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Abstract 

The initial establishment of biocontrol agent populations is a critical step toward 
successful biocontrol.  Theoretical approaches have revealed factors that determine 
the optimal release strategy (the combination of release size and number of releases), 
including the presence or absence of Allee effects in the agent population and its 
susceptibility to environmental variability.  In this study, we take a more generalized 
empirical approach that may be more useful for guiding future releases.  We analyzed 
release and establishment records for 74 species of biocontrol agents introduced against 
31 weeds in the state of Oregon, U.S.A.  Our main findings were that (1) establishment 
was not affected by release size over the range of release sizes typically used; (2) biocontrol 
agent species vary in how readily individual releases lead to establishment;  and (3) 
biocontrol programs often use fewer initial releases than is optimal to obtain a high 
probability of overall establishment.  The case of Prokelisia marginata (van Duzee), a 
planthopper introduced as a biocontrol agent for Spartina alterniflora Loisel (smooth 
cordgrass), is presented as an illustrative example of the benefits of using more releases.

Introduction
        

       Roughly one-third of biological control agents 
introduced against weeds worldwide fail to establish 
permanent populations in the introduced range 
(Lawton, 1990; Syrett et al., 2000).  Among the many 
factors that can influence whether or not biocontrol 
agents establish, release strategies are one of the few 
that practitioners have control over (Coombs, 2004).  
Thus, it is important to understand whether and how 
release strategies can improve establishment success.  
In this paper, “release strategy” is considered to be 
the combination of number and size of releases used 
in the initial effort to establish agent populations.   

Assuming that a limited number of insects are 
available to release, which is most often the case with 
initial introductions, there is a potential tradeoff 
in the use of many (smaller) releases that provide 
more chances to establish and the use of larger 
(fewer) releases that may have a higher chance of 
establishment per release.  

Prior theoretical models have revealed that the 
optimal release strategy depends on the shape of 
the relationship between the number of individuals 
released and the probability of establishment, 
and that this relationship depends on the relative 
influences that Allee effects and environmental 
variability have on the colonizing populations 
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(Grevstad, 1996, 1999a; Fig. 1).  An Allee effect 
is defined as a reduction in population growth 
rate that occurs at low population densities.  For 
example, a reduced population growth rate may 
occur if individuals have difficulty finding mates 
at low densities.  When an Allee effect is operating, 
there will be a strong dependence of establishment 
on release size and the optimal release strategy is to 
make fewer large releases.  On the other hand, when 
environmental variability has a large influence, then 
establishment probability will be weakly dependent 
on release size and a strategy of many small releases 
will be optimal (Grevstad, 1996, 1999a; Fig. 1).  

In this study, we revisit the concept of 
release strategies using an empirical approach of 
analyzing the known outcomes of past releases.  
Using a vast database of release and establishment 
records maintained by the Oregon Department of 
Agriculture, we determine whether release size and 
number of releases are likely to affect establishment.  
Moreover, we ask whether biocontrol programs 

typically use effective release strategies or if 
improvements could be made.  We illustrate our 
main points with a revealing case study of the 
biocontrol agent Prokelisia marginata (van Duzee), 
a planthopper introduced as a biocontrol agent for 
Spartina alterniflora Loisel in Washington State.

 
Methods and Materials

Analysis of ODA data
 

     The Oregon Department of Agriculture (ODA) 
has been involved in biological control of weeds 
since the earliest program against St. Johnswort 
(Hypericum perforatum L.) in 1947.  Since that time, 
ODA has made and recorded more than 12,000  
releases of 74 agent species against 31 noxious weed 
species.  The records include the target weed, agent 
species, release date, number of individuals released, 
and location of the release.  For a subset of 611 cases, 

Figure 1.  Theoretical predictions from stochastic simulation model (adapted from Grevstad 1999a).  Establishment 
of populations that are strongly influenced by environmental variability will have weak dependence on release size 
and the optimal strategy is to make many small releases.  In contrast, establishment of populations influenced by 
Allee effects have a strong dependence on release size and the optimal release strategy is fewer large releases.  
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there is also definitive record of whether or not the 
released population established at that site (defined 
as present after the 3rd year).   

