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A B S T R A C T

The impacts of different biotic and abiotic limiting factors on introduced biological control agents and their weed
targets may result in geographically variable control, with implications for ongoing management and plans to
improve efficacy. Geographic variability in control successes, however, may be underreported. Using the
comprehensive catalogue, “Biological control of weeds: A world catalogue of agents and their target weeds”, we
assessed whether geographic variability in successful control is common, whether variability in programs could
be attributed to limiting factors, and which factors were most likely responsible for variable success. In 38% of
all reviewed programs, success was deemed spatially variable but nearly half of variable programs had unknown
or unreported limiting factors. We discuss the factors that can contribute to geographic variability in agent
abundance and associated success of weed biological control, provide case studies and current biological control
practices, and finally discuss the potential ecological and evolutionary consequences of this variability.
Published data to assess whether geographic patterns of variability were predictable, or to quantify variability
along environmental gradients are lacking. Research that addresses the strength of agent-host interactions across
environmental gradients, such as temperature or precipitation, or examines spatial variability in a metapopu-
lation or landscape context may provide the best understanding of control failures and contribute to a bio-
geographic framework within which to evaluate ongoing and future biological control projects.
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1. Introduction

Although biological control has a long history of documented suc-
cesses (Buckingham, 1996; Fowler et al., 2000; McFadyen, 2000; Room
et al., 1981; Seastedt, 2015), these successes are often overshadowed by
rare but high-profile failures, including instances of non-target impacts
(Louda et al., 2003; Pearson and Callaway, 2003) or the lack of agent
establishment (Baars, 2003; Bean et al., 2007; Cullen, 1995; Milan
et al., 2006). The failure of agents to reduce the abundance of target
species in some areas but not others has been linked to phenological,
climatic, or genetic mismatches between agent and host, although the
frequency of these outcomes has been drastically reduced since mod-
eling and molecular techniques have become more accessible during
program development (Van Driesche et al., 2009; Yeates et al., 2012).
For weeds with a broad distribution, a biogeographic research emphasis
may provide a better understanding of spatial variability in past suc-
cesses and failures and more realistic expectations for future control
across regions (van Klinken et al., 2003). This approach is similar to
that employed in modern invasion biology (e.g., Cronin et al., 2015;
Pyšek and Richardson, 2006; Wilson et al., 2009) and could be valuable
for studying systems in which the invader has been established for a
long time before biological control is implemented. Additionally, in
many cases there are introductions from multiple source areas (or hy-
bridization; Kwong et al., 2017; Williams et al., 2005), leading to a
predicament in decision-making about whether to prioritize one weed
genotype over another for biological control, or where to source ef-
fective agents (DeLoach et al., 2003; Dray, 2003; Van Driesche et al.,
2009).

Variable outcomes in weed biological control programs may be at-
tributed to limited establishment of agents due to poor release proce-
dures (Grevstad, 1999; Lockwood et al., 2005; Shea and Possingham,
2000), variation in host plant quality (Van Hezewijk et al., 2008), Allee
effects during establishment of the agent (Courchamp et al., 1999;
Hopper and Roush, 1993), incompatibilities between agents and hosts
(Boughton and Pemberton, 2011), competition with other established
agents (Ehler and Hall, 1982), dispersal limitations and variable spread
of agents (Heimpel and Asplen, 2011; Lake et al., 2018), novel asso-
ciations with predators or disease in parts of the range (Christensen
et al., 2011; Goeden and Louda, 1976; Parys and Johnson, 2012), or
climate and related physiological limitations of the agents (Augustinus
et al., 2020; Milan et al., 2006; Zalucki and Van Klinken, 2006). Given
the ecological complexity of reassociating natural enemies and their
hosts in a novel range, it is surprising that so much success has been
achieved in managing weeds with biological control (Heimpel and
Cock, 2018; McFadyen, 2000). Nonetheless, geographic variability in
weed control, particularly for widespread species, could be expected
due to program or site-specific differences in the factors mentioned
above.

The goal of this review is to identify causes and consequences of
geographic variability of weed biological control and determine whe-
ther it is a commonly reported problem. We reviewed worldwide bio-
logical control programs through 2005 using “Table 1. Exotic organisms
intentionally introduced” in “Biological control of weeds: A world
catalogue of agents and their target weeds”; hereafter referred to as, 'the
catalogue' (Winston et al., 2014) to determine which factors likely ex-
plain variability in agent impacts. The catalogue is an extensive data-
base of all weed biological control programs implemented around the
world and includes information such as weed species, agent species,
limiting factors (if known), non-target impacts (Hinz et al., 2019),
country where releases were made, and the organization that conducted
the releases (Winston et al., 2014). We address the following questions:
(i) what proportion of weed biological control programs are geo-
graphically variable in control outcomes; and (ii) can spatial patterns of
control be attributed to variability in biotic or abiotic factors, and
specifically, which factors are likely responsible for generating these
patterns? We provide biological control case studies and discuss

modern approaches used by biological control researchers to under-
stand the biogeography of their systems. This type of approach can
provide a useful framework for understanding past variability in suc-
cess and give managers more realistic expectations in current and fu-
ture programs.

