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Abstract

Lima bean plants (Phaseolus lunatus) exhibit compensatory growth responses to herbivory. Among the various factors that
have been identified to affect plant compensatory growth are the extent and type of tissue damage, the herbivore’s feeding
mode and the time of damage. Another factor that can greatly impact plant responses to herbivory, but has been largely
ignored in previous studies, is the action of parasitoids. In most cases, parasitoids halt or slow down the development of
herbivorous hosts, which, can result in decreased leaf damage, thereby affecting plant responses and ultimately plant fit-
ness. Here, we investigated the effects of two koinobiont parasitoids on the amount of leaf damage inflicted by the Southern
armyworm Spodoptera latifascia to wild lima bean, and the consequences of this for plant growth and seed production in
the field. We specifically tested the hypothesis that the action of parasitoids will reduce plant damage and that this reduction
will alter plant growth responses and seed production. Indeed, we found that in the presence of parasitoids plants suffered
less damage than plants with only herbivores. As a consequence, compensatory growth was reduced and more and heavier
seeds were produced earlier in the season, compared to plants exposed to only herbivores.
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Introduction

Plants are attacked by a variety of herbivores. The conse-
quences of these attacks for plant fitness will depend on
the intensity and timing of damage (Crawley 1989; Boege
and Marquis 2005), and on the plant’s defensive and physi-
ological responses (Karban and Myers 1989; Karban and
Baldwin 1997), which can act alone or in conjunction with
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the ecological environment (Strauss and Agrawal 1999).
Among the different strategies to cope with tissue loss due
to herbivore damage, resistance and tolerance are particu-
larly well studied (Strauss and Agrawal 1999; Nuifiez-Farfan
et al. 2007). Resistance is the ability of a plant to deter and
minimize herbivore damage, whereas tolerance is a plas-
tic response that allows a plant to endure or recover from
damage through physiological mechanisms or compensa-
tory growth (Agrawal 2000; Stowe et al. 2000). Tolerance
response to herbivory has a genetic basis (Mauricio et al.
1997, Kessler and Baldwin 2002; Fornoni 2011), but is also
affected by abiotic (Wise and Abrahamson 2005, 2007) and
biotic factors such as competition with other plants and the
action of herbivores (Edenius et al. 1993; Puettmann and
Saunders 2001). For instance, a growing number of stud-
ies reveal that as a response to herbivore damage, plants
compensate by increasing their photosynthetic capacity, real-
locate photoassimilates to different tissues and eventually
may produce more leaves, more branches, and flower early
(reviewed in Nuifiez-Farfan et al. 2007). However, the extent
to which these responses affect plant reproductive success is
still a topic of debate (Dietrich et al. 2005; Heil 2010; Tito
et al. 2016).
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Among the various factors that have been identified to
affect the type and quantity of compensatory growth are the
extent (Martinkova et al. 2008) and type of damage (Huhta
et al. 2009), the herbivore’s feeding mode (Rosenheim et al.
1997; Kotanen and Rosenthal 2000; Tiffin 2000), and the
timing and duration of damage (Boege et al. 2007). Another
factor that can greatly impact plant responses to herbivory,
but so far has received little attention, is the action of the
natural enemies of herbivores (Kaplan et al. 2016).

Herbivores are frequently attacked by parasitoids and it is
generally accepted that parasitoids can reduce the negative
impact of herbivores on plants (Hoballah and Turlings 2001;
Poelman et al. 2011; Gols et al. 2015).

Some parasitoids known as idiobionts will kill or paralyze
the host immediately upon parasitization, halting host devel-
opment and stopping it from further feeding (Mackauer and
Sequeira 1993; Godfray 1994; Harvey 2005). Conversely,
the hosts of koinobiont parasitoids continue to feed after
oviposition (Hoballah and Turlings 2001; reviewed in Har-
vey 2005). Yet the nature and outcome of the interaction
between hosts and koinobiont parasitoids is complex and
will largely depend on whether the latter are solitary or gre-
garious, and on the manner in which they affect the growth
and development of their host (Smilowitz and Iwantsch
1973; Harvey et al. 1994; Harvey 2005). In some cases para-
sitized hosts will feed at a slower rate and grow smaller than
non-parasitized ones (Hoballah and Turlings 2001). In other
cases parasitized herbivores can eat more (Coleman et al.
1999; Van der Meijden and Klinkhamer 2000) or for longer
periods (Thorpe 1933; Beckage and Riddiford 1982), than
unparasitized ones, in which case plants will sustain greater
damaged and this may increase induced defensive responses
(Ode et al. 2016). Yet, in virtually all known cases, parasi-
toids, idiobionts or koinobionts reduce the amount of dam-
age that their hosts inflict to plants (van Loon et al. 2000).

