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� Development and reproduction of D.
notescens preying on A. gossypii was
recorded.

� The intrinsic rate of increase of D.
notescens was estimated to be 0.14
under laboratory conditions.

� The thermal requirements of D.
notescens were calculated based on
development at four temperatures.

� D. notescens has a strong preference
for A. gossypii compared to B. tabaci.
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The minute two-spotted ladybeetle, Diomus notescens Blackburn is a common predator of aphids and
other pests in Australian agricultural crops, however little is known about the biology of D. notescens.
The aim of this study was to provide information on the life cycle of this predator and improve our under-
standing of its biological control potential, particularly against one of the major pests of cotton, Aphis gos-
sypii Glover. In laboratory experiments, juvenile development, prey consumption, as well as adult
lifespan and fecundity were studied. Results from this study revealed that D. notescens could successfully
complete development on A. gossypii, which at 25 �C required 21 days and during this period they each
consume 129 ± 5.2 aphids. At 25 �C adult lifespan was 77 ± 9.6 days, with a mean daily prey consumption
of 28 ± 1.8 aphids and a mean daily fecundity of 8 ± 0.5 eggs. Net reproductive rate was estimated as
187 ± 25.1 females and the intrinsic rate of increase was estimated as 0.14. Juvenile development was
recorded at four constant temperatures (15, 21, 26 and 27 �C) and using a linear model, the lower thresh-
old for D. notescens development was estimated to be 10 ± 0.6 �C with 285 ± 4.7 degree days required to
complete development. A prey choice experiment studying predation rates revealed a strong preference
for A. gossypii nymphs compared to Bemisia tabaci Gennadius eggs.

Crown Copyright � 2016 Published by Elsevier Inc. All rights reserved.
1. Introduction

The cotton or melon aphid, Aphis gossypii Glover is a major
worldwide pest of cotton and horticultural crops (Blackman and
Eastop, 2000). Current management practices claim to adopt ‘inte-
grated pest management’ (IPM), but this often translates to pest
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sampling plans to direct the strategic application of selective insec-
ticides, with no real integration of natural enemies into the
decision-making process (Zalucki et al., 2009; Zalucki et al.,
2015). As a result management relies heavily on insecticidal con-
trol, in particular neonicotinoids (Herron and Wilson, 2011). Such
an approach is not likely to be sustainable due to the propensity
of A. gossypii to develop resistance to insecticides (Herron et al.,
2001; Herron and Wilson, 2011) and the future prospect of the
deregistration or restrictions being placed on the usage of insecti-
cides in response to environmental and human health concerns
(Hillocks, 2012). As a result a greater emphasis on the use of other
IPM options needs to be considered, including the use of biological
control. For biological control to be effective we need to establish a
clear understanding of the impact natural enemies can have on
pest species (Furlong and Zalucki, 2010).

Over the past fifteen years, pest management of cotton in Aus-
tralia has undergone a transition from frequent use of broad spec-
trum insecticides to control Helicoverpa spp. and other (mostly
hemipteran) pests, to wide spread adoption of genetically modified
cotton that produces toxins that kill the larvae of Helicoverpa spe-
cies, which has resulted in a large reduction in insecticide applica-
tion (Mensah et al., 2015). While other pests are still controlled
using insecticides there has been a large extension effort in cotton
to adopt IPM (Pyke and McIntyre, 2007). With these changes in
pest management there is now an opportunity to improve the role
of predators in the biological control of pests.

While simply reducing the use of insecticides may appear to
increase biological control through increasing predator biodiver-
sity in agricultural ecosystems, such biodiversity alone may not
be enough to increase pest suppression if key predator species
are absent or at low densities (Straub and Snyder, 2006). To effec-
tively use predators in biological control, an understanding of their
basic biology (development, suitability of the pest as prey, habitats,
crop occupancy) is needed so that the impact of the predator on
pest populations might be modelled and used to develop predator
to pest ratios that can be used by agronomist – pest management
advisors (Furlong and Zalucki, 2010; Johnson et al., 2000).