2. Review of relevant cases from the world catalogue of agents
and their target weeds

To determine whether geographic variability in weed biological
control is common, we reviewed the catalogue for all biological control
programs in which variable or inconsistent impacts were reported
(Winston et al., 2014). The catalogue is a comprehensive accounting of
all weed biological control programs between the late 1800s and the
present with curated information on program location, year, and the
current status of the program (e.g., agent abundance, severity of im-
pact, geographic scale of impact). The catalogue has been used pre-
viously to analyze weed biological control agent introductions and their
establishment rates (Schwarzländer et al., 2018), and to investigate the
frequency of off-target effects from agents (Hinz et al., 2019). The
curators of the catalogue compiled information on release programs
obtained through extensive literature reviews and expert interviews to
estimate the impact severity and geographic extent of control by in-
troduced agents. Although the catalogue has information on native
agents used for control (Table 2), agents found but not intentionally
introduced (Table 3), and bioherbicides (Table 4), we focused our
analysis on a subset of intentional introductions of biological control
agents (Table 1). Specifically, we examined programs where general
impact was estimated by the curators of the catalogue as “variable”, or
the geographic extent of impact by introduced agents was “variable”,
“local”, or “regional”. From this shortened list, we excluded newer
(releases conducted after 2005) programs to allow time for establish-
ment and assessment of impacts across the potential range. Although
the 2005 cutoff is largely arbitrary, we assumed that 15 years would be
a sufficient time to allow for determination of program success
(McFadyen, 1998). Although we could determine the age of the pro-
gram based on initial release dates, we could not estimate whether ef-
fort towards establishment was continuous or periodic. We also ex-
cluded those programs in which the geographic extent of damage was
largely or wholly unknown.

For each combination of weed, agent, and release country, we as-
sessed factors associated with limiting the efficacy of the agents.
Although the curators of the catalogue had recorded important limiting
factors for each agent/target plant interaction, where that information
was available, we attempted to verify entries and further subcategorize
them. These subcategories included: predation, parasitism, disease,
competition with native species, competition with other agents, agent-
host incompatibilities, anthropogenic disturbance, phenological asyn-
chrony (all biotic factors), climate, and habitat (abiotic factors). For
abiotic factors, we further assigned cases to the following subcategories:
precipitation, temperature (climate); soil, wind, flooding, moisture,
shade, and nutrients (habitat). We attempted to verify these designa-
tions, but in many cases that was not possible because the original in-
formation was obtained through extensive interviews with control
practitioners. Therefore, we used the catalogue as the authority.

We omitted duplicate entries if an agent was released multiple times
(e.g., over several years or potentially as distinct biotypes) in the same
country. Multiple introductions of the same agent in the same country
are difficult to differentiate in the field, so we merged all instances of a
weed-agent combination within a country into a single entry. If mul-
tiple important factors were reported for an introduction, those were
considered separately. Thus, we calculated the percentage of all pro-
grams that were deemed to be limited, at least in part, by each factor. If
a program in the catalogue was estimated to be variable with regards to
success, but reasons for variability were not previously reported, we
reviewed the literature on the program to assess whether the
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information was currently available. After assigning variable programs
as either due to specific biotic or abiotic factors, we examined each
program to determine whether data were available to make compar-
isons about the relative importance of each on control effectiveness.
This ultimately was fruitless, as many programs lacked quantitative
spatial data on control outcomes, so we discuss the outcome of the
survey qualitatively.

To compare whether the reported incidence of biotic or abiotic
limiting factors were different, we used a Chi-squared test for in-
dependence. For this test, we included all programs with at least one
biotic or abiotic limiting factor (i.e. we did not include cases where the
limiting factors are unknown). We also conducted a separate Chi-
squared test for a subset of countries with a large number of current and
historical programs (Australia, South Africa, and the United States of
America) to determine whether differences in the incidence of biotic or
abiotic factors varied by country. These tests were conducted using SAS,
version 9.4 (SAS Institute, Cary, NC).

For the categories and subcategories listed above, we reviewed the
literature on the importance of each category for limiting the dis-
tribution of organisms. Although our focus is largely on regional-scale
variation in success of biological control, we discuss, for example, some
factors that may limit efficacy at the local habitat scale, such as soil,
shade, and nutrients.

Of the 1,014 combinations of agents and target plants reported in
Table 1 of the catalogue, 37% (377 combinations) are reportedly geo-
graphically variable in their impact and ultimate reduction in target
weed populations (Table A.1). Of those, abiotic factors were more
common than biotic factors (Chi-square, df = 1, p = 0.001); 39% were
categorized as at least partly limited by abiotic factors, 25.7% partly by
biotic factors, and 10.9% limited by both abiotic and biotic factors

(Table 1). Additionally, 43% of variable programs reported only biotic
(15%) or abiotic (28%) factors as important. A large proportion of
variable programs (45.6%) did not have adequate information available
to determine causes of variability. Most programs with reported vari-
able outcomes came from the countries with the most historically active
biological control programs (i.e., the contiguous USA, 78 cases: Aus-
tralia, 74 cases; South Africa, 41 cases.) Among the three countries with
the most programs, 56%, 44%, and 44% of USA, Australian and South
African programs, respectively, display geographic variation in control
success. There were no differences among the countries in incidence of
biotic or abiotic factors (Chi-square, df = 2, p= 0.11). In the rest of the
world (excluding those three countries), 36% of programs have re-
ported variable outcomes. That two of the three most active countries
have a greater proportion of variable programs may be due to their
large sizes relative to other countries that have historically practiced
biological control of weeds, which may promote geographic variation
in control due to biogeographic processes acting on agents and hosts
across large managed areas.