Thus, it could be imagined that by altering the nature and
amount of herbivore damage, parasitoids can affect plant
growth and ultimately plant reproduction. As yet, to our
knowledge, no study has examined the extent to which para-
sitoids can affect plant growth and compensatory responses.
The implications of such effects are of great significance for
the presumed positive effects of parasitoids on plant fitness,
as to date, field evidence supporting this notion is still very
scarce (Gomez and Zamora 1994; Hoballah and Turlings
2001; Gols et al. 2015).

Here, we investigated the effects of two koinobiont para-
sitoids, one solitary and one gregarious, on the amount of
leaf damage inflicted by the lateral lined or velvet army-
worm Spodoptera latifascia on wild lima bean (Phaseolus
lunatus) and the consequences for plant growth and seed
production. In two field experiments, each with a different
parasitoid species, we compared leaf damage among control
plants (without herbivory), plants exposed to Spodoptera
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larvae, and plants exposed to both larvae and parasitoids.
We counted the number of trifolia per plant as a proxy of
plant growth, number and time of appearance of flowers and
pods, and measured several seed traits (number, mass and
germination success). With these experiments, we tested the
hypothesis that the presence of parasitoids will reduce plant
damage and that this reduction will result in altered plant
growth responses and seed production in the field.

Materials and methods
Study system

Wild lima bean (Phaseolus lunatus) plants occur naturally
throughout Meso- and South America (Freytag and Debouck
2002). Plant phenology is synchronized with the regional
weather. In our study site (see below), the first inflores-
cences appear in October—November and the seeds are pro-
duced at the end of December and early January (Heil 2004;
Hernandez-Cumplido et al. 2010). At this field site, lima
bean plants are attacked by several herbivore species (Ball-
horn et al. 2009; Moreira et al. 2015; Hernandez-Cumplido
etal. 2016a, b). One of these herbivores is the polyphagous
noctuid moth Spodoptera latifascia. Its larvae can cause sig-
nificant leaf damage; one single larva can eat up to 60% of
the leaf surface of an older plant or even entirely defoliate
a young plant (Cuny, personal observation). Adult moths
lay their eggs in batches on the upper surface on the leaves
and upon hatching first instar larvae disperse and feed indi-
vidually on all parts of the leaf (Pogue 2002; Cuny personal
observation). Lima bean plants exhibit compensatory growth
in response to varying degrees of herbivory (Moreira et al.
2015; Hernandez-Cumplido et al. 2016b). If and how these
responses are influenced or altered by the action of the her-
bivores’ natural enemies is not known.

At the field site, larvae of S. latifascia are frequently
attacked by two generalist parasitoids, Chelonus insularis
(Hymenoptera: Braconidae) and Euplectrus platyhypenae
(Hymenoptera: Eulophidae). The former is a solitary egg-
larval parasitoid that parasitizes hosts at the egg or first
instar stage. One female can parasitize several eggs from
the same batch (Ables and Vinson 1981; Jourdie et al. 2010).
Parasitized larvae continue to develop until late third instar
when parasitoid larvae emerge to pupate and the host dies.
E. platyhypenae is a gregarious ectoparasitoid that lays its
eggs on the dorsum of third and fourth instar larvae of S.
latifascia and other Lepidoptera (Capinera 2001; Coudron
et al. 1990). The relative abundance of the two parasitoid
species varies greatly between years (Cuny, personal obser-
vation) and the reasons for these fluctuations in abundance
are not yet understood.
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Plants

Plants used for our experiments originated from seeds col-
lected the previous year in a natural population of wild lima
bean plants close to our field site (15°55'14.3"N 97°07'35.1"W
and 17°00'40.4"N 100°06'09.9"W) for the first and second
experiment, respectively; for more information on these popu-
lations see Shlichta et al. (2014). The experiments took place
in January 2014 (experiment 1) and from October 2014 to
March 2015 (experiment 2) at the Experimental Campus of
The Universidad del Mar, located 15 km northwest of the
city of Puerto Escondido (Oaxaca, Mexico, 15°5527.9"N
97°09'04.3"W).

