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Depensatory predation mortality on salmon when added to a Ricker production model can
create a system with at least two stable equilibria and two domains of attraction. The behavior of
such a fish system is different from a single equilibrium situation and a simple mechanism is
described through which commercial exploitation changes the ability of such multiple-
equilibrium fish populations to respond to perturbations in survival rates. Furthermore, it is
shown that this change in size of stability regions is proportional to the exploitation rate and that
classically defined maximum sustainable yield (MSY) exploitation rates are inevitably close to
the rates that would cause a drastic decrease in the population. The uncertainties inherent in
environmental effects on survival and in achievement of desired exploitation rates precipitate the
need to back away from the usual MSY exploitation rates and set up (through enhancement) a
system of stocks whereby feedback information is provided to the manager. This approach of
adaptive management seeks reasonable yields while gaining information about the state (or
changes in state) of the system. Some applications of catastrophe theory are discussed, especially
with reference to harvesting multiple-stock salmon systems.
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La mortalité par prédation dépensatoire surle saumon, ajoutée a un modele de production de
Ricker, peut créer un systéme possédant au moins deux équilibres stables et deux domaines
d’attraction. Le comportement d’un tel systeme pour les poissons differe d’une situation aun
équilibre, et nous décrivons un mécanisme simple en vertu duquel I’exploitation commerciale
change ’aptitude de telles populations de poissons a équilibre multiple 4 répondre aux perturba-
tions destaux de survie. De plus, nous démontrons que ce changement dans ’étendue des régions
de stabilité est proportionnel au taux d’exploitation, et que les taux d’exploitation classiquement
définis comme rendement maximal soutenable (RMS) se rapprochent invariablement des taux qui

causeraient une diminution dramatique dans

la population. A cause des incertitudes inhérentes

aux effets de I'environnement sur la survie et 3 Ia poursuite des taux d’exploitation désirés, il
devient de plus en plus urgent de s’éloigner des taux d’exploitation correspondant au RMS usuel
et d’établir (par revalorisation) un systeme de stocks selon lequel le gestionnaire recevra un
retour d’information. Cette approche de gestion adaptive cherche a obtenir des rendements
raisonnables tout en apprenant davantage de I'état (ou changement de I’état) du systéme.
L’auteur examine certaines applications de la théorie de la catastrophe, surtout en rapportavec la
récolte de systémes de saumons a stocks multiples.
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HoLLING (1973) argues from theoretical and
empirical grounds that it may prove useful if
ecologists modify their viewpoint of stability of
ecological systems. Historically, the main focus
of attention has been on equilibria, but we know
that in the real world, equilibria are rarely, if
ever, achieved. Natural systems are constantly
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subjected to fluctuating conditions that cause
changes within the system. Often these fluctua-
tions exceed the limits of a system’s ability to
respond and the system becomes distinctly differ-
ent in character through extinction or drastic
long-term changes in abundance. Holling con-
cludes that we should concentrate on these limits
to system response, rather than on equilibria.
Those natural systems that can cope success-
fully with wide ranges of fluctuations in state
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variables, driving variables, or parameters are
more ‘Tesilient” than systems with narrower
tolerance ranges (Holling 1973). There are nu-
merous mechanisms affecting a system’s resilience:
for example, shapes of reproduction and survival
functions, types of dispersal characteristics, and
existence of areas of inaccessibility to predation
(refugia). Holling (1973) suggests that one effect
of man’s activities may be to reduce the resilience
of ecological systems by shifting the boundaries or
limits of stability and Ricker (1963) investigates
an example of changing stability bounds caused
by shifts in fish population age structure.

This paper describes another simple man-in-
duced mechanism that reduces the size of stability
domains in commercially exploited salmon popu-
lations, and the management implications of this
mechanism are explored in depth.

Background

Ricker (1954) noted when he introduced the
stock-recruitment concept that the existence of
depensatory mortality processes (defined by Neave
(1953) as processes causing higher percentage
mortality at low prey population densities) might
result in the replacement line crossing the recruit-
ment curve in three places; instead of one equi-
librium, there would be three (Fig. 1). Two of
these equilibria (points A and C) are stable, that
is, the spawning population tends to move toward
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Fig. 1. A recruitment curve showing the effect of

depensatory mortality (after Ricker 1954, fig. 30).
See text for explanation.
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one or the other value. Point B, on the other
hand, is a transient or unstable equilibrium; the
population moves away from this level. Thus, the
spawning population size corresponding with point
B forms the boundary (X,) between two different
domains of attraction. Spawning populations in
any one domain tend to remain there unless
pushed across this boundary. The evidence for
existence of more than one equilibrium or domain
of attraction in real fish populations comes from
two sources: data showing temporal changes in
fish populations and knowledge of the form of
the processes that cause these changes.