3. Influences of abiotic factors in weed biological control

3.1. Climate-precipitation

Climate provides perhaps the most important limitation on species’
distributions directly (humidity/precipitation and temperature) or in-
directly if host plants, competitors, or predators respond to climate in
ways that ultimately impact control agent population dynamics (e.g.,
photoperiod or temperature-cued plant senescence in some areas but
not others, outbreaks of predator or competitor species) (e.g.,
Augustinus et al., 2020; Crawley et al., 1986; Cullen, 1995; Newman
et al., 1998; Zalucki and Van Klinken, 2006). Eighteen percent of pro-
grams (70 of 377) that were deemed variable in the catalogue were
affected by variation in precipitation.

Precipitation can have limiting effects directly on introduced agents
by changing local or regional humidity or physical damage to agents
(Dhileepan and McFadyen, 2012; Moran and Hoffmann, 1987; Norris
et al., 2002), or indirectly through changes in plant quality or mod-
ifications to interactions between species (Deguines et al., 2017). For
example, populations of a highly successful biological control agent, the
cochineal insect, Dactylopius opuntiae (Cockerell), deployed in South
Africa against the cactus weed, Opuntia stricta (Haw.) Haw., are reduced
by heavy rainfall. Rain dislodges the sessile females and nymphs of the
cochineal insects from plants at a time when additional moisture en-
courages vigorous cactus growth (Paterson et al., 2011). Regional
control by D. opuntiae resulted in a 90% biomass reduction of the host
within a decade after introduction, but it is thought that the reduction
would have occurred much more rapidly if not for a period of rainfall
and flooding shortly after the introduction of D. opuntiae (Paterson
et al., 2011). In contrast, the rust Puccinia abrupta var. partheniicola was
introduced for control of parthenium weed (Parthenium hysterophorus
L.) in Australia, but was only established in areas with sufficiently wet
winters (Dhileepan and McFadyen, 2012). Precipitation can also lead to
apparent variation in biological control success by enhancing plant
vigor. For example, Weed et al. (2014) demonstrated that the stem-
mining weevil Mecinus janthiniformis Toševski & Caldara appeared to
vary spatially in its control of Dalmatian toadflax (Linaria dalmatica ssp.
dalmatica (L.) Mill.) but this variability could be largely explained by
local precipitation patterns and the positive effect of rainfall on plant
growth and reproduction.

3.2. Climate-temperature

Thirteen percent of the weed biological control programs with
variable success (51 of 377 cases) were attributed to geographic var-
iation in temperature. Lower thermal limits may restrict agent estab-
lishment and survival in a number of control programs where cold

Table 1
Results from review of the World Catalogue of Agents and Their Target Weeds
to determine causes for variable effectiveness of introduced agents. For pro-
grams and agents in which variability was postulated, we categorized the
limiting factors by biotic and abiotic types. Programs could fall under more
than one category (i.e., sum of percent biotic and abiotic factors is greater than
100%). For the analysis, agents released in different countries or that were
assessed on multiple target plants were considered separate programs.

Limiting factor No. of
cases

Percent of
variable
programs

Percent of all
programs

Biotic 97 25.53% 9.57%
Predation 38 10.00% 3.75%
Parasitism 38 10.00% 3.75%
Disease 3 0.79% 0.30%
Competition with native spp. 0 0.00% 0.00%
Competition with other agents 20 5.26% 1.97%
Genetic incompatibility with
host

21 5.53% 2.07%

Anthropomorphic disturbance 4 1.05% 0.39%
Phenological asynchrony 6 1.58% 0.59%

Abiotic 147 38.68% 14.50%
Climate 121 31.84% 11.93%

Precipitation 70 18.42% 6.90%
Temperature 51 13.42% 5.03%

Habitat 56 14.74% 5.52%
Soil 3 0.79% 0.30%
Wind 2 0.53% 0.20%
Flooding 5 1.32% 0.49%
Moisture 16 4.21% 1.58%
Shade 15 3.95% 1.48%
Nutrients 5 1.32% 0.49%

Effect on host* 17 4.47% 1.68%
Factors not known/ determined 172 45.26% 16.96%

* It is unclear from the literature whether the limiting factor acts directly on
the agents or creates an environment where the agents are more effective be-
cause the host is impacted by the factor. These cases were not included in the
other categories.
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winters are common (Cowie et al., 2016). For example, the alligator-
weed flea beetle, Agasicles hygrophila Selman & Vogt, is restricted by
cold winter temperatures to warm coastal areas in the southeastern
USA. Areas north of the overwintering range of A. hygrophila remain
largely uncontrolled (Harms and Shearer, 2017; Vogt et al., 1992). Si-
milarly, the tropical soda apple leaf beetle, Gratiana boliviana Spaeth,
has a more restricted range than its host in the southeastern USA due to
differences in low temperature limits between the two. Thus, control in
higher latitude sites of the introduced range is likely to be low (Diaz
et al., 2008; Mukherjee et al., 2012).

There are many ways in which biological control practitioners ad-
dress climate limitations on agents. Commonly, new native-range ex-
ploration is undertaken in climates that better match areas in the in-
troduced range where agent abundance is low, with the intention to
locate new genotypes (or species) of agents that are better adapted to
local conditions (Robertson et al., 2008; Sun et al., 2017; van Klinken
et al., 2003). For example, putatively cold-tolerant alligatorweed flea
beetles collected in temperate South America were introduced into the
USA during the early 1980s in response to the overwintering tem-
perature limitations experienced by established beetle populations
(Buckingham and Boucias, 1982; Buckingham et al., 1983). Not typi-
cally undertaken, but potentially useful, are surveys in other parts of
the introduced range to identify whether sufficient genetic variation
exists in the biological control agent to encourage locally adapted po-
pulations (e.g., Griffith et al., 2019; Reddy et al., 2019). Reddy et al.
(2019) identified an introduced population of the water hyacinth
(Pontederia crassipes Mart.) weevil Neochetina eichhorniae Warner in
Australia that performed better at cool temperatures than either in-
troduced populations in California or native populations from Uruguay
or Argentina. The Australian introduction of N. eichhorniae was made
from source populations in the USA, which suggests there may already
be better cold-adapted N. eichhorniae populations in the USA.

