
403

Keynote Presenter

The primacy of evolution in  
biological control

G. Roderick1 and M. Navajas2

Summary

Evolutionary biology underlies much of the theory and practice of classical biological control; yet, 
its importance remains largely unappreciated. Procedures of classical biological control, including 
agent selection, quarantine, pre- and post-release studies, establishment, agent–target interactions, 
non-target effects and even risk analysis, all involve, to a greater or lesser extent, evolutionary issues 
and all can likely be improved by a better understanding of evolutionary processes. In this paper, we 
examine these processes, particularly adaptation and genetic variability. We also point to promising 
emerging areas in evolutionary biology, population genetics and related fields that can better inform 
biological control. These include DNA barcoding, whole genome sequencing, distributed databases 
and new computational approaches. Despite their promise, evolutionary studies in the context of bio-
logical control can be difficult: Evolutionary studies typically are studied over multiple generations  
and often the ideal experimental protocols are logistically complex. To address these problems, we 
draw parallels to invasion biology and emphasize the need for long-term, follow-up studies, even 
when biological control is not successful.

Keywords:  adaptation, genetic variation, evolution, selection.

Introduction
A central assumption of classical biological control 
is that predators, parasites, pathogens and herbivores 
will maintain their affinity for the target pest(s) while 
adapting to exploit their new habitats (see Simberloff 
and Stiling, 1996). Yet, adapting to non-target hosts is 
not desirable and frequently not acceptable. Adapta-
tion is an evolutionary process, and the extent to which 
adaptation actually occurs will determine not only the 
success of establishment and control of the target spe-
cies but also the extent of non-target effects. To pre-
dict potential non-target effects, researchers often use 
information concerning the phylogenetic relatedness 
of targets and non-targets (see Meyer et al., 2008, this 

proceedings). Evolutionary processes in biological 
control are not limited to non-target effects. In fact, 
evolutionary processes can inform most procedures 
in classical biological control, from agent selection, 
to quarantine and pre-release studies, to establishment 
and other agent–target interactions (Table 1). Evolu-
tionary predictions can also assist in cost–benefit and 
risk analyses. However, few biological control practi-
tioners would consider conducting evolutionary studies 
to improve a biological control programme. Why is this 
the case?

There are a number of reasons why the importance 
of evolutionary processes in classical biological con-
trol has not been recognized. Evolution can be defined 
as a genetic change from one generation to the next. 
As such, many studies of evolutionary processes can 
take a long time or longer than can be accommodated 
within a funding cycle for a typical biological control 
programme. Fortunately, some processes, such as the 
intensity of natural or artificial selection or heritability, 
can be estimated within a generation. A second diffi-
culty in understanding the role of evolution is the dif-
ficulty of conducting experimental tests of the phenom-
enon. For example, to assess whether an organism has 
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adapted to a novel host in a new habitat, ideally, one 
would like to conduct a reciprocal transplant involv-
ing both the source populations and introduced popu-
lations. With a few exceptions (e.g. Hufbauer, 2002), 
such experiments are typically not feasible. Neverthe-
less, useful information can be gained from less elabo-
rate designs than reciprocal transplants, and much can 
be learned from so-called natural experiments. Finally, 
even when manipulations are possible, some field con-
ditions are not easily replicated under laboratory or 
controlled settings. There is no easy solution to this 
problem. However, as discussed below, each classical 
biological control programme is an experiment in itself 
and follow-up studies or long-term monitoring can be 
used to analyze what works and what does not.

Adaptation
Adaptation by biological control agents to new habitats 
not only can increase establishment and success but also 
can lead to undesired non-target effects (Hufbauer and 
Roderick, 2005). Adaptation is an evolutionary process 
caused by natural or artificial selection and is relatively  
simple to measure in the laboratory or field. One way 
to measure selection is by estimating the selection dif-
ferential, S, which is the difference of the average phe-
notype of organisms after and before a selective event, 

such as the performance on a new host plant compared 
to an existing host. Estimates of selection differentials 
can be compared across studies and systems. To estimate  
whether a trait has a genetic basis, one can measure 
also the response to selection, R, which is the differ-
ence in the average phenotype in the generation after 
selection and the previous generation. The ratio of R/S 
is the heritability, h2, which is also an estimate of the 
proportion of phenotypic variation that has a genetic 
basis. There are other ways to measure heritability and 
other genetic parameters using slightly more elaborate 
experimental designs, such as by following related co-
horts relative to their parents (parent–offspring regres-
sion) or by splitting families to estimate maternal effects  
(1/2-sib design).

