Reports

Modeling Long-Term Fluctuations in Fish Stocks

Abstract. Many pelagic fish stocks change rapidly in abundance, with intervening
periods of about 50 years. The physical environment does not display such abrupt
changes but has a variance that increases with time. A simple population model with
multiple equilibrium states exhibited the observed behavior when subjected to this
type of stochastic variability. The periodicity exhibited by the model is of the same
order as the observations. Thus the assumption by fisheries management of a natural

persistence in stocks is questionable.

Some of the most dramatic population
fluctuations occur in pelagic fish stocks
(1, 2), but there are no obvious or simple
general relations to contemporaneous
variations in climate or to physical
changes in the ocean. Fluctuations in
pelagic species such as Pacific sardine or
Atlantic herring have occurred about ev-
ery 50 to 100 years; populations have
ranged from high to low with intervening
periods when the abundances are rela-
tively constant (3). In recent years fish
stocks have been affected by heavy fish-
ing and display more frequent but equal-
ly large fluctuations. The scientific and
management tasks are to separate the
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Fig. 1. Changes in fish populations off the
coast of Plymouth, England, measured on the
basis of weekly plankton samples. (A) Pil-
chard eggs; (B) postlarval teleosts (excluding
clupeids) divided into spring (@) and summer
(O) spawners (5).
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natural from the man-made factors con-
tributing to these large and relatively
sudden changes. Evidence (I, 4, 5) sug-
gests that these alterations affect not
only several fish species but also many
other components of the food webs in
areas such as Georges Bank and the
North Sea. One time series of plankton
hauls illustrate these observations (Fig.
1, A and B). The implication, assumed
here, is that these shifts can be regarded
as jumps between alternative equilibrium
states of ecological systems.

The physical and chemical marine
environment varies considerably at all
time scales, but excluding the regular
daily, lunar, or season cycles the
changes are never as pronounced as are
the regional biological changes. A partic-
ular feature of properties for which we
have relatively long records (such as
temperature and sea level) (6) is that the
variance per unit frequency interval in-
creases as the period increases from
days to decades. This ‘‘red”’ spectrum
(by analogy with red light) is significantly
different from the ‘‘white’’ noise, where
variance is constant with frequency.
Spectra with white noise are used tradi-
tionally for stochastic simulations of
variability (7) and may be appropriate for
terrestrial systems (8), but they are an
inadequate description of marine sys-
tems over a wide range of time scales.
We have combined a simple ecological
model that produces two equilibrium
states with red stochastic input to show
that the observed time sequences in re-
gional fish stocks can be reproduced.

The ecological model combines the
classical logistic growth formula (9) with
an S-shaped predation function (10).
These functional relations have been
used widely for a variety of ecosystems,

such as the spruce budworm and plank-
ton (/7). The general applicability of the
model has been reviewed (12).

For a population P, .

% = aP(1 — Plb) — cPId* + P*) (1)
where a represents intrinsic growth rate,
b is the carrying capacity, ¢ is a con-
sumption rate dependent on predator
population size, and d relates to the
catchability of prey P by the predator.

We have normalized the equation by
taking a = d = 1, so that

%? = P(1 — P/Ib) — cP/(1 + P*) (2)
has only two coefficients (Fig. 2A). Both
b and ¢ can be changed by fishing effort
as well as by natural environmental fluc-
tuations (/3). The stochastic variations
are introduced by expressing ¢ as a trun-
cated Fourier series:

30
¢ =co+ ¢ 2 sin [2m(tfn + 0,))in (3)
n=1
where ¢ is time and f is frequency. The
sequence is generated by randomizing
0,. These fluctuations have a variance
proportional to 2, which is close to
observed and theoretical values (6, 8).
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Fig. 2. (A) Rate of change due to growth (- - -)
and variable predation (——) showing the
different stable (O) and unstable (X) equilib-
ria. Similar relations would be generated by
varying growth, a, and keeping constant pre-
dation, c. (B) The shaded area defines the
region, for varying b and ¢, where triple-
valued solutions of Eq. 2 occur.

985



A . N C

Fig. 3. Computer simulations
with (A) b = 15 and f = 0.02;
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(B) b =15 and f = 0.01; (C)
b = 30 and f = 0.003; and (D)
b =30 and f= 0.002. Runs
were over several cycles to
test for system equilibration.
Note the changes in time scale
between all of the runs.
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This simple model in its deterministic
form (¢, = 0) generates bifurcations (/2)
as b or c is varied, and the triple-valued
region can be expressed as a function of
b and ¢ (Fig. 2B). For given b and c, the
stable equilibrium state depends solely
on the initial value of P. However, when
¢ varies stochastically (c; # 0) over a
range of frequencies, a different perform-
ance is observed. Values of ¢, and c,
were chosen so that ¢ would cross upper
and lower boundaries (Fig. 2B). The
results are not sensitive to the actual
values as long as this condition is ful-
filled.

