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Impact of a nonnative parasitoid
species on intraspecific interference
and offspring sex ratio

Yao Zhuo Zhang'*?, Zhengya Jin?, James Rudolph Miksanek®* & Midori Tuda***

In an assemblage of multiple predators sharing a single prey species, the combined effects of the
component species may scale unpredictably because of emergent interspecific interactions. Prior
studies suggest that chaotic but persistent community dynamics are induced by intra-/interspecific
interactions between native and nonnative parasitoids competing over a shared host. Here, we test
the impact of the nonnative parasitoid Heterospilus prosopidis (Hymenoptera: Braconidae) on the
intraspecific interference and offspring sex ratio of the native parasitoid Anisopteromalus calandrae
(Hymenoptera: Pteromalidae). We found that the nonnative parasitoid reduced intraspecific
interference among native parasitoids and decreased the proportion of female offspring produced

by the native parasitoid (predicted under conditions of reduced host availability). At higher host
densities, the nonnative parasitoid contributed less to the total proportion of hosts parasitized, as its
innate saturating Type Il response changed to a dome-shaped Type IV response with increasing density
of the native parasitoid, while the native parasitoid retained its increasing Type | response. This inverse
host-density-dependent response between the two parasitoids and associated competitive superiority
can explain the observed changes in parasitism; at high host densities, the searching efficiency of the
native parasitoid increases via host feeding while the nonnative parasitoid experiences egg limitation.
These results highlight the importance of the complementary top-down effects of multiple consumers
on asingle resource.

The direct and indirect effects of predation play a crucial role in ecological communities and have wide-ranging
influences on nutrient cycling, trophic organization, and eco-evolutionary dynamics"% In communities that
contain multiple species of predators or parasitoids, the combined effects of each individual prey-predator (or
host-parasitoid) interaction may be nonlinear rather than additive because of indirect trophic effects or the
modification of direct interspecific interactions (which may be inherently nonlinear)’. These and other emergent
properties affect the structure of multispecies assemblages and result in complex population dynamics*®. To
investigate the emergent properties of a multispecies assemblage, one of the simplest model systems consists
of two parasitoids and a single host, in which all three engage in a number of direct and indirect interactions’.
In this three-species system, coexisting parasitoids compete for a limited number of hosts through exploitation
(host availability decreases through use®®) or by interference (parasitoids directly and antagonistically interact
with one another, limiting access to hosts). A moderate level of interference competition is often observed among
individuals of the same species'”. Intraspecific interference competition is referred to as “mutual interference™"'2

Mutual interference reduces the searching efficiency of a parasitoid or predator as a result of antagonistic
interactions among conspecifics. Hassell and Varley!! expressed this as

a=qP™", (1

where a is the “area of discovery” (the host or prey capture rate, or “attack rate”), q is the searching efficiency
when conspecifics are absent, P is the density of parasitoids or predators, and m is mutual interference. The
function becomes ratio dependent as m approaches 1. Thus, mutual interference reduces the rate at which a
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parasitoid interacts with its hosts by modifying the mass action term independent of host density (directly or
indirectly’*~'%)—each individual parasitoid attacks fewer hosts at higher parasitoid densities, which lowers the
number of parasitoid offspring per parent recruited to the next generation.