Heritability can be used to measure and predict evo-
lutionary responses in the field. For example, Cotter 
and Edwards (2006) raised 1/2-sib families of the moth, 
Helicoverpa armigera (Hübner), on resistant and sus-
ceptible chickpeas and found that host use was highly 
heritable, but the response also depended on the larval 
stage (instar) and host resistance. Even when breeding 
studies are not possible, one can test for evolutionary 
change. For example, Zangerl and Berenbaum (2005) 
used herbarium specimens over a span of 150 years 
to show that the phytochemistry of the invasive wild 
parsnip changed after introduction of the parsnip web-

Table 1. Evolutionary considerations in the procedures associated with classical biological control and the themes in this 
proceedings that relate to these procedures.

Procedure ISBCW Themea Evolutionary concepts Types of studies
Agent selection 5 Phylogenetic hypotheses Using relatedness in choice of agents and 

predicted host use
Quarantine 6 Population bottlenecks Avoiding population bottlenecks through 

sampling design and out-crossing
Pre-release studies 6 Identification and diagnostics DNA-based species identification (DNA 

barcoding); determining population ori-
gins; tracking individuals in experiments 

Establishment 1 Genetic variation, effective 
population size, adaptation

Potentially maximizing genetic variation 
through maintaining large effective popu-
lation sizes and out-crossing; understand-
ing role of adaptation to new conditions

Post-release studies 7 Identification and diagnostics DNA-based species identification (DNA 
barcoding); determining population ori-
gins; tracking individuals in experiments

Performance 6,7 Selection, adaptation Evolutionary response to selection;  
estimating heritability for relevant traits, 
such as host use

Agent-target interactions 6,7 Selection, adaptation,  
co-evolution

Evolutionary response to selection;  
estimating heritability for relevant traits, 
such as host use

Non-target effects 3,4,8 Selection, adaptation Estimating and predicting response  
selection, or lack thereof, for physiological 
tolerance or use of novel hosts

Risk analysis 3,4,8 Selection, adaptation Predicting response to selection
a  ISBCW Themes: 1 ecology and modelling, 3 benefit–risk–cost analysis, 4 regulations and public awareness, 5 target and agent selection,  

6 pre-release, specificity and efficacy testing, 7 release activities, 8 management specifics.
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worm. Indeed, many studies of herbivorous insects and 
plants have demonstrated evolutionary responses asso-
ciated with colonization as a result of biological inva-
sions (Müller-Scharer, 2006; Strauss et al., 2006), and 
the same approaches can be used in studies of biologi-
cal control. Likely, the most opportune time to conduct 
such studies is in the course of rearing for quarantine 
or pre-release testing. However, one can also estimate 
evolutionary responses over longer periods, such as as-
sociated with long-term monitoring.

Genetic variability
Genetic variability is the raw material on which se-

lection acts and so a reduction of genetic variability, 
such as in a population bottleneck, can result in a re-
duction in fitness as a result of inbreeding and a re-
duction in the ability of organisms to respond to new 
environmental conditions. In theory, issues related to 
population size and accompanying genetic variability 
are important in all aspects of biological control, from 
the initial collections and quarantine populations, to the 
individuals released and the potential for adaptation and 
non-target effects. Surprisingly, although introduced 
populations typically have lower genetic variability 
than their source populations (but see, Kolbe et al., 
2004; Marrs et al., 2008), there is less evidence to show 
that genetic variation limits population growth in in-
troduced populations (Roderick and Navajas, 2003; 
Hufbauer and Roderick, 2005). Several factors may 
explain this apparent conundrum. First, it may be that 
we have not observed the species or populations that 
were not successful as a result of low genetic variabil-
ity, perhaps because they died out before observations 
were possible. Second, theoretical studies show that, al-
though founding populations do lose alleles, particular-
ly the rarer alleles, if populations can rebound quickly 
after introduction, the loss of overall genetic variability 
(measured as heterozygosity) can be minimized (Nei  
et al., 1975). Finally, a series of explanations have been 
proposed to explain how small founding populations 
may recover genetic variation through genetic mecha-
nisms, such as through conversion of epistatic variation 
(see Carson, 1990), greater effects of sex-linked genes 
(Whitlock and Wade, 1995), founder-flush phenom-
ena where genetic drift is weaker in growing popula-
tions (Slatkin, 1996) and multiple introductions (Kolbe  
et al., 2004). These effects have not yet been studied in 
biological control situations.

