nies (Fig. 1A). Tumor colonies from the
bone marrow of a patient with neuroblas-
toma grew as a sphere of large (> 25
wum), round, tightly packed cells (Fig.
1D). These colonies grew rapidly and
continued to grow for 5 weeks. Ovarian
adenocarcinoma cells retained their epi-
thelial morphology (Fig. 1C), and the
plating efficiency of these was high
enough to indicate linear increase in col-
onies with increasing numbers of cells
plated above 10 cells. The characteristic
morphology and individual growth kinet-
ics of each colony type have enabled us
to distinguish between stem cell colonies
of different tumor types and between tu-
mor stem cell colonies and the occasion-
al colonies of normal granulocyte-mac-
rophage precursors. To date, we have
studied the behavior of tumor stem cells
from metastatic sites only. Clearly, stud-
ies of stem cells from the site of origin of
the tumor and comparison to metastatic
clones will be important and perhaps will
elucidate the metastatic process.

We believe that application of such
simple in vitro culture techniques for
studies of human tumor stem cells from
primary explants will prove of clinical
importance. First, the technique permits
characterization of many of the biophysi-
cal properties of tumor stem cells, such
as sedimentation velocity, fraction in the
S phase as determined by cell death as a
result of treatment with tritiated thymi-
dine, and surface antigenic features. Sec-
ond, formation of in vitro colonies may
prove a more sensitive indicator of oc-
cult metastatic disease than standard
pathological studies. Third, such an as-
say could potentially be applied to devel-
op individualized predictive trials of anti-
cancer drugs in a manner analogous to
techniques used for selection of antibac-
terial agents. Finally, full realization of
the clinical application of bioassay of hu-
man tumor stem cell colonies with regard
to their sensitivity to drugs, hormones,
immunological agents, heat, and radia-
tion could lead to major advances in clin-
ical oncology.

ANNE W. HAMBURGER*
SYDNEY E. SALMON
Section of Hematology and Oncology,
Department of Internal Medicine and
Cancer Center, College of Medicine,
University of Arizona, Tucson 85724
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in a Randomly Fluctuating Environment

Abstract. As harvesting effort and yield are increased, animal populations that are
being harvested for sustained yield will take longer to recover from environmentally
imposed disturbances. One consequence is that the coefficient of variation (the rela-
tive variance) of the yield increases as the point of maximum sustained yield (MSY) is
approached. When overexploitation has resulted in a population smaller than that

Sfor MSY, high effort produces a low average yield with high variance. These observa-

tions accord with observed trends in several fish and whaling industries. We expect
these effects to be more pronounced for a harvesting strategy based on constant
quotas than for one based on constant effort. Although developed in a MSY context,
the conclusions also apply if the aim is to maximize the present value of (discounted)

net economic revenue.

The conventional theory of harvested
populations (/-5) is based on equations
in which the various environmental and
biological parameters are treated as con-
stants. But environmental randomness
can have important effects on the dy-
namics of animal populations 6, 7).

Most animals that are harvested have
a net population growth rate that is den-
sity dependent. In the unharvested state,
the population is maintained around an
equilibrium value, K, at which gains
from recruitment balance losses from
natural mortality. Harvesting constitutes
an additional source of mortality; if the
harvesting rate is steady and not too
high, the population will settle to a new
equilibrium value, N* < K, at which the
increased intrinsic growth rate balances
the losses resulting from harvesting. To
maximize this sustained yield, one seeks
to determine the intrinsic population
growth curve and to harvest at the rate
that keeps the population at the maxi-
mum of the curve.

As a deliberately oversimplified ex-
ample (I, 3, 4), consider a population

N(t) for which the intrinsic net growth
rate is logistic, and where the rate of har-
vesting (the yield per unit time) is EN;
here E represents the harvesting effort,
and it is assumed that the catch per unit
effort is linearly proportional to N. The
net growth rate is then

dN/dt = rN(1 — N/K) — EN (1)

This is illustrated in Fig. 1, in which the
intrinsic growth rate rises and falls
parabolically as N increases from 0 to
the carrying capacity (K), while the har-
vesting losses increase linearly. For a
strategy that keeps effort constant, the
equilibrium population is

N*(E) = K(1 — E/r) )
and the sustained yield (Y) as a function
of E is

Y(E) = EK(1 — E/r) 3)
The maximum sustained yield (MSY) is
attained for E = r/2, at which point
Yusy = rK/4 and N* = K/2. The logis-

tic growth curve in Eq. 1 is only one of
many broadly similar forms that have
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been proposed in the fisheries literature
8). More detailed discussions incorpo-
rate the full age structure of the popu-
lation (2, 3, 9).