First, there are numerous examples of popula-
tions that dropped to very low levels and that
failed to recover to former high levels, even after
the causes of the stock collapses were removed
(see Beeton 1969; LeCren et al. 1972; Holling
1973). Such examples suggest the existence of
upper and lower domains of attraction for these
populations.

Perhaps one of the best illustrations of the
existence of multiple equilibria or domains of
attraction comes from the history of the pink
salmon (Oncorhynchus gorbuscha) on the At-
narko River in British Columbia. The odd-year
population (total catch plus escapement) on this
river dropped from a high of about 2.5 million in
1961 to about 80,000 in 1967 due to a combina-
tion of overexploitation and poor weather con-
ditions (F. E. A. Wood and R. Hilland, Fisheries
and Environment Canada, unpublished data). The
population has remained at this very low level
for five consecutive cycles (Fig. 2), despite the
fact that the exploitation rate has dropped con-
siderably and that environmetnal conditions have
been relatively good. It is notable that the even-
year Atnarko pinks, which spawn in the same
area, have remained high during the past five
cycles, showing that the low odd-year population
is not being held down by major alterations in
spawning habitat conditions. The mechanism that
keeps the odd-year cycle population small is not
known; it could be the interaction between odd-
and even-year cycles through adult predation on
outgoing young or through deterioration of
spawning grounds by masses of dead even-year
eggs. However, the exact mechanism is not im-
portant for the purpose of this paper. What is
significant is the apparent existence of two dis-
tinct domains of behavior, one for small popula-
tion sizes and one for large populations.

Next, Paulik (1973) and Holling (1973) illus-
trate how multilife stage, density-dependent pro-
cesses such as predation can result in recruitment
curves that cross the replacement line at several
points. There is extensive evidence in the salmonid
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Fic. 2. Total population data (catch plus escape-
ment) for the pink salmon (Oncorhynchus gorbuscha)
of the Atnarko River, B.C. and total Area 8 pinks
(which includes Atnarko River). Note that while
Atnarko River data have been separated only since
1961, this stock has constituted most of the total
Area 8 population, which has been counted back to
1951.

literature showing that predation mortality on
young salmon can be as high as 65-85%, with
the highest percentage mortalities occurring at
low prey population densities (Hunter 1959;
Neave 1953; Ricker 1962). As will be illustrated
later, this magnitude of depensatory mortality,
when combined with the other sources of mor-
tality, can be sufficient to create the multiple-
crossover phenomenon discussed by Paulik and
Holling, at least for some exploited systems if
not for unfished situations.

Thus, the theoretical and empirical evidence
implies that some, but not all, fish populations
may have recruitment curves with two or more
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potential equilibria, and therefore more than one
domain of attraction. Clearly, fisheries managers
dealing with such multiple-equilibrium situations
would like to keep populations in the upper
domain by avoiding the boundary shared with the
lower domain. If the boundary were static, this
task might be relatively simple, but this boundary
shifts in response to man’s interventions as well
as environmental changes. Ricker (1954) noted
that as the exploitation rate on a population in-
creases, the slope of the new replacement line
increases accordingly (Fig. 3), and that even if
there is not more than one equilibrium when the
stock is unexploited there could be two or more
when there is harvesting. Note that recruits here
mean recruits before harvest. The critical impli-
cation for management is that the spawning or
boundary population size below which the stock
drops into the lower region of stability increases
from X, to X, when the exploitation rate is
increased to 30%, for example.

This paper investigates the management con-
sequences of changes in exploitation rate and
subsequent shifts in this boundary and in sizes
of stability domains. In addition, some effects of
altering reproduction parameters (through en-
hancement, for example) will be discussed.

