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An important question in ecology is the extent to which populations and communities are
govemed by general rules. Recent developments in population dynamics theory have shown
that hosts’ refuges from their insect parasitoids predict parasitoid community richness patterns.
Here, the refuge theory is extended to biological control, in which parasitoids are imported for
the control of insect pests. Theory predicts, and data confirm, that the success of biological
control is inversely related to the proportion of insects protected from parasitoid attack. Refuges
therefore provide a general mechanism for interpreting ecological patterns at both the com-

munity level (their species diversity) and population level (their dynamics).

The practice of introducing parasitoids,
those insects that parasitize and kill their
arthropod hosts, for the biological control
of insect pests has contributed much to
ecological theory. Unfortunately, the con-
verse is not true (1), because analytical
parasitoid-host models that have been ap-
plied to biological control (2) have not
identified simply measured, unambiguous
parameters that actually improve the
chances of successful pest control. Conse-
quently, the practice of biological control
through the introduction of natural ene-
mies remains largely empirical and based on
trial and error, in spite of the need to
improve its scientific basis (3, 4).

We propose that theory recently devel-
oped to account for variability in the spe-
cies richness of parasitoid communities of-
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fers a simple methodology to evaluate the
extent to which a parasitoid introduction
will control a pest population. The model
formalizing the theory (5, 6) identifies pro-

portional refuges from parasitism [defined as
a fixed proportion of the host population
immune to attack (7)] as a key constraint
on the number of parasitoid species that can
persist on a host (5). As a result of its
population-dynamic structure, the model
further quantifies the extent that parasitoids
will depress host populations below the
densities hosts would achieve in the ab-
sence of parasitoids (6).

It is this second property of the model
that is relevant to biological control, the
goal of which is to reduce and maintain pest
populations below some critical density de-
fined as their economic threshold. Basical-
ly, refuge theory predicts that hosts that
occupy small refuges (that is, a low propor-
tion of their population is in the refuges)
will be highly exploitable by parasitoids,
and as a result the host populations will be

Fig. 1. Relation between maxi-
mum percentage parasitism (in
two cases including host mortality
from host feeding by the parasi-
toid) and the outcome of parasi-
toid introductions for classical bi-
ological control. Multiple cases
are denoted by larger circles.
Blackened symbols represent fail-
ures and partial successes attrib-
uted to climatically related fac-
tors. The regression line illustrat-
ed is based on a logistic regres-
sion when partial successes have
been excluded (logity = —2.880
+ 0.057x,x2=28.48,n=64, P<
0.0000001). Regressions based
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on an economic evaluation of suc- 0
cess (less than full control consid-
ered a failure} and a dynamic
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evaluation of success (full and partial successes taken as equal evidence of the ability of
parasitoids to reduce pest densities) produced similar statistics (logity = —2.957 + 0.048x, x° =
23.76, n = 74, P = 0.0000011 and logity = —2.669 + 0.058x, x? = 29.67, P < 0.0000001,
respectively).
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Table 1. List of parasitoid releases for biological control ranked
by the maximum parasitism rate (Max.) recorded after parasitoid
release and establishment. The outcomes of the introductions are

based on information provided in the sources (Ref., reference num-  cess.

ber). Target species may appear more than once where control
attempts have been made at different locations or with more than
one parasitoid species. F, failure; PS, partial success; and S, suc-

Target

Parasitoid

Max.

Out-

Target

Parasitoid

Max.

