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Abstract Generalists rarely are considered for clas-

sical biocontrol because their broad feeding habits are

expected to make non-target impacts inevitable. This

assumes an increase in overall ecological risk with

increasing number of feeding connections. With the

goal of inspiring fresh consideration of the safety of

exotic biocontrol agents for classical biocontrol, we

present a selective review of the impacts of nine

particularly-well-studied exotic natural enemies rang-

ing from relative specialists to generalists. Surpris-

ingly, non-target effects could be particularly strong

for relative specialists that attacked just a few natives,

but were often widespread but weak for the broadest

generalists. This appeared to reflect relatively strong

apparent competition and density-dependence for the

narrow feeders, versus broadly diffuse net effects for

the broader feeders. Overall, we suggest a sole focus

on specialists in classical biocontrol might be an

unreliable means to reduce ecological risk. Additional

research is needed to fully compare the net direct and

indirect effects of generalists and specialists across

food webs, following classical biocontrol releases.

Keywords Non-target effects � Risk assessment �
Predator � Parasitoid � Non-native � Release

Introduction

Biological control was initiated, in its earliest days, as

a strategy to manage invasive pests that had escaped

their natural enemies when moving to new continents

(Hajek and Eilenberg 2018). When successful, this

approach has the potential to dramatically and sus-

tainably reduce pest numbers and damage without the

need for costly chemical or other pest controls (Hajek

and Eilenberg 2018). However, broad-feeding gener-

alists initially had a rocky history as introduced

biological control agents. Problems began with the

disastrous early introductions of generalist vertebrates

such as the mongoose (Herpestes javanicus) in Hawaii

and the cane toad (Rhinella marina) in Australia

(Shine 2010), which caused devastating and wide-

reaching ecological harm with little evidence that pest

control was enhanced.

Things further worsened for generalists when

evidence began to emerge that seemingly safer,

smaller invertebrate generalists might also be having

undesirable non-target effects. Examples include the

decline of native Hawaiian puncture vine (Tribulus

cistoides) by the herbivorous weevilMicrolarinus spp.

that was intended to control the vine’s invasive
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congener Tribulus terrestris (Andres and Goeden

1971), and the extinction of several native Hawaiian

land snails by the introduced predatory snail Euglan-

dina rosea that was originally intended to control

various pest gastropods (Civeyrel and Simberloff,

1996). In each of these cases, the generalists fed not

only on the control targets but also on other naı̈ve prey,

which as part of depauperate island faunas had no co-

evolutionary history with similar natural enemies. In

the wake of these disasters the safety of all biological

control efforts, not just those involving broad gener-

alists, was called into question amid numerous calls

for stricter host-specificity testing (e.g., De Clercq

et al. 2011; Howarth 1983; Stiling and Simberloff

2000). The time and cost associated with this testing

likely contributed to an overall decrease in classical

biocontrol releases in North America and Europe,

which have been responsible for a plurality of

introductions (Fig. 1; Cock et al. 2016; Greathead

and Greathead 1992; Babendreier et al 2006).

Arguably a central, although not often examined,

tenet of linking ecological safety to specialization is

the assumption that risk is greater with an increasing

number of feeding links. With the goal of initiating

discussion with the biocontrol community, here we

pose the possibility that there could be reason to doubt

this assumption (Fig. 2). Of course, an absolute

specialist that feeds only on the control target, while

being incapable of attacking any other prey/host

species, cannot directly endanger any other species.

But this does not mean that indirect effects of a strict

specialist on natives will be weak (e.g., Callaway et al.

1999; Louda and Arnett 1999; Pearson and Callaway

2003). In addition, past the point of pure, single-

species specialization, there is reason to think that

variation in the magnitude of effects on particular

native non-targets might not remain constant with

increasing generality of feeding (Fig. 2). Indeed,

evolutionary responses through time can lead to

changes in the degree of host specificity following

introduction (e.g., Tomasetto et al. 2017).

One possible complication is the common obser-

vation that natural enemies that simultaneously attack

just a small handful of prey/host species are well-

known to engage in ‘‘apparent competition’’ (sensu

Holt 1977). Apparent competition occurs when preda-

tors supported by feeding on one prey species reach

higher densities than they otherwise might, with these

elevated predator densities leading to heightened

predation on a second prey/host species (Holt 1977).

