
Abstract A 20-year study of suppression of California

red scale, a world-wide pest of citrus, by the parasitoid

Aphytis melinus has established that the interaction is

dynamically stable and that the mechanisms leading to

control and stability operate at a local scale: spatial

processes are not important. Key features appear to be

an invulnerable class in the pest and rapid develop-

ment of the parasitoid compared with the pest, as well

as the fact that the parasitoid is an in situ specialist on

the pest. Although another parasitoid species and two

predator species are also present, they play at most a

negligible role in pest control. These features—long-

term persistence, suppression by a single natural en-

emy, an invulnerable stage in the pest and rapid

development in the natural enemy—appear to be

common in other coccid pest systems. By contrast, in

temporary crops where the pest and enemy popula-

tions are open (i.e., sustained over the long run mainly

by immigration) and non-persistent locally, as is fre-

quently found in aphid pests, we expect that multiple

generalist enemies are required for control and, of

course, that spatial processes are important. There are

very few well-studied examples of such systems, but

these support our expectations. In these cases, it also

appears that neither rapid enemy development nor an

invulnerable pest stage is important for successful

control.

Keywords Parasitoids Æ Predators Æ Population

regulation Æ Insect pests Æ Invulnerable stages Æ
Development times

Introduction

Entomologists and ecologists interested in biological

control have long wanted to develop insights that will

help guide the selection of effective natural enemies,

especially for use in classical biological control, where

both the pest and the enemy are alien species (Huffa-

ker 1971). In some cases potentially useful insights

have been formulated as mathematical theory.

We now need analyses of real cases of biological

control to winnow potential insights and to help us

develop others. It is, however, difficult to carry out

rigorous tests. For example, a fundamental question,

which has been the subject of much debate, is whether

we should release one or multiple enemies. [A better

question is: Under what circumstances should we re-

lease multiple species, and what types of species should

be released (Murdoch et al. 2003, Chap. 9).] This

question could be addressed if releases themselves

were done experimentally, but the pressure of events

usually prevents this.

Here we report on a 20-year experimental study of

one system, control of California red scale and its

major natural enemy, the parasitoid Aphytis melinus

(deBach). The experiments were done in parallel with

development of mathematical models and were used to

W. W. Murdoch (&) Æ S. L. Swarbrick
Department of Ecology,
Evolution and Marine Biology, University of California,
Santa Barbara, CA 93106-9610, USA
e-mail: murdoch@lifesci.ucsb.edu

C. J. Briggs
Department of Integrative Biology,
University of California, Berkeley,
CA 93106-9610, USA

Popul Ecol (2006) 48:297–305

DOI 10.1007/s10144-006-0004-6

123

REVIEW

Biological control: lessons from a study of California red scale

William W. Murdoch Æ Susan L. Swarbrick Æ
Cherie J. Briggs

Special feature: biological control: theory and practice

Received: 20 December 2005 / Accepted: 2 June 2006 / Published online: 30 August 2006
� The Society of Population Ecology and Springer-Verlag Tokyo 2006



test the models. The models form a hierarchy of simple

to detailed, and this hierarchy allows both rigorous

tests in this particular system and the development of

broader insights (Murdoch et al. 2003, Chap. 12).

Since this symposium is about aphids as well as

coccids, we ask whether the insights from our study are

likely to be relevant to common pest-aphid situations.

Concluding that they are not, we briefly explore

implications of the differences between these two types

of systems.

One thread in the paper concerns the question of

single versus multiple natural enemies. Multiple ene-

mies are present in many systems, but we suggest that

their mere presence does not imply that all the species

are necessary, or even useful, for pest control.

Analysis of control of California red scale

by the parasitoid Aphytis melinus

Initial results

California red scale, Aonidiella aurantii (Maskell), is a

world-wide pest of citrus (deBach et al. 1971). It was

imported into California by accident from China, via

Australia, about 100 years ago. Uncontrolled, the red

scale population on a tree can reach millions and kill

the tree. This pest threatened the citrus industry in

California on several occasions in the first half of the

20th century.

During this period, about 50 natural enemy species

were introduced and about 8 were established. Mod-

erate control was attributed to Aphytis lingnanensis

Comp., introduced in 1948, and full economic control

to A. melinus, introduced mainly in 1959. A. melinus

famously displaced lingnanensis in a classic case of

resource competition that reduced scale density below

the level at which lingnanensis could survive. Although

control is attributed mainly to Aphytis, other natural

enemies are present, and deBach et al. (1971) sug-

gested that a second parasitoid typically ‘‘comple-

ments’’ Aphytis. In the citrus groves in our study area

in southern California, the second parasitoid is En-

carsia perniciosa Tower, and there are also one or two

uncommon predators.

