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Abstract. Ovipositing females from invasive (Krasnodar Territory of Russia) and native (Far East of Russia) populations of Har-
monia axyridis were fed one of a set of diets ranging from 50 Myzus persicae aphids every day to 1 aphid every 10 days and all
were also provided with a 10% sugar solution. The experiment was conducted at 20°C under short (12 h) and long (18 h) day
conditions. Most of the females from the native population that consumed 50 or 10 aphids per day continued to oviposit under
both long and short day conditions. Females that consumed 1 aphid per day or every 2 days practically stopped laying eggs but
under long day conditions their ovaries were still active, whereas under short day conditions ca 50% of them were reproductively
inactive (only germaria present) and had a well-developed fat body. Further reduction in diet resulted in an increase in the propor-
tion of reproductively inactive females. However, about half of the females that terminated oogenesis under long day conditions
had poorly developed fat bodies, which indicates that diapause was not induced. For the females from the invasive population,
both photoperiodic and trophic effects were weak: under short day conditions, some females entered diapause when prey was
abundant, whereas about 50% (independent of photoperiod) did not enter diapause when starved. This risk-spreading strategy,

possibly, facilitates the adaptation of this invasive ladybird to unpredictable environmental conditions.

INTRODUCTION

Food is undoubtedly one of the most important environ-
mental factors for all animals. Moreover, in some insects,
it plays a double role being not only a source of nutrients
but also an environmental cue regulating seasonal develop-
ment. For example, feeding on wilted or senescent plants
can increase the incidence of diapause in leaf beetles,
moths and certain other phytophagous insects (Tauber et
al., 1986). Similarly, females of some predatory ladybirds,
deprived of their essential prey not only stop ovipositing
but can also enter reproductive diapause, as has been dem-
onstrated for Ceratomegilla (Semiadalia) undecimnotata
Schn. (Iperti & Hodek, 1974; Hodek, 2012), Harmonia se-
decimnotata (Fabr) (Zaslavski et al., 1998; Vaghina, 2004;
Reznik & Vaghina, 2006), Hippodamia convergens Guérin
(Michaud & Qureshi, 2005, 2006) and Harmonia axyridis
(Pallas) (Evans & Gunther, 2005; Berkvens et al., 2008a;
Reznik & Vaghina, 2013). Diet can also influence the rate
of reproductive maturation and fecundity in many lady-
birds (Ives, 1981; Wipperfiirth et al., 1987; Evans, 2000;
Omkar & Srivastava, 2003; Evans et al., 2004; Kajita &
Evans, 2009; Sharmila et al., 2009; Omkar et al., 2010;
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Hodek & Evans, 2012; Nedvéd & Hon¢k, 2012; Zhang et
al., 2012; Bista & Omkar, 2014; Shah & Khan, 2014) and,
in particular, in H. axyridis (Hukusima & Ohwaki, 1972;
Schanderl et al., 1988; Abdel-Salam, 2000; Michaud,
2000; Soares et al., 2004; Tsaganou et al., 2004; Evans &
Gunther, 2005; Osawa, 2005; Soares et al., 2005; Berkvens
et al., 2008a,b; Sighinolfi et al., 2008; Kogel et al., 2012;
Reznik & Vaghina, 2013; dos Santos Rodrigues et al.,
2013; Reznik et al., 2015). In most of the studies cited,
the “nutritional induction of diapause” is dependent on the
quality of the food. The effect of prey abundance (usually
measured in terms of the number of prey consumed daily)
also affects the duration of the pre-oviposition period, al-
though at the end of most of these experiments females
either started to lay eggs or died rather quickly, i. e., they
did not enter diapause or at least it was not recorded (Agar-
wala et al., 2008; Sharmila et al., 2009; Agarwala & Bhow-
mik, 2011; Shah & Khan, 2014; Bista & Omkar, 2014).
Ovipositing females of Harmonia sedecimnotata (Fabr.)
transferred to a limited diet (3—6 aphids per day) continue
to lay eggs, but some of those that were fed one aphid per
day and all of those that were fed one aphid per 20 days
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ceased ovipositing (Vaghina, 2004). However, oogenesis
can cease simply because of the absence of nutrients. Un-
fortunately, the second important criterion of reproductive
diapause, the state of the fat body, was not recorded in the
above study. Later it was demonstrated that the cessation
of oviposition in H. sedecimnotata is associated with a
marked increase in fat content, but in these experiments
only two diets (high abundance and complete absence of
aphids) were used (Reznik & Vaghina, 2006). This scarcity
of data indicates a need for further studies on the trophic
induction of diapause in Coccinellidae associated with the
abundance of prey as under natural conditions, not only
high abundance and complete absence of essential species
of prey, but low population densities can also occur (Dixon
& Guo, 1993; Evans, 2003; Borges et al., 2011; Hodek &
Evans, 2012).