Fig. 1 Number of exotic predator and parasitoid biocontrol

agents released in North American and US territories and

Europe, each decade from the 1890 s to 2010s. For species

introduced several times, only the initial release is displayed.

Date from van Driesche et al. (2018) and Gerber and Schaffner

(2016)
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This means that occasional ‘‘slip ups’’ in fully

delineating a relatively specialized natural enemy’s

modest degree of polyphagy might yield relatively

few, but particularly strong, non-target impacts

(Fig. 2, 3). In contrast, the broadest generalists, by

definition, feed on many different prey species and

often across trophic levels (Polis et al. 1989). This

means that non-target impacts will be widespread,

sometimes remarkably so (e.g., Hurd et al. 2015; Hurd

and Eisenberg 1990; Fig. 4). Yet, because the broad

generalist enemy is not particularly dependent on, or

able to dramatically benefit from, any single prey/host

species, the abundant non-target effects might each

individually be relatively weak (Fig. 2). Indeed, this

type of broadly diffuse feeding relationships can

dampen predator–prey oscillations to make excep-

tionally high densities of a particular pest species less

likely (McCann et al. 1998).

Here, we provide an initial exploration of the

relationship between a natural enemy species’ degree

of feeding specialization/generalization, and the num-

ber and strength of non-target impacts. We take

advantage of detailed ecological work for nine partic-

ularly well-studied introduced insects. In our selective

review, because very broad generalists are usually

excluded from classical biocontrol programs, we had

to rely on several case studies where the natural enemy

was accidentally rather than intentionally released. So,

our goal is not to examine or critique previous

biocontrol releases. Rather, we intend to initiate a

broader discussion of the relationship between spe-

cialization and ecological safety using the most

complete case studies available in the literature. These

ranged from the relative specialist weevil Rhinocyllus

conicus (Coleoptera: Curclionidae), leaf beetle Dior-

habda elongata (Coleoptera: Chrysomelidae), and

parasitoids Cotesia rubecula and Cotesia glomeratea

(Hymonoptera: Eulophidae), to the intermediate

polyphagous beetles Coccinella septempunctata and

Harmonia axyridis (Coleoptera: Coccinellidae) and

the tachinid fly Compsiluara concinnata (Diptera:

Tachinidae), then to the broadly polyphagous

Fig. 2 A simple graphical model of one possible relationship

between degree of specialization by a natural enemy released for

classical biological control and the magnitude of resulting

effect, for the number of prey species impacted (dashed line) and

the impact on each prey species (solid line)

Fig. 3 aA relatively specialized agent that strongly impacts the

control target, with relatively little feeding on a non-target,

might nonetheless exert considerable harm through ‘‘apparent

competition’’ when agents reach large numbers while feeding on

the target and spillover to attack the native. b When a control

target provides habitat or supplemental food resources for a

native species, the agent can indirectly harm the native by

removing these resources. Solid lines indicate direct interactions

and point from resource to consumer. Dashed lines indicate

indirect effects, with those ending in ‘‘?’’ indicating an indirect

effect that enhances the interaction and those ending in a ‘‘–’’

indicating an indirect effect that weakens the interaction.

Thicker lines indicate relatively stronger interactions
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generalist praying mantid Tenodera sinensis (Man-

todea: Mantidae) and ground beetle Pterostichus

melanarius (Coleoptera: Carabidae). We use these

case studies to examine how host-specificity, or lack

thereof, impacted the severity of their non-target

effects through both direct and indirect channels.

Case studies

Too hot? Relatively narrow specialists

The weevil Rhinocyllus conicus

Rhinocyllus conicus was introduced to North America

in the late 1960s to early 1990s to control Carduus

nutans and other invasive European thistles (Kok

2001; Kok and Surles 1975; Turner et al. 1987). Like

many weed biocontrol agents, R. conicus underwent

host-specificity testing before release, which included

documenting an apparent preference for attacking the

target weed C. nutans and low usage and larval

survival on non-target thistles (Zwölfer and Harris

1984). In addition to this perceived narrow host range,

it was also hypothesized that R. conicus would be

outcompeted by native seed predators on any native

thistles because the weevil is relatively uncompetitive

with guildmates in its home range (Zwölfer 1979).