Species’ distributions will be influenced by rising average tem-
peratures, the variability of temperature extremes, and increased fre-
quency of extreme weather events associated with global climate
change (Easterling et al., 2000; Harms and Cronin, 2020; Parmesan,
2006; Parmesan and Yohe, 2003). Host plant availability is generally
not limiting for the distribution of biological control agents, but if in-
creasing global temperatures promote poleward shifts in the distribu-
tion patterns (i.e., location and abundance) of both agents and hosts,
then unequal expansion rates may lead to increased importance of host-
limitations for predicting agent occurrence. Although this has not been
addressed explicitly for weed biological control agents and their hosts,
there are a number of other systems in which spatial and phenological
mismatches between herbivores and plants are likely to occur as a result
of climate change (Blois et al., 2013; Tylianakis et al., 2008).

3.3. Habitat

Habitat type and quality (i.e. flooding, shading, moisture, nutrients,
soil) may be important for biological control, particularly if it varies
regionally. Variability of success in nearly 15% of evaluated programs
(56 of 377) was at least partly attributed to habitat variation. For in-
stance, the tansy ragwort (Jacobea vulgaris Gaertner) flea beetle,
Longitarsus flavicornis (Stephens), cannot persist in areas prone to
flooding (e.g. floodplain sites) due to high larval mortality (Potter et al.,
2007). Listronotus setosipennis (Hustache), introduced for control of
parthenium weed in Australia, is more abundant on plants in areas with
alluvial and black soils than clay and sand. As larval L. setosipennis
mature, they move from feeding in the stem to roots, ultimately exiting
to create a pupal chamber in the soil, which is thought to be the limiting
feature of soil type (Dhileepan et al., 2018). Available nutrients may
vary regionally and influence control agents’ impacts on host plants.
Although there are few examples where nutrients are thought to limit
the distribution of agents, nutrients have direct effects on agents
through altered life history traits and population dynamics (Harms and

Cronin, 2019; Room et al., 1989; Uyi et al., 2016; Wheeler and Center,
1997), and indirect effects through modulation of host-plant defenses
(Nybakken et al., 2018; Tomley, 1990).

4. Influences of biotic factors in weed biological control

4.1. Biotic resistance (predation, parasitism, disease, competition)

In 26% of variable programs (9.8% of all programs), biotic re-
sistance was evident. Strong biotic pressures (predation, competition)
in the native range are often absent or much-reduced in the novel range
during invasion (i.e. enemy-release) (Keane and Crawley, 2002;
Torchin and Mitchell, 2004). Moreover, native predators, parasitoids,
or parasites can benefit from, and numerically respond to, the potential
food supply that comes with introduction of large numbers of biological
control agents (Carlsson et al., 2009). For example, the seed head gall
fly (Urophora affinis Frauenfeld) introduced for control of spotted
knapweed (Centaurea stoebe Eichw.) is preyed upon by deer mice
(Peromyscus maniculatus) in a number of locations during a time when
food is otherwise scarce (Pearson et al., 2000), which may explain
spatial variation in knapweed biological control in some areas (Story
and Nowierski, 1984).

Acquisition of new predators, parasitoids, or parasites is detrimental
to some biological control programs, but evidence for their role in
contributing to geographic variation in success or generating distribu-
tional boundaries of agents is largely lacking. For instance, a native
acquired aquatic parasitoid (Trichopria columbiana Ashmead) exerts
substantial pressure on the introduced hydrilla (Hydrilla verticillata L.f.
Royle) biological control agents, Hydrellia pakistanae Deonier and H.
balciunasi Bock in the USA (Coon et al., 2014). Whether T. columbiana is
partly responsible for restricting the geographic distribution of agents
to the southern USA is unclear and has so far not been tested (Coon
et al., 2014; Grodowitz et al., 1997). Trichopria columbiana is broadly
distributed in the northern USA, associated with common native hosts,
so may provide some resistance to northward range expansion of
agents, though incompatibility between introduced Hydrellia spp. and
northern hydrilla genotypes is more likely to limit range expansion of
the agents (see section 4.2 Genetic variability in host populations and
agent-host incompatibilities below). The egg-parasitoid, Kalopolynema
ema (Schauff and Grissell), native to the USA, parasitizes eggs of the
water hyacinth planthopper (Megamelus scutellaris Berg) at field-mea-
sured rates up to 26% (Minteer et al., 2016). As with T. columbiana and
introduced Hydrellia spp., evidence is lacking for the influence of K. ema
on M. scutellaris distribution. A number of generalist predators have
been implicated in reducing impacts of biological control agents in
some areas. For instance, the red imported fire ant (RIFA), Solenopsis
invicta Buren, can limit control of waterlettuce (Pistia stratiotes L.) and
common salvinia (Salvinia minima Baker) by feeding on introduced
biological control agents in some locations (Dray et al., 2001; Parys and
Johnson, 2012). In another example of severe ant predation, tamarisk
(Tamarix spp.) leaf beetles Diorhabda elongata Brullé were heavily
preyed upon by ants (RIFA and native species) in Texas, limiting es-
tablishment to some of the original release sites only (Knutson and
Campos, 2019).