High values (close to 1) of mutual interference stabilize host-parasitoid population dynamics and
allow for the coexistence of multiple parasitoids or predators. In natural systems, these dynamics have impor-
tant implications for population ecology and community food webs!® (but see'?); in an applied sense, they have
been used to justify the release of multiple natural enemies in biological control programs'*?. In a theoretical
three-species system with two consumers that share a single resource, coexistence requires trade-offs between
exploitative and interference competition!. Asymmetric interspecific interactions are likely to influence mutual
interference as well. In one such system, the parasitoids Eupelmus vuilleti (Hymenoptera: Eupelmidae) and
Dinarmus basalis (Hymenoptera: Pteromalidae) exhibit different behavioral responses to interspecific compe-
tition over their shared host, the cowpea bean beetle Callosobruchus maculatus (Coleoptera: Chrysomelidae:
Bruchinae); the more aggressive competitor, D. basalis, defends its hosts and (self-)superparasitizes whereas E.
vuilleti multiparasitizes undefended hosts*. In another example involving four species of predaceous stoneflies
(Plecoptera: Perlidae and Perlodidae) competing for blue-winged olive mayfly larvae (Ephemeroptera: Baeti-
dae), the presence of a second predator decreased mutual interference among individuals of the first predator
species®. As a final example, mutual interference among female Anisopteromalus calandrae (Hymenoptera:
Pteromalidae) (a native parasitoid) was estimated to have decreased in the presence of a nonnative parasitoid,
Heterospilus prosopidis (Hymenoptera: Braconidae), sharing a host: the azuki bean beetle Callosobruchus chinensis
(Coleoptera: Chrysomelidae: Bruchinae); this nonnative parasitoid altered the behavior of the native parasitoid
and destabilized the system®*.

The degree of mutual interference among conspecific parasitoids can be estimated through individual-level
observations, population-level experiments, or population models (references in**). For the multispecies assem-
blage consisting of the azuki bean beetle and two of its parasitoids (described above), the effects of the nonnative
parasitoid on mutual interference among native parasitoids (and the emergent asymmetry) have been estimated
based on laboratory-parameterized population models of assemblage dynamics® and later supported by a study
on individual behavior?*. Additionally, the individual-level study detected a host-density-dependent change in
the patch residence time and proportion parasitism by the native parasitoid in the presence of the nonnative
parasitoid®* that was not tested at the assemblage level®.

If the competitive relationship between the two parasitoids were asymmetric, then the offspring sex ratio
might also be affected asymmetrically. Sex allocation theory predicts that mothers in a favorable environment
invest more in the offspring sex that will benefit the most from that environment*~. As hosts are depleted by
the nonnative parasitoid, the population density of the native parasitoid per host increases—this could lead to a
decrease in the proportion of female offspring produced by the native parasitoid, if sex allocation theory applies
(female A. calandrae benefit more from an increase in host density because they can feed directly on host fluids,
termed “host feeding’’, to increase their fecundity). (Alternatively, in the absence of the effects of host depletion?’,
the proportion of female offspring may also increase—when in competition, the parasitization preference of A.
calandrae shifts toward pupae, whereas that of the nonnative parasitoid shifts toward fourth instar larvae (niche
shift?®), leaving a greater proportion of suitable hosts (pupae) for A. calandrae.)

The purpose of the present study is to experimentally test the following hypotheses related to the introduction
of the nonnative parasitoid H. prosopidis: the nonnative parasitoid (1) reduces mutual interference among native
parasitoids independent of host density (predicted at the assemblage® and individual®* levels), (2) decreases the
proportion of female offspring produced by the native parasitoid (in response to host depletion by the nonnative
parasitoid, predicted by sex allocation theory®*?¢), (3) increases the total proportion of parasitized hosts, and
(4) is unaffected by the native parasitoid in its population response to host density (predicted at the assemblage
level®). Finally, we will discuss our results within the context of varying scales of organization, from individuals
to communities.

11,12,16,17

Materials and methods

Study system. Our experimental system consists of one host and two parasitoids: the azuki bean beetle Cal-
losobruchus chinensis and its parasitoids Anisopteromalus calandrae and Heterospilus prosopidis. This assemblage
is an important model system in ecological studies?®~**. The azuki bean beetle is a cosmopolitan pest of stored
legumes (Fabaceae) and is native to East Asia®>*°. Females lay eggs on the seed coat; after the larvae burrow
through the seed coat and into the bean (which is apparent as the color of the egg changes from transparent
white to pure white), they feed on the internal tissues (cotyledons) to develop through four larval instars; pupa-
tion occurs within the bean before the adults emerge. Under standard laboratory conditions (30 °C, 60% RH),
development from egg to adult takes about 22 days®’.