These initial studies laid the groundwork for what

seemed like the perfect scenario of high target impacts

and little native spillover, to the far left of Fig. 2.

However, while reducing seed count of C. nutans by

over 90%, R. conicus also attacked the rare Platte

thistle,Cirsium canescens (Louda et al. 2003;Wiggins

et al. 2010). This non-target utilization occurred

despite the preference R. conicus still exhibited for

its control target, C. nutans (Arnett and Louda 2002;

Gassmann and Louda 2001). Apparently, abundant R.

conicus emerging from the biocontrol target ‘‘spill

over’’ to also attack the less-preferred, at-risk native

plant (Blitzer et al. 2012), that is, the classic apparent

competition scenario (Fig. 3a). Overall, this forms an

example of the particular risk that relative specialists

can pose to non-targets when they spill over from large

populations on the control target, shown as the peak on

the left side of our specialism-generalism risk model

(Fig. 2).

Fig. 4 In North America, interactions between two non-native,

broadly generalist predators and their communities. a The

ground beetle Pterostichus melanarius feeds both on pests,

strengthening biological control, and on smaller generalist

predators, weakening biological control. The net impact of these

counterbalancing positive and negative effects is further

mediated by weedy refuge plantings that can benefit both the

smaller native predators and the intraguild predator P.
melanarius. b Likewise, the praying mantis Tenodera sinensis
feeds directly on some herbivores while also attacking wolf

spiders and other smaller generalist predators. Wolf spiders will

leave areas where mantids are present, further weakening the

spiders’ impacts on herbivores. This leads the mantid to exert a

complex mix of indirect benefit to plants through direct

suppression of herbivores that is largely counterbalanced by

indirect harm to plants mediated by intraguild predation. Solid

lines indicate direct interactions and point from resource to

consumer. Dashed lines indicate indirect effects, with those

ending in ‘‘?’’ indicating an indirect effect that enhances the

interaction and those ending in ‘‘–’’ indicating an indirect effect

that weakens the interaction
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The parasitoid wasps Cotesia rubecula and Cotesia

glomerata

Comparing the closely related parasitoid wasps C.

rubecula and C. glomerata further elucidates the line

that relatively specialized control agents can straddle,

from relatively pure focus on a target pest to apparent

competition, spillover, and harm to sensitive natives.

While not part of formal biocontrol programs, the

Cotesia spp. either entered North America acciden-

tally or as part of amateur control efforts (Clausen

1978; Scudder 1889). Of the two, C. rubecula is

considered to be a nearly complete specialist on the

crucifer pest Pieris rapae. In contrast, its congener C.

glomerata attacks both P. rapae and related, native

non-target Pieris spp. (Brodeur et al. 1996; Krombein

et al. 1979). In turn, C. glomerata’s relative polyphagy

has been linked to the shrinking ranges of the sensitive

native Pieris napi oleracea (van Driesche et al. 2004).

This is because, in areas where the parasitoid occurs

alongside both P. rapae and P. n. oleracea, C.

glomerata parasitoids emerging from the relatively

abundant P. rapae spill over to attack P. n. oler-

acea, that is, yet another example of apparent com-

petition that is harmful to a native non-target (Fig. 3a;

Benson et al.2003a, 2003b). In summary, the two

Cotesia species appear on opposite sides of the

inflexion point between nearly-pure specialization on

a pest without substantial spillover to non-targets in

the case of C. rubecula, versus the slight increase in

generalism leading to spillover and harmful apparent

competition for C. glomerata (Fig. 2, 3a; Cameron

and Walker 2002; van Driesche et al. 2003).

The herbivorous beetle Diorhabda elongata

The herbivorous leaf beetle D. elongata was intro-

duced into the western US to control non-native

saltcedars (Tamarix spp.), which invade and come to

dominate riparian areas. As a relatively recent bio-

control introduction, host specificity for the beetle was

a high priority, as was its destructive potential against

the control target (DeLoach et al. 2003). Host speci-

ficity tests evaluated D. elongata preference and

performance on non-target shrubs. Though usage of

Frankensia, a close relative of Tamarix, was as high as

15% in some studies, field tests yielded minimal

evidence of risk for defoliation in a more ‘‘natural’’

setting for native Frankensia or Tamarix aphylla

plants (Dudley and Kazmer 2005; Herr et al. 2009;

Lewis et al. 2003). With little apparent risk, D.

elongata was released in the early 2000s. Follow-up

studies have found little evidence that D. elongata has

adapted to utilize natives more than initial host testing

had predicted (Pratt et al. 2019). In terms of our

theoretical model, then, D. elongata would appear to

be a prime example of a nearly-pure specialist, with

near-total focus on the control target that is thought to

be associated with no measurable non-target effects

(far left side of Fig. 2).

