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Abstract: Survival rates and carrying capacities for larval and juvenile fishes may be strongly affected by


long-term, unpredictable climatic fluctuations. When climate impacts produce strongly autocorrelated


interannual variations in recruitment, harvesting a constant fraction of the stock each year allows the


spawning stock to track such variations. Dynamic programming analysis indicates that this tracking effect is


likely to produce long-term harvests that are very close (within 15%) to the theoretical optimum that could


be achieved if all future climatic variations were known in advance. Fixed harvest rate strategies are likely


to degrade performance more than 10% only when there is little interannual correlation in environmental


effects or when there is a large, abrupt climate change that can be predicted well in advance if it is going to


increase carrying capacity, or detected immediately if it causes a decrease in capacity. This finding implies


that it may be more cost effective to invest in research on how to implement fixed harvest rate strategies


than to invest in research on explaining and predicting climatic effects. Successful implementation may


require a combination of improved stock size assessments, and stringent regulatory measures to substantially


restrict the proportion of fish at risk to fishing each year.


Résumé : Les taux de survie des larves et des juvéniles de poissons et la capacité portante de leurs habitats


peuvent être profondément affectés par des fluctuations climatiques imprévisibles et à long terme. Quand


l’impact du climat produit des variations interannuelles du recrutement qui sont fortement autocorrélées, le


prélèvement d’une fraction constante de la population chaque année permet au stock reproducteur de


s’aligner sur ces variations. L’analyse par programmation dynamique indique que cet effet d’alignement doit


vraisemblablement produire à long terme des prélèvements qui sont très proches (en-deçà de 15%) de


l’optimum théorique qui pourrait être atteint si on connaissait d’avance toutes les variations climatiques


futures. Les stratégies du taux fixe de prélèvement ne réduisent la production de plus de 10% que lorsqu’il y


a peu de corrélation interannuelle dans les effets environnementaux ou que se produit une modification


climatique importante et brutale que l’on peut prévoir longtemps à l’avance si elle doit accroître la capacité


portante, ou que l’on peut détecter immédiatement si elle cause une baisse de la capacité. Cette découverte


permet de penser qu’il serait plus rentable d’investir dans la recherche sur les façons de mettre en oeuvre des


stratégies de taux de prélèvement fixe plutôt que d’investir dans la recherche sur l’explication et la


prédiction des effets climatiques. Pour mettre en oeuvre avec succès de telles stratégies, il peut être


nécessaire de combiner des évaluations plus fiables de la taille des stocks et des mesures de réglementation


stricte de façon à restreindre substantiellement la proportion de poissons susceptibles d’être pêchés chaque


année.


[Traduit par la Rédaction]


Introduction


Long-term changes in marine and freshwater environments are

one of the largest threats to fisheries sustainability. Such

changes affect production (especially recruitment) directly and

cause severe confusion in management systems when assess-
ment scientists cannot distinguish between climatic and


harvesting impacts. Probably every major fisheries decline has

engendered fierce debate about whether environmental factors

or fishing (or both) is the culprit, and this debate can lead to

very damaging delays in corrective responses such as reduced

allowable catches. There is little prospect that fisheries re-
search will provide quick enough answers in such debates

(Walters and Collie 1988), and therefore there is a critical need

to develop management strategies that are robust to causes of

fluctuation (provide near optimal long-term harvest no matter

what the cause), are easily understood by all management

stakeholders, are practical to implement, and avoid unneces-
sarily high variation in catches from year to year. The fixed

exploitation rate strategy, where management aims to take the

same proportion of the stock each year, is one popular possi-
bility for meeting these criteria (Aron 1979; Deriso 1985; Hil-
born 1986; Walters and Ludwig 1987; Hall et al. 1988;

Hanneson 1989; Hilborn and Walters 1992; Pelletier and
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Laurec 1992; Mace 1994); criticisms of it have been mainly

related to concerns about implementation when using inaccu-
rate stock assessment data (Eggers 1993), especially where

there is risk of depensatory effects (consistently high exploita-
tion rates when stock size is low).


This paper compares the performance (total long-term

catch) of fixed harvest rate strategies with the theoretical opti-
mal performance that would be possible if all future environ-
mental changes were known today. The comparison is done by

generating simulated populations with complex, plausible pat-
terns of recruitment variation, but using population dynamics

models that are structurally simple enough to permit direct

calculation (by dynamic programming) of the theoretical opti-
mal performance. The analysis extends previous work by

Parma (1990), who showed that optimal harvesting policies in

nonstationary environments involve anticipatory adjustment

of escapements (build up spawning stock before good condi-
tions develop) to best capitalize on increased production op-
portunities. Results for cyclic environments indicate that such

adjustments may lead to (i) only slight improvement over

fixed harvest rate strategies that passively allow spawning

stock to build up in response to favorable environmental

changes, and (ii) greatly increased interannual catch variation.