In the early 1960s, deBach et al. (1971) showed that

the density of scale under control, in the area of

southern California where we have worked, was about

1/200 of the density reached in the absence of natural

enemies. In the 40 years since then, there seems to

have been little variation in scale density. The scale

appears always to have been present, but in very low

numbers, and we confirmed that its populations were

relatively constant in density (Murdoch et al. 1995).

Scale-Aphytis dynamics thus appear to be defined by a

stable equilibrium, a conclusion we confirm below.

We examined and rejected the standard explana-

tions for control and stability. These include aggrega-

tion of parasitism and predation, whether to local scale

density or independent of it. We also investigated

experimentally the role of spatial processes. We

showed that removing the segment of the population

that existed in a spatial refuge in the interior of the tree

did not help stabilize the interaction in the exterior

(the parasitism rate is much lower in the interior, and

up to 90% of the scale population occurs there)

(Murdoch et al. 1996b).

In the above experiment, we also established that

spatial processes above the spatial scale of an individ-

ual tree do not play a role in either control or stability,

by testing the idea of metapopulation dynamics. The

theory is that the population lives in a spatially heter-

ogeneous environment. As a consequence, subpopu-

lations in different parts of the environment fluctuate

out of phase with each other. Even if there are no local

stabilizing processes (i.e., an isolated local interaction

would be unregulated), the whole ensemble can have a

stable equilibrium if there is limited random movement

between subpopulations (Murdoch and Oaten 1975;

Crowley 1981; Reeve 1988).

To test this idea, we caged individual trees, thus

isolating the scale and Aphytis population from the rest

of the grove. The prediction is that fluctuations in scale

density should increase through time and should be

greater than those in trees in the rest of the grove.

Populations in isolated trees, however, were not more

variable, nor did their fluctuations increase through

time (Murdoch et al. 1996b).

We concluded that whatever mechanisms caused

control and stability operated locally within a tree.

That focused our attention on non-spatial aspects of

the interaction, and in particular, on how individual

Aphytis responded to different classes of scale they

encountered.

The major scale life-history features are as follows.

They pass through several instars and two molts, and

have about two generations per year (Fig. 1). The adult

female stage is invulnerable to parasitism, as is molt 2.

Aphytis females respond to these differences by

host-feeding on (eating) the smaller (younger) stages,

parasitizing and laying male eggs on intermediate scale

stages, and laying mainly one female egg on the oldest

(Fig. 1). Nutrients from host-feeding are used for

maintenance and to mature eggs. Thus, the gain to the

future female parasitoid population increases as larger

(and hence usually older) scale are encountered (the
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‘‘gain mechanism’’). Aphytis develops about three

times faster than the scale, passing through about six

generations per year in our study area.

We developed a range of increasingly detailed

models of the interaction (Fig. 2 shows a relatively

simple version). The simpler versions of these models

(written as delay-differential equations) can be ana-

lyzed to determine the effect of the various features of

the interaction on pest equilibrium and stability

(Murdoch et al. 1987). From these analyses we ex-

pected the invulnerable adult stage of scale and the

gain mechanism to be stabilizing (Murdoch et al. 1992).

Stability is also more likely the shorter is Aphytis’s

development time. We found two other mechanisms

we thought might be stabilizing or at least important to

control. First, in a field experiment, we found that adult

female Aphytis lived longer at higher scale density

(unpublished results). Second, we observed that

Aphytis re-attacked scale when the parasitoid was

abundant, and thought this might lead to reduced

parasitoid efficiency at high parasitoid density

(unpublished results).

Experimental demonstration of control

and stability

We faced a difficulty in exploring the roles of the

mechanisms listed above, because they cannot be

evaluated in direct experiments. We cannot, for

example, remove the invulnerable adult scale stage and

ask if the dynamics change. Similarly, we cannot in-

crease in the field the time taken for Aphytis to de-

velop, nor can we alter the gain mechanism. A possible

solution is to develop a highly realistic and detailed

model that contains the mechanisms and has accurate

parameter values that pertain in the field, and to use

the model to predict a novel situation in the field that

could be devised experimentally. We developed such a

model, and asked it to predict the dynamics that ensue

when we create an artificial outbreak in the field. The

experiment can, of course, on its own, give some

answers, and we first describe it and its results.