To test whether release size was correlated with 
establishment, we carried out logistic regression 
using all early releases for which there was a known 
outcome.   We excluded releases of a nematode 
and two pathogens because the numbers of eggs 
and spores were vastly out of range compared to 
release numbers of insects and mites.  The number 
of individuals released was log-transformed prior to 
analysis and we included agent species as a co-factor.  
Additionally, we summarize the frequency with 
which different agent species establish following 
release and use this information to quantify the 
expected benefit of using more independent releases.

Prokelisia marginata case study  
 

     For illustration of the importance of using a 
greater number of releases, we present the case 
of P. marginata, a delphacid planthopper that 
was introduced as a biocontrol agent against S. 
alterniflora, a cordgrass native to the Atlantic Coast 
of North America and invasive in Pacific Coast 
estuaries.  This insect was initially released into 
Willapa Bay, Washington in 2001 using a strategy of 
three very large releases of 65,000 (Grevstad et al., 
2003).  This strategy was chosen in order to avoid an 
Allee effect, obtain a more rapid impact on the plant, 
and facilitate the monitoring population growth and 
spatial spread.  In 2002, an additional 12 releases 
of 9,000 were made.  Site characteristics such as 
the percentage of intact thatch, nitrogen content of 
plants, and spider density were measured as possible 
influences on establishment (see Grevstad et al., 
2004).  In the final set of releases made in 2004, even 
smaller releases were used (5,000 each), but sites 
were selected based on habitat characteristics found 
to be correlated with higher success.  The population 
densities of all released populations were sampled in 
spring and fall using an insect vacuum.

Results

Effect of release size on establishment
 

     For the 611 releases made into Oregon that 
have known outcomes, there was no significant 

effect of release size on whether or not populations 
established (SPSS binary logistic regression:  Wald 
statistic = 0.683, df =1, P = 0.408; Fig. 2).  In fact, 
we did not find a single species of agent for which 
there was a significant effect of release size.  It may be 
that release programs typically use release sizes that 
are large enough to avoid Allee effects, that Allee 
effects are not present in these populations, or that 
environmental variability is the dominant influence 
on release outcomes.   Release sizes varied widely 
within and between species.  The smallest release 
size used was five individuals (Pterolonche inspersa 
(Staudinger) on diffuse knapweed) and the largest 
was one million (Aceria malherbae Nuzzaci on 
field bindweed).  The mean release size (excluding 
nematodes and pathogens) was 3197.

Rates of establishment among agent species
 

      Different agent species were found to establish at 
different rates (Fig. 3).  Approximately 35% of agents 
established all of the time, 24% establish none of the 
time, and 40% establish some portion of the time.  
Those that established a portion of the time fell 
uniformly along a continuum from very easy to very 
difficult to establish.  The mean rate of establishment 
was found to be 0.55.   Table 1 lists examples of 
agent species that fall into different establishment 
categories. 

Numbers of releases used
 

      The number of initial releases used (first 2 years) 
for agent introductions made in Oregon ranged 
from 1 to 68 with a mean of 6.39 ± 1.20 and a median 
of 3 (Fig. 4).   Surprisingly, a large proportion of the 
projects (48%) used only one or two initial releases.  
Eighty-seven percent of projects used 10 or fewer 
initial releases.   Most of the agents released into 
Oregon were also introduced into other states at the 
same time, so the numbers of releases we report do 
not represent release strategies used for the country 
as a whole. 

Implications for release strategies
 

      Given that establishment was independent of 
release size for the range of release sizes typically 
used, we can calculate the probability of overall 
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Figure 2.  Relationship between release size and establishment for all weed biocontrol agent 
species introduced into Oregon.  Each circle represents a different release for which the outcome 
(established or failed) is known.  Logistic regression analysis did not detect a significant effect of 
release size on establishment.