Coccinellids including those in the genus Diomus Mulsant can
contribute to the biological control of pests such as aphids and
mealybugs in agricultural and horticultural crops, including cotton,
sorghum, sugarcane and citrus (Akbar et al., 2009; Auad et al.,
2013; Chong et al., 2005; Conway and Kring, 2010; Hentz and
Nuessly, 2002; Meyerdirk, 1983; Tifft et al., 2006). Diomus notes-
cens Blackburn is a common and widely distributed coccinellid in
Australia (Pang and Slipinski, 2009) (also found in New Zealand)
and has been recorded in many agricultural crops (Johnson et al.,
2000). Diomus notescens is recorded as a predator of aphids, includ-
ing A. gossypii (Bishop and Blood, 1978; Stanley, 1997) and other
small prey like spider mites in Australian cotton crops (Williams
et al., 2011). Little else is known about the biology D. notescens
and its role in biological control in cotton is unknown.

The development of D. notescens in response to temperature,
prey consumption by the larval and adult stage, lifespan and fecun-
dity of adults, and prey preference of adults was investigated in a
series of laboratory experiments. The intrinsic rate of increase of
D. notescens was estimated to benchmark its biological control
potential and to draw some conclusions about its effectiveness as
a predator of A. gossypii.
2. Methods

2.1. Insects and plants

Diomus notescens were collected from barley plants hosting
Rhopalosiphum padi (L.) near Toowoomba (�27.5351, 151.9302),
Queensland, Australia in 2013. Aphis gossypii and Silverleaf white-
fly, Bemisia tabaci Gennadius were collected from cotton growing
near Emerald (�23.5234, 148.1553), Queensland, Australia in
2013. Stock cultures of all insects were kept in a glasshouse in rear-
ing cages containing potted cotton plants (variety Sicot 71RRF); A.
gossypii and B. tabaci on their own and D. notescens with A. gossypii
as prey.
2.2. Development and prey consumption

Adult D. notescens were collected from the rearing cages, trans-
ferred into plastic containers (16 � 12 � 6 cm) lined with damp
paper towel and kept in a constant temperature room at
25 ± 3 �C, 60 ± 12% RH and 15:10 L:D. Leaves infested with A. gossy-
pii were added as food and the paper towel was checked daily for
eggs. Sections containing eggs were cut out and stored in Petri
dishes (8 cm diameter) without vents. To keep the leaf material
fresh, a moist filter paper (Whatman� 1) was used to line the bot-
tom of the dish. Eggs in the Petri dishes were checked regularly for
larval emergence.

Forty newly emerged larvae (<12 h old) were carefully moved
into individual experimental arenas, consisting of a cotton leaf
with 30 2nd instar A. gossypii nymphs kept in an unvented Petri
dish (8 cm diameter). To keep the leaf fresh, a moist filter paper
(Whatman� 1) was used to line the bottom of the dish. Petri dishes
were kept in a constant temperature room at 25 ± 3 �C, 60 ± 12%
RH and 15:10 L:D. The developmental instar of each ladybeetle
larva and number of aphids consumed was recorded daily, and
aphids were added once a day to replace those eaten. Every second
day, leaves and all aphids were replaced to keep the aphid develop-
ment stages within a range of 2nd to 4th instar.

Prey consumption of adult male (n = 9) and female (n = 11) D.
notescens were measured individually using the same experimen-
tal arena described above; however the number of aphids was
increased to 75 nymphs (2nd or 3rd instar). Adults typically con-
sumed the entire aphid, leaving little evidence of predation
behind; as a result aphid consumption was based on number of
aphids missing. Five controls were set up to estimate aphid mortal-
ity in the experimental arena in the absence of the ladybeetle
predator. For each replicate the number of aphids missing and
was recorded daily and for the female ladybeetles number of eggs
laid was recorded each day. Prey consumption was recorded for
54 days; fecundity and lifespan were recorded till the last individ-
ual died. Beetles were kept together for several hours after emer-
gence to mate before being used in the experiment and beetles
were paired together again at 40 days to mate.

Data was collected on duration of egg, larval and pupal develop-
ment at 25 �C, number of aphids consumed in each instar and as
adults, as well as lifespan and fecundity of adults.
2.3. Effect of temperature on development

To estimate the temperature developmental threshold of
D. notescens, juvenile stages were reared at four temperatures:
15, 21, 26 and 27 �C. Adults were kept in plastic containers (as
described above) to obtain eggs. For each treatment, approximately
50 eggs (<12 h old) were placed into an unvented Petri dish (8 cm
diameter) lined with moist filter paper and incubated at the
treatment temperature. As larvae hatched they were moved to a
Petri dish, with a moist filter paper and a cotton leaf infested with
A. gossypii. Stage of development and survival of immature lady-
beetles was recorded daily. The temperature and humidity inside
each incubator was recorded every hour using a data logger
(Tinytag�).