The parasitoids A. calandrae and H. prosopidis are used in the biological control of bruchine beetles® and
attack the late larval instar and pupal stages of the azuki bean beetle®; when the two species are in competition,
the former prefers pupae and the latter prefers fourth instar larvae®. A. calandrae is a natural enemy of various
stored product pests, including bean beetles (in its native range), whereas H. prosopidis is a nonnative control
agent of bruchine beetles imported from the southern United States. Both are solitary idiobiont ectoparasitoids
(solitary parasitoids usually lay one egg per host and do not readily engage in superparasitism; idiobionts prevent
further development of their hosts following parasitization; ectoparasitoids feed externally on their hosts; super-
parasitism is to parasitize a host that was already parasitized by a conspecific). While A. calandrae (the native
parasitoid) is synovigenic—females continue to mature eggs throughout their lives—and engages in concurrent,
non-destructive host feeding to obtain nutrients for egg maturation, the nonnative parasitoid H. prosopidis is
pro-ovigenic (or weakly synovigenic) and does not host feed (pro-ovigenic parasitoids emerge as adults with a
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full complement of mature eggs)***. The searching efficiency of H. prosopidis does not decrease except for at
extremely high densities of conspecifics (pseudo-interference)'**!. Under standard laboratory conditions, A.
calandrae and H. prosopidis reach adulthood in 12-13 days; as adults, both live for roughly five days. Females
of both parasitoid species can lay up to about 40 eggs, although this varies greatly for A. calandrae depending
on the availability of hosts for host feeding [Phyu Phyu San and Tuda, unpublished data]. For both A. calandrae
and H. prosopidis, a single male can inseminate at least 10 females [**; MT, personal observation]. Both species
have a haplodiploid sex determination system (fertilized eggs develop into females, unfertilized eggs develop
into males), and a maternal female can manipulate her offspring’s sex by releasing stored sperm (received from
her mate) to fertilize her eggs.

Preparation. Our experiment tested the effects of host density and the presence or absence of the nonnative
parasitoid H. prosopidis on mutual interference among native A. calandrae females. We prepared three different
host densities (2, 4, or 8 larvae per bean, which represents low to high host densities) by placing 10-60 mated
female beetles in Petri dishes (9 cm in diameter, 1.5 cm in height) with one layer of dried azuki beans (Fabaceae,
Vigna angularis cv. akadaiya) (purchased from Daiwa-zakkoku, Hokkaido, Japan). The adults were given 24 h to
oviposit before they were removed; one week later, we collected the beans with 2, 4, or 8 hatched larvae estimated
by counting the number of hatched eggs. (The number and developmental stages of larvae cannot be visually
inspected from outside of a bean. Once infested beans are cut open for inspection, the exposed larvae will die.
However, there is a high probability that larvae survive to adulthood if reared at densities of up to about 8 lar-
vae per bean®. Therefore, the number of hatched eggs is a good estimate of the number of late instar larvae or
pupae.) The developing hosts were left for a total of 15 days so they could reach the fourth larval instar before
being used in the experiment. Our strain of azuki bean beetles originated from Japan (strain jC).

Parasitoids were prepared by transferring 20 females and 6 males of each species from laboratory subculture
into separate Petri dishes (10 females and 3 males each) that contained a layer of azuki beans with late fourth
instar host larvae. The resulting offspring were allowed to develop; once the subsequent generation emerged as
adults, females and males of each species were collected in separate Petri dishes (approximately 50 females and
20 males per Petri dish) and permitted to mate freely for 24 h before being used in the experiment. Our strain
of A. calandrae originated from Japan, and H. prosopidis originated from Hawaii. All three insect species have
been reared under laboratory conditions for more than 20 years.

Experiment on parasitism and offspring sex ratio. We placed nine beans with one of the three dif-
ferent host densities (2, 4, or 8 hosts per bean) of 15-day-old larvae into a Petri dish before adding 1, 4, or 16 A.
calandrae females (A. calandrae density) and 0 or 10 (absence/presence) H. prosopidis females. The parasitoids
were removed after four days of exposure to the hosts, and the parasitoid offspring and any unparasitized hosts
were allowed an additional 17 days to complete their development. The larvae, if not parasitized, developed into
pupae during the 4-day exposure to the parasitoids. The numbers of female and male offspring of each parasitoid
species were recorded. Each combination of host and parasitoid densities was replicated 12 times for a total of
216 experimental runs. The entire preparation and experiment were conducted in a growth chamber at 30 °C,
60% RH, and 16L:8D; parasitoids were not provided with supplemental nutrition or water when in culture,
preparation, or the experiment. All methods were performed in accordance with the relevant guidelines and
regulations.