However, there may be reason for caution. Most

significantly, the rapid removal of Tamarix from its

invaded range may harm endangered bird species that

rely on these trees for nesting sites (Fig. 3b; Bean and

Dudley, 2018; Paxton et al., 2011; Sogge et al., 2008).

This is a classic example of a strong indirect effect on

native communities that can lead to harmful non-target

effects even when direct harm to non-targets is

relatively weak. It must be noted that the effectiveness

of this classical biological control effort relative to

chemical or other weed control methods also, perhaps

somewhat ironically, underlies the strength of its

unintended indirect effect on the birds. Furthermore,

several ecotypes of D. elongata have been released,

and hybridization between these ‘‘strains’’ could lower

host-specificity in the future (Bitume et al. 2017).

There also is some initial evidence that the beetles’

host fidelity may be reduced after establishment when

compared to a laboratory reared cohort (Thomas et al.

2010). This sets up the possibility that apparent

competition could emerge, if large populations of

beetles on invasive Tamarix begin spilling over to

increasingly attack its native relatives. That is, the

situation could move towards the ‘‘increased risk

hump’’ on the left side of our conceptual model,

reflecting increasingly-strong apparent competition

(Fig. 2).

Too cold? Broad generalists

The praying mantid Tenodera sinensis

The praying mantis T. sinensis, native to Asia, does not

appear to have been intentionally introduced into

North America. Rather, it may have arrived in egg sacs

attached to nursery stock (Hurd et al. 2015). Regard-

less, this mantis has been the subject of extensive

study, including a series of manipulative field studies
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in the old-field early successional plant communities

where they occur, that provide detailed insight into

ecological effects in the invaded range (e.g., Hurd and

Eisenberg1990; Hurd et al. 2015). This has revealed

that, while the mantid appears to exert a bewildering

number and diversity of direct and indirect effects on

other community members, no single link appears to

be particularly strong. For example, comparison of

large field plots with versus without T. sinensis

populations revealed that these mantids weakly,

directly suppressed numbers of larger herbivorous

insects (Hurd and Eisenberg 1990). However, these

predators also exerted complex effects on smaller

herbivores through a balance between direct predation

and release from predation by wolf spiders and other

meso-predators (Hurd and Eisenberg 1990; Moran and

Hurd 1998; Hurd et al. 2015). The mantids appear to

drive wolf spiders from areas they inhabit as the

spiders emigrate to avoid intraguild predation (Moran

et al. 1996). Altogether, these varying effects on

different predaceous and herbivorous prey species,

through both direct and indirect channels and resulting

both from actual predation and T. sinensis-induced

changes in behavior, dampens any resulting trophic

cascade impacting plant biomass (Hurd and Eisenberg

1990; Moran and Hurd 1998). So, from the standpoint

of non-target effects, the news is generally good

because while T. sinensis is impacting many different

native species, these numerous links appear to be

generally weak (Fig. 4a). From the standpoint of

herbivore suppression, however, the many weak links

do not sum to yield a dramatic increase in plant

biomass (Fig. 4a). Were this a biocontrol system, then,

T. sinensis is not substantially harming native non-

targets but it also is not substantially strengthening

natural control of herbivores to the benefit of plant

yield (i.e., this case study equates to the far right of

Fig. 2).

The ground beetle Pterostichus melanarius

The ground beetle Pterostichus melanarius is another

broad generalist, native to Europe but accidentally

introduced to North America in ship ballast, whose

ecological impact bears many similarities to that of T.

sinensis (Snyder and Evans 2006). In both the native

and introduced range, P. melanarius appears quite

tolerant of human disturbance and often is abundant in

agricultural fields (Busch 2016). The beetles are

remarkably polyphagous, feeding on a great diversity

of herbivorous, predacious, and detritivorous arthro-

pods and other prey species (e.g., Hagley et al. 1982).