The Model

The theoretical species used for this study re-
sembles pink salmon, which has a simple age
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Fic. 3. Same recruitment curve as in Fig. 1. When

the exploitation rate on the recruits (EXPR) is raised
from 0 to 30%, the slope of the replacement line
changes accordingly. The location of the transient
equilibrium changes from B to B’, and the boundary
population size changes from X, to X/ .
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structure and discrete generations. Offspring (fry
or smolt) production is assumed to be described
by a Ricker stock—recruitment curve, an assump-
tion supported by some salmon data (e.g. Skud
1973). Losses to predation on the downstream
migration, in the rearing lake, in the estuary, or
in the ocean are removed from the resulting off-
spring population to give net recruits, or returning
adults. It is assumed that a constant proportion
of the offspring surviving predation will return as
adults. It can be shown that the general con-
clusions of this study would be the same if a
Beverton and Holt model (1957) had been used
instead of the Ricker model, as long as depensa-
tory mortality due to predation had been added
in the same way.
The basic model used was:

(1) R=Sexp[d(l — S/E)]
(2) N=R-—[(B-R*)/(P*+ R)]

where R = number of offspring before predation
losses, S = number of spawners, A = the repro-
duction parameter of the Ricker model, E = the
unfished equilibrium population size, before
effects of predation are added, N = net number
of recruits after predation losses but before har-
vest, B = the maximum number of fish that could
be removed by the total predator population
(maximum ration per predator times number of
predators), P = the number of prey that results
in B/2 prey lost to predation.

Predation can be measured in terms of the
functional response, defined by the number of
prey eaten per predator per unit time as a func-
tion of the number of prey available. Holling
(1965) describes several basic forms for this
relationship and two are relevant to the present
situation. The so-called Type II functional re-
sponse (Curve a in Fig. 4) describes the sitnation
for predators that do not have learning charac-
teristics. The number eaten increases with increas-
ing prey numbers, but begins to asymptote as the
predator begins to reach its capacity for process-
ing prey (due to limited handling time). Thus,
above a certain number of prey, each predator
can only take a maximum number of prey. The
Type III or S-shaped functional response (Curve
b in Fig. 4) is characteristic of predators that
learn. At low prey numbers, the predators may
need some experience before “switching on” to
the prey, but once this has occurred the number
eaten increases more rapidly with increasing prey
than in the Type II response. However, these
predators are subject to the same handling time
limitations and art asymptote is soon reached.

The predation term of equation (2) above pro-
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Fic. 4. Example predator functional responses.
Curve a is a Type II response, Curve b is a Type III
response, and Curve ¢ is a Type II response but with
a nonzero intercept. All three types could in reality
asymptote at the same level; they are drawn here
with different asymptotes merely to illustrate the
differences in forms.

duces the Type III functional response and has
the two biologically relevant parameters indi-
cated, B and P (C. S. Holling, personal com-
munication). There are several ways to justify
using the Type III instead of the Type II func-
tional response. First, the predators of salmon fry
are largely vertebrates (fish) which, according to
Holling (1965), should show S-shaped functional
responses because of their learning, forgetting,
and switching characteristics. Second, an indi-
vidual predator with a Type II (concave) func-
tional response may actually have a zero attack
rate at a nonzero prey density, thereby effectively
creating a refugium for the prey (Curve c in
Fig. 4). This turning-off point (the prey density
below which there are no attacks) is probably not
constant among all predators in a population; if
it is assumed to be normally distributed among
the predators, then the aggregate functional re-
sponse of the total predator population will be
an S-shaped (Type III) curve (C. J. Walters,
University of British Columbia, personal com-
munication). Finally, any tendency for predators
to aggregate (a quick numerical response) will
also result in a Type III functional response
(Hassell and May 1974). Murdoch and Oaten
(1975) show how an S-shaped predation function
gives rise to the type of “depensatory recruitment
curve” illustrated graphically by Ricker (1954,
1962).

However, an S-shaped functional response of
individual or a population of predators is not
necessary to create a recruitment curve with
more than one stable equilibrium; predators
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having a Type II functional response with a non-
zero intercept on the prey axis would suffice
(Curve ¢ in Fig. 4). Below that intercept, net
gains in the prey population would become pos-
sible, compared with net losses at some higher
prey densities.

The present model implicity assumes the preda-
tor population size is relatively constant through
time and independent of the prey population, a
reasonable assumption for pink and chum salmon
(O. keta) prey, since the salmon fry are a food
source for only a short period of time during
downstream migration in any year.

The few studies that exist show that the per-
cent predation mortality on young salmon is
highest at relatively low prey densities (Foerster
1968; Hunter 1959; Neave 1953; *Ricker 1962)
and therefore the “dip” in the net recruitment
curve occurs at these low levels. To illustrate
more clearly the graphical effects of depensatory
mortality, the recruitment curves in Fig. 1, 3,
and 6 have been drawn with the “dip” slightly
exaggerated.