In the present study ovipositing females of H. axyridis
previously fed an ad libitum supply of essential prey, the
green peach aphid, Myzus persicae (Sulz.), were fed a lim-
ited daily diet of the same aphids. The first aim was to com-
pare the patterns in relatively independent trophic respons-
es: the decrease in fecundity of ovipositing females, the
termination of oogenesis, and the induction of reproductive
diapause. However, H. axyridis is not only a convenient
model insect it is also a biocontrol agent and a noxious
invasive species (Koch & Galvan, 2008; Roy & Wajnberg,
2008; Lombaert et al., 2010; Brown et al., 2011; Slog-
gett, 2012; Roy et al., 2016). Recently, we demonstrated
that photoperiod affects reproductive maturation of newly
emerged females from native populations of H. axyridis
much more strongly than those from invasive populations
and suggested that the weak photoperiodic response could
be compensated by a strong trophic response (Reznik et
al., 2015). The second aim of the present study was to test
this hypothesis by comparing the ranges and patterns of the
trophic and photoperiodic effects on the inverse process,
i.e. the induction of reproductive diapause in mature ovi-
positing females from native and invasive populations of
H. axyridis. The expectation was that the trophic response
of females from the invasive population would be stronger
and the photoperiodic weaker than that of those from the
native population.

MATERIAL AND METHODS

In this study we used two laboratory populations of H. axyridis.
The native population originated from several tens of adults col-
lected in 2004 in the Kedrovaya Pad’ nature reserve (Khasanskiy
region, Primorskiy territory, in the Far East of Russia, 43.1°N,
131.5°E). The invasive population originated from more than
120 individuals collected in 2012 at roughly the same latitude in
the environs of Sochi (Krasnodar Territory of Russia, ca 43.6°N,
39.6°E). It is the first large population of H. axyridis found in
the Caucasus and, generally, in European Russia. Most prob-
ably, it was a further eastward continuation of the invasion of
this species in Europe (Belyakova & Reznik, 2013; Ukrainsky &
Orlova-Bienkowskaja, 2014; Roy et al., 2016). Before the experi-
ments, both strains were reared in a laboratory at a temperature of
20-25°C and day length of 18 h; larvae and adults were fed on the
green peach aphid, M. persicae, which was reared on broad bean,
Vicia faba L., seedlings.
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To prepare a replicate of the experiment, a cohort of 1st instar
larvae that hatched over a period of 24 h from eggs laid by 2040
females of one of the two populations was placed in a large (12 1,
25 cm tall) glass cylinder (70—125 larvae per cylinder) and reared
at a constant temperature of 20°C and day length of 18 h. Food
(M. persicae on bean seedling) was provided daily. The adults
that emerged were kept under the same conditions (60-95 bee-
tles per cylinder) for 20-25 days. Then the beetles were sexed,
females were placed individually in plastic Petri dishes (60 x 15
mm), kept under the same conditions, and periodically checked
for oviposition (only egg-laying females were used in the experi-
ment).

For the experiment, randomly selected Petri dishes with egg-
laying females were evenly distributed over 12 treatments, i.e.
combinations of two photoperiods (day lengths of 12 and 18 h)
and six diets differing in the daily number of aphids provided:
0 (no aphids), 1 aphid every 10 days, 1 aphid every 2 days, 1
aphid every day, 10 aphids every day and about 50 aphids every
day. Each diet also included a 10% sugar solution provided in
an Eppendorf tube plugged with cotton wool. Aphids were of-
fered on bean seedling, but when the insects were kept without
aphids, they were still provided with a bean seedling, which was
replaced every 2 days. The number of eggs laid by each female
was recorded daily. Forty days after the beginning of the experi-
ment all females were dissected to record their reproductive state:
“reproductively inactive” (only germaria present, follicles absent,
no visible oocytes) or “reproductively active” (stage I-11 follicles
or mature oocytes present). The state of the fat body was recorded
as “poorly developed” (thin lobes interspersed around the internal
organs) or “well developed” (well-formed globules and intercon-
nected lobes, the internal organs completely or nearly completely
hidden). Thus, for each treatment and replicate the proportion
of females with ovaries and fat bodies in the different stages of
development were calculated. Fecundity was also estimated for
each treatment and replicate as the mean number of eggs laid
daily per female. Two indices of fecundity were used: the mean
fecundity over the first 10 days of the experiment was calculated
for all females, whereas the mean fecundity from the 11th — 40th
day of the experiment was calculated only for the females that
were classed as reproductively active when dissected.