As with T. sinensis, this in turn leads to a diversity of

direct and indirect effects that impact pest suppression.

For example, in the northwestern US, P. melanarius

feeds on eggs and larvae of Delia spp. flies that

otherwise can heavily damage the roots of crucifer

crops (Prasad and Snyder 2006). However, P. mela-

narius also triggers other ground and rove beetle

species to forage less often, apparently as the smaller

beetles seek to avoid intraguild predation, such that P.

melanarius’s direct feeding does not benefit the

control of fly pests (Prasad and Snyder 2006). In turn,

attempts to augment biological control by ground

beetles by providing them with weedy refuges in or

near agricultural fields, yields a complex mix of

benefits and harms. The refuges benefit both P.

melanarius and the smaller native predaceous beetles,

strengthening control of herbivorous root-pest insects

by the smaller beetles alongside disrupted foraging of

these smaller predators in the presence of P. mela-

narius (unpublished data). On the whole, then, all of

these many weaker feeding connections yield no clear

net contribution towards, or disruption of, pest insects

by P. melanarius. Furthermore, P. melanarius appears

only to be common in disturbed habitats, and has not

been found to disrupt native carabid communities in

forests (Niemelä and Spence 1991). Even in more

urban settings, where P. melanarius is abundant,

native populations of carabids do not seem to suffer as

a result (Niemelä and Kotze 2009). It may be that P.

melanarius is primarily exploiting habitats to which

native carabids are ill-suited, leaving a natural refuge

for the natives in less-disturbed areas.

Just right? Intermediate generalists

The lady beetles Harmonia axyridis and Coccinella

septempunctata

Some readers might be surprised by the labeling of

these two generalists as ‘‘just right’’ for classical

biocontrol. After all, H. axyridis and C. septempunc-

tata are arguably two of the most-maligned non-native

generalist predators where they have been released or

have invaded. This largely stems from perceived harm

the two lady beetles have done to native coccinellids,

which is alleged to result, at least in part, from
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intraguild predation of natives by the non-natives (e.g.,

Brown and Roy 2018; Sloggett 2017). It is clear that

the arrival of one or both of these lady beetles to new

habitats has at least roughly correlated with fewer

native lady beetles found foraging in agricultural fields

(e.g., Alyokhin and Sewell 2004). But recent years

have seen growing skepticism that fewer natives in

cropping fields reflects a true regional decline outside

of these highly-managed systems (e.g., Riddick 2017;

Sloggett 2017). Some particularly elegant work was

reported by Evans (2004), who recorded the near-

disappearance of native lady beetles from Utah, USA,

alfalfa (Medicago sativa) fields following the arrival

of C. septempunctata. This seemed consistent with

intraguild predation of the natives by C. septempunc-

tata leading to native declines, although numbers of

pea aphids (Acyrthosiphon pisum) in alfalfa also

decreased, apparently due to relatively effective

predation by C. septempunctata, such that resource

competition could be at play. And indeed, when pea

aphid densities were experimentally restored to pre-

invasion levels, native lady beetles once again

returned to alfalfa (Evans 2004). This suggests that

native lady beetles exploited the dense aphid resources

that agricultural fields provided when available, but

when aphid densities dropped the natives simply

remained within the natural habitats they presumably

had inhabited before the arrival of agriculture (Evans

2004). So, there is evidence in this case that C.

septempunctata is having the desired effect, driving

down numbers of pest aphids in agricultural fields,

while native lady beetles find refuge in more-natural

habitats.

Something similar may be at work for H. axyridis.

Arrival of this non-native predator has been associated

with declines in several previously-common aphid

species in agricultural habitats (e.g., Riddick 2017),

consistent with H. axyridis strengthening aphid bio-

logical control. In the midwestern US, years with

relatively high densities of H. axyridis correlate with

relatively few collections of ladybird beetles from in

or near agricultural fields (Bahlai et al. 2015; Diepen-

brock et al. 2016). Yet, native lady beetles remain

relatively common in more-natural habitats, consistent

with aphid suppression in agricultural fields due to H.

axyridis predation driving natives back into natural

habitats they utilized before the broad introduction of

agriculture (Bahlai et al. 2015; Diepenbrock et al.