Methods of Analysis

The model used here cannot be solved analytically
for § (nor can the Ricker model), so to determine
the location of the boundary between the two do-
mains of stability for any sustained exploitation rate,
it is necessary to solve for the sustainable harvest
rate corresponding to any given boundary popula-
tion size. For a given S, the net number of recruits
(N) is calculated, giving a slope of N/S for the line
connecting that point on the recruitment curve with
the origin. Ricker (1958a) notes that the relation
between this slope (M) and its corresponding sustain-
able exploitation rate (H) is:

3y H=1—-(1/M)

Therefore, each boundary population size X' can be
associated with a particular sustainable exploitation
rate. Finally, the maximum sustainable yield (MSY)
harvest rate is determined by iteratively searching
along the net recruitment curve for the point where
it is the greatest vertical distance from the replace-
ment line (Ricker 1973b).

Unless otherwise noted, the parameter values for
all examples in this paper are as follows: A = 1.6;
E = 500,000; B = 150,000; P = 90,000. These
parameter values create a lower, stable equilibrium
at about 20,000 spawners, or 4% of the upper equi-
librium, perhaps a conservative estimate compared to
the Atnarko River pink salmon or other situations.
The resulting model was analyzed for deterministic
and stochastic cases.

Results and Discussion
SINGLE STOCK, DETERMINISTIC CASE

Figure 5 shows that the population size cor-
responding to the boundary between the two
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domains of stability increases sharply as high
harvest rates are approached. Because the size of
the lower domain increases as the exploitation
rate increases, the proportion of spawning popula-
tion sizes that will be in the lower domain in-
creases dramatically. However, the most signifi-
cant point for management is that the MSY
exploitation rate comes dangerously close to the
steeply rising portion of the curve (Fig. 5).
Ricker (1973a) states that during the course of
the development of fisheries, populations often are
temporarily overexploited as the managers “zero
in” on MSY (putting the system temporarily
farther out on the ascending limb of the curve
in Fig. 5). In such cases, an incremental change
in natural mortality or in exploitation rate (pos-
sibly caused by increased gear efficiency) can
cause greater alteration in the proportion of fish
population sizes that are in the lower domain
than the same unit change at lower exploitation
rates. Ricker (1963) noted a similar nonlinear
effect dealing with changes in population age
structure.

These discussions assume a fixed exploitation
rate that results in a population remaining for-
ever in the lower stability region once it gets
below the boundary associated with that harvest
rate. However, in order to get the population back
in the upper domain, the location of the boundary
can be changed by altering the exploitation rate.
But the exploitation rate must be dropped quickly
enough to “catch” the population before it goes
below the depensation level for the no-harvest
case (X,). The shape of the curve in Fig. 5
implies that at high harvest rates only a small
reduction in harvest rate may be necessary to
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a stock, spawning populations greater than U will, on
average, produce X, or fewer recruits, putting the
population into the lower domain of stability in the
next generation. When exploitation of recruits is in-
creased above 0.0, the lower and upper bounds of
the ‘““desired” region change to X, and U’, respec-
tively, shrinking the size of that region.

achieve a given reduction in the boundary limit.
Just how quickly harvest rates can be reduced in
actual practice depends upon social and economic
pressures as well as changes in gear efficiency.
However, the significant management conclusion
is that the process of changing sizes of stability
domains is a highly nonlinear one. A discussion
of how the foregoing applies to stocks having
fluctuating survival rates will be held until a later
section of this paper.

This simple case only considers the dynamics
of low populations in the region where depensa-
tory processes are important. However, we also
need to examine the results of having large
spawning populations if there are strong density-
dependent (compensatory) processes operating at
any life stage of the fish. In these cases, there may
be very few recruits resulting from large spawn-
ing populations, causing the population to drop
into the lower domain of stability, even in the
absence of any exploitation (Fig. 6). This “re-
flection” of the lower region of stability on the
right end of the recruitment curve has similar
properties to the lower region; as the exploitation
rate is increased, the boundary of this upper
“reflected” region, U, is reduced to U’ (see Fig.
6). The existence of the effect of this “reflection”
of the lower domain of stability is consistent with,
though it does not necessarily always explain, the
commonly observed large recruitment just prior
to collapse of fish populations such as in Peruvian
anchovetas (Parrish 1973; Anon. 1974).