Insects

Colonies of S. latifascia and the parasitoids C. insularis (first
experiment) and E. platyhypenae (second experiment) were
established early in the season with field-collected insects
from wild lima bean plants found in the surroundings of the
experimental campus of the Universidad del Mar. Larvae of
S. latifascia were reared under natural light and temperature
conditions on artificial diet (“beet armyworm diet”, BioServ,
Flemington, NJ, USA). Both parasitoids were reared on larvae
of Spodoptera frugiperda collected in maize fields close to the
experimental field and fed with the same artificial diet. We
chose to use this species for the rearing, because of its much
higher abundance in the nearby maize fields compared to S.
latifascia. Previous experiments showed that the two parasi-
toid species develop successfully on both Spodoptera species
(Cuny et al. unpublished data). Caterpillars were reared in
plastic containers (13 x 15X 5 cm) with fabric mesh for aera-
tion and adult parasitoids were kept in mating cages (Bugdorm
insect rearing cages, 30 x30x 30 cm).

Experimental set-up

We conducted two field experiments to determine if parasi-
toids affected the amount of damage inflicted by S. latifascia
and the consequences for plant growth. In both experiments
lima bean plants were subjected to three herbivory treatments:
(1) control (without insects), (2) unparasitized larvae of Spo-
doptera latifascia and (3) either S. latifascia larvae parasitized
by C. insularis (first experiment) or S. latifascia larvae in the
presence of female E. platyhypenae (second experiment).
We recorded the amount of leaf damage (first and second
experiment), and plant growth and seed production (second
experiment).

Experiment 1: herbivory and parasitism by Chelonus
insularis

The first experiment served to obtain preliminary infor-
mation on the potential of parasitoids to reduce herbivory
on lima bean plants. For this we compared the amount of
damage inflicted by S. latifascia larvae that were either
unparasitized or parasitized by C. insularis. Seeds were
individually sown in 5-L pots filled with native soil and
distributed among 18 field cages (two plants per cage,
Bioquip Outdoor Cage 6 X 6 X 6’, 20 X 20 Mesh Lumite).
Each pot was placed on a tray filled with water to pre-
vent the experimental larvae from moving between plants
and predatory ants from climbing on the plants. To obtain
parasitized larvae, three batches of S. latifascia eggs were
placed in a parasitoid cage with 10 C. insularis wasps
(males and females) during 48 h. Batches were removed
after females were observed parasitizing. Bioassays
conducted before the experiment showed that using this
method we obtained around 90% parasitism. Parasitized
egg batches then were kept in separate containers until
larvae emerged from the eggs, at which point they were
transferred to artificial diet until the start of the experi-
ment. Although rearing early instar larvae on artificial diet
could potentially affect later physiological and behavioral
responses, we chose to do this because of the significant
mortality of earlier instars when reared on plant material.
As larvae were randomly assigned to the different treat-
ments, we can assume that any early effects on their devel-
opment due to the artificial diet would be the same among
the three treatments. Prior to the experiment, to habituate
larvae to the switch from artificial diet to plant material,
all larvae (unparasitized and parasitized) were fed with
P. lunatus leaves for 10 h, followed by a 3-h starvation
period. We randomly assigned three different treatments to
cages (two plants per cage, one treatment per cage and 7-8
cages per treatment): (1) control plants (without S. latifas-
cia larvae), (2) plants with twenty unparasitized early-third
instars of S. latifascia and (3) plants with twenty early-
third instar parasitized larvae of S. latifascia randomly
selected from the containers of “parasitized egg batches”.
Preliminary experiments revealed that using 20 larvae per
plant we could obtain enough damage to quantify poten-
tial differences among treatments and at the same time,
minimize larval crowding that could prompt dispersion to
adjacent plants. Every day, trays were refilled with water
and plants were checked for unwanted insects that could
have entered the cages. Based on levels of damage found
in natural plant populations, we estimated leaf damage on
the whole plant using the following scale: (1) no damage,
(2) less than 25% of leaf surface eaten, (3) between 25
and 50% of leaf surface eaten and (4) more than 50% of
leaf surface eaten. This experiment was repeated twice. To
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avoid any bias during sampling, plants were coded such
that treatments applied to the different plants were not
known during the estimation of damage.

