto 1992). Therefore, the weight distrib-
utions of such populations are expected to be posi-
tively skewed. Perhaps the reason why such
predictions have not been considered to apply well
to animal populations is the lack of effort to test
these models under field conditions. Sampling
throughout the range of a population under a large
variety of densities is beyond the resources of most
field biologists. However, such data are readily
available for many fish populations from research
surveys. For example, it is a simple matter to plot
the length frequencies for Atlantic cod for a year
of high abundance and low abundance {Fig. 6.9).
For the year-class with high abundance, 1981, the
mean size is reduced and the CV and skewness are
greater compared with a year-class of relatively
low abundance. This relationship holds over all
years of the surveys. Atlantic cod shows clear
territorial behaviour for the first year of life after
the larval stage (Tupper and Boutilier 1995) and
often shows strong density-dependent mortality
[Myers and Cadigan 1993a) and growth. That is,
cod may be more like coral-reef fish, at least during
the demersal stage, than most people believe. Such
analysis of data from surveys may be very useful in
understanding recruitment.

6.9.3 Empirical analysis of
multispecies interactions
on recruitment

Perhaps the most exciting work in the near
tuture will be the combination of the study of
spawner-recruitment relationships with multi-
species interactions. I predict that the synthesis
of these two approaches will yield wonderful new
discoveries. The massive analysis of many aquatic
communities by Pauly, Christensen and many
coworkers (Christensen and Pauly 1998; Pauly
and Christensen, Chapter 10, Volume 2] and the
recent extensions to dynamic models {Walters
etal. 1997, allied to the approaches outlined here,
could yield remarkable results.

Itis crucial that the interspecific interaction co-
efficient be comparable over studies. This can be
done by the same standardization as used in the
delayed density-dependent analysis above or by a
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1981 year-class 1985 year-class
Age 2 Age 2
25 25
20 skew = -0.15 20 skew =05
V=139 V=87
15 mean = 26.8 15 mean =268
10 rec = 439976 10 rec = 217099
5 5
0 0
20 30 40 50 20 30 40 50
Age 3 Age 3
35 skew = 0.6 350 gew=04
30 V=105 301 cy-g7
25 mean = 34.3 25 mean = 374
rec = 439976 rec = 217099

Frequency
[}
o

5
0 20 30 40 50
Age 4 Age 4
A0 skew=04 40 skew =04
cv=91 =77
301 mean=401 30 mean = 43.6
0 ™t 439976 20 rec = 217099
. 10
Fig.6.9 Length frequencies of . 1 ‘ ...
2-4-year-old cod at low (1985) and 00 30 40 50
high (1981} population levels for
NAFO Subdivision 2J. Length (cm)

modification of the generalized key factor. All
singles-species  spawner-recruitment models
are extreme approximations because they ignore
species interactions. The complexity of multi-
species interaction requires a meta-analytic ap-
proach. An excellent informal meta-analysis was
carried out by Daan (1980} in a comparative study
of species replacement.

6.9.4 Better use of data and the need
for meta-analysis
When studies are being reviewed, effects are often

examined to determine how frequently they are
statistically significant. This can be a very mis-

leading approach, even though it is intuitively
appealing. For example, if the reviewer simply
examines how often an outcome is statistically
significant, then there will be a strong bias towards
the conclusion that the process or treatment has
no effect (Hedges and Olkin 1985). Furthermore,
this bias is not reduced as the number of studies in-
creases. If a large number of studies or populations
are examined, the proportion of studies that yield
statistically significant results is approximately
the average power of the test used [Hedges and
Olkin 1985). That is, reviewers of research studies
may assume that they are examining the impor-
tance of an ecological process, but may only be
examining the power of the tests used to exa-
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mine it. Research synthesis without considering
the statistical problems can lead to serious nuis-
takes. I believe it is a mistake to expect ‘definitive
studies’.

Work should focus on obtaining quantitative
estimates of the components of density-
independent mortality that can be attributed to
different causes, such as starvation, predation and
advection, and quantitative estimates of density-
dependent mortality at different stages. Results
should be presented in such a way that they can be
compared among populations and specics. The
components of the interannual variability in mor-
tality can be compared among populations and
species [Myers 1995). Similarly, if mortality is pro-
portional to log density, then the coefficient of
density dependence can be compared across popu-
lations {Myers and Cadigan 1993a). Virtually no
systematic attempts have been made to carry out
these studies.

6.10 CONCLUSIONS

Attempts to understand recruitment have domi-
nated much of fisheries research in the last cen-
tury. We have made good progress on some issues,
The actual practice of managing fisheries is being
changed into a quantified science, i.e. something
closer to engineering instead of an art, because we
discovered quantitative gencralitics and have
developed the tools to apply them, e.g. Bayesian
methods. For example, we now have estimates of
the maximum reproductive rate, which allows the
limits and exploitation to be well understood.
Furthermore, we have a much greater theoretical
and empirical understanding of the nature of
recruitment variability {Table 6.1).

Further progress will require improved experi-
ments, observations and analytical methods, Al-
though experiments have elucidated many aspects
of post-settlement recruitment processes for coral
reef fish, experimental manipulations need to be
extended to other systems. Recruitment studies
have been limited to a few species that are either
commercially important or easily studied. The
most important cutstanding questions concerning
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recruitment revolve around multispecies interac-
tions; meta-analytic methods to infer these inter-
actions from the present data are sorely needed.
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