Table 1
Mean development (d) and number of aphids ± SE eaten at 25 �C for each instar of
Diomus notescens.

Stage Development (d) No. of aphids eaten

Egg 5.0 ± 0.1
1st instar 2.6 ± 0.2 4.8 ± 1.4
2nd instar 1.5 ± 0.2 11.5 ± 1.8
3rd instar 1.7 ± 0.14 23.2 ± 1.6
4th instar 5.3 ± 0.3 91.0 ± 5.3
Total larval 11.1 ± 0.4 129.0 ± 5.2
Pupa 5.3 ± 0.3
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2.4. Prey preference

Prey choice of adult D. notescens in response to different life
stages of B. tabaci was investigated in two experiments. In the first,
adult beetles were individually (n = 5) released into an experimen-
tal arena (Petri dish 8 cm diameter) containing a cotton leaf with
equal numbers (n = 20) of whitefly eggs, 2nd instar nymphs and
adults. Predation by the beetles was observed for 30 min and then
they were left 24 h. At this time total number of prey consumed
was recorded. In the second experiment, prey choice of 10 beetles
was assessed by placing them individually in experimental arenas
with 10 1st instar and 10 4th instar B. tabaci nymphs. The number
of prey eaten was recorded after 24 h.

Adult D. notescens prey choice in response to the presence of B.
tabaci and A. gossypii was studied by placing them into an experi-
mental arena (Petri dish 8 cm diameter) with 80 prey in the follow-
ing ratios of B. tabaci to A. gossypii; 0:80, 20:60, 40:40, 60:20 and
80:0. Bemisia tabaci were offered as eggs, based on earlier tests of
life stage preference, and A. gossypii as 1st to 2nd instar nymphs.
Treatment leaves were set up by confining female B. tabaci with
a clip cage (35 mm diameter by 10 mm high) to a cotton leaf for
several hours to lay eggs. Location and number of eggs were
marked and any excess eggs were removed. Aphis gossypii were
added to the leaf with a fine brush and left overnight to settle. Prior
to adding the predator, prey numbers were checked and additional
aphids added if needed. For each treatment (prey ratio) 10 repli-
cates were conducted, with one adult ladybeetle being individually
tested per replicate. After five hours the number of remaining A.
gossypii and B. tabaci were counted for each replicate. For each
treatment two controls were setup where a ladybeetle was not
added so mortality could be corrected based on numbers left in
the control after 5 h.

2.5. Data analysis

Adult aphid consumption data was corrected for control mortal-
ity using the Henderson-Tilton formula (Henderson and Tilton,
1955), and then a one way analysis of variance (ANOVA) was com-
pleted to test for differences in female and male daily aphid
consumption.

Lifespan and egg count data was used to produce fecundity life
tables. Age-specific survival (lx), fertility (mx), net reproductive rate
(R0), mean generation time (T) were calculated and used to esti-
mate the intrinsic rate of natural increase (rm) using the iterative
bisection method from the Euler-Lotka formula (Birch, 1948). The
Jackknife technique (Sokal and Rohlf, 1995) was used to estimate
the mean and SE of rm (Yu et al., 2013).

X1
x¼0

e�rmðxþ1Þlxmx ¼ 1

Predator preference was calculated by applying the following
formula to the data, which is a specific case of Manly’s preference
index (Manly, 1974):

b1 ¼
ln e1

A1

� �

ln e1
A1

� �
þ ln e2

A2

� �

where the index b1 is the predators’ preference for prey type 1, e1 is
the number of surviving prey belonging to prey type 1, A1 is the
number of prey type 1 offered, e2 is the number of prey type 2
remaining and A2 is the number of prey type 2 offered. The value
of b1 will fall between 0 and 1. An index close to 1 indicates prefer-
ence for prey type 1 and an index close to 0 indicates preference for
prey type 2. A value close to 0.5 indicates the predator selects prey
randomly, showing no preference. The preference of D. notescens for
one type of prey over the other was tested by comparing the b1 val-
ues of B. tabaci eggs and A. gossypii nymphs using an ANOVA fol-
lowed by least significant difference test. Prey switching in D.
notescenswas tested using a Student’s t-test that compared the esti-
mated b1 values with expected values (Jaworski et al., 2013).