The effects of low population size may be both ecolog-
ical and genetic. For example, experimental studies have  
shown that the probability of population establishment 
increases with release size (Grevstad, 1999). The Allee 
effect, which is a decline in population growth associ-
ated with low population size (Stephens and Sutherland, 
1999), has been often evoked to explain this. However, 
recent experimental manipulation of initial densities of 
an invading parasitoid have shown that a number of 

life-history traits, including reproductive rate and sex 
ratio at low population densities, can protect popula-
tions from Allee effects (Fauverguee et al., 2007).

What can one predict?
Taken together, studies of adaptation and genetic 

variability in small, introduced populations can be used 
to make several predictions about changes that might 
be expected in biological control agents after introduc-
tion to a new environment.

Theory and empirical evidence from studies of bio-
logical invasions suggest that adaptation to old and 
new hosts and to new local environmental condi-
tions should be common. However, few data are 
available to test this notion in biological control 
programmes.
Lack of genetic variation has been shown to have 
little impact on the success of introduced species 
and is not likely to be limiting in many biological 
control programs. This prediction is also very test-
able and very relevant to developing strategies for 
agent sampling, quarantine studies and release strat-
egies.
Micro- and macro-organisms used for classical 
biological control may differ fundamentally in the  
extent to which adaptive change is important. For ex-
ample, with their increased reproductive rate relative 
to their hosts, microorganisms adapt more quickly  
to novel hosts compared to macro-organisms. Stud-
ies to date of plant pathogens appear to support this  
notion (Roderick and Navajas, 2003).

Methods and results
The methods of evolutionary biology include observa-
tions, manipulations, breeding studies and inferences 
based on genetic variability. Several texts in evolu-
tionary biology and population genetics discuss these 
methodologies in detail (Table 2). In this paper, we fo-
cus on four advances that have been made in related 
fields, not necessarily directly connected to assessment 
of evolutionary change, but from which future stud-
ies of the role of evolution in biological control will 
clearly benefit.

DNA barcoding
Many applications in biology, including biological 

control, require accurate and timely species identifica-
tion (Navajas and Roderick, 2008). As species are gen-
erally thought to be interbreeding units separated from 
other such units, individuals within species will be 
more alike genetically than individuals of different spe-
cies. This is the basis for an emerging tool called DNA 
barcoding, in which a small section of DNA can be used 
for species diagnostics (Savolainen et al., 2005). For 
many taxa, this approach works extremely well, e.g. the 

1.
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use of mitochondrial cytochrome oxidase I in insects, 
although there are some complications, as for example 
with individuals of hybrid origin, species that have only 
recently diverged from one another and larger groups 
of taxa for which single genetic markers cannot reli-
ably distinguish species, e.g. plants. Nevertheless, DNA 
barcoding can be an effective diagnostic tool for many 
needs in biological control, such as linking unknown 
larvae with adults, associating males and females of 
the same species, identifying parasitoid species in 
their hosts and making rapid taxonomic identifications. 
While genetic identification of species is not new, the 
novel focus on DNA barcoding worldwide is result-
ing in new collections and catalogues of species and 
extensive DNA databases with vouchered specimens 
deposited in museums, including species of interest to  
biological control. These specimens and their associated  
ecological and genetic data can provide baseline data 
for long-term studies that are critical to understanding 
the role of evolution in biological control.

Whole genome sequencing
Advances in DNA sequencing technology and cor-

responding bioinformatics tools of DNA fragment as-
sembly and annotation have made it possible to obtain 
nearly entire DNA genome sequences for a handful of 
so-called model organisms, including human, mouse, the 
puffer fish Takifugu rubripes Temminck and Schlegel,  
the nematode worm Caenorhabditis elegans Maupas, 
the wild mustard Arabidopsis thaliana (L.) Heynh., the 
fruit fly Drosophila melanogaster Meigen, the hon-
eybee Apis mellifera Linnaeus and a growing number 

of other species. These genomes provide the opportu-
nity to identify many genes of functional significance 
(Gomez-Zurita and Galian, 2005) and to develop a 
wealth of molecular markers for population genetic 
studies (Bouck and Vision, 2007) as well as to resolve 
evolutionary relationships between taxa (Savard et al., 
2006). Because biological control agents are typically 
not model organisms, biological control may not ben-
efit as much from the genome boom as other biological 
disciplines. Nevertheless, we should expect the identi-
fication of homologous genes from model organisms 
that have relevance for biological control. For example, 
a DNA sequencing project of the first arthropod herbi-
vore, the mite Tetranychus urticae, is nearly completed 
(Grbic et al., 2007), and data from this project should 
lead to a better understanding of the genetics of host 
plant interactions. It is likely that the same loci can be 
examined in other herbivorous arthropods.