We ran the experiment in a lemon grove near

Santa Barbara, California, on three separate occa-

sions, all of which gave the same result. In each case,

we enclosed individual trees with cages covered in a

fine mesh that prevented movement of scale and

parasitoids. Some (control) cages received no other

treatment. In the remainder (outbreak trees), we ad-

ded scale crawlers over a period of about three

summer months, which is slightly longer than the time

taken for a scale to develop from crawler to crawler-

producing female. This development time is our time

scale, i.e., it is a temperature-dependent physiological

time scale. The crawlers were spread more or less

evenly around the tree by placing many lemons, each

with numerous crawler-producing females, on twigs

throughout the tree, and moving the lemons every

other day. We then sampled all the caged trees and

also typically ten control (without cages) trees in the

grove. There were no effects of caging. We sampled

most frequently in the third experiment, and so

present the results from this experiment.

There were four outbreak trees in the experiment.

There are two striking results (Fig. 3). First, Aphytis

reduced the outbreaks with amazing speed: the out-

break densities were almost the same as the control

density only 2 months (i.e., less than one scale

Fig. 1 Diagram of female red scale life history and pattern of
attacks by Aphytis melinus. Stages in boxes are invulnerable to
attack. The types of attack on each immature stage are indicated.
From Chap. 5 (Murdoch et al. 2005)
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Fig. 2 Simplified representation of the interaction between red
scale and Aphytis melinus. Adult female scale are invulnerable,
young (small) immature scale are attacked and killed, but do not
produce an immature parasitoid, and attacked older immature
scale produce a female parasitoid. Each female red scale
produces a constant number of offspring. The ai are the per-
head Aphytis attack rates on the two vulnerable stages, the di are
background per-head death rates, and the Ti are the durations of
each age
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development time) after we stopped adding scale, and

they were literally indistinguishable before another

scale development time had passed.

Second, the interaction is the epitome of dynamical

stability: both the scale and the Aphytis populations

return precisely to control densities, again astonish-

ingly quickly, and thereafter there is little variation in

density.

The local population of Aphytis in each tree con-

trolled the outbreak by increasing rapidly in response

(Fig. 3). The Aphytis populations were able to increase

roughly 100-fold, from initial to peak density, in about

one scale development time. Almost equally key was

the very rapid decline in Aphytis density following

suppression of the outbreak; this is seen most clearly in

the adult Aphytis, whose densities were estimated ev-

ery few days (Fig. 3). We suspect this rapid decline

prevented Aphytis from over-exploiting the scale

population, which would likely have induced strong

fluctuations in density.

Testing mechanisms: comparison of experiment

and model

The model is a day-by-day simulation that keeps track

of many details. For example, it recognizes a dozen

stages of scale, how they are treated when encountered

by a female Aphytis, and keeps track of their physio-

logical ages. For each scale stage that can be parasit-

ized, the model follows whether and how many times

each has been parasitized and the stages of the

immature parasitoid they contain. It includes all of the

mechanisms that we have discovered. For example, an

Aphytis female with few mature eggs is more likely to

feed on an encountered scale (thus obtaining nutrients

for future egg development) than to parasitize it

(Collier et al. 1994).

The model was parameterized entirely indepen-

dently of the experiment it was to predict. For exam-

ple, since scale are not food-limited in the field, their

development rate (and that of Aphytis) is temperature-

dependent, and all stage durations (in degree-days)

were calculated from extensive laboratory data. Again,

the Aphytis search area was estimated in other field

experiments from counts of the number of eggs laid by

individual Aphytis per degree-day [the details are in a

supplement to (Murdoch et al. 2005)].

The model predicts the experimental results with

astonishing accuracy (Fig. 4). The model predictions

are close to the mean experimental densities, and al-

ways well within the range of densities seen across

individual trees. The one exception is the predicted

maximum density of Aphytis adults, which is higher

than observed, though the maximum density in one of

the four trees was very close to the predicted maximum

(Fig. 4).

The model fit is insensitive to modest changes in the

parameter values. We increased and decreased

parameter values, or sets of parameters, individually by

10%. The fit is still good in either case (Murdoch et al.

2005).

The model’s ability to predict the data is the best

evidence we can obtain that it contains the mechanisms

(as well as sufficiently accurate functions and parame-

ter values) that allow Aphytis to be able to suppress the

outbreak and stabilize the interaction. There is also

good agreement between the predicted long-term

stable dynamics and the observed control density.