Parma speculated that cycles and other strongly autocorrelated

patterns of environmental effects on recruitment would en-
hance the performance of fixed harvest rate strategies relative

to that of the simpler fixed escapement strategy that is optimal

when environmental effects are stationary and uncorrelated,

adding to the variety of reasons that other authors (e.g., Hil-
born and Walters 1992) have offered for preferring fixed har-
vest rate to fixed escapement strategies. Here we show that this

speculation was indeed correct; we demonstrate that fixed har-
vest rate strategies, if implemented accurately, should gener-
ally result in long-term performance that is within 15% or so

of the theoretical optimum, for a wide variety of populations;

much lower performance is expected only in the case of ex-
tremely productive stocks (very high optimal harvest rates)

with recruitments that are strongly influenced by uncorrelated

environmental effects.


The following sections first derive a fairly general model

for representing effects of environmental change on recruit-
ment and population performance, then use this model to com-
pare performances of fixed harvest rate and theoretical optimal

policies. A final section discusses alternative approaches to

implementation of fixed harvest rate strategies.


A model for environmental impacts on

population dynamics


It is likely that future climate changes will affect mainly juve-
nile survival rates, and hence the recruitment process. Discus-
sion of fixed harvest rate policies requires precise definition of

how juvenile mortality rates may be influenced, since some

types of effects have no consequence for the assessment of the

best fixed harvest rate. Some discussions of effects of climate

change on fisheries focus on notions of change in marine car-
rying capacity (e.g., Beamish and Bouillion 1993) while others

emphasize physical changes that could influence either maxi-
mal recruitment rates or reproductive performance in de-
pressed populations (or both, e.g., Mann 1992). We begin with

the basic model suggested by Beverton and Holt (1957) that


represents mortality during the juvenile stage as being linearly

related to juvenile density at any moment:


[1] 
dN


dt

= -MN


where M = M1 + M2N. Here M1 represents density-independent

mortality risk owing to processes such as larval advection

from favorable rearing areas, while M2 represents density-
dependent risk related to juvenile crowding of available habi-
tat (food, space) and possibly attraction of predators at higher

juvenile densities. Obviously some environmental changes

may simply kill more juveniles indiscriminately (increase M1),

while others may influence the basic habitat size over which

juvenile interactions occur (influence M2). The common ob-
servation that total recruitment is unrelated to egg numbers

over a wide range of spawning densities requires that the

density-dependent effect M2 be quite large; when M2 = 0, eq. 1

results in a basic prediction of recruitment proportional to egg

production (N at time 0), not independent of egg production.

Assuming that egg production is proportional to spawning

biomass St (eggs = fSt, where f is fecundity per unit spawning

biomass), then integrating eq. 1 to an age at recruitment tr


results in the familiar Beverton–Holt recruitment model for

recruits Rt in year t:


[2] Rt =

St-t


r

fe-M


1 
t

r


1 + 
M2


M1


(1 - e-M

1

t

r) f St-t


r

=

ASt-t


r

1 + ASt-t 
r

/K


where A = fe-M

1

t

r and K = M1/(M2( eM


1

t

r - 1)). Note here that


changes in M1 influence both A, the slope of the recruitment

curve at low spawning abundances, and K, the asymptotic

recruitment rate at high spawning abundance. Changes in M2


are expected to influence only K. Thus we can model long-
term, stochastic changes in factors that determine habitat size

by treating only K as stochastic, whereas both A and K must

be varied to represent stochastic changes in factors that influ-
ence the M1 values of juveniles (Fig. 1). To avoid unnecessary

complication in optimization calculations, we deal only with

the case tr = 1 (1 year lag to recruitment); see Parma (1990) for

discussion of effects of longer delays on optimal policies.


To simulate long-term environmental effects on recruit-
ment, we represented either M1 (A–K variation) or M2 (K vari-
ation) as an autoregressive random process of the form Mit =

M
__ 

i + dt, where dt = rdt-1 + wt has lag-1 autocorrelation 0 £ r <

1 and independent, normally distributed changes wt with mean

zero and variance s2. This model produces a total variance for

the dt of s2/(1 – r 2). Thus, we could control the magnitude or

violence of A and K changes by varying both r and s2, and the

persistence of these changes by varying r (annual survival rate

also influences persistence of effects on harvestable biomass;

see below). When combined with growth–survival dynamics,

the autoregressive process produces surprisingly realistic pat-
terns of long-term population variation (Fig. 2), with periods

of  apparently cyclic behavior interspersed with periods  of

more erratic population change. For comparison of policy al-
ternatives, it certainly produces perverse enough variation to
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challenge any decision rule for responding to or anticipating

environmental change.


Growth–survival effects of population age structure were

represented by incorporating the recruitment dynamics into a

Deriso (1980) – Schnute (1985) delay-difference model of the

form


[3] Bt+1 = gtSt + Wk Rt+1


St = Bt - Ct


where Bt and Ct are stock biomass and catch in year t, Wk is

body weight at entry to the harvestable population, and gt is

the growth–survival factor (Hilborn and Walters 1992).