Numerical simulations were used to
explore the response of the system to
variations in b and f. The first conclusion
is that, unlike the deterministic case, the
response is no longer dependent on ini-
tial conditions and responds only to the
variability. The second result is that, for
any given value of b, the response is
dependent on the lowest frequency f in
the stochastic input (Fig. 3). There ap-
pears to be a narrow range of frequency
where the system makes the transition
from a single equilibrium state to a two-
valued system. A transition frequency,
fo, can be defined as the value of f at
which the system reaches 75 percent of
the full range between the two values.
The value of f,. depends on b, and the
relation has two major features (Fig. 4).
For larger values of b the value of f. is
nearly constant. Taking the intrinsic re-
sponse rate of the systemas a = 1, these
values of f,. are small compared to the
maximum growth rate of the population.
Thus the time between alterations in
equilibrium state can be long in relation
to the population’s own time scales.

As b decreases, possibly because of
environmental changes or increases in
fishing pressure, the period between
these abrupt changes can decrease sig-
nificantly by a factor of about 6 or 7.
Finally, from examination of the cross-
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spectral relations, there is no simple rela-
tion between the variable input, ¢, and
the values of P; this result is in accord
with the lack of such relations in field
observations.

The results of the simulations (Fig. 3)
show that, with low-frequency red noise,
the model switches in a way that is
qualitatively similar to observation (Fig.
1, A and B). To compare the model
results with observations, the arbitrary
time scale used in the model must be put
in absolute units by determining the rate
a, defined as the rate of change of popu-
lations at low relative densities.

This is a familiar problem in determin-
ing the lower end of the stock/recruit-
ment curve. Such data were obtained
during the precipitous decline in North
Sea herring stocks, and an a value of
about 3 or 4 was obtained from the fitted
Ricker curve (/4). A rapidly growing
population, the sand lance (Ammodytes
spp.) in the New England region, ap-
peared to increase by about one order of
magnitude in each of two successive
years (15); this would correspond to an a
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Fig. 4. The relation of 4 to f,, the critical value
of f at which the system jumps between the
two equilibrium states.

value of 2 or 3. A value of a = 3 per year
would give absolute frequencies of 3f,
per year. Thus, for large b in Fig. 3, the
critical period would be approximately
100 years, with alterations between equi-
librium states occurring at 50-year inter-
vals; this is in good agreement with ob-
servations in the historical records. This
simple model deals only with one popu-
lation, P, without age structure, whereas
the observations suggest that other large
ecosystem changes take place concur-
rently and that fish stock changes may be
confined to critical phases in the larval or
juvenile stages of life.

In the context of fisheries manage-
ment, there is usually a tacit assumption
that we are operating within periods
where stocks are persistent, albeit with
large year-to-year fluctuations in recruit-
ment. The data (5) (see Fig. 1) suggest
that the period 1920 to 1960, when much
of fishery theory and practice was devel-
oped, was such an interval. More recent-
ly, large concurrent changes in stocks
cast doubt on this assumption and raise
critical management questions about the
relative significance of environmental
and fishery factors (/5). The simple mod-
el used in this study suggests that the
consequences of these two elements can
be similar, with small or gradual changes
in the environment producing sudden
and dramatic consequences. Further, the
effects of a decrease in b which can be
caused by increased fishing effort (/3)
appear to increase significantly the fre-
quency of these marked changes in abun-
dance. This would imply that the tradi-
tional steady-state assumption for man-
agement is no longer appropriate and
that the rapid succession of dominant
species every few years in New England
waters and in the North Sea (/6) may be
considered as an acceleration of. the
longer period, ecological jumps observed
in the historical record rather than inade-
quate control of naturally persistent pop-
ulations.

JouN H. STEELE
Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts 02543
Eric W. HENDERSON
Marine Laboratory, Victoria Road,
Aberdeen ABY9 8DB, Scotland
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The Vega Particulate Shell: Comets or Asteroids?

Abstract. The Infrared Astronomical Satellite (IRAS) science team has discovered
a shell of particulate material around the star Vega. At the mean distance and
temperature of the shell, the expected condensation products from a protostellar
nebula would be dominated by frozen volatiles, in particular water ice. It is not
possible to discriminate between dirty ice and silicate materials in the Vega shell on
“the basis of the IRAS data. The Vega shell is probably a ring of cometary bodies with
an estimated minimum mass of 15 earth masses, analogous to one that has been
hypothesized for the solar system. A possible hot inner shell around Vega may be an
asteroid-like belt of material a few astronomical units from the star.