The region that management desires the popu-
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lation to occupy thus becomes bounded on both
ends by spawner levels that lead the population
to the lower domain of stability within the next
generation. Increasing exploitation rates increase
the lower bound and decrease the upper bound,
thereby shrinking the size of this range of desired
population sizes. Figure 7 shows, for a reproduc-
tion curve with the parameter values given earlier,
how the size of this region changes as a function
of the exploitation rate. When the system is at
MSY exploitation rate, the size of the domain is
<65% of the size of the domain at an exploita-
tion rate of zero. Furthermore, at the maximum
possible sustainable exploitation rate (which is
greater than MSY harvest rate but with low
yield), the region’s size is <45% of the size in
the unexploited case. The spawning populations
at which this phenomenon becomes important
are, for the case illustrated in Fig. 7, much higher
than the unfished equilibrium, but this is not true
for all parameter combinations. Thus, the general
characteristic of shrinking domains is probably
of significance to managers. Again note that the
MSY harvest rate falls very near the point at
which the region’s size collapses rapidly. Con-
clusions from this analysis are the same as before;
fisheries operating near MSY harvest rates have
much higher probabilities of dropping into lower
domains of stability than might be intuitively
expected, especially when uncertainties in ex-
ploitation and reproductive rates are taken into
account (next section).

The conclusion resulting from the reflection of
the depensatory effect onto the right limb of the
recruitment curve does not, of course, apply to
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this stock.
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the case where a saturating model such as the
Beverton—Holt describes the production of off-
spring, because in such a model there is no de-
crease in production at high numbers of spawners.
The catch curves for several single-stock, de-
terministic cases represent the above information
in a different form. Figure 8 shows the relation
between sustainable catch and exploitation rate
for a family of depensatory recruitment curves
with different 4 values. Because the effect of
depensation has been included in the model, these
catch curves break off at a certain exploitation
rate. Above this exploitation rate, the stock be-
comes overexploited and there is either zero
sustainable catch or a very small catch (if the
population persists in the lower domain).

SINGLE SToCK, STOCHASTIC CASE

The deterministic recruitment curve above only
calculates recruits resulting from a given number
of spawners under average environmental condi-
tions. Variation in environmental factors affecting
reproductive output or survival is introduced into
the model using the log-normal, multiplicative
form argued for by Allen (1973) and Walters
(1975),

V = exp (G)

where G is a number drawn randomly from a
normal distribution having a mean of 0.0 and a
sb of 0.6. The distribution of the resulting en-
vironmental factor is similar to that of “Level A
variability” of Ricker (1958b) and Larkin and
Ricker (1964).
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Fic. 8. The sustainable catch of stocks with 4
values ranging from 1.0 to 2.0 at intervals of 0.2 as
a function of exploitation rate.
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Equation (2) thus becomes
(4) N=V-{R—[(B'R®)/(P*+ R»)]}

This survival factor shifts the net recruitment
curve up or down, which causes a change in the
location of the boundary between the upper and
lower domains of attraction (Fig. 9). As V in-
creases (environment becomes more suitable), the
boundary population size decreases and the lower
domain shrinks (Inset, Fig. 9). If the distribution
of environmental factors is known, the statistical
distribution of boundaries can be determined for
any given exploitation rate and confidence bands
can be calculated for the curves which describe
where we expect to find the boundary (Fig. 10).
Note that the boundary between the two domains
never gets below 20,000 because the upper and
lower domains merge into one domain when the
environmental factor and exploitation rate get
above certain levels, i.e. only the lower equi-
librium exists,

This information on shifts in boundaries due
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Fic. 9. Changes in the multiplicative environmental
factor that affects recruits, as applied in this model,
shift the whole recruitment curve and also its replace-
ment line crossover points (dotted lines in the inset).
Different values of V ranging from 0.55 to 1.22 were
chosen to demonstrate some of the range of changes
in the curve.
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In the hatched region, there exists only a single
domain of attraction, in this case the lower domain.

to changing environmental conditions can be pre-
sented in another form (Fig. 11), an isopleth
diagram which shows the probability of any given
spawning population causing the next generation
to be in the lower domain, given the exploitation
rate to be imposed on the offspring (this rate
permits calculation of the replacement line’s
slope). This isopleth diagram can be useful to
managers if the temporal sequence of environ-
mental factors affecting offspring survival is un-
known but their historical distributions are known,
because it clearly illustrates the maximum ex-
ploitation rate that should be allowed to keep the
fish population above the boundary with a given
risk (a risk which can vary between different
managers or situations).