Experiment 2: herbivory and parasitism
by Euplectrus platyhypenae

Based on the results found in the first field experiment, we
improved the experimental design and conducted a second
experiment the following year. This experiment differed
from the first one in that (1) the parasitoid used was Euplec-
trus platyhypenae, because of its much higher abundance
in the field during that season, and (2) for the third treat-
ment, instead of using parasitized larvae, we released female
parasitoids inside cages with healthy third instar larvae
of S. latifascia. This was done because trial experiments
showed that even with the greatest care, manipulation of
parasitized larvae resulted in very high mortality. For this
experiment, plants were followed for the whole season until
seed production.

Forty-eight plants were grown in 5-L pots and distributed
in 24 field cages (Bioquip, Outdoor Cage 6 X6 X 6', 20X 20
Mesh Lumite). Twenty-five days later, we followed the same
procedure as in the previous experiment and we randomly
assigned the three different treatments to cages with two
plants per cage, one treatment per cage and eight cages per
treatment. The treatments were: (1) control (plants without
S. latifascia larvae), (2) herbivore alone (15 third instar lar-
vae of S. latifascia per plant), and (3) herbivore + parasitoid
(15 third instar larvae of S. latifascia per plant, plus five
mated Euplectrus platyhypenae females per cage) (Fig. 1).
Prior to the experiment, to habituate larvae to the switch
from artificial diet to plant material, larvae were fed with P.
lunatus leaves for 10 h, followed by a 3-h starvation period.
Insects were left in the cages for 9 days. For each plant, we

Fig.1 Schematic illustration
of the experimental protocol
for the second experiment. The
treatments were: (1) control
(plants without Spodoptera
latifascia larvae), (2) herbi-
vore alone (fifteen third instar
larvae of S. latifascia per plant),
and (3) herbivore + parasitoid
(fifteen third instar larvae of S.
latifascia per plant, plus five
mated Euplectrus platyhypenae
females per cage)

8 cages per treatment

« 2 plants per cage

took a picture of two randomly selected trifolia (between
the 5th and the 8th trifolium), and used it to calculate the
mean damaged area per trifolium with Adobe Photoshop
(Xiao et al. 2005). Two months later, when most of the leaf
herbivores were no longer present in the field, cages were
removed to reduce humidity and to allow the plants to dry
and mature their pods. Plants were watered twice per week,
checked every other day and undesirable insects (beetles,
grasshoppers) were removed. For each plant, we recorded
the following traits: number of trifolia (three leaflets), flow-
ering time, number of tendrils with at least one flower, time
of appearance and number of green pods and total number
of seeds produced after 4 and 8 weeks. A sample of ten
seeds per plant was weighed with a micro-balance (Mettler
Toledo XP6, Columbus, Ohio, USA) to the nearest 0.01 mg.
The following field season the germination ability of these
seeds was measured by sowing them in 5-L pots at the same
experimental field site. We used 14—16 plants per treatment,
ten seeds per plant (two pots with five seeds per pot).

Statistical analyses

Variables that met model assumptions, number of trifolia,
time to flowering and to pod production, number of flow-
ers and green pods, and seed mass, were analyzed with a
mixed linear model (PROC MIXED). Conversely, variables
that did not meet assumptions of normality were analyzed
with a generalized linear mixed model (PROC GLIMMIX):
following a gamma distribution for leaf damage in the first
experiment, a Poisson distribution for leaf damage in the
second experiment, the total number of seeds and for seeds
produced early in the season. Finally, a binomial distribution
was used for seed germination success (Littell et al. 2006;
Moreira et al. 2015; Abdala-Roberts et al. 2016). Pear-
son correlations (PROC CORR) were used to test for the

Treatments

Measurements

Seeds

‘ Pl
ant
‘ - N/ N

No herbivore (Control)

Herbivore alone

- Number
- Weight

- Germination (%)

'_hf Leaf damage (%)
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potential correlation between the trifolia damage area and
the number of trifolia in the second experiment.