Differences in development time of each immature stage at
each temperature were tested for significance by ANOVA using a
general linear model. Means were separated by least significant
difference test after a significant F-test at p = 0.05. The relationship
between temperature (T) and developmental rate (Dr, the recipro-
cal of developmental time in days) was determined by the linear
model: Dr(T) = aT + b, where a and b are constants that were esti-
mated by linear regression. The lower thermal threshold for devel-
opment (t) and thermal constant (K number of degree-days above t
to complete immature development) as well as their respective
standard errors were calculated as described by Campbell et al.
(1974).

All analysis was completed in Genstat 16th edition.
3. Results

3.1. Development and prey consumption

At 25 �C, eggs of D. notescens took an average (±se) of
5.0 ± 0.1 days to hatch, larval development took 11.1 ± 0.4 d, and
pupal development took 5.3 ± 0.3 d (Table 1). To complete larval
development, D. notescens consumed a mean of 129 ± 5.2 aphids
(Table 1). Consumption of aphids steadily increased with each suc-
cessive instar. An approximate 24 h pre-pupal period at the end of
the 4th instar was spent searching for a location for pupation, dur-
ing this period aphid consumption ceased.

During the 54 days of observation, the mean daily aphid con-
sumption of adult D. notescens (n = 20) was 28 ± 1.8 aphids. Female
D. notescens consumed a daily mean of 34 ± 1.7 aphids, which was
significantly (F1,19 = 34.11, P = <0.001) more than males, which
consumed 21.0 ± 1.2 aphids per day.

Average lifespan (n = 17) of D. notescens was 77 ± 9.6 d (range
7–145), with average male lifespan 78.5 ± 26.7 d and females
74.7 ± 11.3 d. After eclosion there was about a 4–5 day pre-
oviposition period, average fecundity (n = 9) over the life of D.
notescens was 581 ± 89 eggs with a daily average of 8 ± 0.5 eggs
laid. Female survival rate (lx) and daily fecundity rate (mx) were
calculated (Fig. 1). From those calculations a net reproductive rate
(Ro) was estimated at 187.3 ± 25.1 assuming a 1:1 sex ratio. The
intrinsic rate of increase (rm) was estimated as 0.14 ± 0.002
females/female/day.

3.2. Effect of temperature on development

Overall development of immature D. notescens decreased as
temperature increased. At each temperature tested, development
time of egg and pupal stages decreased significantly with increas-
ing temperature (Table 2). The estimated lower developmental
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Fig. 1. Age specific survival (lx = proportion alive) and fecundity (mx = number of eggs/female) of Diomus notescens feeding on A. gossyppi at 25 �C.

Table 2
Effect of temperature on development in days (means ± se) of Diomus notescens.

Stage 15 �C 21 �C 26 �C 27 �C

Egg 14.5 ± 0.11 (67) a 6.7 ± 0.11 (57) b 5.1 ± 0.04 (39) c 4.4 ± 0.16 (27) d
1st instar 5.7 ± 0.18 (39) a 3.5 ± 0.17 (39) b 2.1 ± 0.07 (24) c 1.7 ± 0.09 (25) c
2nd instar 3.8 ± 0.16 (38) a 2.2 ± 0.09 (38) b 1.4 ± 0.16 (21) c 0.92 ± 0.07 (25) d
3rd instar 4.3 ± 0.15 (36) a 1.9 ± 0.10 (35) b 1.1 ± 0.07 (20) c 1.35 ± 0.13 (23) c
4th instar 7.2 ± 0.29 (35) a 4.8 ± 0.18 (32) b 2.3 ± 0.19 (20) c 2.5 ± 0.20 (23) c
Pre pupa 5.5 ± 0.34 (33) a 2.1 ± 0.13 (32) b 1.9 ± 0.18 (20) b 1.61 ± 0.21 (23) b
Total larval 26.2 ± 0.47 (33) a 14.7 ± 0.34 (32) b 8.85 ± 0.22 (20) c 8.0 ± 0.33 (23) c
Pupa 15.3 ± 0.30 (31) a 6.1 ± 0.16 (30) b 4.8 ± 0.16 (20) c 3.91 ± 0.19 (22) d
Total 55.2 ± 0.61 (31) a 27.0 ± 0.35 (30) b 18.7 ± 0.33 (20) c 16.0 ± 0.40 (22) d