There were never less than 4 (usually 5) females in each repli-
cate of each of the 12 treatments. There were 5 replicates (total of
307 females) of the beetles from the native Far Eastern popula-
tion and 5 replicates (total of 347 females) of the beetles from the
invasive population from Sochi. The replicates were started with
different cohorts of larvae at intervals of at least several days. In
addition, different replicates were conducted in different cham-
bers of the thermostatic room. Thus, the replicates were separated
both in time and space. For the statistical treatment, ANOVA fol-
lowed by Tukey’s HSD test was used (before the treatment, pro-
portions were ranked). All calculations were made using SYSTAT
10.2 (Systat Software, Inc., San Jose, CA).

RESULTS

Adult survival over the 40 days of the experiment was
high (ca 96% for the pooled data) and was independent
of photoperiod, diet and origin of the beetles (three-way
ANOVA showed p > 0.1 for all three factors and their inter-
actions). The proportion of reproductively inactive females
was significantly dependent on both photoperiod and diet;
the interaction of these two factors was also significant in-
dicating that the pattern of the trophic response to some
extent depended on photoperiod (Table 1). The difference



Ovchinnikova et al., Eur. J. Entomol. 113: 469475, 2016

10
@
g °
©
a6 AL:D=12:12
g OL:D=18:6 c
> 4 c
© bH’
C
w a a a Efa
0 aA¢ aﬁ aj] a
T T T T T T
0 1/10 12 1 10 50
Diet (aphids / day)
10
s |
S 81
2
> 61 ¢
L AL:D=12:12
> OL:D=18:6 b
5 4]
C
§ b
L 27 a+
ol aza aa a,,a ana . .
0 110 112 1 10 50
Diet (aphids / day)

doi: 10.14411/eje.2016.061

(c)

81 c
61  aL:D=12:12
OL:D=18:6 ba

Fecundity (eggs / day)

. .

0 aﬁa %2 a#a a*éfa

1/10 12 1 10 50
Diet (aphids / day)
10
= | (d)
© 84
o c
%
> 61 c
L AL:D=12:12
> 4 OL:D=18:6
2 baib
3
3 2l
L
ol 3,8 ana  a,na ;2 . .
0 1/10 112 1 10 50
Diet (aphids / day)

Fig. 1. Influence of photoperiod and diet on fecundity of reproductively active females in two populations of Harmonia axyridis. Popula-
tions: (a) and (b) — native (Kedrovaya Pad’), (c) and (d) — invasive (Sochi). Fecundity was estimated: (a) and (c) — over the first 10 days
of the experiment, (b) and (d) — between 11th—40th day of the experiment. Means and SD are shown. Same symbols with different letters

are significantly different (p < 0.05 with the Tukey HSD test).

between the two populations was not significant, but the
interaction of the factors “photoperiod” and “population”
was significant. In other words, populations differed not in
the general tendency to diapause but in the pattern of the
photoperiodic response. These photo-trophic responses of
females of the two different origins were also somewhat
different, which is indicated by the significant interaction
between the factors “photoperiod”, “diet” and “popula-
tion”. The mean daily fecundity of active (ovipositing) fe-
males was significantly dependent on diet but not on day
length or origin of the beetles (Table 1). Both during the
first 10 days (Fig. 1a and c) and the rest of the experiment
(Fig. 1b and d) females that consumed not more than one
aphid per day had the same fecundity as those that were
only provided with sugar solution.

When data for the females of the two different origins
were considered separately, diet had a significant effect on
the proportion of reproductively inactive females recorded
for the native population (Fig. 2a). Moreover, the pattern
in the trophic response depended on photoperiod (note the
difference between the threshold diets) and the difference
between the two photoperiods was significant for almost
all the diets (Fig. 2a). In the females from the invasive
population, both photoperiodic and trophic effects on the
proportion of reproductively inactive females were also
statistically significant, but less so (Fig. 2b).

A photoperiodic effect on the development of the fat
body in females from the native population was significant
(Fig. 3a), whereas no trophic effect was detected. In con-
trast, there was no photoperiodic effect on the development

Table 1. Influence of photoperiod and diet on reproductive activity of females from native and invasive populations of Harmonia axyridis

(the results of a three-way ANOVA of the entire data set).