When we run the model in the absence of Aphytis, it

shows that, after the outbreak is created, we would

expect the scale population to increase approximately

exponentially, with a roughly threefold rate of increase

per development. This corresponds to the largest rate

of increase seen by deBach et al. (1971). When they
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Fig. 3 Mean densities in four outbreak trees and ten control
trees over five scale development times, approximately
16 months. Development is determined by temperature, and
red scale takes about three times longer (in degree-days) to
develop from crawler to reproductive adult than does Aphytis.
From Murdoch et al. (2005)

300 Popul Ecol (2006) 48:297–305

123



sprayed a tree with DDT and killed off Aphytis, but

not the (resistant) scale, the scale population in the

tree increased rapidly. Interestingly, it took more than

3 years for the scale density on this tree to return to the

ambient level after the scale population reached its

peak, much longer than we would now predict. In

retrospect, the long response time in deBach’s experi-

ment probably was caused by residual effects of DDT.

Model robustness

The general results of the model are robust to quite

substantial changes in parameters that we expect are

important in control or stability. These general results

are: the outbreak is effectively controlled by roughly

t=2, i.e., one scale development time after scale

additions were ended, controlled scale density is less

than 1/100 cm2 (the control mean is 0.6), and there are

only small-amplitude fluctuations induced by season-

ality. These same results obtained when we doubled

the following parameter values: scale fecundity,

Aphytis development time, immature death rates, adult

longevity, or per head attack rate. They persisted when

we halved the duration of the invulnerable adult scale

stages or the rate at which parasitized scale were re-

attacked, and when we allowed Aphytis to get females

only from the oldest host stage. They persisted even

with two structural changes to the model: removal of

the gain mechanism or keeping Aphytis longevity

constant regardless of scale density.

Insights from this study

First, control of red scale appears to be caused by

A. melinus alone. There was no increase in predators

(a coccinellid and lacewing larvae) in response to

the experimental outbreaks (unpublished results).

Removing parasitism by Encarsia (the second parasit-

oid in the system) from the model has a negligible ef-

fect on control and stability. Thus, we cannot conclude

from their mere presence that other natural enemies

are essential to or useful for control.

Second, although the generic result of rapid and

satisfactory control is robust to substantial changes in

parameter values and aspects of model structure,

control and stability are of course lost if the changes

are large enough. We hypothesized that five features

could have an important effect on stability and control.

They include: (1) short parasitoid development time

relative to that of the pest, (2) long-lived invulnerable

adult stages of the pest, (3) parasitoid attacks on al-

ready-parasitized scale, (4) the gain mechanism, and

(5) adult parasitoid longevity increases as scale density

increases. Of the five features, two seem primary.

Effective control is lost when the parasitoid lag is in-

creased fourfold (and hence is 1.4 times the scale

development time). In this case, suppression of the

outbreak is postponed substantially, the long-term

mean scale density increases more than threefold, and

the scale population shows quite large fluctuations,

which, although damped, would persist in the real

world. Control is also lost, and the populations show

large fluctuations, if the duration of the adult scale

invulnerable stages is reduced to one-quarter of the

field durations.

Among the remaining three features, the most

important is attacks on already-parasitized hosts, which

are stabilizing. But stability is less sensitive to reduc-

tions in this rate: the outcome is not much changed
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Fig. 4 Mean density of scale (solid curve) and Aphytis (dotted
curve) predicted by the model and observed in outbreak trees
(data points). In each panel, the ranges of observed values are
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for three dates on which the observed mean is furthest from the
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(2005)
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when the rate is reduced to one-quarter of field values.

Control and stability are lost only when the rate is

reduced by 90%. As noted above, there is little effect

when either the gain mechanism or variable Aphytis

longevity is removed. Variable longevity, however,

does increase the rate at which the outbreak is sup-

pressed. In addition, without variable longevity, con-

trol is lost with shorter parasitoid delays, so these two

features interact. Indeed, the various stabilizing

mechanisms operate together to increase the robust-

ness of the system.

The amount of pest suppression of course depends

on the per head parasitoid search rate (see also Mur-

doch et al. 1996a). The search rate, however, does not

affect stability.

Application to other coccid pests

It is difficult to determine if the insights from this

model apply to other systems, because there are no

other similar systems that have been studied enough to

answer key questions. Each system is of course differ-

ent, since each species is in some ways unique as is

every field situation. Nevertheless, a substantial frac-

tion of other systems where scale have been success-

fully controlled seem to share the basic features of the

red scale-Aphytis interaction.