Distributed databases
Recent progress has been made in databasing the 

information from specimen collection events, mak-
ing it possible for anyone to use these data through a 
distributed database over the Internet. The core idea 
is that each collection or natural history museum cu-
rates and ‘owns’ its own specimens and is a provider, 
each deciding what to make publicly available. Then, 
if the different collections use similar fields in their 
data structure, a researcher can query data across all 
the participating providers simultaneously. The under-
lying software infrastructure supporting these tools is 
the collection management system already in use for 

Table 2. An introduction to the literature in evolutionary biology and population genetics relevant to classical biological 
control.

Topic Information References
Evolutionary biology textbook College text in evolutionary  

biology
Futuyma, 2005

Population genetics textbooks Approachable population genetics 
texts geared toward applications

Falconer and MacKay, 1996; Hartl, 2000;  
Conner, 2004; Lowe et al., 2004

Phylogenetic methods Advancing methods in phylogenet-
ics, coalescence, and parameters 
estimated from these analyses

Emerson et al., 2001; Rosenberg and Nordborg, 
2002; Baldauf, 2003; Holder and Lewis, 2003; 
Hall, 2007

Population genetic methods Advancing methods in population 
biology and population genetics 
and parameters estimated from 
these methods

Beaumont and Rannala, 2004; Manel et al., 2005; 
Excoffier and Heckel, 2006; Noor and Feder, 2006

Molecular genetic markers and 
their uses

Description of molecular mark-
ers and their uses for evolutionary 
biology, population biology and 
diagnostics

Avise, 2004; Roderick, 2004; Schlötterer, 2004; 
Armstrong and Ball, 2005; Savolainen et al., 2005; 
Navajas and Roderick, 2008

Overviews Reviews of evolutionary and popu-
lation genetic concepts in biological 
control, biological invasions, and 
the use of historical collections

Roderick, 1992; Hopper et al., 1993; Ehler, 1998; 
Fagan et al., 2002; Roderick and Navajas, 2003; 
Suarez and Tsutsui, 2004; Hufbauer and Roderick, 
2005; Strauss et al., 2006; Sax et al., 2007;  
Vellend et al., 2007
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many museums worldwide (for a working example, see 
the Berkeley Natural History Museums, BNHM, bio-
diversity science initiative, http://bscit.berkeley.edu/). 
These systems are designed to be modular and flexible 
such that individual collections can easily link to and 
interact with other resources both within each muse-
um and offsite, such as collections at other museums. 
Many styles of interaction can be supported, including 
machine-friendly methods, e.g. URL-based queries, 
formatted data dumps and DiGIR, Darwin Core, XML 
protocols and more human-friendly methods, such as 
linked interactive keys. Geospatial visualization, or 
mapping the data, can also be performed, e.g. using 
BerkeleyMapper and DiGIRMap. Many specimens 
also include a wealth of other information, including 
host use and habitat variables that can also be linked to 
such databases (Suarez and Tsutsui, 2004). For biologi-
cal control, distributed databases can provide world-
wide information on potential agents, including indig-
enous and introduced ranges. Coupled with climate or 
other ecological data, distributional data can be used to 
predict future spread and physiological tolerance. Tar-
get and non-target organisms can be investigated in a 
similar way.

New computational tools
Computational tools for both population genetics 

and phylogenetics are advancing rapidly. In addition 
to bioinformatics through which enormous quantities 
of genetic data can now be processed and summarized 
(noted above), new approaches are emerging for both 
phylogenetic reconstruction (Baldauf, 2003; Noor and 
Feder, 2006) and population genetics (Emerson et al., 
2001; Manel et al., 2005; Excoffier and Heckel, 2006). 
One promising avenue has been the use of Bayesian 
statistical methods to test a diversity of hypotheses in 
both areas (Holder and Lewis, 2003; Beaumont and 
Rannala, 2004). New phylogenetic approaches should 
improve biological control through more accurate as-
sessments of species relationships for agent selection. 
Knowledge of host and habitat use of close relatives 
can be used to minimize non-target effects. Advances 
in population genetics are providing novel ways to 
trace the history of populations and to infer and predict 
demographic parameters useful for biological control 
programmes, such as population growth, geographical 
spread and habitat suitability.