We now turn to the dynamics and ask
what happens if the population is dis-
turbed from the equilibrium value N*(E)
of Eq. 2. A qualitative answer (/—4)
follows from the observation that
dN/dt > 0 if N < N* and dN/dt < 0 if
N > N*, so that the population tends to
return to N* (Fig. 1). A more quan-
titative answer may be given in terms of
the characteristic return time, Ty (/0),
which describes the typical time it takes
the system to recover from a small dis-
turbance. For the logistic equation with-
out harvesting, Ty = 1/r. For the popu-
lation of Eq. 1, harvested at constant E,
Tw(E) is given by

To(E)/Te(0) = (1 = E/r)"t (4

As E increases, the population becomes
more sluggish, taking longer to recover
from disturbances. At the MSY point, Ty
is twice that for the natural population,
and Ty continues to increase as E in-
creases beyond the MSY point. When
Eq. 3 is used to express the yield Y as a
function of E, Ty may alternatively be
expressed as a function of Y, for a har-

————

dN /dt
o
Yield, Y
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vesting strategy of constant E (/1) (Fig.
2).

If the environment is randomly vary-
ing, the population is subject to a contin-
uous spectrum of disturbances. The rela-
tive severity of the consequent popu-
lation fluctuations depends on the re-
lation between Ty and a diffusion time
Ty, (which is inversely proportional to the
variance of the environmental fluctua-
tions); the larger Ty, the more severe the
population fluctuations (7). To see this
explicitly, replace Eq. 1 by the stochas-
tic differential equation

dN/dt = [r(t) = EIN — r, N¥K (5)

Here r(t) = r, + y(t), where r, is the
mean value, and y(?) is white noise with
mean zero and variance o?. This is only
one of several ways of introducing ran-
dom noise into Eq. 1 (12); it has the bio-
logical motivation of putting the environ-
mental noise into the density-indepen-
dent term in Eq. 1 (/3). Equation 5 also
applies to the case in which the intrinsic
growth remains deterministic, but the
harvesting effort is varying randomly
(with mean E and variance o%). The equi-
librium population is now described by a
probability distribution, f(n), which may
be calculated [according to the Ito cal-

[ PR —
0.6
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Fig. 1 (upper left). The parabolic curve
illustrates the logistic curve for intrinsic
population growth, dN/dt, as a function
of N. Curves a, b, and c illustrate the
population mortality rate (or, equivalently,
the yield obtained) under harvesting
strategies of constant effort (curve a),
constant yield (curve b), and a more
realistic modified constant yield strategy
(curve ¢). The points where the harvest-
ing curves intersect the intrinsic growth
curve are where sustained yield is pos-
sible, and the arrows indicate the way the
population will change (under the various
strategies) if displaced from the sustained
yield point. Fig. 2 (upper right).

3

N

T Y/, K

The characteristic return time, Tx(Y), is shown as a function of yield, Y, for the intrinsic growth
curve of Fig. 1 and harvesting strategies of constant E (curve a), constant Y (curve b), and
modified constant yield, using the form given in (/7) with e = 0.5 (curve c). For curves a and ¢, the
lower part of the curve applies if Y is obtained by maintaining the harvested population N* above
the MSY value, and the upper part of the curve applies if N* is below MSY. Y is plotted as a ratio

to Yusy = rK/4.

Fig. 3 (lower left). Average yield (solid curve), and the coefficient of variation

(CVy, dashed curve) of the yield, as functions of the harvesting effort E, for a population which

obeys the stochastic differential Eq. 5. The variance inr(z) is here a?/r,
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0.2.

culus (/4)] as a function of E and the en-
vironmental noise level o2 (15). By cal-
culating statistical moments of this prob-
ability distribution, quantities such as
the average yield and the coefficient of
variation of the yield may be found (15)
(Fig. 3). In particular, note the way the
coefficient of variation (CV) of the yield
increases with E.

So far we have dealt with the common-
ly discussed case of a harvesting strategy
of constant E. An alternative strategy is
to harvest for constant yield, Y, in which
case the population dynamics is de-
scribed not by Eq. 1, but by (/6)

dN/dt = rN(1 = N/K) = Y (6)

As can be seen from Eq. 6 or from Fig. 1,
there are two equilibrium points for a
given Y (provided Y < Yygy); one is
stable, one unstable. Although the MSY
point is still at N* = K/2 and is still
Yusy = rK/4, the dynamical behavior of
the system under this constant Y strategy
is more fragile than that of Eq. 1. Quali-
tatively (/6), it may be observed that the
population will return to N* after small
disturbances but will collapse to zero if
perturbed below the lower (unstable)
equilibrium point (Fig. 1). Quantitatively
we note that the characteristic return
time is

T(Y)/Tr(0) = (1 = Y/Yysy)™" (7)

In contrast to Eq. 4, Tr becomes indefi-
nitely large as Y tends to the MSY value.
Under a strategy of constant yield, the
analog of the stochastic differential
Eq. 5 does not have an equilibrium prob-
ability distribution; the population fluc-
tuations become larger as time goes on,
and the system is doomed to eventual ex-
tinction.