The historical development of a hypothetical
fishery can be traced on this isopleth diagram and
population collapses can be interpreted in terms
of domains of stability (Fig. 11). The classical
course of events which has been observed in
developing commercial fisheries (Ricker 1973a;
Schaaf 1975) traces a spiral on this graph, where
initial overshooting of the MSY exploitation rate
is accompanied by high probabilities of the popu-
lation crossing into the lower domain of stability.
These high probabilities are dangerous if the
exploitation rate is not reduced rapidly enough.
For the case shown, the population succeeded in
staying in the upper domain.

The nonlinear effect of environmental changes
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Fic. 11. The contours give the probability that a

spawning population will cross into the lower domain
if a given exploitation rate is applied to its offspring.
Superimposed on these contours is the time course
of a hypothetical developing fishery, similar to the
events observed by Ricker (1973a) and Schaaf
(1975). Note that as the MSY exploitation rate
(vertical dotted line) is temporarily exceeded, the
probabilities of the population being below its lower
bound are relatively high. In hatched area, there
exists only a single domain of attraction, in this case,
the lower domain.

on the location of the boundary between the
upper and lower domains of attraction is related
to the slope of the recruitment curve near the
intersections with the replacement line. The flatter
the curve at these points relative to the replace-
ment line, the greater is the change in the lower
bound for a given change in the environmental
factor (refer back to Fig. 9). Since higher values
of parameter 4 of equation (1) result in steeper
recruitment curves, enhanced salmon stocks,
which may have higher 4 values, will have less
uncertainty in the boundary locations than less
productive stocks.

Because of this phenomenon, it might seem
logical to desire all stock productivities to be
boosted as high as possible within existing man-
agement constraints. However, this may not be
the best option, as will be discussed in the next
section, which deals with muiltiple-stock fisheries.

MULTIPLE STOCKS, DETERMINISTIC CASE

The approaches to the single-stock case are
equally applicable to multiple-stock systems for
investigating effects of different relative stock
productivities on probability of stock collapse
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(meaning a drastic drop to a much lower level,
though not necessarily to extinction). It is as-
sumed in the following analyses that there is no
interaction between stocks and that exploitation
rates are applied equally over all stocks.

Salmon fisheries where more than one stock is
harvested simultaneously create special problems.
If the stocks have very different productivities (A4
values in equation [1]) exploitation rates designed
to optimally harvest the more productive stocks
will increase the likelihood of overexploiting the
less productive stocks (Ricker 1958a). One pos-
sible cause of this commonly recognized problem
could be the dropping of the less productive
stocks into their lower domains of stability. On
the other hand, if stocks fished simultaneously
have similar 4 values, then there is a lower chance
of overharvesting the less productive stock.

What are the characteristics of multiple-stock
salmon fisheries, and how similar should the 4
values ideally be? If depensatory mortality is at
all common and significant in these fish, then we
can use pairs of equations of the present model to
investigate the relationships between similarities
of stock productivities, their different MSY ex-
ploitation rates, and the amount of drop in sus-
tainable catch if and when any stocks become
overexploited. When enhancement is successfully
carried out, the exploitation rates will presumably
begin to increase, but to some unspecified level.
It is this increasing exploitation rate which is the
source of potential overexploitation problems.

Figure 12 shows the relationships between
sustainable catch and exploitation rate for each
of six pairs of stocks having different relative
productivities. All stocks have parameter values
as defined before in the Methods of Analysis
section, except the most productive stock in all
cases has 4 = 2.0 and the less productive stocks
have A4 values ranging from 1.0 to 2.0 at intervals
of 0.2. Several characteristics of these catch
curves are important:

D = difference in exploitation rates causing the
collapse of, first, the less productive stock (OEX 1)
and then, the more productive stock (OEX,).

R, = ratio of productivities of the two stocks
involved in the fishery, where 4, = 2.0 and

Rp — AI/AQ

CC; = cost of the collapse of the less produc-
tive stock of the pair, measured here strictly in
terms of the decrease in sustainable catch below
what it was just before overexploitation occurred.

CC, = same as CC, but for the more produc-
tive stock of the pair.