Figure 3.  Number of weed biocontrol agent species establishing at different rates when released 
into the State of Oregon.
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Impossibles Difficult Easy
 
Apthona abdominalis

Chamaesphecia crassicornis

Hyles euphorbiae

Microlarinus lypriformis

Pelochrista medullana 

Phrydiuchus spilmani

Spurgia esula 

Urophora solstitialis 

Zeuxidiplosis giardi

 
Aceria malherbae*

Aplocera plagiata* 

Bradyrrhoa gilveolella

Pterolonche inspersa

Calophasia lunula 

Diorhabda elongata 

Larinus obtusus*

Prokelisia marginata

Tyta luctuosa 

 
Bangasternus fausti 

Chrysolina quadrigemina 

Cystiphora schmidti 

Eriophyes chondrillae 

Galerucella spp.

Larinus minutus 

Metzneria paucipunctella 

Mecinus janthinus

Nanophyes marmoratus 

Urophora affinis 

Urophora quadrifasciata 

Table 1.  Examples of biocontrol agent species falling into different categories of ease of establishment 
following release into Oregon or nearby counties in Idaho and Washington.  Results may vary in other 
regions.  Species marked with an asterisk were difficult to establish during the initial release period, but 
became easy to establish later. 
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Figure 4.  Number of weed biocontrol projects in Oregon that used different numbers of initial releases.   
Initial releases are considered to be those made during the first two years of a release program. 
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Figure 5.  The probability of establishing at least one population as a function of the number of independent releases 
made for different single release establishment rates.
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Figure 6.  Population densities through time for 3 periods of releases of Prokelisia marginata, a biocontrol agent intro-
duced against Spartina alterniflora in Willapa Bay, Washington State.  Three releases were made in 2001, 12 in 2002, 
and 25 in 2004.
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establishment (i.e. the probability of at least one 
release succeeding) based only on the number 
of releases made and the expected per-release 
establishment rate.  This approach assumes that the 
releases are independently distributed across the 
pool of environmental conditions for which the per-
release rate of establishment is valid.  The probability 
of overall establishment (Pall) is the same as the 
probability that not all releases fail, which can be 
expressed in terms of the per-release establishment 
rate (P1) and the number of releases made (N):  
Pall = 1 – (1- P1)

N

Figure 5 shows the relationship between Pall 
and the number of releases made for hypothetical 
species with different values of P1.  Providing that P1 
is greater than zero and not too close to one, there 
is a clear benefit to using more releases in order to 
increase the probability that at least one population 
establishes.  Using this formula, an average biocontrol 
agent (P1 = 0.55) that was introduced using the 
median number of releases (three) would establish 
91% of the time.  Although the average biocontrol 
agent is likely to establish with relatively few release 
attempts, it is not possible to know ahead of time 
whether a new agent being released is an average 
agent.  Instead, it would be prudent to assume 
that the agent will be more difficult to establish.  A 
difficult agent that establishes only 10% of the time 
would require 25 to 30 initial releases to be sure that 
it is given a fair chance to establish.  

Prokelisia marginata case study
 

      The outcomes of releases of P. marginata serve 
to illustrate the advantages of using a strategy of 
more (smaller) releases.  The initial release strategy 
employing 3 very large releases of 65,000 individuals 
each was not successful (Fig. 6).  Although the 
populations reproduced well during the first summer, 
survival was very low during the winter and all three 
populations were extinct by the following summer.  
From the second set of 12 releases of 10,000, four 
populations successfully established.  Thus the rate 
of establishment for the initial two-year effort to 
establish P. marginata was 4 out of 15 attempts, or 
26.6%.  Given this rate of establishment, it is not 
surprising that the initial 3 releases failed.  The 
likelihood of this happening would have been the 
probability of failure (0.734) raised to the power of 
3 (the number of attempts), or 0.395.  In retrospect, 

we can say that the number of releases that should 
have been used to ensure a high probability of 
establishment (say 95%) would have been 10.   