Out-

species species (%) come Ref. species species (%) come Ref.
Leucoptera Mirax insularis 3 F (17) Aleurocanthus Prospaltella 50 S (28)
coffeella woglumi opulenta
Hypera Bathyplectes 6 F (19) Plutella Apanteles 50 S (29)
postica curculionis + xylostella plutellae
Tetrastichus Phthorimaea Apanteles 51 F (30)
incertus operculella subandinus
Aonidiella Prospaltella 10 F (20) Tryporyza Isotima javensis 52 S (37)
aurantii perniciosi nivella
Mayetiola Pediobius 10 F (17) Triathaba 3 parasitoid spp. 58 F (17)
destructor metallicus complexa
Forficula Bigonicheta 12 F 21 Coleophora Chrysocharis 60 PS 21)
auricularia setipennis laricella laricinellae
Rhabdoscelus Lixophaga 14 F (17) Popillia Tiphia vernalis 61 PS (17)
obscurus sphenophori japonica
Brontispa Tetrastichus 24 F (22) Pristiphora Mesoleius 68 S (32)
longissima brontispae erichsonii tenthredinis
Diatraea Paratheresia 29 F (17) Eriosoma Aphelinus mali 68 PS (33)
saccharalis claripalpus lanigerum
Neodiprion 14 native and 29 F (11, Lamprosema Chelonus 70 PS (29)
sertifer introduced 23) octasema stratigenas
spp. Sirex noctilio 3 parasitoid spp. 70 S (24)
Oryctes Scolia ruficornis 30 F (11) Phenacoccus Epdinocarsis 70 S (34)
rhinocerus manihoti lopezi
Cydnia Ascogaster 30 F (24) Lepidosaphes Aphytis 70 S (17)
pomonella quadridentata beckii lepidosaphes
Eoreuma Allorhogas 33 F (17) Proceras Apanteles flavipes 70 S (35)
loftini pyralophagus sacchariphagus
Brontispa Tetrastichus 36 F (25) Leptinotarsus Doryphorophaga 75 PS (36)
longissima brontispae decemlineata doryphorae
Nipaecoccus Anagyrus 36 S (26) Laspeyresia Ascogaster 76 S (11)
viridlis indicus + nigricana quadridentata
A. kamali
Operophtera Agrypon 40 S (17) Brontispa Tetrastichus 79 S (25)
brumata flaveolatum longissima brontispae
Acyrthosiphon Aphidius eadyi 42 PS (27) Phytomyza 4 parasitoid spp. 80 PS (17)
pisum ilicis
Cephus Collyria 47 S (11) Operophtera Cyzenis albicans 80 S (11)
pygmaeus calcitrator brumata

severely reduced. Conversely, for hosts that
occupy sufficiently large refuges, parasitoids
will be unable to exploit the host popula-
tion sufficiently to appreciably depress its
density (8). The precise effect of the refuge
capacity on host abundance depends on
other parameters in the model (notably, the
maximum population growth rates of the
host and parasitoid), but if the conceptual
basis of the theory is correct, measurement
of the proportion of the host’s population
subject to attack should be an important
parameter describing the amount of host
population depression and thus should pro-
vide a reliable estimation of whether a
parasitoid will be able to successfully con-
trol its host.

We tested this prediction by searching
the classical biological control literature for
reports of parasitoid introductions that pro-
vided field estimates of parasitism and an
evaluation of the outcome. Because refuges
from parasitism can arise from many sources
lincluding intrinsic, physiologically based
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host defenses and extrinsic defenses arising
from plant structures inhabited by hosts
(9)], we recorded the maximum parasitism
level achieved in any host population as the
best estimate of the proportion of hosts not
in the refuge (10). We identified 74 cases
for which the required information was
provided (Table 1).

Evaluations of biological control are typ-
ically based on economic criteria; a parasi-
toid introduction either fails to influence
the status of the pest or, alternatively, the
pest is partially or completely controlled.
Because most evaluations of outcomes are
nonquantitative, we analyzed biological
control three ways, each by logistic regres-
sion. (i) We contrasted clear outcomes,
those that resulted in complete failures or
complete successes. In this test we excluded
partial success, cases in which parasitoids
reduced pest populations to some extent,
but full economic benefits were not real-
ized. (ii) We used a conservative economic
criterion, in which partial successes were
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included and classified as failures. (iii) The
final analysis was based on a more optimis-
tic, dynamic criterion for which all success-
es, whether partial or complete, were
pooled and tested against failures. This
distinguishes cases in which parasitoids
were able to exert at least some control on
host densities from cases in which parasi-
toids were unable to significantly reduce
pest densities.

As predicted by theory, there is a strong
association between maximum parasitism
rates and biological control outcomes (Fig.
1). Moreover, the relation is robust, even
when the more conservative, economic cri-
terion for success is applied. Thus, the
maximum susceptibility of a host to parasi-
toid attack (estimated by maximum parasit-
ism rates) provides a highly significant esti-
mate of the probability that the parasitoid
introduction will reduce host densities.

Consistent with the population dynam-
ics models on which refuge theory is based
(2, 5, 6), our results do not identify host



Table 1. (continued).