[4] gt = s 
æ
ç

è 

a

W
__

t


+ r
ö

÷

ø


Here, s is the annual natural survival rate (s = e–M), a and

r are the Walford plot intercept and slope for weight at age

against weight at the previous age, and W

__ 
t is the mean body


weight of animals in the exploitable population in year t. We

noticed in simulations (Fig. 2) that W

__ 
t and gt are relatively


stable provided the exploitation rate is also stable. Then, for

any fixed exploitation rate u, W

__ 
t is near the value predicted by


the equilibrium mean weight relationship


[5] W
__ 

e =

s(1 - u)a + Wk(1 - s(1 - u))


1 - rs(1 - u)


and gt @ ge = s

æ

ç

è

a

W
__

e 

+ r

ö

÷

ø


Stability of gt permits a dramatic simplification of optimi-
zation calculations for long-term yield; for the assessments

below, we replaced gt in eq. 3 with the equilibrium value ge


evaluated at u equal to the optimal exploitation rate, i.e., that

value of u for which long-term yield is maximal.


The optimal long-term exploitation rate for the model de-
fined by eqs. 2 and 3 can be estimated from the equilibrium

relationship between B and S. The exploitation rate ue that

maximizes the average annual catch, B – S, for the determinis-
tic case of eqs. 2 and 3 is given approximately by


[6] ue = 1 - 
1


ge + Ö``````````AWk(1 - ge)


(This equation is solved iteratively: use a trial value of ue to

calculate ge from eq. 5, use the resulting ge to calculate an

improved ue from eq. 6; repeat until ue stops changing.) Equa-
tion 6 is derived by maximizing the equilibrium catch with

respect to u while treating ge as constant (i.e., ignoring that ge


actually increases with u and in turn affects the catch). As a

result, eq. 6 provides a lower bound to the true optimal exploi-
tation rate. Simulation tests showed that this approximation

gives very close to the maximal long-term yield obtainable

from any fixed exploitation rate (even when stochastic vari-
ation is large), except that it tends to slightly underestimate the

optimal u for very long-lived (ge > 0.9) populations; in such

cases the optimal u can be 10–20% higher than indicated by

eq. 6, though the long-term yield corresponding to ue will be

within a few percent of the maximal long-term yield (the un-
derestimation of u is compensated partly by the increase in the

average biomass). Note  that ue increases with A, but  it is
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Fig. 2. Simulation of long-term population changes using a


delay-difference model and strongly autocorrelated deviations


from long-term average recruitment relationship. Fluctuations


are typical of simulations used to compare fixed harvest rate


and optimal escapement policies in later figures; note the


relatively small changes in average body size W
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t and


growth–survival factor gt.
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Fig. 1. Environmental factors may cause changes in both


density-independent and density-dependent mortality rates of


juvenile fish; changes in density-independent rates are


predicted to affect both reproductive performance at low stock


sizes and the “carrying capacity” maximal recruitment rate,


while changes in density-dependent mortality rates are


predicted to affect only the maximal recruitment rate.
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independent of the recruitment scaling or carrying capacity

parameter K; this is characteristic of optimal equilibrium ex-
ploitation rate calculations for population dynamics models in

general (the best relative harvest rate cannot depend on units

of measurement of population size), and implies that ue may

give performance that is robust to variation in carrying capac-
ity.


Suppose it were somehow possible to predict exactly future

juvenile mortality rates (M1t and M2t) of each year t = 1, ..., T,

for large T (e.g., 100 years), and to exactly assess the stock

biomass Bt available in each of those years. Then the lucky

manager would be able to calculate the catch to take each year

so as to maximize the total catch over all t years, by dynamic

programming value iteration. That is, solve the sequence of

simple, deterministic maximization problems:


[7] Vt(Bt) = MAX (Bt - St + Vt+1(Bt+1(St,Mit+1))),


St £ Bt


t = T – 1, T – 2, ..., 1


where Bt+1(St, Mit+1) is next year’s biomass predicted from eqs.

2 and 3 knowing incoming recruitment mortality. The back-
ward iteration starts with boundary condition VT(BT) = BT. Nu-
merical solution of eq. 7 over a discretized grid of (B, S) values

is easily done using methods described in Walters (1986),

Hilborn and Walters (1992), and Mangel and Clark (1988); for

calculations reported below, we used grids with 100 discrete

levels of both B and S, and interpolated Vt+1 linearly for Bt+1


values between grid points. The solution is a sequence of time-
varying optimal spawning escapements S*t , t = 1 ... T, which

would take full advantage of environmentally driven changes

in recruitment capacity K and productivity A.