We tabulated information on 22 cases of successful

control of coccids found in Clausen (1978) and sup-

plemented the results with the few additional examples

for which we found information (Table 1). Sixteen

cases seem to share four main features: the interaction

is persistent, and perhaps stable, control is attributed to

a single parasitoid, the pest has an invulnerable stage,

and the enemy development time is shorter than that

of the pest. With respect to the last feature, enemy

development time is often less than half the pest

development time.

The weakest evidence for the apparent match of

these cases with the red scale-Aphytis system concerns

whether the long-term dynamics of these populations

are stable. It is likely that many of them persist lo-

cally, and if control has been satisfactory for a long

Table 1 Successful biological control of coccids

Pest species Natural enemy Place Enemy: pest
development
time

Invulnerable
class(es)?

A. Examples apparently fitting the red scale paradigm
CA red scale Aphytis melinus CA coastal valleys 0.3 Yes
CA red scale Aphytis lingnanensis CA coastal 0.3 Yes
Yellow scale Comperiella bifasciata South California 0.8 Yes
Florida red scale Aphytis holoxanthus Israel 0.5 Yes
Florida red scale Aphytis holoxanthus Mexico 0.5 Yes
Purple scale Aphytis lepidosaphes California 0.3 Yes
Dictyospermum scale Aphytis melinus Greece 0.5 Yes
White peach scale Prospaltella berlesei Italy 0.8 Yes
White peach scale Prospaltella berlesei South America 0.8 Yes
Brown soft scale Metaphycus luteolus California <1 Yes
Chaff scale Aphytis maculicornis California 0.3 Yes
Vine (peach) scale Metaphycus timberlakei Australia 0.5 Yes
Lecanium scale Blastothrix sericea British Columbia 0.5 Yes
Nigra scale Metaphycus helvolus South California 0.4 Yes
Red wax scale Anicetus beneficus Japan 0.5 Yes
Arrowhead scale Coccobius fulvus Japan 0.4 Yes

B. Examples where multiple enemies are required
Black scale Parasitoid complex Many areas
Citricola scale Parasitoid complex South California
Olive scale Aphytis maculicornis

and Coccophagoides utilis
California

C. Examples of local extinction
Ischnaspis longirostris Chilocorus nigritus Seychelles 1 No
Cottony-cushion scale Rodolia cardinalis California 0.5 No
Coconut scale Crytognatha nodiceps Fiji 0.8 No

Cases in sections A and B appear to have persisted over ecologically long periods; those in section C appear to experience extinction on
a small spatial scale

302 Popul Ecol (2006) 48:297–305

123



time, fluctuations are likely to have been small over

that period. Unfortunately, there are almost never

enough data available to determine if this inference is

correct.

Interestingly, in three other cases in Table 1 where

there is no invulnerable class, control appears to have

involved at least local extinction of the pest. We have

seen this in cottony cushion scale controlled in our

citrus groves by Rodolia cardinalis (Mulsant): we saw

local (tree-level) extinction of the pest by the beetle,

but persistence in the grove. The scale erupted in a few

of our caged trees, and no Rodolia were present.

However, we could always control the outbreak rapidly

by collecting and introducing Rodolia from a few other

trees in the grove. As discussed in detail by Dixon

(2000), the longest development time in three coccin-

ellid predators in Table 1 is relatively short: the longest

is equal to that of the pest. Finally, in three cases in

Table 1 there is evidence that more than one natural

enemy species is required for control.

Two caveats are important. First, as noted, almost

no cases have been studied intensively enough to reach

firm conclusions. The best we can do is reasoned

interpretation. Second, in almost all cases where con-

trol has been attributed to one natural enemy, there is

usually more than one natural enemy present. The key

question is whether control would occur with only the

‘‘successful’’ enemy present, as appears to be the case

in red scale.

Locally non-equilibrium systems: aphids

Many systems do not conform to the features outlined

above, and, in particular, there may not be an equi-

librium at the spatial scale of interest. An intermediate

situation may be defined by metapopulation dynamics

in which the populations in a collection of spatial crop

units—e.g., fields or trees, may be well regulated, but in

which dynamics within each spatial unit are unstable or

there is local extinction. Examples may include control

of cottony-cushion scale by Rodolia, as noted above,

some mite populations, and some greenhouse pests

(Walde 1991, 1994; Walde and Nachman 1999). Many

pests of temporary field crops appear to be at the ex-

treme of instability, where they and their enemies do

not persist even in a collection of spatial crop units.