Factor or interaction of factors inactive females (n = 120)

The proportion of reproductively

The mean daily fecundity
of reproductively active females
over the period from the 11th—40th
day of the experiment (n = 107)

The mean daily fecundity
over the first 10 days of the
experiment (n = 120)

Photoperiod (df = 1) F=91.7, p<0.001
Diet (df = 5) F=449, p<0.001
Population (df = 1) F=0.6, p=0.456
Photoperiod * population (df = 1) F=7.4,p=0.008
Diet* population (df = 5) F=21,p=0.072
Photoperiod * diet (df = 5) F=3.7,p=0.004
Photoperiod * diet * population (df = 5) F=4.0, p=0.002

F=2.0,p=0.160
F=70.7, p < 0.001

F=27,p=0.107
F=105.1, p <0.001

F=20,p=0.164 F=42 p=0.044
F=0.7,p=0.407 F=0.1,p=0.704
F=4.9, p<0.001 F=16,p=0.159
F=0.7, p=0.590 F=25,p=0.039
F=1.1,p=0.358 F=0.2, p=0.956
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Fig. 2. Influence of photoperiod and diet on the percentage of
reproductively inactive females in two populations of Harmonia
axyridis. Populations: (a) — native (Kedrovaya Pad’), (b) — inva-
sive (Sochi). Photoperiod (Light : Dark) is indicated on the graphs.
Medians and quartiles are shown. Asterisks indicate significant dif-
ference between the ranked data for the two photoperiods: * — p
<0.05, * —p <0.01, ™ — p <0.001. Same symbols with different
letters are significantly different (p < 0.05 with the Tukey HSD test
of ranked data).

of the fat body in females from the invasive population,
whereas the trophic effect, at least under short day condi-
tions, was statistically significant (Fig. 3b). Note that under
long day conditions the proportion of females with a well-
developed fat body (among those with non-functioning
ovaries) was estimated only for the three poorest diets (Fig.
3) because reproductively inactive females did not occur in
treatments combining long days and relatively rich diets
(Fig. 2). As for the females with active ovaries, very few of
them (ca 5%) had well-developed fat bodies and this was
independent of photoperiod and diet.

DISCUSSION

First, the H. axyridis females fed one aphid per day and
less laid the remainder of the eggs that were in their ovaries
at the beginning of the experiment and then ceased laying
eggs. It is well known that ladybird females deprived of
their essential food cease laying eggs. Moreover, oviposi-
tion is one criterion of an essential prey (Hodek & Evans,
2012; Nedveéd & Honek, 2012). However, most of the ex-
periments on this subject are qualitative: females were ei-
ther starved or provided ad libitum with different diets (e.g.
Evans et al., 2004; Evans & Gunther, 2005; Osawa, 2005;
Sighinolfi et al., 2008; Kogel et al., 2012; Zhang et al.,
2012). Quantitative studies have usually been on the cor-
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Fig. 3. Influence of photoperiod and diet on the percentage of re-
productively inactive females with a well-developed fat body in two
populations of Harmonia axyridis. Populations: (a) — native (Ke-
drovaya Pad’), (b) — invasive (Sochi). Photoperiod (Light : Dark) is
indicated on the graphs. Medians and quartiles are shown. Asterisk
indicates significant difference between the ranked data for the two
photoperiods: * — p < 0.05. Same symbols with different letters are
significantly different (p < 0.05 with the Tukey HSD test of ranked
data); the absence of letters means the absence of any significant
difference.

relation between the number of prey consumed and the rate
of maturation or the number of eggs laid and thus near-zero
diets have not been tested (Sharmila et al., 2009; Omkar
et al., 2010; Shah & Khan, 2014). Nevertheless, the “low
trophic threshold” of H. axyridis females was estimated by
Agarwala & Bhowmik (2011) as ca 3 aphids per female
(i.e. higher than that recorded in this study): individuals of-
fered 2 aphids did not mature and died within 2-3 weeks.
Note that in the above cited experiments ladybirds were
not provided with any alternative food and therefore were
not able to enter reproductive diapause, whereas in nature
various sources of carbohydrate food (flowers, fruits, dam-
aged plants, etc.), in contrast to aphids, are usually avail-
able throughout summer (Berkvens et al., 2008b; Borges et
al., 2011; Hodek & Evans, 2012).