Fixed escapement policies (S* not dependent on t) are often

reported to be optimal in harvest policy studies; they are in fact

only best for maximizing long-term catch in cases where ge is

constant and Mit values are unknown but come from the same

known, independent probability distribution each year (r = 0

above). In the results presented below, the S*t values differ

from the absolute theoretical optimal values (given perfect

future knowledge) for the model described by eqs. 2 and 3 only

through trivial effects associated with numerical discretiza-
tion, and with using gt = ge in the dynamic programming cal-
culation. For environments with strong, autocorrelated

recruitment fluctuations as concern us, the calculated S*t val-
ues performed so much better than any fixed escapement alter-
native that we do not present any results for fixed escapement

tests. However, note that simple fixed escapement policies can

outperform fixed exploitation policies even in autocorrelated

environmental situations, especially if there is risk of depensa-
tory effects and associated low stock size equilibrium (Collie

and Spencer 1993).


A “myopic” optimal escapement policy can be constructed

by assuming that Bt and the most recent recruitment anomaly

dt are known exactly, but that future anomalies are unknown

and only the probability distribution for anomaly changes is

known (r, and the probability distribution of wt for all future

t). In this case, dynamic programming formulation (replace

Vt+1 in eq. 7 with the expectation of V over the probability

distribution of wt) indicates that the optimal policy will be a

feedback function of (Bt, dt). This feedback function can be

expressed as an optimal escapement S¢(dt) that varies with dt


(the optimal catch for year t is the surplus Bt – S¢). Parma

(1990) showed for models with fixed ge that a tight lower

bound for S¢(dt) is given by the escapement level at which


E 
é
ê

ë 

dR t+1 

dSt


ù

ú

û


= 1 - ge


where the expectation is taken over possible recruitment

anomalies in year t + 1 (here represented by dt+1). When it is

unlikely for Bt+1 to be less than future possible myopic optima

S¢(dt+1), then S¢(dt) approaches the lower bound defined by the

condition above. We tried some numerical solutions of this

formulation for various A, ge combinations, and found that S¢

values are very close to the S value that maximizes the equi-
librium value of B – S (average equilibrium catch), if B is

calculated from eqs. 2 and 3 while holding dt+1 fixed at its

expected value rdt. That is, the myopic optimal policy is

closely approximated by the results of deterministic optimiza-
tion under the assumption that all future recruitment anomalies

will equal the expected anomaly (if wt = 0) for next year. This

approximation is obtained by applying the condition above

while setting dt+1 = rdt; it thus results in escapements that

increase linearly with anticipated carrying capacity at time t +

1, but may increase or decrease with changes in productivity

At depending on the actual parameter values (see Mousalli and

Hilborn 1986). Below we compare the expected harvest per-
formance under the equilibrium approximation for myopic S¢

with both the theoretical best performance given by S* and the

performance using ue.


Policy comparisons


Figure 3 illustrates how different the policy prescriptions can

be from S* (future known with certainty), S¢ (current environ-
mental state known each year), and ue (no knowledge of envi-
ronmental change, just take same fraction of stock each year).

For this example, we set Wk = 1 and held A in eq. 2 constant at

a relatively low value implying ue = 0.1; we set ge = 0.8 (long-
lived species), and varied K as shown (Fig. 3a) to produce a

single period of years of very high recruitment carrying capac-
ity. The numerical dynamic programming solution for S*

shows anticipatory behavior like that which Parma (1990)

showed for cyclic recruitment situations; it is best to begin

building up the spawning stock well in advance of a known

increase in recruitment carrying capacity, so as to capitalize on

the high potential production when it does arrive. In contrast,

the myopic policy S¢ sees this opportunity only after it arrives,

and shuts down the fishery just at the time when the optimal

policy would begin to realize returns from the investment of

increasing S before the environmental change. The fixed ex-
ploitation policy results in some benefit from the high K period

(stock builds up during the period), but most of this benefit is

lost when high harvests are not taken when the stock begins to

collapse naturally (K falls back to low level). In this extreme

case, the long-term (100 year) harvest for the perfect informa-
tion policy is about 5% higher than that achieved by the my-
opic policy, and 15% higher than that produced by the fixed

exploitation policy. The practical policies look much worse if

evaluated over a shorter time period immediately surrounding

the period of high carrying capacity.


Fixed exploitation and myopic policies are better at

tracking the theoretical optimal escapement in simulated
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situations where autocorrelated environmental effects produce

less abrupt changes in the recruitment carrying capacity

(Fig. 4). In such cases, the practical policies most often

achieve at least 90% of the long-term perfect information har-
vest, with the myopic escapement policy generally performing

better as it adjusts St much more quickly than would occur with

a fixed exploitation rate. It is a bit surprising that the fixed

exploitation rate policy does so well in spite of damping es-
capement variation and causing large response lags (like

Fig. 4) in most simulation cases for long-lived (large ge) spe-
cies. Lags in policy response could be longer and potentially

more harmful for longer lags to recruitment (tr >> 1) if envi-
ronmental conditions changed with a periodicity of about

twice the mean age of reproduction. In such cases, trends in

reproductive biomass would lag, and be out of phase with, the

environmental trends affecting juvenile survival, and periods


of high productivity would not be capitalized. The autoregres-
sive processes used in our simulations generate trends in re-
cruitment anomalies that tend to persist longer than common

delays in the population dynamics, and so they can be more

closely tracked by the stock.