Means in each row followed by the same letter are not significantly different in ANOVA, using LSD tests at P = 0.05.
Values in parentheses are number of ladybeetles tested.
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threshold (t) is 10.1 ± 0.6 �C (Fig. 2). It was estimated that the ther-
mal requirements (K) for total immature development is 285 ± 4.7
degree days (DD). Mortality during development was recorded and
calculated as a percentage (Table 3). At 27 �C, egg mortality was
difficult to assess as low humidity dried out many leaves, causing
egg desiccation. This mortality wasn’t included in our estimate
due to it being an artefact of the incubator. If it was included mor-
tality of eggs at 27 �C would be 71%.
3.3. Prey preference

Diomus notescens preferred B. tabaci eggs compared to 2nd
instar nymphs or adults; after 24 h a mean of 19 out of 21 available
eggs were eaten compared to 2 out of 21 2nd instar nymphs and 0
out of 21 adults. In the second experiment there was no difference
in the predation rates of 1st instar (mean of 6.6 out of 10) and 4th
instar B. tabaci nymphs (mean of 6.1 out of 10).

During the preference study investigating species choice,
D. notescens rarely fed on B. tabaci eggs when A. gossypii nymphs
were present (Table 4). The Manly index of preference for
A. gossypii was above 0.9 at each ratio indicating D. notescens will
more frequently choose A. gossypii nymphs as prey items compared
to B. tabaci eggs. At each ratio of B. tabaci to A. gossypii, preference
for A. gossypii was significant, 20:60 (F1,19 = 1398.57, P = <0.001),
40:40 (F1,19 = 3498.68, P = <0.001) and 60:20 (F1,19 = 2.6E + 05,
P = <0.001).

Prey switching in response to the most abundant prey did not
occur; instead D. notescens preyed on A. gossypii nymphs regardless
of prey ratio. At each prey complex ratio, the b value was signifi-
cantly different from the expected b value; at the 20:60 ratio of
B. tabaci to A. gossypii (t = �26.44, df = 9. P = <0.001), 40:40 ratio
(t = �41.83, df = 9. P = <0.001) and at 60:20 (t = �362.17, df = 9.
P = <0.001).
4. Discussion

Diomus notescens larvae readily fed and successfully developed
while feeding on A. gossypii nymphs. Larvae tended to attack the
aphid nymphs by biting their legs (Hentz and Nuessly, 2002) and
then proceeded to feed on the internal contents of the aphid
nymphs and leave behind a collapsed exoskeleton (Hentz and
Nuessly, 2002), which provided evidence of predation. First instar
larvae of the coccinellid where fragile; the highest mortality was
observed in the first instar. Many larvae died from starvation, as
a result of failing to successfully prey on an aphid within the first
24–48 h after emergence. While a low aphid density can contribute
to increased first instar mortality (Hodek, 1996), in D. notescens
first instars often struggled to successfully attack 2nd instar aphid
nymphs. Mortality of first instars was observed to be much lower
in situations where first instar larvae could prey on an aphid
already being attacked by another coccinellid. Within instars there
was limited evidence of cannibalism, but where mixed instars
where present, cannibalism was observed with the older instars
attacking the younger instars. Larval prey consumption steadily
increased with each successive instar, with the 4th instar eating
the largest proportion of the total aphids consumed. Towards the



Fig. 2. Observed developmental rate of Diomus notescens during (A) egg, (B) larval, (C) pupal and (D) total immature development, lines fit to these data by linear relationship.

Table 3
Effect of temperature on mortality (mean % ± se) of Diomus notescens.