The observed termination of oviposition does not neces-
sarily imply the induction of reproductive diapause: dis-
sections of H. axyridis females from the native Far Eastern
population showed that a substantial fraction of ladybirds
that consumed one aphid a day under short-day conditions
and all of those fed on the same diet under long-day condi-
tions had active ovaries and a poorly developed fat body.
Further reduction in diet induced a clear dose-dependent
effect on the proportion of reproductively inactive females.
Similar results are reported by Vaghina (2004) for H. se-
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decimnotata: a decrease in the number of aphids consumed
daily from 6 to 1 resulted in a corresponding decrease in fe-
cundity, whereas extremely poor rations of 1 aphid per 12
and per 20 days caused a cessation of oogenesis in, 44 and
93% of the females, respectively. Unfortunately, the state
of the fat body was not recorded in these experiments and
thus it is not clear whether it was merely cessation of oo-
genesis or “true” reproductive diapause. Furthermore, all
experiments were conducted under constant light (Vaghina,
2004) whereas our results indicate that there is an interac-
tion between the trophic and photoperiodic responses: note,
in particular, the shift in the threshold similar to that often
observed in photoperiod—temperature interactions (Tauber
et al., 1986; Zaslavski, 1988; Saunders et al., 2002). Thus,
we have for the first time for Coccinellidae described the
patterns of two quantitative trophic responses of mature fe-
males: (1) termination of egg-laying and (2) induction of
reproductive diapause under different photoperiods.

Summarizing the results, the photo-trophic responses of
actively ovipositing females from the native Far Eastern
population of H. axyridis can be described as follows: most
females that consumed 10 or more aphids per day contin-
ued oviposition independent of photoperiod. On poorer
diets (1 aphid per day or per two days) females practically
stop laying eggs, but under long day conditions their ova-
ries remain active, whereas under short days about half of
the individuals become inactive (only germaria present).
Moreover, under the latter conditions, almost all reproduc-
tively inactive females have a well-developed fat body,
indicating they are in reproductive diapause. Any further
reduction in diet results in a further increase in the propor-
tion of reproductively inactive females. However, about
half the females that ceased oogenesis under long day con-
ditions had a poorly developed fat body, indicating that re-
productive diapause was not induced in these individuals.

In the field, the above results indicate that females of H.
axyridis cease oviposition when they consume less than
one essential prey per day (considering their high activ-
ity and search ability, this would correspond to a very low
prey population density). If this period of prey shortage
occurs in summer, most females terminate oviposition
without entering reproductive diapause (fat and glycogen
reserves are not as necessary for survival during summer
aestivation when alternative food sources are available). In
autumn, however, the same decrease in prey density is as-
sociated with a significant increase in fat body size, which
can be inferred as a preparation for overwintering.

With regard to the second aim of the present study, we
conclude that our working hypothesis was only partly con-
firmed. In the invasive population, both photoperiodic and
trophic effects on the proportion of reproductively inactive
females were much weaker than in the native population.
Moreover, in the invasive population the proportion of
“truly diapausing” individuals (i.e. those with a well-de-
veloped fat body) among reproductively inactive females
was practically independent of photoperiod. In an earlier
study, we report a relatively weak photoperiodic response
in maturing (newly emerged) females from invasive popu-
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lations (Reznik et al., 2015). In the present study, the same
feature is shown for the inverse process: induction of dia-
pause in mature ovipositing females. However, contrary to
our earlier supposition, the trophic effect on the proportion
of reproductively inactive females in the invasive popula-
tion is also relatively weak and less clear than in the native
population. This interpopulation difference is particularly
marked under short-day conditions: comparison of Figs 2b
and 3b indicates that in autumn about 40% of the females
of the invasive population terminate oviposition and enter
diapause even when prey is abundant but, on the other
hand, even in the complete absence of prey, about half of
the females terminate oviposition, but there is no increase
in the size of their fat body, i. ., they do not enter diapause.
Such a response, as well as oosorption during starvation
and immediate start of ovarian development under favour-
able feeding conditions (Osawa, 2005) is probably an ad-
aptation to fluctuating prey abundance. In addition, this
phenomenon, as well as a weak photoperiodic response
(Reznik et al., 2015) and other manifestations of high in-
dividual variability (Sloggett, 2012; Roy et al., 2016) can
be interpreted as a risk-spreading strategy (Hopper, 1999)
that ensures the survival of at least some individuals of the
invasive population under novel and unpredictable envi-
ronmental conditions.
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