Policy performance should depend on the source of sto-
chastic variation in recruitment: density-independent (M1) or

density-dependent (M2) parameters. In principle, variation in

M1 causes variation in ue (through effects on A in eq. 6).

However, a harvest rate equal to ue(M1) would be the optimal

fixed harvest rate only if M1 remained constant in the future.
But as M1 continues to change, using the long-term mean M

__

1


for calculating A and ue generally works very well. Optimal

escapement policies, on the other hand, are much more sensi-
tive to changes in M2 (K variation) than they are to changes in

M1 (A–K variation). Thus, environmental effects on the re-
cruitment carrying capacity K appear to dominate simulated

policy performance. The results below apply to the case where

only K varies; variation in A as well does not change the basic

conclusions.


Natural stochastic changes are unlikely to be as abrupt and

persistent as in the case in Fig. 3, but they could vary
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Fig. 3. Comparison of spawning biomasses and catches over


time under three harvesting strategies for a population that


shows a single period of enhanced maximal recruitment rate


(a); units are arbitrary. The theoretical optimum was calculated


by dynamic programming assuming full knowledge each year


of all future recruitment deviations; the myopic optimum was


calculated by assuming that next year’s deviation will be the


same as this year’s; the fixed exploitation strategy takes the


long-term average best fraction of the stock each year. Note


how the optimal policy shuts down fishing well in advance of


an increase in carrying capacity, “anticipating” opportunity for


producing more from larger spawning stocks after the increase;


such anticipatory behavior is not found in optimal policies for


very productive stocks that can build up quickly as the


environmental change occurs.
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Fig. 4. Comparison of spawning biomasses and catches over


time under three harvesting strategies, for a simulated “cod”


population (long-lived, optimal harvest rate 0.1) with strongly


autocorrelated environmental effects on maximal recruitment


rate (a); units are arbitrary. As in Fig. 3, the theoretical


optimum was calculated by dynamic programming assuming


full knowledge each year of all future recruitment deviations;


the myopic optimum was calculated by assuming that next


year’s deviation will be the same as this year’s; the fixed


exploitation strategy takes the long-term average best fraction


of the stock each year.
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substantially in the frequency of occurrence of changes for

which anticipatory variation in S* (i.e., foresight about them)

would really be worthwhile (i.e., a few simulation cases like

Fig. 4 could be quite misleading). Therefore, we generated a

large number of 100-year stochastic Mit sequences, computed

the S* and optimal catch sequence for each along with the S¢

and ue catch sequences, and examined the resulting frequency

distributions (over sequences) of S¢ and ue relative perform-
ance. This tedious computational exercise allowed us to deter-
mine if autocorrelated environmental changes are at all likely

to produce a recruitment anomaly sequence for which a fixed

exploitation policy would perform very badly. Nature could of

course be more perverse than any autocorrelation model, but

variation much worse than shown in Figs. 2 and 4 (typical

sequences from the simulation trials) seems unlikely to occur

in most fisheries that are at all sustainable.


We generated 1000 M2t sequences of 100 years for different

types of populations (“salmon,” “herring,” and “cod”) and

autocorrelation levels r (0, 0.3, and 0.8). Figure 5 summarizes

9000 such simulations when the variance of wt was 0.05 (giv-
ing 2- to 3-fold variation in carrying capacity). The salmon

example represents a productive, semelparous species with

ge = 0 and AWk = 4 so ue = 0.5. The herring example is a

relatively short-lived species of intermediate productivity,

with ge = 0.6 and AWk = 1.35 so ue = 0.25. The cod example

is long-lived and unproductive, with ge = 0.9 and AWk = 0.45

so ue = 0.1. Biomass was initially set to the deterministic equi-
librium for ue and average environmental conditions. The most

important determinant of relative performance for the practical

policies was persistence of population response, as influenced

by both ge and r. The lowest relative performance was for the

salmon case lacking population carry-over and environmental

autocorrelation, but the practical policies do well even for this

case when r is high. Performance was generally good (85% or

better) for  the  long-lived  cod case even  when r = 0. The

salmon case showed somewhat lower relative performance for

fixed exploitation rates in the r = 0 situation than has been

reported in previous comparisons of fixed exploitation versus

fixed escapement  policies  (review in  Hilborn and Walters

1992); this is because the comparison was not to a fixed es-
capement policy but rather to an optimal policy where full

advantage was taken each salmon generation of a capability to

predict stochastic survival for the next generation. The stand-
ard fixed escapement policy used in previous published com-
parisons corresponds here to the myopic policy, which

resulted in yields about 15% higher on average than those

attained by the fixed exploitation policy.