Mortality 15 �C 21 �C 26 �C 27 �C

Egg 9.0 ± 5.36 17.0 ± 14.80 11.6 ± 4.95 4.0 ± 0.0
1st instar 25.7 ± 8.93 15.45 ± 10.12 13.5 ± 5.21 9.6 ± 5.78
2nd instar 0.0 ± 0.0 2.5 ± 2.50 4.2 ± 4.17 8.3 ± 8.33
3rd instar 1.6 ± 1.59 4.9 ± 3.05 0.0 ± 0.0 0.0 ± 0.0
4th instar 1.8 ± 1.79 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Pre pupa 5.4 ± 3.72 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Pupa 6.5 ± 4.80 5.56 ± 3.51 0.0 ± 0.0 4.8 ± 4.76
Total 44.8 ± 14.63 35.2 ± 7.80 26.4 ± 6.02 26.8 ± 11.20

Table 4
Mean number of prey eaten (±SE) by adult Diomus notescens on nymphs of Aphis
gossypii and eggs of Bemisia tabaci when offered at different ratios, and the
corresponding preference indices (b).

Prey ratio (whitefly:
cotton aphid)

Aphid
mortality

Whitefly
mortality

Preference index for
cotton aphid (b)

0:80 23.1 ± 4.1
20:60 20.6 ± 1.8 0.4 ± 0.2 0.96
40:40 19.0 ± 1.2 0.4 ± 0.2 0.98
60:20 11.5 ± 1.2 0.1 ± 0.1 0.99
80:0 14.4 ± 7.8
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end of the 4th instar, feeding stops and individuals enter a prepu-
pal stage where they fix themselves to a leaf or other nearby sub-
strate and pupate; during the experiments they often pupated on
the filter paper, while in the rearing cages they often pupated on
the abaxial side of the leaf or in concealed location like the under-
side of dead leaves on the soil surface.

At temperature ranging from 25 to 27 �C, the time required for
D. notescens to complete development fell within the range
reported for other Diomus species. Diomus flavifrons (Blackburn)
required 29 days to complete development at 24 �C (Meyerdirk,
1983), D. terminatus (Say) completes development in 15 days at
27.5 �C (Hentz and Nuessly, 2002). Two studies have investigated
the relationship between temperature and development in Diomus
species. When fed on Sipha flava (Forbes), Diomus seminulus (Mul-
sant) requires 61, 31, 22 and 18.5 days at 16, 20, 24 and 28 �C
(Auad et al., 2013). Development of Diomus austrinus Gordon feed-
ing on Planococcus citri (Risso) and Phenacoccus madeirensis Green
has been studies at 15, 20, 30 and 35 �C. Successful development
was possible in the range of 20–30 �C and required 45, 25.6 and
16.7 d at 20, 25 and 30 �C when fed P. citri (Chong et al., 2005).

At 10.1 �C, the minimum threshold temperature for D. notescens
is about 4 �C lower than that estimated for D. austrinus and apply-
ing the theoretical prediction (Dixon et al., 2009) that there is a
20 �C window between tmin and tmax it would predict an upper
thermal tolerance of 30 �C for D. notescens, while for D. austrinus
it would be 34 �C. In the study of D. austrinus, egg and larval devel-
opment through to 4th instars was recorded at 35 �C, but larvae did
not complete the prepupal stage (Chong et al., 2005). The thermal
tolerances of both species correlate well with their geographic
ranges; D. austrinus appears to be limited to Southern Florida
(Chong et al., 2005) which has a tropical climate, while D. notescens
has a wider distribution from tropical to temperate climatic zones
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in Australia (Pang and Slipinski, 2009). The thermal requirements
to complete development of D. austrinus (240.4–261.8 DD) and D.
notescens (285 DD) are similar and slight differences are likely
due to different diets (as can be seen in D. austrinus) and different
experimental conditions, rather than differences in metabolic pro-
cesses in the two species.

The thermal requirements of D. notescens are very different to
those of A. gossypii which has a threshold temperature of 6.3 �C
(Parajulee, 2007) to 7.1 ± 2.5 �C (Xia et al., 1999) and requires
99.4 ± 14.2 DD for development (Xia et al., 1999); A. gossypii can
develop faster and at lower temperatures compared to D. notescens.
WithA. gossypii, the shortest development timeoccurs between27.5
and 30 �C (Akey and Butler, 1989; Kersting et al., 1999; Xia et al.,
1999), for D. notescens the optimal temperature wasn’t determined
in this study. High egg mortality was observed at 27 �C, due largely
to the low humidity in the incubator at this temperature. Low egg
viability was reported in Diomus seminulus (Mulsant) at 28 �C, but
immaturedevelopmentwas still possible (Auadet al., 2013). Further
studies are needed investigating the effects of humidity and temper-
atures of 30 �C and above on D. notescens development.