Statistical analysis. The effects of host density, A. calandrae density, the presence/absence of H. prosopidis
(a categorical variable), and all interactions on the daily per capita reproduction of A. calandrae [log(number of
offspring + 0.5)*’] were tested using a general linear model. In this model, a significant interaction between A.
calandrae density and the presence of H. prosopidis would indicate an effect of H. prosopidis on mutual interfer-
ence among conspecific A. calandrae. A significant interaction between host density, A. calandrae density, and
the presence of H. prosopidis would indicate a host-density-dependent effect of the nonnative parasitoid on
mutual interference among A. calandrae. Following Eq. (1), Hassell and Varley'!, and Shimada*!, mutual inter-
ference m was independently calculated for A. calandrae as the slope of the individual 24-h attack rate (daily per
capita reproduction, per host) as a function of conspecific parasitoid density (both log-transformed).

To investigate the proportion of hosts parasitized, a logistic regression was used to test the effects of host
density, A. calandrae density, the presence of H. prosopidis, and all interactions on the number of attacked or
escaped hosts. The effects of host density, A. calandrae density, and the presence of H. prosopidis on the offspring
sex ratio of A. calandrae were also analyzed with a logistic regression model. In this model, a significant effect
of A. calandrae density would indicate local mate competition (when the density of female parental parasitoids
increases, the proportion of male offspring increases because male offspring are more likely to compete with
unrelated males for mates and less likely to compete with their own brothers)**%, while a significant effect of the
presence of H. prosopidis would suggest that A. calandrae responds to a decrease in host availability.

Host density and A. calandrae density were log-transformed in all above models. All statistical tests were
performed in JMP 14.2.0. Figures were prepared with R version 4.0.3.

Modeling parasitism. A variation of the familiar Nicholson-Bailey model was used to investigate the pop-
ulation-level functional responses of A. calandrae and H. prosopidis. In the model, the numbers of parasitized
hosts were formulated as

Pyct+1 = Ho(l — exp(—f))exp(—g) )
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Independent variable Fratio |df |p

Log (host density) 1006.0 |1 | <0.001
Log (A. calandrae density) 1209.2 |1 <0.001
Presence of H. prosopidis 1034 |1 | <0.001
Log (host density) xlog (A. calandrae density) 03 |1 0.565
Log (host density) x presence of H. prosopidis 16 |1 0.214
Log (A. calandrae density) x presence of H. prosopidis 120 |1 | <0.001
Log (host density) xlog(A. calandrae density) x presence of H. prosopidis 06 |1 0.430

Table 1. Effect tests for the general linear model of the reproduction of the native parasitoid Anisopteromalus
calandrae (per female, per day; log-transformed) as a function of host density, A. calandrae density, the
presence/absence of the nonnative parasitoid Heterospilus prosopidis, and all interactions.

Prips41 = Ho(1 — exp(—g) )exp(—f) ®)

where Hj is the initial number of hosts, P4 ;41 is the number of offspring produced by the native parasitoid A.
calandrae at generation t + 1, Pgp 411 is the number of offspring produced by the nonnative parasitoid H. prosop-
idis at generation ¢+ 1, fis the response of the native parasitoid, and g is the response of the nonnative parasitoid.
Exp(--), the Oth term of the Poisson distribution, indicates the proportion of hosts escaping parasitism with
-, the mean number of encounters per host*”. The mean encounters per host for the native parasitoid f (Type I
functional response with mutual interference®) and the nonnative parasitoid g (Type II functional response®)
were defined as

f = ancHoPae, ~m/ I enbns) (4)

g = ampPup/(1 + apptyHo) (5)

where P4, is the number of native female parasitoids at generation ¢, Py is the number of nonnative female
parasitoids at generation t, a4, is the searching efficiency of the native parasitoid (which is increased by nonde-
structively feeding on hosts Hp), app is the searching efficiency of the nonnative parasitoid,  is the degree of
mutual interference among native parasitoids, ¢, is a parameter for the reduction of m by the nonnative parasi-
toid, and ty, is the handling time (or the inverse of egg limitation) for the nonnative parasitoid.