The Infrared Astronomical Satellite
(IRAS) science team (/) has reported the
discovery of a shell of particulate materi-
al around the star Vega, a Lyr. The shell
has an apparent diameter of 20", corre-
sponding to a distance from Vega of 85
AU, and its infrared spectrum can be
fitted by a blackbody curve with a tem-
perature of 85 K. The observations have
been interpreted by the IRAS team as
indicating a shell of particulate material
with particle diameters on the order of
0.12 cm or more and with a possible
mass between 1.2 x 1072 and 300 earth
masses. The existence of the Vega shell
has been confirmed by observations at
47 and 95 um with the Kuiper Airborne
Observatory (2). Similar shells of materi-
al have also been found around the star
Fomalhaut, o PsA, and two other stars
3.

In our own solar system a shell with a
temperature of 85 K would correspond
to a location about 10 AU from the sun,
roughly the semimajor axis of Saturn’s
orbit. The small bodies that condensed
from the primordial solar nebula at that
distance are predominantly water ice, for
example, the icy satellites of Saturn.
Kuiper has suggested (4) that comets,
which are primarily water ice, formed
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among the outer planets prior to being
ejected to the sun’s Oort cloud.

It is therefore reasonable to ask
whether the material around Vega is of
cometary or asteroidal origin. If the con-
densation processes in the proto-Vega
nebula were similar to those in the solar
nebula, and there is no reason to expect
that they were not, then the dominant
condensate 85 AU from Vega would be
water ice. Ice and dust grains in the
proto-Vega nebula would settle toward
the nebula midplane, where they would
form an accretion disk and then break up
and contract into cometesimals through
Goldreich-Ward gravitational instabil-
ities (5). The Goldreich-Ward theory pre-
dicts cometesimals (in our solar system)
with typical diameters of 100 to 300 km,
although a more recent study (6) has
shown that accelerated settling of larger
dust and ice grains would lead to bodies
of more modest size, typically 8 km in
diameter, in agreement with estimates
for the dimensions of observed cometary
nuclei (7).

Because of the long orbital period at 85
AU from Vega, 554 years, growth of
significantly larger bodies through colli-
sional accretion of the initial cometesi-
mal population would probably not have

occurred in the 10%-year estimated life-
time of Vega. At the expected tempera-
ture 85 AU from Vega, water ice bodies
would be stable against sublimation over
the lifetime of the Vega system. Water
ice sublimation rates are fairly negligible
at temperatures below about 160 to 170
K (8).

Moreover, it is not possible to dis-
criminate between dirty water ice and
silicate particles on the basis of the IRAS
data. The addition of relatively small
amounts of absorbing material to water
ice particles sharply reduces their albedo
and leads to thermal behavior approach-
ing that of a blackbody as a function of
solar distance (9). For nonsublimating,
fast-rotating particles in orbit about Vega
(and if we ignore thermal conduction
terms), the mean temperature (in kelvin)
is given by

T = 767[(1 — A/ (1)

where A is the particles’ albedo and r is
the distance from Vega (in astronomical
units). For a blackbody at 85 AU, Eq. 1
predicts T = 83.2 K. For a typical S-type
asteroid with A = 0.15, T drops to 79.9
K; for a cometary nucleus covered with
a bright snow with A = 0.4, T'is 73.2 K.
But, if the snow is dirtied with even
small amounts of dark material, A de-
creases sharply and T increases to close
to that for a blackbody. The addition of
only 10 percent (by weight) silicate soil
to water ice can lower A from 0.48 to
0.14 (10); contamination with 10 percent
carbon would lower A to 0.10. Typical
ratios of dust to ice in comets are esti-
mated to be between 0.5 and 2.0 (/7).

In addition, if the particles producing
the infrared emission from the Vega shell
are on the order of several micrometers
in size or smaller, then their effective
temperature can in fact exceed the black-
body temperature for their distance from
Vega. This results from the inefficiency
with which micrometer and submicro-
meter particles radiate energy at thermal
wavelengths.

The IRAS science team (/) set a lower
limit on the diameter of particles in the
Vega shell of 0.06 cm, arguing that parti-
cles up to 9 um in diameter would be
blown away by radiation pressure and
that particles smaller than 0.06 cm would
have spiraled into Vega as a result of the
Poynting-Robertson effect. However,
neither of these arguments need apply if
the particles are being continually sup-
plied by sublimation from and collisions
between larger bodies orbiting in the
shell. Because of the low temperature of
the Vega shell, water-ice sublimation
would be negligible and a more volatile
ice such as methane ice would be re-
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