In nature r likely lies between 0.3 and 0.8, and for such

situations a fixed exploitation rate policy is almost certain to

provide at least 85% of the yield that can be obtained by any

practical (not requiring environmental prediction) policy alter-
native (Fig. 5). Put another way, investment in developing

means to predict environmental change (so as to allow S*

policies) would appear to be justified only for highly produc-
tive, short-lived species in environments that do not exhibit

persistent change. But even in such extremes, we question the

wisdom of implementing an S* policy even if it were feasible;

as shown in Fig. 3, such policies may maximize total harvest,

but also come close to maximizing year-to-year variation in

harvest and hence disruption of fishing industries (see Parma

1990 for a comparison between catch-maximizing policies for


cyclic environments and policies that reduce variation in

catches). The results above appear to hold for other types of

stock-recruitment models, as long as long-term average envi-
ronmental effects on density-independent sources of mortality

are stable (mean of M1t constant in our case); indeed, our

results are consistent with those in Parma (1990), where a

dome-shaped stock-recruitment function was assumed and en-
vironmental effects were modeled as cyclic trends in the

density-independent mortality rate of juveniles.


The results in Fig. 5 can be misleading for fisheries where

the only practical way to implement a harvest strategy is to set

(and live with) each annual allowed catch (TAC) by using a

preseason biomass estimate, at either TAC = B^ - St or TAC =

ueB


^


t , if the biomass estimate has high random error. Walters

(1989) showed substantial degradation in the performance of

optimal escapement policies with decreasing accuracy of pre-
season forecasts, even though these optimal policies were ac-
tually derived by acknowledging the uncertainty in the

biomass estimates. Stock assessment methods like production

model fitting or VPA tuning to relative abundance time series

typically result in B


^


t with substantial error that is approxi-
mately log-normally distributed and, for long-lived species,

strongly autocorrelated (e.g., Anonymous 1991; Parma 1993).

That is,


[8] B

^


t = Bte
b


t


bt = kbt-1 + vt


where vt represents independent annual errors resulting from

both observation and biological process uncertainty. The auto-
correlation factor k can be as high as ge, which can be shown

using a Kalman filter to describe or approximate the estima-
tion procedure (see Pella 1993 and Schnute 1994 for descrip-
tion of the Kalman filter model). Note how ge acting as an

autocorrelation factor tends to produce larger swings in the

biomass estimates over time than would be predicted from

annual variation in relative abundance or tuning survey data,

with runs of years when the estimates are too high or low. But

whether or not the assessment errors are autocorrelated, simu-
lated management performance degrades rapidly with in-
creases in the standard  deviation of bt (approximately the

coefficient of variation of the error of the biomass estimates)

as shown in Fig. 6. To obtain each plotted point in Fig. 6, we

took subsets of 10 of the environmental pattern scenarios used

for Fig. 5, and ran ten 100-year simulations for each scenario

with catch set each year to TAC calculated from randomly

varying B


^


t and autocorrelated error with k = ge. Initial biomass

in each case was set to the equilibrium level corresponding to

ue and average environmental conditions. Results for ge = 0

(salmon case) confirm the finding of Eggers (1993) that the

catch performance of fixed exploitation policies degrades

more rapidly with increasing assessment error (coefficient of

variation of B


^


t ) than does the performance of spawning stock

S*, S¢ strategies. This effect is not as marked for intermediate

life history parameters (herring case), where the fixed exploi-
tation policy performs similarly to the myopic one, except for

very high estimation errors (CV ³ 0.75). The average yield

obtained under the three policies at CV values above 0.75

drops to less than 40–50% of that obtained when CV = 0.

Interestingly, ue policies continue to perform relatively well

for long-lived, unproductive stocks (where ue is very low in
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the first place) even when the simulated biomass assessments

are very highly autocorrelated and noisy (commonly swinging

over many years to as low as 20% of actual B, or as high as

300% of B, in the CV = 1.0 cod case of Fig. 6). Escapement

strategies (S* and S¢), on the other hand, perform much worse

than ue policies, which suggests that adjusting escapement

targets to changing environmental conditions may even be

counterproductive when assessment errors are large and highly

autocorrelated. Overall, these results suggest that careful


attention must be paid to the question of how to implement

harvest strategies, and this we discuss in the next section.