Based on Egs. (2) and (3), the difference between the proportions of hosts parasitized by each parasitoid is

(Prper1 — P,y )/Ho = exp(=f) — exp(—g) (6)

Equation (6) was fit to the proportion parasitism data from the experiment (the observed proportion of hosts
parasitized by the nonnative parasitoid subtracted by the observed proportion of hosts parasitized by the native
parasitoid). Corrected AIC (AICc) scores were used to compare models for model selection. The Gauss—Newton
method was used to minimize the sum of squared errors for the nonlinear model fit in JMP 14.2.0.

Results

Reproduction and mutual interference of A. calandrae. In testing the effects of host density, A.
calandrae density, the presence or absence of the nonnative parasitoid H. prosopidis, and all interactions on the
daily per capita reproduction of A. calandrae, the model fit the data well (R*=0.918; F, ,s=333.3, p<0.001).
The daily per capita reproduction of A. calandrae was significantly reduced with decreasing host density (which
limited host feeding), increasing A. calandrae density (via mutual interference), and in the presence of H. proso-
pidis (Table 1, Fig. 1). There was a significant interaction between A. calandrae density and the presence of H.
prosopidis (Table 1), which indicates a negative effect of the nonnative parasitoid on mutual interference among
A. calandrae (the slope against A. calandrae density was less steep when H. prosopidis was present; Fig. 1). While
the magnitude of this effect tended to increase with host density, the three-way interaction was not statistically
significant (Table 1). Mutual interference (m) decreased from 0.998 +0.040 (estimate £ SE) to 0.817+0.056 in
the presence of the nonnative parasitoid. There were no significant interactions between host density and A.
calandrae density or between host density and the presence of H. prosopidis (Table 1).

Offspring sex ratio. Because the model fit to the sex ratio of A. calandrae was not improved by a three-way
interaction (y*=1.8, df=1, p>0.1), this term was removed from the model. There was a significant decrease in
the offspring female ratio of A. calandrae in the presence of H. prosopidis (Table 2, Fig. 2). The effect of host
density, A. calandrae density, and all interactions were nonsignificant (Table 2). The offspring sex ratio of H.
prosopidis was not affected by host density, A. calandrae density, or the interaction between host density and A.
calandrae density (Table 2).

Proportion of hosts parasitized and population (functional) responses to host density. Since
the model fit to the proportion of hosts parasitized by A. calandrae was not improved by a three-way interaction
(¥*=1.8,df=1, p>0.1), this term was excluded from further analysis. The proportion parasitized by A. caland-
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Figure 1. The number of emerged offspring of the native parasitoid Anisopteromalus calandrae (per female, per
day) in the presence (red) and absence (purple) of the nonnative parasitoid Heterospilus prosopidis as a function
of (a) A. calandrae density and the presence of H. prosopidis (p <0.001 for the interaction between A. calandrae
density and presence of H. prosopidis) and (b) host density (p<0.001). Lines depict the general linear model fit
(with shaded 95% CI). A small positive or negative random number (jitter) was added to the x-coordinate of
each data point for graphical clarity.

Dependent variable Independent variable Likelihood ratio y*> | df |p
Log (host density) 2.52 1 |0.112
Log (A. calandrae density) 1.62 1 0.203

Sex ratio of A. calandrae Presence of H. prosopidis 4.85 1 ]0.028
Log (host density) xlog (A. calandrae density) 0.08 1 10777
Log (host density) x presence of H. prosopidis 0.27 1 ]0.603
Log (A. calandrae density) x presence of H. prosopidis | 1.42 1 ]0.233
Log (host density) 1.72 1 ]0.190