For leaf damage in the first experiment, cages as well as
the two blocks (the experiment was repeated twice) were
considered as random factors (to account for repeated meas-
ures taken on the same experimental unit), and the herbivory
treatments as fixed factors. For all the variables measured
in the second experiment, cages (or pots in the case of the
germination test) were considered as random factors, and
herbivory treatments as fixed factors.

During the second experiment, one control plant suffered
severe damage from an herbivore accidentally entering the
cage and was removed from the analysis, as well as two
plants from the parasitoid treatment that were destroyed by
the wind during seed collection. All statistical analyses were
performed with Statistical Analysis System (SAS Institute,
Cary, North Carolina, USA), using Kolmogorov—Smirnov
(PROC UNIVARIATE) to test model assumptions. For
each analysis, we provide means + SE, with different let-
ters that indicate a significant difference between herbivory
treatments.

Results

Experiment 1: herbivory and parasitism by Chelonus
insularis

Lima bean plants with S. latifascia larvae parasitized by C.
insularis suffered 35% less damage than plants attacked by
non-parasitized larvae (Fig. 2a, Fy49=127.38, P<0.001).
Despite our efforts to maintain control plants without insect
damage, some herbivores found their way inside the cages
inflicting some damage (< 0.5 cm? per trifolium), but far
less than the introduced S. latifascia larvae (> 1.5 cm? per
trifolium). For herbivore-treated plants, unwanted herbivory
could not be discerned from the one inflicted by the focal
herbivores, but we can assume that it was similar among the
three treatments.

Experiment 2: herbivory and parasitism by E.
platyhypenae

Leaf damage

Plants from the two herbivore treatments (herbivore alone
and herbivore + parasitoid) suffered significantly more dam-
age than control plants (Fig. 2b, F, 53=3.75, P=0.039).
Although not significant, results show a trend on the pres-
ence of parasitoids and a reduction of the amount of dam-
age, with plants from the herbivore + parasitoid treatment
suffering almost 30% less damage than plants with only
herbivores.

(@
4 -

Leaf damage estimation

Leaf area eaten (cm?)

()
250 -

200 -
150 A

100 A

Number of trifolia

50 -

Herbivore+
parasitoid

Herbivore
alone

No herbivore

Fig.2 a Estimation of total plant damage by larvae of Spodoptera
latifascia during the first experiment, measured on a scale from 1
(no damage) to 4 (more than 50%). For this experiment, Chelonus
insularis was used for the treatment herbivore+ parasitoids. Gen-
eralized linear mixed model, P<0.001, control: n=24; herbivore
alone: n=22; herbivore + parasitoid: n=10. b Damaged mean area
per plant by larvae of Spodoptera latifascia measured in cm?. For the
herbivore + parasitoid treatment, larvae were in presence of females
of the parasitoid Euplectrus platyhypenae. We used a generalized lin-
ear mixed model. P=0.039, control: n=15; herbivore alone: n=16;
herbivore + parasitoid: n=16. ¢ Mean number of trifolia per plant
(three leaflets) produced at the end of the season. Mixed linear model,
P=0.022, control: n=15; herbivore alone: n=16; herbivore + parasi-
toid: n=16. Error bars show standard error of the mean, and different
letters indicate statistically significant differences (P <0.05)
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Plant growth, time to flowering and pod production

Control plants (without herbivores) produced on average a
lower number of trifolia throughout the season, followed
by plants from the herbivore + parasitoid treatment, and the
highest number of trifolia was produced by plants from the
herbivore alone treatment (Fig. 2¢c, F, ,;=4.55, P=0.022).
When compared to control plants, plants from the treatment
with only herbivores overcompensated as a result of herbi-
vore damage (producing more trifolia than control plants),
while plants with both herbivores and parasitoids produced
the same number of new trifolia as the control plants.