Discussion
One goal of this paper is to raise awareness of evo-
lutionary biology and related fields so that new ap-
proaches can be used to better inform biological con-
trol programmes. A number of researchers have argued 
that recognizing general principles in the field of bio-
logical control can help move the discipline to more 

of a predictive science from one of a set of individual 
case studies (see discussions in Kareiva, 1996; Sim-
berloff and Stiling, 1996; Holt and Hochberg, 1997; 
Hochberg and Gotelli, 2005). Certainly, evolutionary 
principles can help in this regard, as noted above for 
choosing agents and in better understanding the roles 
of adaptation and genetic variation. New methodolo-
gies provide additional data for study and new ways to 
examine existing data. Yet, many desirable manipula-
tions are difficult, if even feasible. In this paper, bio-
logical control can likely benefit from the discipline of 
invasion biology, which also focuses on introductions 
and colonizations, establishment and spread (see Fagan 
et al., 2002). Particularly important to both fields is a 
better understanding of successes and failures, which 
necessarily demands follow-up studies or long-term 
monitoring.

Relevance of invasion biology
Classical biological control can be thought of as a 

series of semi-replicated field manipulations in which 
organisms are transplanted into new environments. It is 
well recognized that this process shares much with bio-
logical invasions (McEvoy et al., 2008, this proceed-
ings; Warner et al., 2008, this proceedings) in that the 
introduced organisms typically find abundant resources  
and few predators, parasites or competitors (Ehler, 
1998; Roderick and Navajas, 2003; Müller-Scharer, 
2006). Both disciplines offer the possibility to follow 
long-term effects of introductions/colonizations. To 
make use of these studies, it is important to follow the 
introductions/colonizations from the beginning. In this 
regard, classical biological control has a distinct advan-
tage in that introductions are well planned. In addition, 
to understand what factors determine which introduc-
tions will be successful, it is important to monitor not 
only well-known successes, but also failures. Unfortu-
nately, after-the-fact studies are typically difficult to 
fund, although one might argue that they are the most 
important (McFadyen, 2008, this proceedings). Cer-
tainly, long-term evolutionary responses associated 
with classical biological control or invasion biology 
can only be understood when historical data or speci-
mens are available for comparison.

Suggestions for further study
To understand better evolutionary processes in 

classical biological control, we can make several rec-
ommendations that are relevant to agent selection,  
quarantine, pre- and post-release studies, establish-
ment, agents–target interactions, non-target effects and 
risk analysis. The following are the suggestions for fur-
ther study:

Involve researchers from several disciplines in bio-
logical control efforts. This review has focussed on 

1.
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evolutionary biology where the recommendation 
is particularly relevant, but biological control pro-
grammes would also benefit from those studying 
risk and social science.
Preserve and database pre-release samples and as-
sociated ecological data. Pre-release data collections 
with vouchers are critical both for future ecological 
and genetic studies. We recommend that the speci-
mens be accessioned to a well-maintained national 
or regional collection or natural history museum, 
which has a mission of long-term storage. For some 
questions, specimens also can provide information 
on habitat variables, including competitors, preda-
tors and pathogens (Suarez and Tsutsui, 2004). This 
is a requirement of some countries, e.g. Australia, 
when introducing a potential biological control agent 
for quarantine studies.
Conduct genetic studies in the context of rearing in 
quarantine and pre-release testing. If rearing studies 
are being conducted and if it is possible to have rep-
licates within the rearing design, by keeping track 
of parentage, it is possible to conduct simple studies 
of heritability for host use and for other traits. Such 
data is invaluable for predicting host use and could 
be obtained with little extra work.
Emphasize long-term monitoring. Genetic markers 
have been proven to be useful to monitor the fate 
of released individuals (Navajas et al., 2001). Long-
term monitoring of classical biological efforts will 
benefit many sub-disciplines, not just evolutionary 
biology. Risk assessment is one area in which real-
world data are lacking, e.g. McFadyen (2008, this 
proceedings). Such monitoring is not easy, is often 
difficult to fund and will likely take a coordinated 
effort of researchers.
Publish on all biological control introductions, in-
cluding those that do not work for whatever reason. 
By publishing results of unsuccessful introductions, 
we can compare what does work with what does not 
and hence assess variables underlying success. Ad-
mittedly, publishing on unsuccessful introductions 
will take some change in editorial policies in re-
spected journals. Towards the same goal, researchers  
can present research on unsuccessful introductions 
in a broader hypothetical framework, such as inva-
sion biology, so that negative results can be more 
interesting and relevant.
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