There arenopublishedstudies thatdetail the lifespanand rates of
prey consumption of adult Diomus species. So it is difficult to com-
pare our study with others due to variation in number of prey pro-
vided and the incomplete nature of most observations. Even in our
studywestopped recordingprey consumptionat afixedpoint rather
than continue to the death of all study insects. That said the lifespan
ofD. notescenswould appear similar toD. terminatuswhich has been
reported to live up tomaximumof 143 dayswhen fed A. gossypii and
75 days on Myzus persicae (Sulzer) (Hallborg, 2003). While (Hentz
and Nuessly, 2002) reported that several beetles survived up to
50 days on S. flava. Daily prey consumption rates of D. terminatus
range from 8.7 onM. persicae, 13.5 on A. gossypii to 19 onMelanaphis
sacchari (Zehntner) (Akbar et al., 2009; Hallborg, 2003).

Fecundity of D. notescens observed in this study was much
greater than the fecundity of other Diomus species reported in
the literature. The lifetime fecundity of D. terminatus ranges from
37 (when feeding on M. persicae), 42 (S. flava) to 86 (A. gossypii)
(Hall, 2001; Hallborg, 2003). While the fecundity of D. seminulus
when fed S. flava was 71 eggs per female over 150 days (Auad
et al., 2013) and the fecundity of D. flavifrons feeding on P. citri is
147 eggs per female (Meyerdirk, 1983). Hallborg (2003) found that
D. terminatus fed on Rhopalosiphum maidis (Fitch) could lay up to
14 eggs per day, but lifetime fecundity was not determined, so
it’s difficult to compare with our results. Its likely differences in
the nutritional quality and quantity of aphids provided explains
the large variation in fecundities reported (Hallborg, 2003) assum-
ing Diomus species all have a similar number of ovarioles (Honek,
1996). Further, the suitability of the experimental arenas for egg
lay could potentially impact on fecundity (Hallborg, 2003; Honek,
1996) and the availability of males in the arena if continued mating
is required to maximise fecundity.

In our experiment, egg production continued for the duration of
adult life, but egg production had decreased or ceased for some
individuals at day 40 when we paired the beetles together for mat-
ing again. With the exception of one individual, all the females that
had stopped laying recommenced, suggesting more than one mat-
ing is required during the lifespan to maximise fecundity.

The estimated intrinsic rate of increase for D. notescens was
0.14, which is lower than 0.37 to 0.38 which is the estimate for
A. gossypii (Parajulee, 2007; Xia et al., 1999) indicating the predator
population grows slower in an unlimited environment compared
to A. gossypii. This is not a great surprise as A. gossypii, like many
other aphids, has evolved several life traits that facilitate rapid
population growth including, an anholocyclic life cycle and parthe-
nogenic reproduction. Comparing the intrinsic rate of increase of
two insects with such different reproductive strategies may be of
little value, but it may be useful to compare and rank the potential
biological control effectiveness of different predators. However one
should be careful arriving at conclusions as intrinsic rate of
increase represents potential growth and the conditions experi-
enced in the laboratory (plentiful prey, no adverse weather condi-
tions, no competition for prey and no natural enemy or disease
impacts) are unlikely to be experienced in field situations. How
resilient different predators are to these conditions may be just
as important as their reproductive capacity.

The combination of relatively low consumption rate of adults
and the lower rate of population increase suggests that the impact
of D. notescens on A. gossypii would be limited, particularly during
the rapid growth phase that can occur in aphids when environ-
mental conditions favour them. The environmental conditions that
favour A. gossypii are quite specific, and changes in day length, tem-
perature and plant nitrogen levels can result in polymorphisms,
such as yellow dwarf form that has an intrinsic rate of increase
of around 0.2 (Rosenheim et al., 1994), which is much lower than
the values estimated by Xia et al. (1999) and Parajulee (2007). So
during summer, when yellow to green forms of A. gossypii make
up a large proportion of aphid populations, the impact of D. notes-
cens may be greater than during spring and autumn when the dar-
ker morph of A. gossypii is more prevalent (Rosenheim et al., 1994).