2016). Likewise, in Europe, it appears that the rise of

H. axyridis in urban habitats, where pollution-stressed

trees experience relatively large aphid outbreaks, may

simply be returning native Adalia lady beetles to

natural habitats they had previously occupied (Viglá-

šová et al. 2017). Apparent declines in Adalia had

previously been attributed to intraguild predation by

H. axyridis (e.g., Brown and Roy 2018). So, while

there is little doubt that intraguild predation of natives

by H. axyridis is common under laboratory conditions

and also occurs in the field (e.g., Brown et al. 2015;

Ware et al. 2009), it seems that depletion of prey

resources in human-managed habitats is the main

mechanism through which the non-native beetles are

displacing natives (Alyokhin and Sewell 2004; Kindl-

mann et al. 2011) (Fig. 5). Again, of course, it is just

this sort of depression of pest aphids in agricultural

fields that is the goal of biological control. Both the

relative segregation of H. axyridis into trees rather

than herbaceous crops (Honek et al. 2019; Masetti

et al. 2018), and the gradual accumulation of para-

sitoids attacking H. axyridis in the introduced range

(e.g., Ceryngier et al. 2018) may further diminish any

risk that these beetles pose to natives. More generally,

both C. septempunctata and H. axyridis may fall into

the ‘‘just right’’ place on our risk curve (Fig. 2), being

sufficiently generalist to take advantage of alternative

prey when pest aphids are not abundant, but specific

(and mobile) enough to be drawn to pest aphid

outbreaks when the occur (e.g., Bannerman et al.

2018). As a caveat is important to note, however, that

Fig. 5 The non-native ladybird beetles Coccinella septem-
punctata and Harmonia axyridis appear to concentrate their

foraging in agricultural and other human-modified habitats,

whereas native ladybirds may focus their foraging in less-

disturbed habitats. This can lead to improvement of biological

control in cropping fields where the non-natives best tolerate

disturbance and exploit pest outbreaks, while natives find refuge

in the natural habitats where they presumably existed before

conversion of land to agriculture. Solid lines indicate direct

interactions and point from resource to consumer. Thicker lines

indicate relatively stronger interactions
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while both C. septempunctata and H. axyridis are

sometimes found in natural habitats alongside native

lady beetles (e.g., Diepenbrock and Finke 2013; Grez

et al. 2017) relatively little is known about their

interactions there such that harm to the natives may be

occurring that is not documented.

The tachinid fly Compsilura concinnata

In some respects, the tachinid fly C. concinnata is

considered a classic example of why generalists

should not be considered for classical biological

control (Elkinton and Boettner 2012). In North

America, the fly was first released in the early 1900s

in an attempt to control two European invasives, the

gypsy moth (Lymantria dispar) and the browntail

moth (Euproctis chrysorrhoea), that were devastating

hardwood forests (Elkinton and Boettner 2012). As

these introductions were early in the twentieth century,

formal host-specificity testing was not conducted but

the fly was known to attack[ 200 species of lepi-

doptera and symphyta (Elkinton and Boettner 2012).

Unfortunately, while the gypsy moths that were the

primary target for control are univoltine and is only in

the vulnerable larval stage at the beginning of the

summer, C. concinnata is multivoltine and so must

switch to attacking non-target hosts later in the

growing season (Webber and Schaffner 1926; Wese-

loh 1982). Because native saturniid moth larvae are

among the only vulnerable hosts later in the year, in

turn this means that C. concinnata has spilled over to

devastate these large, charismatic natives (Boettner

et al. 2000; Kellogg et al. 2003). So, here again, this is

a classic case of apparent competition, albeit with the

control target and the most-impacted non-natives

occurring separate in time (Elkinton and Boettner

2012). This case study presents a cautionary note,

then, the moderate generalism will not always gener-

ate the ‘‘right’’ mix of strong effects on the target and

relatively weak non-target harm. Further work will be

needed to see whether the details of how non-target

harm operates in this system—continuing relatively

high densities of pests after the biocontrol introduc-

tion, relatively brief seasonal susceptibility of the

control targets that is staggered with when the natives

are susceptible—are broadly common in other

systems.

Discussion

The need to document extreme specialization as the

key criterion indicating safety of a natural enemy

being considered for release, has greatly slowed

progress in classical biological control (Cock et al.

2016; Follett et al. 2000; Messing and Wright 2006).