The first flowers were produced in December, 8 weeks
after sowing and the first green pods appeared after 9 weeks.
Plants continued to produce flowers and green pods until
the end of January. There were not significant differences in
the time of flowering (F, ,3=2.83, P=0.079) and pod pro-
duction (F,;=0.2, P=0.81) among plants from the three
treatments. Likewise, no difference was found in total num-
ber of flowers (F, ,;=0.38, P=0.69) and pods (F,,;=0.71,
P=0.5) produced by plants from the different treatments
(Online Resource 1a, b).

Seed output and seed traits

Although no differences were found in the total num-
ber of seeds produced by plants from the three herbivory
treatments at the end of the season (Fig. 3a, F,,,=0.35,
P=0.71), highly significant differences were found in the
mean number of seeds per plant produced early in the season
(during the four first weeks of seed production) (Fig. 3b,
F, 5, =6.14, P=0.008). During this period, plants with only
S. latifascia larvae produced significantly fewer seeds than
control plants and plants with herbivores and parasitoids
(almost 80 and 40% fewer seeds, respectively).

Seeds produced by plants from the control treatment were
on average significantly heavier than seeds from plants with
only herbivores and plants with both herbivores and para-
sitoids (Fig. 4a, F, 445=>5.44, P=0.005), and no significant
differences were found between the two latter treatments. No
significant differences were found in germination success of
seeds produced by plants from the three treatments (Fig. 4b,
F,9,=0.23, P=0.79). Because we detected great variation
in the time of seed production among individual plants in all
treatments, we performed an additional analysis to examine
the relationship between time of seed production and seed
mass within each treatment. Within each treatment, plants
that produced seeds earlier, produced on average larger seeds
than plants that produced seeds late in the season (control
plants: F; =44.84, P <0.001; herbivore alone: F; g=13.14,
P=0.006 and herbivore + parasitoids: F'; (=7.21, P=0.036,
Online Resource 2).
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Number of seeds produced/plant

Fig.3 Mean number of seeds produced per plant a for the whole
season (P=0.71), and b during the first 4 weeks of seed production
(P=0.008). Generalized linear mixed models were used for the two
variables, and their sample size was the same: control: n=15; herbi-
vore alone: n=16; herbivore + parasitoid: n=14. Error bars indicate
standard error of the mean. Different letters indicate statistically sig-
nificant differences (P <0.05)

Discussion

The overall results from this study reveal that parasitoids
can influence plant responses to herbivore damage in dif-
ferent ways. Independent of their life history strategy, soli-
tary (C. insularis) or gregarious (E. platyhypenae), the two
parasitoid species help to reduced leaf damage caused by
Spodoptera latifascia, and as a result plant compensatory
growth was attenuated. Plants exposed to herbivores only
overcompensated for the loss of leaf tissue (more trifolia
produced compared to control plants), whereas plants in
the presence of parasitoids (second experiment) compen-
sated for tissue damage (no difference in number of trifolia
compared to control plants). In addition, we found that
when plants were in the presence of parasitoids, more and
heavier seeds were produced earlier in the season com-
pared to plants that were attacked by caterpillars alone.
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(a)
64 -

— q

62 1

60 -

58 -

Seed mass (mg)

56

(b)
0.8 -

0.6 -
0.4 -

0.2 1

Germination (%)

Fig.4 a Mean mass, and b mean germination success of seeds pro-
duced by plants exposed to the three herbivory treatments. A linear
mixed model was used for seed mass: P=0.005, control: n=149;
herbivore alone: n=160; herbivore + parasitoid: n=140. For germi-
nation, a generalized linear mixed model was used: P=0.79, control:
n=40; herbivore alone: n=40; herbivore + parasitoid: n=35. Error
bars indicate standard error of the mean. Different letters indicate sta-
tistically significant differences (P <0.05)

Parasitoid effects on herbivory

Koinobiont parasitoids, allow their hosts to continue to
feed on the plant before they die (Askew and Shaw 1986;
Harvey 2005) and, therefore, may not always have posi-
tive effects on plants. This is especially true for some gre-
garious parasitoids that sometimes even cause their host
to feed more (Coleman et al. 1999; Van der Meijden and
Klinkhamer 2000; Xi et al. 2015). Indeed, we found that
reduction on herbivore damage was greater in the pres-
ence of the solitary C. insularis than of the gregarious E.
platyhypenae (Fig. 2a). Similarly, Gols et al. (2015) found
that plants of Sinapis arvensis suffered less damage when
larvae were parasitized by either the gregarious Cotesia
glomerata or the solitary parasitoid Hyposoter ebeninus.