Perhaps important but understudied is the influence of interspecific
competition with other herbivores on the performance and distribution
of introduced biological control agents. Groenteman et al. (2007) found
that after introduction of the nodding thistle (Carduus nutans L.) seed fly
(Urophora solstitialis (L.)) in New Zealand, gall numbers were reduced
by 46–93% when the earlier-established seed weevil Rhinocyllus conicus
Frölich was present. However, in a simulation of nodding thistle growth
rates under attack by one or both of the introduced agents, it was found
that at high densities of both agents, nodding thistle growth rate would
be 27% and 18% higher, respectively, than when U. solstitialis or R.
conicus occurred alone. Thus, negative interactions between the agents
may be responsible for the spatial variation in nodding thistle control
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observed in New Zealand (Groenteman et al., 2007). In a rare example
of investigation into the compatibility of using insect and pathogen
agents to control a weed, Ray and Hill (2016) found that heavy feeding
by the introduced mirid, Eccritotarsus catarinensis (Carvalho), increased
subsequent time for infection by the water hyacinth pathogen, Acre-
monium zonatum (Sawada) W. Gams. Similarly, on melaleuca (Melaleuca
quinquenervia (Cav.) S.F. Blake) in Florida, fitness of the rust fungus
Puccinia psidii G. Winter and weevil Oxyops vitiosa Pascoe were reduced
in areas where both agents were present, with infection lowering larval
survival and feeding by O. vitiosa reducing available leaves for infection
by P. psidii (Rayamajhi et al., 2006).

Interactions between agents can be complex, however. For example,
Marlin et al. (2013) found both negative and positive interactions be-
tween three introduced biological control agents on water hyacinth,
which led to variability in plant biomass reduction, depending on the
combination of agents. Although geographic considerations were not
the focus of Marlin et al. (2013), efforts have been made to understand
distributional patterns of water hyacinth insects relative to thermal
physiology of the agents, given that some are more cold-hardy than
others (Hill and Olckers, 2000; May and Coetzee, 2013). By connecting
previous work on water hyacinth agent distributions (and abundance
within their distributions) to interactions between agents, it is likely
that field measurements would confirm that the strength of agent-agent
interactions varies with location and agent abundance. This should be
examined in the future and could provide valuable insights into geo-
graphic variation in biological control of water hyacinth relative to
agent-agent interactions. Furthermore, indirect competition between
agents may occur through herbivore-mediated changes in plant chem-
istry (i.e. induced defenses). Because different natural enemy species
(Liu et al., 2018) or agent guilds (i.e., chewing, piercing-sucking, pa-
thogen) (Felton and Korth, 2000; Felton et al., 1994) can induce dif-
ferent responses in their host plants, use of multiple agents in the same
feeding guild seems to be more likely to generate a stronger negative
competitive interaction than agents in multiple guilds. With such sparse
data available on interactions between introduced biological control
agents, studies to determine potential interactions between agents
could be included in testing for some programs when additional agents
are under consideration for release.

4.2. Genetic variability in host populations and agent-host incompatibilities

Incompatibility between agents and hosts or genetic variability in
host populations was implicated in nearly 6% of the programs identi-
fied in the catalogue. Biological control agent performance may vary
geographically because of spatial variation in the genetic makeup of
host-plant populations. For example, Hydrellia pakistanae was released
in the USA for control of the aquatic weed hydrilla (Center et al., 1997),
but has been mostly restricted to the southeastern USA where a dioe-
cious genotype of hydrilla occurs (Grodowitz et al., 2010, 2004; True-
Meadows et al., 2016). In the northeastern USA, the fly has been un-
successful in establishing and impacting hydrilla populations of a dif-
ferent, monoecious genotype (Grodowitz et al., 2010). The lack of es-
tablishment and impact to monoecious hydrilla has been suggested to
result primarily from the annual habit of monoecious hydrilla and the
overwintering habitat requirement (plant stems in the water column) of
the agent rather than palatability (Dray and Center, 1996) or climate
differences, because H. pakistanae has been collected as far as N 46° in
its native range (Deonier, 1993). If the northern genotype expands
southward, the distribution of H. pakistanae may shrink further if the
two genotypes co-occur but the northern population is more successful
because of differential impacts by the agent (i.e. through apparent
competition, the negative impact of one species on another mediated by
a shared predator or herbivore; Holt and Bonsall, 2017). Similarly,
development of biological control for Old World climbing fern (Lygo-
dium microphyllum (Cav.) R.Br.) in Florida benefitted from testing agent
haplotypes on multiple fern haplotypes from native and introduced

ranges (Goolsby et al., 2006a). This led to the discovery of locally
adapted agent populations that differed greatly in their performance on
Florida plants, depending on the source of agents within the native
range. Variation in agent performance may be the result of incorrectly-
sourced agents (i.e. from the wrong host haplotypes in the native
range), the presence of multiple host haplotypes in the introduced
range due to multiple introductions from different source areas, or can
result from evolutionary processes acting on plant populations during
or after the invasion process (e.g. genetic bottlenecks, hybridization).