After all, host-range testing is expensive, time con-

suming, and difficult to conduct under quarantine

conditions (Messing 2009; Messing and Brodeur

2018). If this approach yielded the only accurate

measure of likely ecological risk associated with

enemy release, few would quibble with the cost and

delays. Here, we considered a few particularly well-

studied natural enemies in their non-native ranges,

chosen to represent a range of feeding habits from

relatively specialized to relatively generalized.

Intriguingly, this selective review suggests no clear

relationship between specialization and safety. Rather,

existing work has found non-target effects across

ranges of specialization, varying in the number and

strength of feeding relationships, and of effects

operating through direct and indirect channels, rather

than any simple increase in risk as generality

increased.

We contrasted the results from our selective review

of the few most-detailed ecological case studies that

were available, with a simple graphical model of the

relationship between degree of specialism/generalism

and impacts on target and non-target prey (Fig. 2). We

emphasize that, even if the case studies perfectly fell

along the line predicted by the null model, nine case

studies would be far too few to confidently reject or

accept the model’s validity. We predicted that appar-

ent competition might quickly amplify any non-target

effects of relative specialists, as natural enemy den-

sities bolstered by the control target allowed the agent

to spill over to harm even relatively less-preferred

native non-targets. Indeed, there may be some support

for this possibility, as relatively specialized natural

enemies that attack targets as different as exotic

thistles and butterflies showed signs of apparent

competition that substantially harmed natives. We

predicted that these non-target harms would then grow

more diverse, yet less impactful, with increasingly

general feeding habits (Fig. 2). Here again, particular

case studies provided evidence this might be the case,

as several notorious lady beetle introductions appear,

after careful consideration of recent findings, to be
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improving aphid biocontrol while displacing native

lady beetles from managed habitats due to resource

competition, rather than devouring them into extinc-

tion. However, it is important to note that a third case

study, that of the tachinid fly C. concinnata, provided

an example of substantial non-target harm from a

moderate generalist. Finally, at the most extreme,

while the broadest generalists by definition feed on

many different non-target prey, these attacks are so

diffuse that substantial harm is unlikely to be

sufficiently widespread and consistent to lead to major

declines in any particular prey species. Of course,

alongside this, impacts on pests will likely be so

diffuse as to make biological control introductions of

the broadest generalists unlikely to measurably

improve pest control.

An additional consideration that emerged from our

selective review is that the strength of indirect effects

that exert impacts on non-natives may be just as strong

as those resulting from the direct effects that host-

range-testing seeks to minimize (Moore 1989; Pearson

et al. 2000). This reflects a broader understanding in

ecology that indirect effects are a key force that

structures communities (Berlow 1999). We saw evi-

dence for a relationship between degree of generalism,

and the extent and strength of indirect effects impact-

ing non-targets, similar to that seen for the direct non-

target effects discussed just above. When a natural

enemy is highly specialized, and focuses its attacks on

a single target prey/host, this can lead to sharp

reductions in the target that have strong indirect

effects on other native community members. This

possibility has been most-discussed in the case of

biocontrol of Tamarix, which serve as important

nesting habitat for some rare riparian birds (Hultine

et al. 2010; Sogge et al. 2008). But we would expect

similarly-strong indirect effects anytime an invasive

species is quickly and effectively pulled from the

invasive range. Of course, the harm of these indirect

effects will likely diminish through time, and native

species move in to fill the niche(s) the now-controlled

exotic once occupied. The broadest generalists might

initiate a bewildering diversity of indirect effects,

considering the large number of non-target prey they

attack, but, because each direct link is relatively weak,

we would not predict any single indirect effect to be as

strong as those generally exerted by specialists.

Conservation biological control, which does not

need to consider the non-target risks associated with

classical biological control efforts, has often focused

on bolstering generalist predator populations to

strengthen natural pest control (e.g., Hessel 2013).