While A. gossypii populations can grow rapidly at a local level,
i.e. a patch within a field; to become a pest they need to colonise
a larger area of the field. This is where D. notescens may have the
most impact, consuming small establishing colonies of aphids
either early in the season as A. gossypii first arrives or later as estab-
lished patches start to produce alates and spread further into a
field. This assumes there is other prey or sources of food available
that can sustain D. notescens in the absence of A. gossypii.

Diomus notescenswill feed on B. tabaci eggs and nymphs, but fed
more frequently on eggs. When both A. gossypii nymphs and B.
tabaci eggs were present the ladybeetle fed on both prey, but had
a strong preference for A. gossypii nymphs. The ratio of one prey
item to the other had no effect on the prey choice of D. notescens
indicating they did not switch to feeding on the most abundant
prey available.

Like D. notescens some species do not change prey choice in
response to changing density. The green lacewing Chrysoperla car-
nea (Stephens) for example shows a preference regardless of prey
ratio for the aphid Nasonovia ribisnigri (Mosley) when offered with
Frankliniella occidentalis (Pergande) on lettuce (Shrestha and
Enkegaard, 2013). Likewise the predatory bugs, Anthocoris nemo-
rum (L.) and Anthocoris nemoralis (Fabricius) both show a preference
for M. persicae when it was offered together at equal densities with
either Aulacorthum solani (Kaltenbach), Macrosiphum euphorbiae
(Thomas), A. gossypii and Aphis fabae Scopoli (Meyling et al., 2003).

Switching in response to changing prey densities does occur in
some species, for example the adults of the generalist predator
Macrolophus pygmaeus Rambur will switch to the most abundant
prey when offered both B. tabaci and the alternative prey Tuta abso-
luta (Meyrick) (Jaworski et al., 2013). In another predatory mirid,
Macrolophus caliginosus Wagner prey preference for Trialeurodes
vaporariorum Westwood eggs increases with increasing propor-
tions of this prey type, when present with Tetranychus urticae Koch
eggs (Enkegaard et al., 2001).

In the absence of A. gossypii, the whitefly (B. tabaci) eggs were
readily found and consumed by D. notescens. This suggests factors
other than prey size may contribute to the preference for A. gossypii
observed in this experiment. Prey preference is largely due to
trade-offs between various mechanisms, including the ease of
attacking the prey and their nutritional value (Eubanks and
Denno, 2000; Jaworski et al., 2013). The ease at which prey are
attacked is due to various factors, including capacity to detect prey,
access to the prey, defence responses of the prey against predation,
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and the capacity of the predator to effectively feed on the prey
(Jaworski et al., 2013). Both B. tabaci eggs and A. gossypii nymphs
appeared to be easy for D. notescens to find and prey on. Handling
time of B. tabaci eggs was quicker than A. gossypii nymphs (JH
unpublished observations). Lower nutritional value and quantity
of nutrition extracted per feeding event of B. tabaci eggs compared
to aphids is a likely explanation for the prey preference observed in
our experiment. In a study where reproductively active D. notes-
cens were added to a cage with all life stages of B. tabaci, no repro-
duction of the ladybeetle was observed a over period of one month
which indicates they may not be nutritionally suitable (unpub-
lished data). This observation along with the studies above would
indicate that A. gossypii can be considered an essential food, while
B. tabaci is best categorised as an alternative food, which serves
only as a source of energy enabling survival of adults in the
absence of other more suitable prey (Hodek, 1996). Whether
the larvae of D. notescens share the prey choice preferences of the
adults wasn’t determined in our experiments, and would be worth
investigating further.

Our study suggests that the contribution of D. notescens to pest
management of A. gossypii appears restricted; their rates of preda-
tion and reproduction are not sufficient to control established aphid
colonies. Where they are likely to provide greater biological control
is in preying on aphids as they establish colonies, either early in the
season or through the season as aphids move from established
patches to colonise the surrounding field. Their contribution in
these roles relies on other prey being sufficient tomaintainD. notes-
cens and encourage reproduction. Bemisia tabacimeets the require-
ments of an alternative prey, but is not an essential prey. Other prey
that might fill the role of essential prey like thrips or mites should
be considered in further prey studies of D. notescens.
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