Herbivore and parasitoid effects on plant
compensatory growth

Herbivory by Spodoptera latifascia caused the lima
bean plants to produce more trifolia, an overcompensa-
tion response that is commonly found in many plants
(Strauss and Agrawal 1999). Compensatory growth in
lima bean plants in response to natural herbivore damage
(Moreira et al. 2015; Hernandez-Cumplido et al. 2016b)
and mechanical damage (Blue et al. 2015) was known, but
this is the first time that we observed overcompensation.
These findings confirm that this response may be context-
dependent such that it could vary depending on the amount
of damage (Mauricio et al. 1993; Koptur et al. 1996) and
the feeding mode of the herbivore (Manzaneda et al. 2010;
Utsumi et al. 2013; Moreira et al. 2015).

Our results support this idea coined by Lucas-Barbosa
et al. (2016) that plant tolerance responses following her-
bivory and mortality due to parasitoids are complementary
factors that may benefit plants when faced with specialist
herbivores. We show that the two are interlinked. One way
in which parasitoids may influence the induced regrowth
response is simply by reducing the amount of tissue dam-
age. However, we did not find a clear correlation between
the amount of plant damage and plant regrowth (Online
Resource 3). It may be that this relationship is not linear
and that at some level of damage plants can no longer
compensate. For example, Blue et al. (2015) found that
while a moderate amount of mechanical damage (33% of
leaf area removed) inflicted on lima bean plants resulted
in compensation, larger amounts of damage (66% of leaf
area removed) significantly decrease fruit number and seed
mass. Similarly, compensatory growth after artificial dam-
age in the herbaceous biennial Gentianella campestris has
been found to be the highest for plants that suffered inter-
mediate levels of damage (Juenger et al. 2012).

Alternatively, parasitized larvae may induce a differ-
ent response in plants than unparasitized larvae, both in
terms of direct (Ode et al. 2016) and indirect defenses
(Fatouros et al. 2005; Poelman et al. 2012). The oral secre-
tions of the caterpillars may be affected by parasitization
(Poelman et al. 2012). That factors in oral secretions
are important for plant growth responses was shown by
Korpita et al. (2014), who found that tomato plants that
were mechanically damaged and then treated with regur-
gitate of Manduca sexta had more regrowth than plants
damaged and treated with water. It is, therefore, well pos-
sible that the patterns of herbivore-induced plant regrowth
that we observed are the result of the combined effect of
loss of leaf tissue, and differential physiological reactions
to attacks by unparasitized or parasitized larvae. Studies
are underway to examine this hypothesis.
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Herbivore and parasitoid effects on plant
reproduction and seed traits

Even though control plants suffered considerably less dam-
age than plants from the two herbivory treatments, at the end
of the season the herbivore-treated plants had fully caught
up and the total number of seeds that they produced was
the same as for control plants. These findings agree with a
large body of literature showing that moderate amount of
damage allow plants to fully recover (Mauricio et al. 1993;
Koptur et al. 1996; Blue et al. 2015; Moreira et al. 2015).
Yet, early in the season control plants and plants from the
herbivore + parasitoid treatments produced more seeds than
plants from the herbivore alone treatment (Fig. 3b). We were
surprised by these results as in other studies with this same
system, but a different herbivore (adult beetles), we found
that plants exposed to either herbivores or mechanical dam-
age flowered and produced seeds earlier than control plants
(Hernandez-Cumplido et al. 2016a, b). Variables such as
the type, time and frequency of damage, but also consid-
erable environmental variation among years, may all have
contributed to the differential plant responses. For example,
the relevant field season of 2014 experienced an “El Nifio”
event, with more frequent rains and colder mean tempera-
tures during the winter months (corresponding to our field
season) (CONAGUA 2014).