The curves in Fig. 12 illustrate several points.
First, as is intuitively obvious, the greater the
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Fic. 12. The relation between exploitation rate and
total sustainable catch from both stocks of different
two-stock systems, each having different ratios of 4
values for their constituent stocks. See text for
explanation of symbols.

similarity in productivities, the smaller is the dif-
ference between the exploitation rates that will
cause each respective stock to drop into its lower
domain of stability. On the other hand, if stock
productivities are dissimilar, there might be more
time to take corrective action on increasing ex-
ploitation rates before the most productive stock
also becomes overexploited.

Second, the drop in sustainable catch owing to
the collapse of the less productive stock (CCy)
increases as R, approaches 1.0. When two stocks
have similar productivities, the relatively large
CCy acts as a strong warning signal, perhaps
strong enough to stimulate the imposition of con-
straints on the developing fishery and to prevent
the collapse of the second stock. But large feed-
back signals only occur when D is small. Thus,
there is a trade-off. If the resolution of the
monitoring system is such that practically all
sizes of CC| are perceived as noise, then pairs of
stocks with different R, values will likely have
little difference in the probability of overharvest-
ing both stocks. Conversely, if good monitoring
can detect a relatively small CC, as loss of a
stock, then there will be great differences in
chances of overexploiting both stocks between
systems with different R, values. The importance
of generating and monitoring such feedback in-
formation is discussed by Holling (1969) and
Walters and Hilborn (1976).

Finally the ratio CC;/CC, increases with R,
meaning that the loss of the less productive stock
becomes more significant in terms of decreased
sustainable catch when stocks have more similar
A values. However, even if the probability of
causing overexploitation of the second stock is
low (D large), the cost of such a mistake is
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nevertheless relatively large (i.e. the system may
be more fail-safe, but the cost in the event of
failure is high; Holling and Clark 1975). “Costs”
as construed above imply “amount of disruption
in the fishing industry” as well as lost profits or
catch.

These results have interesting implications for
one widely discussed plan for salmon enhance-
ment in British Columbia, which is to bring many
of the stocks fished simultaneously to about the
same level of productivity, i.e. R, = 1.0 (Ricker
1975). This would certainly simplify manage-
ment of these stocks, because then these stocks
could sustain about the same maximum harvest
rates. However, the situation is not simple. In-
creasing similarity in maximum harvest rates
could increase the probability of causing a col-
lapse of all stocks (by having decreased D),
through a mistake in estimation of MSY or
through variance in survival rates. The cost of
such overexploitation (in terms of loss in catch)
also increases with more similar 4 values. How-
ever, an attempt to retreat to the case of very
dissimilar stock productivities will result in little
feedback information being generated by loss of
less productive stocks. Thus, the “best” mixture
of stock productivities may be intermediate be-
tween the extremes of having all 4 values the
same or having them quite diverse. Such an inter-
mediate strategy would deliberately use the over-
exploitation of the less productive stock and the
resulting drop in catch as a warning signal to
control the developing fishery, and as feedback
information to help determine boundaries of
more productive stocks subject to the same preda-
tion. This approach perhaps seems inefficient be-
cause the less productive stock is made expend-
able to provide information about the total fishery
complex. But this should be better than the
situation where several stock productivities are
identical and thus provide little feedback informa-
tion until all stocks are overexploited more or less
simultaneously. This point is particularly critical
in salmon fisheries where, owing to their unusual
nature, there is no precollapse shift in the age
structure as there is in many long-lived species.
One could even suggest that some salmon en-
hancement funds be set aside specifically for re-
habilitation of these less productive stocks after
they have generated feedback information.

The situation described above brings to mind
the “Titanic Effect” (Watt 1974), which refers to
the fact that the more improbable a disaster is,
the more costly it will be when it inevitably hap-
pens because people will not have taken steps to
minimize its impact. This attitude matches that of
people who claim that enhanced salmon stocks
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having similar reproductive parameter values will
not be overharvested simultaneously (because we
have learned much from our past mistakes), and
who therefore will help guarantee large costs of
such inevitable mistakes. While the probability of
such a catastrophic event occurring may be very
small, it cannot be exactly zero; therefore, given
enough time the event is by definition inevitable.

Application of the Concepts of Catastrophe
Theory

We can view in another way how changes in
catch, population sizes, and stability domains
occur with changing exploitation rates by using
the approach of catastrophe theory, which looks
at rapid qualitative jumps from one set of equi-
libria to another (Thom 1975; Zeeman 1976).
This theory has been only recently applied to
ecological systems (Jones 1977; Jones and Walters
1976), but it has already proven its value in
conceptualizing interactions among variables and
controls in complex systems.