Sex ratio of H. prosopidis | Log (A. calandrae density) 0.60 1 |0437
Log (host density) xlog (A. calandrae density) 3.02 1 |0.082

Table 2. Effect tests for the logistic regression model of offspring sex ratio (proportion female) as a function
of host density, the density of the native parasitoid Anisopteromalus calandrae, the presence/absence of the
nonnative parasitoid Heterospilus prosopidis, and all two-way interactions.

rae increased with increasing host and A. calandrae density but was decreased by the presence of H. prosopidis
(Table 3, Fig. 3a). Additionally, it increased with increasing A. calandrae density only in the presence of H.
prosopidis but was not affected by interactions between host density and A. calandrae density or between host
density and the presence of H. prosopidis (Table 3, Fig. 3a). The proportion of hosts parasitized by H. prosopidis
decreased at higher densities of hosts and at higher densities of A. calandrae but was not affected by an interac-
tion between host density and A. calandrae density (Table 3, Fig. 3b).

As the model fit to the proportion of hosts parasitized by both parasitoids was not improved by a three-
way interaction (y*=1.7, df=1, p>0.1), this term was excluded from the model. The proportion parasitized by
both parasitoids decreased with increasing host and A. calandrae density and increased in the presence of H.
prosopidis (Table 3, Fig. 3c). It was affected by interactions between host density and the presence of H. proso-
pidis, between host density and A. calandrae density, and between A. calandrae density and the presence of H.
prosopidis (Table 3). For the interaction between host density and the presence of H. prosopidis, the proportion
parasitized (by A. calandrae) increased with host density in the absence of H. prosopidis, but in the presence
of H prosopidis, the total percent parasitism by both parasitoids decreased with host density (Fig. 3c). For the
interaction between host density and A. calandrae density, the proportion parasitized decreased with increasing
A. calandrae density at low host densities but was unaffected by A. calandrae density at high host densities. For
the interaction between A. calandrae density and the presence of H. prosopidis, the proportion parasitized was
unaffected by A. calandrae density in the absence of the nonnative parasitoid, but in the presence of the nonna-
tive parasitoid, decreased with increasing A. calandrae density.

Finally, the proportion parasitism data was fit to the Nicholson-Bailey-type model by optimizing the param-
eter values (a,,=0.00703 +0.00055, 7 =1.004 +0.044, c,,=0.0441 £0.0082, a;;,=0.299 £0.044, t,=0.115£0.017;
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Figure 2. Offspring sex ratio of the native parasitoid Anisopteromalus calandrae in the absence and presence of
the nonnative parasitoid Heterospilus prosopidis (p=0.028). Open circles with error bars overlayed on the data
indicate the mean + SE.

Dependent variable Independent variable Likelihood ratio > | df |p
Log (host density) 219.0 1 <0.001
Log (A. calandrae density) 27.8 1 <0.001
Presence of H. prosopidis 185.2 1 <0.001
Parasitism by A. calandrae
Log (host density) xlog(A. calandrae density) 2.5 1 0.116
Log (host density) x presence of H. prosopidis 23 1 0.127
Log (A. calandrae density) x presence of H. prosopidis | 30.5 1 | <0.001
Log (host density) 601.4 1 | <0.001
Parasitism by H. prosopidis Log (A. calandrae density) 83.8 1 | <0.001
Log (host density) xlog(A. calandrae density) 22 1 0.140
Log (host density) 13.0 1 <0.001
Log (A. calandrae density) 4.7 1 0.030
Parasitism by both parasitoids Presence of H. prosopidis 862.4 1 <0.001
Log (host density) x1og(A. calandrae density) 4.2 1 0.041
Log (host density) x presence of H. prosopidis 367.3 1 | <0.001
Log (A. calandrae density) x presence of H. prosopidis 4.1 1 0.043

Table 3. Effect tests for the logistic regression model of parasitism as a function of host density, the density of
the native parasitoid Anisopteromalus calandrae, the presence/absence of the nonnative parasitoid Heterospilus
prosopidis, and all two-way interactions.

estimate + approximate SE) (Supplementary Table S1). The native parasitoid exhibited a Type I population
response irrespective of its own density or of the presence/absence of the nonnative parasitoid (Fig. 4a). The
population response of the nonnative parasitoid was a saturating Type II function when A. calandrae densi-
ties were low but switched to a dome-shaped Type IV function as A. calandrae density increased (Fig. 4b). We
confirmed that further modifications of the model did not improve the model fit (Supplementary Table S1).