A more realistic version of a ‘‘constant
yield”’ harvesting strategy will acknowl-
edge that fluctuations to low N imply im-
practically high values for E, and will in-
clude some upper limit to the harvesting
effort. Such a strategy is illustrated by
the dashed curve in Fig. 1, which aims at
constant Y for high N, but accepts a low-
er yield at low N. The dynamic features
of these ‘‘modified constant yield’’ strat-
egies are intermediate between those for
constant E and for constant Y (/7). Fig-
ure 2 testifies to this argument by show-
ing Tr(Y) for a typical strategy of this
sort.

The simple discussion in terms of Ty
captures the essentials of the more de-
tailed analysis in terms of stochastic dif-
ferential equations. That is, Fig. 2 lays
bare the basic features of Fig. 3 and (15).
All the models in this report are exces-
sively simple, and more realistic dis-
cussions will need to incorporate the ef-
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fects of age structure (2, 3, 9) and of time
delays in the population’s regulatory
processes (18, 19). We think that the
simple qualitative insights provided by
Tr(Y) will continue to be a reliable guide
in these more complicated situations, in
which the exact analysis will necessarily
be numerical.

The main points that emerge from this
analysis are:

1) For a population harvested for sus-
tained yield in a randomly fluctuating en-
vironment, the relative variability in the
population magnitude, and thence in the
yield, increases systematically as the
harvesting effort increases. That is, the
predictability of the catch tends to de-
crease as the catching effort increases,
particularly when overexploitation has
resulted in the population’s being kept
below the MSY level. This appears to be
a feature of many fisheries over the past
30 years (20) and of some whaling indus-
tries (21).

2) These effects are relatively more
pronounced under a harvesting strategy
that seeks to keep the yield constant (a
strategy of constant quotas), than under
a strategy of constant effort (for ex-
ample, a fixed total number of fishing
hours). Although this conclusion is
based on oversimplified models, it is
likely to remain true in more sophisti-
cated and realistic studies. If so, it holds
implications for the laws regulating fish-
eries and other harvested populations.

3) We have assumed that the policy
aim is to maximize Y. As Clark ¢, 5; see
also 22) has emphasized, in practice the
aim will often rather be to maximize the
present value (PV) of discounted net
economic revenue. Unless there is a
combination of high harvesting costs and
a low discount rate, the sustained popu-
lation value will be below the MSY
point. It follows that, in a simple analy-
sis, the characteristic return time will
typically be longer, and the population
fluctuations relatively more severe, if PV
rather than Y is maximized. However, a
more realistic accounting of the econom-
ic costs of harvesting is likely to in-
troduce feedback mechanisms which
help to stabilize the system (, 5, 19, 22).

4) In general, given the environmental
unpredictabilities of the real world, sta-
bility considerations suggest that it is
usually undesirable to use nonfeedback
control policies (such as MSY) to man-
age natural resources.

J. R. BEDDINGTON
Biology Department, University of
York, York, YOI 5DD England
ROBERT M. MaY
Biology Department, Princeton
University, Princeton, New Jersey 08540
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Pesticide Uptake into Membranes Measured by

Fluorescence Quenching

Abstract. Pesticides that contain chlorine have been shown to quench the fluores-
cence of carbazole-labeled phospholipids. Incorporation of these carbazole-labeled
phospholipids into model membranes provides a system that allows the rapid deter-
mination of the uptake rates of chlorinated hydrocarbons into model membranes.
This technique can be used in the determination of diffusion rates and partition
coefficients of chlorine-containing organic compounds in model membrane systems,
and hence may provide a method by which the bioaccumulation potential of synthet-
ic chlorine-containing compounds can be estimated.

Chlorinated hydrocarbons have
played a valuable role in the control of
insect-born diseases, and in increasing
agricultural production through the con-
trol of crop-damaging insects (/). As a
result, these molecules have been widely
dispersed in the biosphere. Unfortunate-
ly, chlorinated hydrocarbons such as

DDT and the PCB’s (2) are persistent in
the environment and accumulate in the
food chain. Bioaccumulation of chlori-
nated hydrocarbons necessarily involves
transport into and across cell mem-
branes. Since many chlorinated hydro-
carbons have very low water solubilities
they are associated with particulate mat-
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