For the present examples of fish systems having
depensatory mortality, we can calculate the equi-
libria of population size and catch that would
result from a given exploitation rate. It is ex-
plicitly recognized that exploitation rates would
never be held constant over several fish genera-
tions; however, the equilibrium calculated for
each harvest rate would be the level toward which
the population would tend to move in that genera-
tion. Figure 13 shows equilibrium population
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Fie. 13. Equilibrium population size for single

stocks with A parameter values ranging from 1 to 2.
For a given exploitation rate, there may be up to
three equilibria, one stable in each of the upper and
lower domains and one unstable (on the underside
of the fold). These equilibria are the points A, B,
and C of Fig. 1 (see text).
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TOTAL COMBINED EQUILIBRIUM POPULATION
SIZE FOR THE TWO-STOCK SYSTEM
(HUNDRED THOUSANDS)

EXPLOITATION RATE

F1c. 14. Equilibria for different two-stock systems
harvested simultaneously (see text). When the less
productive stock of a given pair is overexploited, the
system tends to drop toward the next stable equi-
librium down on the surface below. Similarly, when
the most productive stock is overharvested, the system
drops into the lower domain.

sizes for several single stocks, each with an A4
value between 1.0 and 2.0. The total set of equi-
librium points creates a surface called a manifold.
The undersides of the folds are the unstable equi-
libria, so a population at any given 4 value and
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harvest rate will tend to move toward one of the
stable equilibrium surfaces (see Jones 1977). For
example, a fishery following a course described
by the arrows on Fig. 13 would start at point F,
and move along the manifold to near the MSY
level of exploitation, at which point a slight in-
crease in harvest rate might result in the popula-
tion dropping to the lower domain. The exploita-
tion could be relaxed on the stock and the popu-
lation would slowly increase, but it would still be
trapped in the lower domain. For a stock with
this 4 value, it can be seen that even a zero
harvest rate would not be sufficient for the stock
to get pushed into the upper domain (whereas a
10% harvest rate would be sufficient for a stock
with 4 = 2.0, because below that exploitation
only the upper equilibria exist). Thus, the upper
domain for the low A value stock could only be
reached if environmental noise were great enough
to move the population above the boundary be-
tween the two domains or if fish productivity were
increased sufficiently, say, through enhancement.

Figure 14 shows the manifold of population
size for pairs of stocks in a multistock fishery,
with the same range of A values as shown in
Fig. 12. The equilibria on the surfaces are total
combined population sizes for the two-stock
complex. When stocks have similar A4 values (R,
close to 1.0), there is a greater chance of over-
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Fic. 15. When the drop-off points from the two upper folds in Fig. 14
are projected on to the R,~EXPR plane, they trace these critical lines. As
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salmon stocks.
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earlier. The edges of the manifold representing
overexploitation points can be projected onto the
R,~EXPR plane as shown in Fig. 15. This figure
summarizes the advantages and disadvantages of
having R, values close to 1.0, as discussed earlier.
The similarity in stock productivity which is
deemed best will depend on the relative impor-
tance of these various measures.

Conclusions

Since fish populations exposed to strong depen-
satory mortality processes may have two or more
potential equilibria and associated domains of
attraction, it is not reasonable to assume that
populations can easily recover after being forced
to low levels. However, this is the assumption of
the Ricker stock—recruitment model which is used
in management of many fisheries. Furthermore,
sizes of domains of attraction change with ex-
ploitation rate and further problems are created
by uncertain environmental conditions. The real-
ization that more than one stability domain can
exist should ideally result in more cautious man-
agement at high exploitation rates.

It may be possible to plot data for past stock
collapses and rapid stock increases on an “4
value vs. exploitation rate” plane to determine
where the edges of the manifolds occur. Alterna-
tively, one could try to measure the depensatory
mortality processes such as predation to deduce
an underlying model. In either case, this approach
should help to define ways of boosting a popula-
tion back into its upper domain. For example,
one could determine how much the exploitation
rate would need to be dropped, how many preda-
tors should be removed, how much to increase 4,
or how many fish should be added.

Finally, the general conclusions described here
do not depend on the particular parameter values
chosen for illustration. In fact, any population
that has a significant depensatory mortality agent
may potentially have the characteristics discussed
above, which result from shrinking domains of
stability as exploitation rate increases.
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