This work provides a roadmap for the situations where

addition of a generalist natural enemy might markedly

strengthen pest suppression. First, generalists often

form a ‘‘first line of defense’’ as pests colonize a field,

because they are able to persist on non-target,

alternative prey and are therefore present and active

when initial pest colonization occurs and forming a

‘‘natural enemy ravine’’(Symondson et al. 2000;

Southwood and Comins 1976). However, this works

best when generalists readily switch to attacking the

control target when it becomes available (e.g., Settle

et al. 1996). This important host switching behavior

might be predicted with host-range testing before a

release is made, such that this exercise might still be

useful for generalists. We must also note that there

could be cases where relatively rare (or slowly

reproducing, etc.) native prey are the only option for

a particular generalist species in some locations or

times of year, such that non-target predation that

makes up a relatively small portion of a generalist’s

overall diet could nonetheless yield substantial harm

to the native prey. Indeed, this is precisely the reason

that C. concinnata is so harmful to native moths in the

eastern US. Second, while generalists may not exert a

density-dependent increase in impact on a pest that is

consistent with prey suppression, generalists can

dampen the rate of pest increase and complement the

density-dependent impacts of specialists (e.g., Snyder

and Ives 2003). Third, generalists are particularly

useful control agents in crops that face complexes of

different pest species, because they can move from

attacking one prey species to another as different pests

become active or problematic throughout the season

(e.g., Neuenschwander et al. 1975). Here again, how

host switching impacts biocontrol will depend in part

on relative preferences of a generalist for target versus

non-target prey species. Finally, generalist predators

that occupy different spatio-temporal feeding niches

are most likely to complement one another, without

co-occurring in space and time such that intraguild

predation might be tempting (Snyder 2019). Together,

these findings suggest when the addition of a new

generalist to a guild of biocontrol agents might be

particularly valuable to natural pest control. The case

studies provided here suggest that a preference for

human-modified over natural habitats, and an ability to
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aggregate at sites where target pests are reaching

outbreak levels, are additional traits of some general-

ists that would be likely to strengthen their roles in

classical biological control without enhancing risk to

non-target natives.

Future directions

Altogether, our selective review suggests limitations

in equating specialization with ecological safety. We

propose that the current view relies too heavily on

consideration of direct effects on non-targets. When

instead setting these non-target effects within a real-

world context where apparent competition and indi-

rect effects are also considered, the relationship

between degree of polyphagy and ecological safety

becomes rather muddled. Looking from the commu-

nity perspective, a ‘‘Goldilocks’’ situation might be

best, with moderate generalists best able to persist

among non-pest prey when needed, yet numerically

respond to increases in pest densities when this is

needed. That is, specialists might be a bit ‘‘too hot’’

and broad generalists ‘‘too cold’’, with intermediate

generalists ‘‘just right’’. We also highlight the need to

separately consider effects of introduced generalists in

the unique context of agricultural fields versus in

natural settings where non-targets might seek refuge.

We close by suggesting a few next steps that might

be particularly fruitful areas for future exploration:

(1) Expanded meta-analysis of the specialism-risk

relationship. Here, we focused on a few care-

fully chosen case studies where ecological

studies were relatively abundant. Yet, this falls

short of delineating the relationship between

specialism and ecological risk across the full

diversity of biological control agents that have

been released worldwide. It is possible that a

more comprehensive synthesis would find a

general increase in substantial non-target harm

with increasing generalism that our hand-picked

small sample of case studies could not detect,

and would be a worthy target of a true synthetic

meta-analysis across all available case studies.

In turn, a broader meta-analysis of this type

would allow a formal test of the relationship

between generalism and impacts proposed here

(Fig. 2).

(2) How best to determine risk? While we suggest

that specialized feeding, on its own, does not

greatly predict degree of risk, we do not deny

that host-specificity is and should remain an

important part of risk assessments. However,

the specificity of the proposed agent should be

weighed against the expected pressure on the

non-target groups effected. In addition, certain

groups such as specialist herbivores and para-

sitoids may merit closer scrutiny than predatory

agents since while the former groups are likely

to have greater host-specificity, their life histo-

ries usually allow for rapid population growth

and correspondingly large ecological effects.

Likewise, indirect effects can form a key

component of ecological risk and are worthy

of greater attention.

(3) Increased post-release studies. While we do

make the case that the damage caused by

generalist biocontrol agents, and generalist

predators in particular, are overstated, there is

still a knowledge gap when it comes to non-

target effects of most introductions. In the future

more focus should be placed on monitoring

likely non-target hosts/prey. While this is likely

to be difficult and potentially expensive, it

would be crucial work in allowing adequate risk

assessments in the future.
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