Discussion

Mutual interference among the native parasitoid A. calandrae was reduced by the presence of the nonnative para-
sitoid H. prosopidis independent of host density, supporting our first hypothesis. Next, the proportion of female
offspring produced by the native parasitoid was lower in the presence of the nonnative parasitoid, supporting
our second hypothesis. Third, the contribution of the nonnative parasitoid to the total proportion of parasitized
hosts was large at low host densities but decreased as host density increased, which was predicted by our third
hypothesis. Finally, the Type II functional response of the nonnative parasitoid (which saturates as host density
increases) shifted to a dome-shaped Type IV response (which decreases as host density increases past a certain
threshold) as the density of the native parasitoid increased, leading us to reject our fourth hypothesis. Overall,
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Figure 3. Percent parasitism by each or both parasitoids and its host density dependence. (a) Parasitism by the
native parasitoid Anisopteromalus calandrae; (b) parasitism by the nonnative parasitoid Heterospilus prosopidis;
(c) total parasitism. Purple: H. prosopidis absent; red: H. prosopidis present. Solid lines depict the logistic
regression model fit (with shaded 95% CI). Jittering as in Fig. 1.
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Figure 4. Population responses to host density for (a) the native parasitoid Anisopteromalus calandrae and (b)
the nonnative parasitoid Heterospilus prosopidis. Solid lines depict the prediction by our Nicholson-Bailey-type
model. Note that the model lines for H. prosopidis absent (purple) overlap considerably among different A.
calandrae densities. Jittering as in Fig. 1.

our results at the population and community levels for two generations confirm previous work at the individual
and community levels, which were studied for one generation and for 20 or more generations, respectively®*.
This indicates that the underlying mechanism of destabilized community dynamics induced by a nonnative
parasitoid—the reduction of mutual interference among native parasitoids—is consistent across multiple levels
of ecological organization as well as across different time scales. Additionally, our results regarding offspring
sex ratio confirm predictions based on sex allocation theory?»***%. Moreover, with the rejection of our fourth
hypothesis, our results offer new insights into the effects of intra- and interspecific interactions between multiple
parasitoids.

Intraspecific interference competition, or mutual interference, is a common antagonistic behavior among
predators and parasitoids that reduces the searching efficiency of foraging individuals. While mutual interfer-
ence stabilizes host-parasitoid (or prey-predator) systems, the presence of additional species can influence
the degree of mutual interference via direct and indirect interactions®'“!*!. As found in previous studies, the
introduction of the nonnative parasitoid H. prosopidis leads to chaos for the otherwise oscillatory population
dynamics of the azuki bean beetle and its native parasitoid A. calandrae®. The high searching efficiency and lack
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of self-regulation of the nonnative parasitoid reduce the already low host densities to the point that there are a
limited number of hosts available to the native parasitoid for host feeding; this leads to synergistic limitations
in egg maturation and a subsequent reduction in fecundity®*! (which is also one of the underlying mechanisms
in our model). This lowers the reproductive activity of the native parasitoid, reducing the magnitude of mutual
interference. At the individual level, the presence of the nonnative parasitoid reduces the number of antagonistic
intraspecific interactions between native parasitoids and decreases their host-feeding behavior, thus reducing
overall searching efficiency, at a low host density**. Adding to these prior works, our experimental results provide
population-level evidence that the nonnative parasitoid reduces mutual interference among the native parasitoid
independent of host density.