Instead, persistence requires that the pest and natural

enemy populations invade from some other habitat

each growing season, and the pest may or may not be

kept below the economic threshold before it is exter-

minated or brought to very low numbers when the

system is disturbed by harvesting, tilling, etc.

Many aphid pests seem to exemplify these last

conditions, and we do not expect the insights from our

red scale work, which arise in the context of a spatially

local stable equilibrium, to apply there. For example,

because pests in short-lived crops are frequently not

present in an area all year, generalist natural enemies

are likely to be more important than specialists that

depend entirely on the pest. Because the pests are

mobile, the enemies will usually need to move into and

out of the crop. Because local dynamics do not go to a

persistent equilibrium state, multiple species of ene-

mies are likely to persist because local competitive

exclusion will not occur. Because local extinction of the

pest is consistent with global control and persistence of

generalist enemies, an invulnerable pest stage is not a

requirement for persistence and may interfere with

control.

Unfortunately, there appear to be few examples of

successful control of aphids in temporary crops that

can be analyzed to evaluate these ideas. Some authors

have suggested that successful control has been

achieved by generalist predators with longer develop-

ment times than their aphid prey (e.g., chapters in

Niemczyk and Dixon 1988), but there seems to be

disagreement about the validity of such claims (A. F.

G. Dixon, personal communication). Dixon (2000)

notes that only 1 of 155 attempts to control aphids

by introducing coccinellids has been substantially

successful.

There is, however, one thoroughly studied example

that is consistent with the above suggestions. Ives and

his colleagues have studied the pea aphid (Acyrthro-

siphon pisum), an introduced pest in alfalfa fields in

Wisconsin, which is under control by a range of natural

enemies (Cardinale et al. 2003; Snyder and Ives 2003).

The enemies include an introduced specialist parasit-

oid, Aphidius ervi, and a wide range of mainly native

generalist predators, including hemipterans (e.g., Nabis

spp. and Orius spp.) and coccinellid and carabid

beetles.

This system fits our expectations. In particular, the

specialist parasitoid appears to be relatively ineffec-

tive and is unable to control the aphid on its own. In

part, this is owing to its relatively long development

time, which is about twice that of the aphid. Gen-

eralist predators are essential to control, though in

some instances they probably decrease the effec-

tiveness of the specialist parasitoid (Snyder and Ives

2003).

The generalists have even longer development times

than the prey—at least four times longer (B. Cardinale,

personal communication). Their adult densities are

determined mainly in other parts of the habitat, feed-
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ing on other prey. They exert control by moving into

alfalfa fields and both feeding there and producing

predatory larvae, which may not complete their

development before harvest. Most of the generalists

probably eat all stages of aphids—there is no invul-

nerable stage. In alfalfa fields, however, the predator–

prey interactions are not self-maintaining.

It has long been known that multiple enemies

coexist in a number of successful cases of pest control

in temporary crops in general (e.g., Schellhorn and

Andow 1999), though it has also been noted that gen-

eralist predators may reduce the effectiveness of other

enemies (Rosenheim et al. 1995). We saw in red scale,

however, that the presence of multiple species does not

mean they are either necessary or effective. A valuable

result from the studies of the pea aphid in alfalfa by

Ives and colleagues is the demonstration that multiple

natural enemies are indeed essential. Tremblay and

Pennacchio (1988) suggest that such control is common

in alfalfa.

Conclusion

The major point we would like to emphasize is that any

useful theory or set of insights for biological control of

insect pests must recognize that crops, pests and ene-

mies fall into several dynamically different classes that

strongly influence the likely type of control that can be

achieved. A major difference is between cropping

environments that allow locally persistent, perhaps

even stable, interactions and those that cannot support

equilibrium or perhaps even persistent interactions.

This point has been made before (Ehler and Miller

1978; Murdoch et al. 1985). But its implications for the

key properties of likely natural enemies have not been

much emphasized. Insights from the red scale-Aphytis

system and the theory it has stimulated show some

promise of having broader application. But the key

properties of successful agents in such equilibrium-

centered dynamics are not likely to serve as useful

guides for successful control in frequently disrupted,

non-equilibrium conditions, and may indeed thor-

oughly mislead us.

Finally, we need many more studies of actual cases

of successful biological control in different types of

crops. Equally, we believe more theory is needed for

locally non-equilibrium systems. Although some work

has been done (e.g., Murdoch et al. 1985; Ives and

Settle 1997), it is only a beginning.
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