The P. marginata example illustrates another 
advantage to using many initial releases, which is 
that we can learn from these initial releases to achieve 
better results in the future.  From the second set of 
12 releases, a key habitat requirement was found that 
correlated with successful establishment.  Sites where 
the senesced Spartina culms (thatch) remained 
intact over the winter supported much higher 
overwintering survival and population persistence 
than sites in which the senesced Spartina broke off 
and drifted away (Grevstad et al., 2004).  Subsequent 
releases made in 2004 into sites with thatch intact 
had a much higher establishment rate of 80%.   

Discussion 

In our analysis of past biocontrol introductions, 
we found no evidence for an effect of release size on 
establishment, at least for release sizes typically used.  
This contrasts with small number of experimental 
tests of release size where establishment frequency 
increased with release size (Memmott et al., 1998; 
Grevstad, 1999b; Memmott et al., 2005).   Indeed 
there are also examples of release experiments 
where there was no effect of release size on 
establishment (Fauvergue et al., 2007; De Clerck-
Floate and Wikeem, 2009).  There are several 
possible explanations for a lack of effect of release 
size in practice.  First, release sizes typically used in 
biocontrol practice may be sufficiently large to avoid 
such effects (experimental demonstrations tended 
to use much smaller releases).  Second, Allee effects 
may be uncommon in insect populations.  In fact, 
a majority of experiments designed to detect Allee 
effects in insects have failed to find them (Ôtake and 
Oyama, 1973; Kindvall et al., 1998; Fauvergue et al., 
2007). Third, it may be that Allee effects are largely 
avoided in biocontrol releases because releases 
most often use adults that have already mated.  
Finally, it may be that density-independent effects 
of environmental variability (site to site and year to 
year) are more influential in determining population 
establishment than Allee effects, resulting in weak 
dependence of establishment on initial release size.  
Site to site variability is evident in wide variation in 
population growth of biocontrol agents among sites, 
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as in the case of P. marginata.  
The absence of a release size effect is important 

because it suggests that release programs might 
benefit from making more and smaller releases.  
The primary benefit of using more releases is 
that it increases the number of chances to obtain 
establishment, much like buying more raffle tickets 
increases the chances of winning a prize.  Using 
more releases is particularly important when the 
agent has a low per-release establishment rate.  In 
the case of P. marginata, the initial three releases by 
chance resulted in failure.  However, the use of more 
releases eventually allowed this agent to establish.  
Other notable examples of agents in Oregon that 
required many releases are A. malherbae on field 
bindweed, for which 17 failed releases were made 
over a four year period before one establishment 
occurred, and Diorhabda elongata Bullé for which 
18 failed releases occurred over four years before 
one finally succeeded. 

In addition to increasing the likelihood of 
establishment, the use of more releases can have 
other benefits.  Initial release can be used to identify 
habitat characteristics that influence performance 
such that future releases can be more successful.  
Identifying these patterns, either observationally or 
experimentally, requires the use of many replicate 
releases.  In the case of P. marginata, identifying 
a key habitat requirement increased the rate of 
successful establishment from 26 to 80%.  Similar 
improvements in establishment rate have been seen 
in A. malherbae on bindweed mentioned above 
and other agents in Oregon.  Experience gained by 
making more releases may help implementation 
specialists better understand methods of agent 
handling, by identifying factors in past projects that 
may have led to failure (Coombs, 2004).  Another 
advantage of the use of more releases is that it 
increases the chances that at least one population will 
end up in a site where explosive population growth 
is supported.  This is important in providing for the 
collection and redistribution of agents to other sites, 
which can help to achieve a more rapid impact on 
the weed. 

In summary, this practical approach to assessing 
biocontrol release strategies has found no evidence 
that the use of larger releases will lead to improved 
establishment success.  In contrast, the benefits of 
using more releases are clear, particularly when the 
agent is one that is difficult to establish.  
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