The offspring female ratio of A. calandrae was unaffected by conspecific density but did decrease in the pres-
ence of the nonnative parasitoid. This first finding was expected because solitary parasitoids such as A. calandrae
are less likely to experience local mate competition than gregarious parasitoids*+4**® (but see””). The latter finding
supports the prediction that mothers in a favorable environment (e.g. one with abundant resources) will invest
more in the offspring sex that will benefit more from that environment*?; for solitary, synovigenic parasitoids
such as A. calandrae, an environment with ample hosts for host feeding is more beneficial for female offspring
than for male offspring because females can utilize these resources to increase their lifetime reproductive success
(whereas males do not host feed). However, when competing with the parasitoid Choetospila elegans (Hyme-
noptera: Pteromalidae) for rice weevils, the offspring sex ratio of A. calandrae was not affected by interspecific
competition, likely because of its relative dominance as a competitor* ™. In our system, the nonnative parasitoid
H. prosopidis is the superior competitor because of its higher searching efficiency and priority effects® (when
both host and A. calandrae densities are low). This is typical of specialists with relatively narrow host ranges.
Generalist parasitoids, such as A. calandrae, can modify the sex ratio of their offspring more easily’!. Here,
the effects of host stage should also be considered because unparasitized larvae develop into pupae during the
4-day exposure to the parasitoids®>*2. When in competition, the parasitization preference of A. calandrae shifts
toward pupae, whereas that of the nonnative parasitoid shifts toward fourth instar larvae (niche shift*®), leaving
a greater proportion of suitable hosts (pupae) for A. calandrae. This proportional increase in suitable hosts is
predicted to increase the proportion of female offspring produced by A. calandrae in the absence of the effects
of host depletion?”. Our experiment showed that the proportion of female offspring produced by A. calandrae
actually decreased in the presence of the nonnative parasitoid. This indicates that host depletion—rather than
niche shift—affected sex allocation by the native parasitoid, which supports the existing sex allocation theory?.

Whereas the presence of the nonnative parasitoid greatly increased the overall level of parasitism at low host
densities, the contribution of the nonnative parasitoid to the level of parasitism at higher host densities was
small. When multiparasitism by the two parasitoids occurs (in which both parasitoid species parasitize the same
host individual), the probability of winning direct interspecific competition is nearly 0.5 for the larvae of both
species®. However, frequent host feeding by A. calandrae at higher host densities, even in the presence of H.
prosopidis*, could reduce host availability for H. prosopidis and lead to the reversal of competitive dominance.
Analyses based on assemblage-level dynamics likely capture the population responses of each species at typical
densities (possibly near equilibrium), and we might miss out on global dynamical mechanisms away from such
ecological states (especially when correlations between biological parameters are high). Nevertheless, the efficacy
of the native parasitoid alone, combined with its increasingly female-biased sex ratio at higher host densities, has
important implications for the paradigm of single vs. multiple introductions in biological control® (also see®*).
With the additional context provided by the present study, this suggests that, when the nonnative parasitoid is
present, a related reduction in the searching efficiency of the native parasitoid via decreased host feeding likely
leads to an even greater decrease in its fecundity (and potentially longevity*®) that would further destabilize the
dynamics of the system®*.

As our study demonstrates, indirect competition over a shared resource can also bring about changes in sex
allocation (reducing the proportion of female offspring), which, in turn, may have important consequences for
the population dynamics of the system, such as higher host equilibrium densities and decreased stability*”.
Likewise, the effects of interspecific interactions on mutual interference behavior can also affect the population
and community levels of organization, since the higher-order effects of mutual interference range from influenc-
ing predator functional response®* to affecting patterns in species distribution, persistence, and stability'*!-%3,

While mutual interference can accommodate the coexistence of multiple consumers under certain
conditions®, emergent effects have important consequences for population- and community-level stability and
persistence. Furthermore, as mutual interference results in a predator-dependent rate of prey consumption, it
is related to the availability and variability of resources across space®*®>¢. Qur current study bridges the gap
between predictions based on population models and the short-term and small-scale properties of behavioral
interactions observed in a multispecies assemblage. Ongoing global processes, including climate change (which
alters the distribution and phenology of species with different reproductive strategies®’-%) as well as the spread
of nonnative or invasive species, will likely change the composition, function, traits, and stability of multispecies
systems. The present study is just one example of how direct and indirect competitive interactions can influence
the population dynamics of consumer-resource interactions’®”!.
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