Implementation of exploitation rate

policies


Two fundamental requirements for practical implementation

of an optimal exploitation rate policy are that (i) the average

slope of the recruitment relationship at low stock sizes (A of


P
e
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a

n
c
e

Trial


0 

0.1 

0.2 

60 70 80 90 100 

0


0.1


0.2


0.3


0.4


50 60 70 80 90 100


“Salmon,” r =0.0 “Salmon,” r =0.3 “Salmon,” r =0.8


0 

0.1 

0.2 

50 60 70 80 90 100 

Myopic


escapement


Fixed


exploitation


0 

0.1 

0.2 

50 60 70 80 90 100 

“Cod,” r =0.0 “Cod,” r =0.3 “Cod,” r =0.8


0 

0.05 

0.1 

0.15 

50 60 70 80 90 100 

0


0.05


0.1


0.15


0.2


0.25


50 60 70 80 90 100


0 

0.05


0.1


0.15 

50 60 70 80 90 100 

“Herring,” r =0.3 “Herring,” r =0.8
“Herring,” r =0.0 

0 

0.1 

0.2 

50 60 70 80 90 100 

0


0.1


0.2


0.3


0.4


50 60 70 80 90 100


Fig. 5. Distributions of performance for fixed exploitation and myopic escapement strategies,


measured relative to theoretical optimum if all future environmental changes were known; each


distribution represents 1000 100-year simulation trials where each trial would look qualitatively


like the results in Fig. 4. Alternative life-history types are described in the text (“salmon” is


semelparous, productive; “herrring” is iteroparous but short lived; “cod” is long lived and


unproductive).
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eq. 2) must be known, along with the growth–survival parame-
ters that determine ge, and (ii) a regulatory apparatus must

monitor and limit the annual exploitation rate. The implemen-
tation of myopic escapement policies (S¢) further requires

knowledge of the recruitment carrying capacity parameter K

each year (or Mit), and an accurate estimate of the current stock

biomass Bt (or a means to estimate Bt or St adaptively within

the fishing season). Thus the implementation requirements for


escapement policies are in principle substantially greater than

for exploitation rate policies. Although implementation of

fixed exploitation policies also would seem to require accurate

estimates of both catch and Bt (e.g., Eggers 1993), this infor-
mation is needed only in cases where either (i) a preseason

allowable catch (TAC) is based on a biomass estimate

(TAC = uB


^

as in the simulation results of Fig. 6), and catch is


limited by tactics such as individual vessel quotas or closure
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Fig. 6. Effect of stochastic errors in annual biomass estimation on performance of escapement


and fixed harvest rate strategies. Results show how performance for simulations as in Figs. 4 and


5 degrades with increase in coefficient of variation in annual biomass estimates. Biomass


estimation procedures were assumed to result in autocorrelated estimation errors with the same


persistence time as the effects of biological recruitment variations (as measured by the


growth–survival factor g). Degradation in performance for fixed exploitation strategies was


calculated by assuming worst-case implementation where annual catch (TAC) is set as


exploitation rate times biomass estimate (no direct regulation of probability of capture). The


severity of this degradation is related mostly to the target exploitation rate (50% for “salmon,”


45% for “herring,” 10% for “cod”); large, persistent estimation errors were actually most severe


in the “cod” simulation cases where degradation is least severe.
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when TAC is reached, or (ii) exploitation is permitted in sev-
eral adaptive steps within each year, but over fishing areas or

seasons of such size and duration as to make the exploitation

rate sensitive to fishing effort characteristics (catchability,

fleet size) during the fishery openings. A particular concern in

such cases is the depensatory effect of overestimating stock

size when it is low (u consistently too high when Bt is low: see

for examples Eggers 1993 and Parma 1993). The next section

addresses two key questions: (i) Can we assess A or ue without

destructive overfishing along the way? (ii) Are there harvest

regulation tactics that can prevent the potential depensatory

effects of overestimating TAC or underestimating fishing ef-
ficiency at times when Bt is low, and in particular are there

tactics that do not depend at all on knowledge of total stock

size?


In principle, certainty about the recruitment curve slope A

at low spawning stock sizes is only possible by observing a

substantial number of recruitments under such spawning stock

conditions. To suggest that we can predict A from an under-
standing of its biological components, f and M1, is plainly

naive. But the conditions when A becomes “visible” (recruit-
ment proportional to stock, hence failing as stock declines) are

the defining circumstances for recruitment overfishing. Op-
portunities now abound to gather such observations around the

world, as fisheries collapse with monotonous regularity. Short

of such hard experience, comparative approaches seek to pre-
dict A for a given stock from information about similar stocks

elsewhere. Some useful patterns emerge from two such ap-
proaches: (i) study of historical stock-recruit data for at least

identifying spawning stock size below which recruitment be-
gins to fall rapidly (Sissenwine and Sheperd 1987; Mace 1994;

Myers et al. 1994), and (ii) study of simpler stock trend data

(Patterson 1992) to provide direct empirical evidence about

the sustainable ue. Patterson’s (1992) finding that pelagic

stocks have generally been able to sustain exploitation rates of

approximately only 0.5 to 1 times the natural mortality rate, as

predicted from some modeling studies (reviewed in Patterson

1992), appears to work for demersal species as well. A worri-
some point about the Patterson (1992) finding is that the popu-
lar F0.1 harvest rate, which usually  implies F » M and  is

generally considered to be quite conservative (Deriso 1987),

may in fact be too high for the majority of natural populations.