The observed differences in time to reproduction and
seed size can have important ecological and evolutionary
consequences for plant populations and plant—insect inter-
actions (Elzinga et al. 2007; Brody et al. 2007). Plants that
flower relatively early or late typically receive less damage
from flower and seed herbivores than plants that flower at
the peak flowering period (Johnson et al. 2015). This could
be very important for lima bean, as its seeds are frequently
consumed by larvae of bruchid beetles (Alvarez et al. 2006;
Aebi et al. 2008, Shlichta et al. 2014). These beetles start
appearing in the field as pods mature in early January, and
their densities build up as the season progresses reaching a
peak towards the end of January (Hernandez-Cumplido et al.
20164, b; Bustos et al. unpublished data). Any shift in the
timing of seed production may have important consequences
for the exposure to seed predators.

We found that seeds from control plants were in gen-
eral heavier than seeds produced by plants exposed to the
two herbivory treatments (with and without parasitoids)
(Fig. 4a). This appeared to be mainly due to the fact that,
within each treatment, seeds produced early in the season
(first 4 weeks) were heavier than seeds produced later in
the season (last 4 weeks) (Online Resource 2). We could
speculate that by producing more seeds earlier in the sea-
son, plants exposed to herbivores + parasitoids produced on
average heavier seeds than plants with caterpillars alone.
Larger seeds may have a selective advantage during adverse
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conditions (Leishman et al. 2000), can better tolerate pre-
dispersal seed predation (Mack 1998), and can improve
seedling vigor and competitive ability (Moles and Westoby
2004). Nevertheless, larger seed size may not always be
advantageous. In lab and field studies, we have consistently
found that seed beetles lay more eggs on larger seeds, in
which they perform better (Campan and Benrey 2006; Zaugg
et al. 2013; Hernandez-Cumplido et al. 2016b).

Overall impact of parasitoids on plant fitness

One of the unexpected but most interesting results from this
study was that, in the absence of parasitoids, herbivores trig-
ger an overcompensation response (i.e. more trifolia were
produced by herbivore-damaged than by control plants).
This runs against the general assumption that the action
parasitoids may benefit plants. Indeed, only a handful of
studies suggest that parasitoids may positively affect plant
fitness (Gomez and Zamora 1994; Van Loon et al. 2000;
Hoballah and Turlings 2001; Smallegange et al. 2008; Gols
et al. 2015), and only three of these studies were conducted
under (semi-)field conditions. Gomez and Zamora (1994)
found that by excluding parasitoids from fruits of Hormatho-
phylla spinosa, Brassicaceae, the incidence of damage by
seed weevils was increased and seed production significantly
decreased. Hoballah and Turlings (2001) found that maize
plants produced more seeds when attacked by parasitized
caterpillars than plants attacked by unparasitized caterpil-
lars. Finally, in a recent study, Gols et al. (2015) showed in
an outdoor garden experiment that the fitness of Sinapsis
arvensis (Brassicaceae) was significantly increased when
Pieris brassicae larvae were parasitized by two parasitoid
species. Our study adds to this scarce field evidence on the
potential beneficial effects of parasitoids for plant fitness,
but also shows that parasitoids may indirectly affect plant
compensatory growth in responses to herbivory.

Conclusions and future directions

The beneficial effects of parasitoids on plant performance in
natural and agricultural systems have been widely accepted,
but the mechanisms underlying these effects, particularly
under natural conditions, remain largely underexplored. Our
results provide further insight into how the presence of para-
sitoids can alter the outcome of plant—herbivore interactions.
We conclusively showed that the combined effects of the
plant’s ability to tolerate and compensate for herbivore dam-
age, and the parasitoid-mediated reduction in leaf damage,
mitigated the negative effects of herbivory, which ultimately
resulted in more and heavier seeds produced earlier in the
season. It should be noted that in this study we only looked
at one herbivore species and one parasitoid species during
one particular time of the season. To fully understand the
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impact of parasitoids on herbivore-mediated plant responses,
it would be necessary to manipulate herbivore pressure and
parasitoid presence throughout the entire growing season.
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