Novel host plant genotypes may be formed during the invasion
process through hybridization between different source populations or
between introduced and native lineages or species (Ellstrand and
Schierenbeck, 2000; Lambertini et al., 2012; Moody et al., 2016). Hy-
brids represent novel genotypes which are absent from the native range
of the invasive parent plant and complicate the process of biological
control development (Moody et al., 2016). Incompatibilities between
agents and hosts were found when testing potential agents for use on
native (Brazilian) or the invasive hybrid (Florida, USA) Brazilian pep-
pertree (Schinus terebinthifolia Raddi) (Manrique et al., 2008). Among
the three potential agents used in those experiments, one performed
similarly on native and introduced Brazilian peppertree populations but
the other two agents differed greatly between native and introduced
weed populations with one performing better on hybrid introduced
populations and one performing worse. This study allowed the re-
searchers to select the appropriate agent but was only possible after
testing because predicting agent performance on hybrids is difficult
(Fritz et al., 1999). For instance, in the USA, both native and introduced
watermilfoils (Myriophyllum spp.) co-occur and have produced a
number of hybrid offspring and backcrosses throughout their range
(Borrowman et al., 2014; Moody et al., 2016). In addition to problems
with predicting biological and ecological interactions between hybrids,
their susceptibility to biological control agents is not always as would
be predicted from tests with parental genotypes (Borrowman et al.,
2014; Roley and Newman, 2006). In the case of the native North
American milfoil weevil, Euhrychiopsis lecontei (Dietz), variable perfor-
mance was found on the multiple new lineages of watermilfoils. Ad-
ditionally, the high level of genetic diversity in Phragmites populations
in the USA (Lambertini et al., 2012) and the occurrence of native-in-
vasive hybrids may complicate biological control agent development
and lead to differences in impacts between populations when agents are
introduced (Cronin et al., 2016). In addition to performance of agents,
variable control may result from genotypic differences in performance
of the host plant that manifest through increased resource acquisition
or growth rate (i.e. hybrid vigor) (Ellstrand and Schierenbeck, 2000;
Lee, 2002).

4.3. Phenological asynchrony between agent and host

Although not commonly reported (approximately 2% of the pro-
grams), geographic differences in agent and host phenologies (i.e. the
timing of important life history events) may limit control in some cases,
particularly when the primary impact of the agent is related to sea-
sonality or life stage of the host. For example, the tamarisk leaf beetle,
Diorhabda carinulata (Desbrochers), was widely introduced into North
America from China, but leaf beetle introductions in the southern USA
experienced day-length related premature diapause, which reduced
their impacts on host trees in southern locations (Bean et al., 2007).
Subsequently, evolution of day-length diapause initiation was docu-
mented: agents are now better-synchronized with their hosts in
southern environments, and as a result efficacy of D. carinulata has
increased (Bean et al., 2012).

Phenologies of many organisms are expected to change under future
climate regimes (Chmura et al., 2019; Scranton and Amarasekare,
2017). If phenologies of interacting species (e.g., biological control
agent and host) shift at different rates (Forrest, 2016; Renner and
Zohner, 2018), there may be an increase in periods where agent
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abundance is low relative to susceptible host stages. Additionally, some
insects target reproductive structures of host plants which only occur
during a short window (e.g. flowers, seeds), and disruption of agent-
host synchrony may reduce the impact of the agent to nearly zero in
some areas. On the other hand, climate change may lead to increased
control of some species in some cases. Experimentally-elevated CO2 in a
field trial led to an advance in the phenology (earlier flowering, faster
seed head development) of the prairie invader Centaurea diffusa Lam.,
but damage by the introduced agent Larinus minutus Gyllenhal was also
higher under experimental conditions (Reeves et al., 2015). Based on
this work, the authors suggested that C. diffusa and L. minutus phenol-
ogies would be better matched during climates of the future, at least in
the western USA. Although the potential for climate change to disrupt
phenological matching of agents and hosts has not received much at-
tention to date, examination of invertebrate biological control has re-
vealed that earlier and warmer springs are likely to reduce efficacy in
some systems because of increased phenological mismatch between
agent and host (Evans et al., 2013).

4.4. Anthropogenic disturbances

Management of multiple species is often difficult to coordinate
across large areas and jurisdictions. Thus, efforts in one area focused on
release and establishment of biological control agents may be nega-
tively impacted by management activities (or lack thereof) of other
agencies in the same or adjacent areas (Wheeler et al., 2020). Although
the documentation of management conflicts leading to variability in
biological control outcomes are rare in the literature (0.5% of variable
cases), this potential has been considered. For instance, there has been
considerable interest in the compatibility of using herbicides with weed
biological control to suppress water hyacinth in Florida, USA (Center
et al., 1999; Tipping et al., 2017). Because coordination between weed
biological control practitioners and herbicide applicators may not be
possible, Center et al. (1999) examined whether the two technologies
were passively compatible and determined that they should be used in
coordination, in a way that maintains the weed below damage levels
but allows persistence of the agents. Similarly, roadside weed man-
agement of spotted knapweed (Centaurea stoebe sens. lat.) in Arkansas
has been examined to determine whether mowing practices could be
timed to lessen negative impacts on the seed weevil, L. minutus
(Ferguson, 2018). Mowing causes massive larval mortality of L. minutus,
but earlier mowing (before first bud formation) is more compatible with
biological control because spring floral resources are required for early-
season egg development in L. minutus (Ferguson, 2018). In accord with
Center et al. (1999), Ferguson (2018) also recommends providing un-
managed refuge areas adjacent to mowed areas to allow long-term local
persistence of agent populations. Although, to our knowledge, there
have been no examinations of geographic variability in anthropogenic
disturbances and their role in biological control efficacy, there is the
potential to examine this in the future. Timing of weed management by
mowing or herbicides will be largely dependent on geographic location,
so comparisons between managed areas, their interactions with other
biotic or abiotic factors, and the role in success of biological control are
possible.