Because underestimation of the optimal exploitation rate for

long-lived species is not particularly costly (see discussion

above on derivation of ue: using a value of u that is too low

results in a compensating increase in stock biomass), we con-
sider the prudent approach to assume ue £ 0.5 M and to place

the burden of proof on whoever advocates a higher rate to

demonstrate that it is sustainable (by substantial direct analysis

of historical stock-recruit data). Therefore, our answer to the

first question above is yes; we can assess ue without destruc-
tive overfishing, provided fisheries managers are willing to

operate with a standard of prudence that recognizes the modest

cost of underestimating the optimum to be much less than the

major costs and social upheaval often attendant upon overes-
timating it.


Modern fishing technology makes impractical the use of

effort regulation alone to achieve stable exploitation rates, via

some simple relation like F = qE with catchability q constant

(Cooke and Beddington 1985). Generally q will increase

dramatically with decreases in stock size and with further


technology development over time. Hyperdepletion situations

(Hilborn and Walters 1992), where q actually decreases with

stock size, appear to be rare and to be associated mainly with

recreational fisheries and with some sedentary species where

aggregations are slow to reform once cropped. However, these

problems with q do not imply that space–time restriction of

fishing effort will fail in general; they apply only to situations

where a large proportion of the stock is exposed to fishing at

once. In some Pacific salmon fisheries, like seine fisheries for

Fraser River sockeye (Oncorhynchus nerka) during their ex-
tended spawning migration through restricted coastal straits,

exploitation rates have been quite successfully restricted by

allowing only very short fishery openings in small areas. In

these situations, virtually every fish present in or entering the

open areas is likely taken during each opening (so further

technology improvement will just mean taking them sooner

within each opening); such fisheries literally chop holes in the

spatial distribution of the stocks as they migrate past fishing

areas, and u is simply the proportion of fish exposed to fishing,

i.e., the proportion of fish that do not pass through the fishing

areas during closures. Placing massive amounts of effort in

competition within very small fishing areas over short times

may be uneconomical, but it guarantees that u remains below

some target ue established through long-term population

analysis. Similar spatial closure strategies could be developed

for nonmigratory species as well, for example, by having small

open areas that are rotated over the stock distribution from

year to year (e.g., Botsford et al. 1993; Pfister and Bradbury

1996). The potential of year-around closed areas as a manage-
ment tool is now recognized and issues related to the design

and evaluation of harvest refugia are now beginning to be

discussed (e.g., Polacheck 1990; Roberts and Polunin 1991;

Dugan and Davis 1993; Rowley 1994). Therefore, the answer

to our second question above is again yes, provided area–time

restrictions that create uneconomical competition (and may be

very expensive to enforce) are considered an acceptable cost

of insuring that exploitation rates are never too high, and that

we are willing to gather the detailed spatial distribution and

movement data needed to set areas and times correctly.


Area–time effort restrictions are not the only way to di-
rectly regulate exploitation rates without accurate estimates of

catch and stock size. Conduct of a careful annual preseason

tagging program, with monitoring of the tag recovery rate,

may provide a direct measure of exploitation rate as fishing

progresses. However, this approach would not work if sub-
stantial tag loss, mortality, or underreporting of tags occurs, as

these problems can lead to dangerous underestimates of the

exploitation rate (fewer fish recovered than should be on the

basis of the actual probability of harvest). Another option is to

accompany fishing activities by large-scale abundance index-
ing (e.g., acoustics, survey fishing) tied directly to the spatial

distribution of fishing so as to quickly measure relative deple-
tion rates (exploitation rates) within the fishing areas. Still

another (and perhaps last) resort is to revive the very old tactic

of restricting fishing gears (e.g., hook and mesh sizes) so that

only a safe proportion of the population size distribution is

landed or retained. None of these ideas is new at all; they have

not received much attention in recent years, perhaps because

we have placed considerable faith in our ability to improve

stock size and catch assessments enough to make many regu-
latory tactics unnecessary.
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With strong public demand for more cautious approaches

to sustainable fishery management, fisheries management

agencies (and fishing industry cooperators) will very likely be

forced in the future to combine increased investment in im-
proved assessments of absolute stock size with fail-safe regu-
latory measures including large, closed areas, short seasons,

and selective harvest of larger fish. Such combined approaches

will create long-term incentives for collaboration between the

scientific and industrial communities in gathering better data

for assessment, because it should be possible to progressively

relax the fail-safe measures that create uneconomical fishing

situations if more reliable assessments do become available. It

is not yet clear just how far this trade-off can be taken, espe-
cially considering that much of the recent fisheries stock as-
sessment literature has focused on showing how large our

assessment errors are rather than showing how these errors can

be substantially reduced.
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