Target Parasitoid Max. Out- Ref Target Parasitoid Max. Out- Ref
species species (%) come ’ species species (%) come '
Phenacoccus Allotropa utilis 80 S (11 Aleurocanthus Prospaltella 93 S (17)
aceris woglumi opulenta
Rhyacionia Campoplex 80 S (11 Pristiphora Olesicampe 94 S (19)
frustrana frustranae geniculata geniculatae
Unaspis Aphytis 80 S (37) Qulema Tetrastichus julis 95 S (19)
yanonensis yanonensis melanopus
Anastrepha Aceratoneuromyia 80 S (38) Diatraea Lixophaga 95 S (44)
sSpp. indica saccharalis diatraea
Phyllonorycter Apanteles circum- Diatraea Apanteles flavipes 95 S (44)
messaniella scriptus + saccharalis
Achrysocharoides 80 S (24) Mythimna Apanteles ruficrus 95 S (45)
splendens separala
Agonoxena Brachymeria 85 F (11) Dasyneura Prosactogaster 96 F (14)
argaula agonoxenae mali demades
Anthonomus Bracon 85 F (11 Plutella Diadegma 96 S (29)
grandis kirkpatricki xylostella eucerephaga
Antonina Neodusmetia 87 S (39) Agromyza Dacnusa dryas 96 S (46)
graminis sangwani frontella
Brentispa Tetrastichus 89 PS (17 Siphoninus Encarsia 98 S (47)
mariana brontispae phillyreae partenopea
Carulaspis Encarsia 90 F (40) Homona Macrocentrus 99 S (31
minima lounsburyi coffearia homonae
Caliroa Lathrolestes 90 F (24) Chromaphis Trioxys pallidus 100 S (17)
cerasi luteolator juglandicola
Parabemisia Eretmocerus 90 S (41) Lepidosaphes Aphytis 100 S (11
myricae debachi ficus mytilaspidis
Leucoma Apanteles 90 PS 210 Levuana Bessa remota 100 S (11
salicis solitarius irridescens
Parlatoria Aphytis 90 PS (42) Nezara Trissolcus basalis 100 S (29)
oleae maculicornis viridula
Rhabdoscelus Lixophaga 90 S (37) Plutella Tetrastichus 100 S (29)
obscurus spenophori xylostella sokolowskii
Rastrococcus Gyranosoidea 90 S (43) Promecotheca Pediobius 100 S (17)
invadens tebygi coeruleipennis parvulus
Aleurocanthus Eretmocerus 91 S (11) Pseudococcus Clausenia 100 S (1
woglumi serius citriculus purpurea
Coleophora Agathis pumila 91 S (17 Maconellicoccus  Anagyrus kamali 100 S (11)
laricella hirsutus
Ceroplastes Anicetus 100 S (48)
rubens annulatus

susceptibility as the only factor affecting
host population depression. Parasitoid in-
troductions sometimes fail even when max-
imum parasitism rates are high (Fig. 1).
Complete or partial failure can occur for
several reasons, including climatic mis-
match (I11), high incidence of hyperpara-
sitism (12), extremely low economic
thresholds of the pest (13), or poor syn-
chrony with the host (14). The particular
importance of climate to successful biolog-
ical control is apparent in aur data set; 4 of
the 10 partial successes and 3 of the 5 clear
exceptions to the outcome predicted by the
theory involve climatic factors that reduce
parasitoid reproduction, survivorship, or
host synchrony (Fig. 1). Obviously, these
cases are beyond the scope of refuge theory,
which assumes that parasitoids are climati-
cally adapted. Exceptions arising from in-
teractions between parasitoids and climate
are consistent with the widely recognized
basic requirement for good climatic match-
ing (15). On the other hand, even includ-

ing these cases in our analysis does not alter
our main conclusion that host susceptibility
provides a good estimator of the outcome of
classical biological control.

These results are important in at least
four ways. (i) They represent a test of
theory proposing that refuges from parasit-
ism represent a major constraint on para-
sitoid-host interactions, thus influencing
not only parasitoid community species
richness (5, 6, 16) but also host popula-
tion dynamics. (ii) They provide biocon-
trol workers with an unambiguous param-
eter that is relatively easy to measure in
the field [either during cage studies (17) or
field trials before general release of the
agent, or during post-release evaluations]
that may assist them in gauging the poten-
tial success of an introduction (I18). (iii)
They suggest that despite the inherent
complexities in parasitoid-host systems,
relatively simple theory and models can
capture the main features of the dynamics.
(iv) They suggest that refuges from parasitism
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provide a mechanistic foundation for the sci-
entific basis of biological control.
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