Due to the high frequency of disturbance and increased nutrient
inputs, many target weeds are problematic in areas near agriculture and
may be subject to drift of insecticides used for control of invertebrate
pests. For example, in South Africa, insecticide drift was implicated in
the failure of Trichapion lativentre (Béguin Billecocq) to colonize in-
festations of Sesbania punicea (Cav.) Benth. that were close to citrus
orchards (Hoffmann and Moran, 1995). Similarly, in a survey of alli-
gatorweed biological control by the alligatorweed flea beetle in the
southeastern USA, Cofrancesco (1988) suggested that pesticide use in
adjacent agricultural areas could limit the effectiveness of the in-
troduced agents. Although not an agricultural setting, Wheeler et al.
(2020) determined that mosquito pesticides commonly used in

southern Florida could cause significant mortality of weed biological
control agents and should be further investigated for impacts in field
populations.

5. Consequences of geographic variability for weed biological
control

5.1. Incomplete geographic overlap between agent and host

The primary consequence of variability across an agent’s range is
the inability to predict outcomes of introductions, at least early in re-
lease programs. As control programs mature, practitioners learn the
types of habitats that support populations of the agents. Incomplete
geographic overlap occurs when different factors act on agent and host
to delineate their distributions, or the same factors are differentially
limiting to agent and host. This generates a pattern in which the agent is
much more localized than the host is. Although biological control is
often seen as a solution to the problem of “enemy-release”, when agent
abundance is limited within the larger host distribution, enemy-free
space (see Keane and Crawley, 2002) may be locally or regionally
maintained (Lu et al., 2013). Additionally, if enemy-release occurs as a
gradient (due to climate or other limiting gradients on agents), then
control of target weeds could be expected to follow a similar local or
regional pattern. For example, abundance of the tamarisk biological
control agent D. carinulata now reflects a latitudinal gradient in the
western USA because of rapid adaptive responses to photoperiod and
critical day length requirements for diapause induction (Bean et al.,
2007). How this gradient in agent abundance affects control has not
been quantified, but it is thought that agent efficacy could also correlate
with the latitudinal gradient.

Evolutionary consequences of complete or partial enemy-release
(e.g. increased competitive ability, reduced defenses) are frequently
observed in introduced plant populations (Bhattarai et al., 2017;
Blossey and Notzold, 1995; Lin et al., 2019; Maron et al., 2004; Zou
et al., 2008). Adaptive effects of enemy-release may be observed as
increased growth rates or altered defensive chemistry relative to native
populations. Tansy ragwort, in multiple introduced ranges (Australia,
New Zealand, North America), was found to have evolved increased
photosynthetic rate, reduced carbohydrate storage, and increased tol-
erance to generalist herbivory over native European populations (Lin
et al., 2019). When incomplete geographic overlap occurs after in-
troduction of biological control agents, these processes may continue in
marginal and extra-marginal populations, leading to further divergence
between introduced plant populations or between introduced and
source populations. In one of the few reported examples of this type of
post-biological control evolution in target weeds, purple loosestrife
(Lythrum salicaria L.) in North America shows evidence for evolution of
increased defense against herbivory in populations that have been
historically subject to biological control versus those that have not been
exposed to biological control agents (Stastny and Sargent, 2017).

5.2. Current biogeographical practices for developing biological control
agents

The process of biological control agent development has greatly
matured since early introductions and now uses criteria that promote
safety and cost-effectiveness (McFadyen, 1998). In particular, the se-
lection process now includes, in addition to lengthy and phylogeneti-
cally-informed host-range testing, climate-matching coupled with mo-
lecular matching of target species to ensure potential agents will be
suitably adapted to conditions where the host occurs (Goolsby et al.,
2006b; Van Driesche et al., 2009). Another promising but potentially
labor and data-intensive approach involves environmental niche mod-
eling in combination with agent life-history or vital rate modeling to
predict not only distribution but abundances within the introduced
range, given that high agent abundance is critical for control
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(Augustinus et al., 2020; Zalucki and Van Klinken, 2006). Spatial
variability of biological control is rarely studied in a biogeographic
framework, but predictions about agent population dynamics, geo-
graphic distribution, and potential spatial variability in establishment
success could be made based on data that are commonly collected
during exploratory surveys or pre-release laboratory developmental
studies of potential biological control agents (Zalucki and Van Klinken,
2006). Although these techniques are relatively new, and our analysis
focused on programs prior to 2005, we expect that variable outcomes
related to abiotic factors will become less frequent as these approaches
are more commonly incorporated during biological control agent de-
velopment.

The foundation of biological control programs is in the exploration
of areas within the native range of target plants to identify and prior-
itize damaging natural enemies (Goolsby et al., 2006b). However, given
the constraints on distributions of natural enemies and their hosts, and
that abundances and associated impacts may vary along limiting gra-
dients, it could be useful to consider the location of surveys along such
gradients. For example, observations of potential agents near their na-
tive range boundary may suggest they are unsuitable as control agents
in certain portions of the introduced range. However, multiple locally
adapted agent genotypes might be sourced in the native range for use in
the introduced range, particularly if the introduced range is large and
spans variable environments.

6. Opportunities for research using weed biological control
systems

Invasion biologists conduct extensive examinations of large-scale
invasions and their implications for management (e.g., Cronin et al.,
2015; Gaskin et al., 2013; Lu et al., 2018, 2019; Ordonez and Olff,
2013). Examination of species’ distributions and the variables con-
straining them hold particular value for biological control programs
because the geographical limits of an agent (and agent abundance
within those limits) determines where and what magnitude of control
may be expected to occur (Augustinus et al., 2020). A fruitful area of
research might be to use various distributional hypotheses such as the
Abundant Center Distribution (ACD) (Sagarin and Gaines, 2002) to
examine patterns of agent and target weed abundance across a large
area and to generate a list of testable hypotheses, many of which could
be suitable for application in biological control systems. In particular,
the following hypotheses (adapted from Table 1 in Sagarin and Gaines,
2002, and others) may be of value for advancing our understanding of
range margin ecology and weed biological control:

i. Sites near the range margin of biological control agents will see
gradual abundance increases as climate change shifts species’
ranges (Fréjaville et al., 2020; Lenoir and Svenning, 2015).

ii. Marginal populations of biological control agents are genetically
distinct and will promote local adaptation of control agents to
marginal environments (Chevin and Lande, 2011; Kawecki, 2008).

iii. Gene flow into marginal populations will have negative impacts on
biological control success. Gene flow from interior (central) to
marginal (edge) populations will limit biological control agent
adaptation to marginal environments through genetic swamping
(Kawecki, 2008).

iv. Gene flow from interior into marginal weed biological control
agent populations will be beneficial to counteract negative effects
of inbreeding depression (Kawecki, 2008).

v. Marginal population dynamics will be more variable than interior
population dynamics (Gaston, 2003). Because the climate will be
more extreme at the distributional margin (relative to agents’
limits), and thus abiotic factors will be more important to biolo-
gical control success, variability in abiotic factors will promote
unstable agent-host interactions in marginal populations.

vi. Extinctions in weed biological control agent populations are more

likely at margins (Gaston, 2003; Wilson et al., 2002) and therefore
biological control will be less successful in marginal environments.

vii. Outbreak dynamics will be, on average, more likely in interior
populations (Hrinkevich and Lewis, 2011; Marini et al., 2012).
However, as the geographic area representing the range center
shifts or expands, biological control agent outbreaks will be more
common and occur in new places, leading to increased temporary
control in marginal areas.

viii. Competition will be more or less important at range margins
(Godsoe et al., 2017; Louthan et al., 2015). If multiple biological
control agents are introduced or generalist herbivores are
common, stress on agents corresponding to marginal environments
coupled with competitive interactions will lessen biological con-
trol effects and even contribute to defining the location of the
range margin (because competition is more important). In con-
trast, because competition is density-dependent, in marginal po-
pulations it may be reduced because populations of agents are
expected to be small (and competition less important). In both
cases, outcomes will depend on whether the environment is also
marginal for the other competing species.

ix. A stochastic event at a range margin will have a greater impact
than in the range interior (Beddington et al., 1976; Gaston, 2003).
Because a marginal environment is already at the extreme of the
agent’s niche limit, random pulses of stress or disturbance will
have a greater relative effect on agent demography in marginal
than in interior populations.

Tests of these hypotheses could help to understand the ways in
which biological control agent abundance varies across geographic
ranges and the potential for range expansion in the future. For instance,
genetically distinct edge/marginal populations (hypothesis #ii)
(Pironon et al., 2017) may have greater adaptive potential to future
climate change and other extreme events (Lesica and Allendorf, 1995).
However, whether marginal populations remain genetically isolated
may depend on the agent, with strong-dispersing agents promoting
gene flow from interior to marginal populations and limiting opportu-
nities for local adaptation to marginal environments (hypothesis #iii).
On the other hand, in genetically depauperate marginal populations
(such as those undergoing multiple genetic bottlenecks during agent
development and introduction), gene flow from other areas may en-
hance adaptive potential and reduce negative effects of inbreeding
depression (hypothesis #iv) (Sexton et al., 2011). Because the basis of
these hypotheses is that abundance may depend to one degree or an-
other on environmental gradients and connectedness of agent and plant
populations, a combined metapopulation and population growth-mod-
elling approach may be useful to predict agent and host occurrence and
abundance along these gradients (Gotelli and Kelley, 1993) in marginal
areas (Öckinger, 2006).

7. Conclusions

Weed biological control systems can be used to address basic eco-
logical and evolutionary hypotheses surrounding plant invasions and
trophic interactions. Additionally, implementation of weed biological
control often occurs once the target plant has spread and reached da-
maging levels in the introduced range. When targeted weed populations
occur across a large geographic area, variability in control success
might be expected due to differential limitations on the weed and the
introduced agents. Since the effectiveness of weed biological control
relies on successful establishment, population build-up, and subsequent
impact on the target weed, factors that contribute to geographic var-
iation in these items are important to understand.

Here we presented a review of biotic and abiotic factors implicated
in variability of weed biological control efficacy. We found that al-
though climatic variability was the most commonly reported cause of
variability in program success, many studies (45%) had insufficient
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information to determine underlying causes. Although limiting gra-
dients (e.g., winter severity) are certainly a factor in many instances,
there are few studies that explicitly address their effects on agents and
subsequent control of the target weed (Augustinus et al., 2020). We
recommend a biogeographical approach to weed biological control.
Plant invasions are heterogeneous, so future management must be
flexible to deal with that heterogeneity. Weed biological control is in-
herently a biogeographical field of study (Wilson et al., 2009). Thus,
incorporation of concepts and hypotheses from studies on geographical
variability may contribute to the broader ecological and evolutionary
literature, increase the understanding of why agents perform better in
some areas but not others, encourage more accurate modeling of spe-
cies distributions and abundance in introduced areas, and assist deci-
sion making during biological control development and implementa-
tion.
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