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Effective pest management relies on understanding how environmental factors, particularly temperature, influence insect development and population 
dynamics. The invasive mealybug Delottococcus aberiae (De Lotto) has caused significant damage to citrus crops since its detection in 2009 in eastern 
Spain; despite this, knowledge of its biology remains limited. To address this gap, we examined key biological traits of D. aberiae across a range of 
temperatures from 15 to 30 °C. The developmental thresholds of D. aberiae were estimated at 9.4 and 30 °C, with the species performing best under 
moderate conditions but declining at higher temperatures. D. aberiae required a thermal constant of 730 degree-days to complete 1 generation, 
corresponding to 4 to 5 generations per year under the climatic conditions of eastern Spain, where the species is established. D. aberiae reproduces 
exclusively sexually, with peak fertility occurring at 22.5 °C, when females laid an average of 500 eggs and exhibited the largest body sizes. Overall, 
D. aberiae thrives within the temperature range typical of the Mediterranean basin. Although it shows low tolerance to high temperatures, the devel-
opmental thresholds and thermal constant determined in this study indicate that D. aberiae can withstand both winter and summer conditions, allowing 
populations to persist throughout the year. These findings can be used to predict population peaks, prevent spread to other citrus-producing regions 
with similar climates, and identify critical developmental stages for intervention, thereby supporting more targeted and effective control strategies.
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Introduction
The South African mealybug Delottococcus aberiae (De Lotto) 
(Hemiptera: Pseudococcidae) is an invasive citrus pest, detected 
for the first time in citrus orchards in the region of Les Valls in 
Valencia, eastern Spain, in 2009 (Beltrà et  al. 2012, 2013, 
2015, García-Marí 2012). Since then, its populations have 
spread across neighboring regions, posing a threat to other 
citrus-producing regions in the Mediterranean basin.

Originally from South Africa, D. aberiae is commonly found 
on wild olive trees and on the roots of Chrysanthemoides 
monilifera (L.). In the Limpopo Province of northern South 
Africa, the mealybug also occurs sporadically in citrus orchards, 
where it is not considered a significant pest (Miller and Giliomee 
2011). Spanish populations originate from this region, and its 
detection in eastern Spain represents the first record of D. abe-
riae as a major citrus pest (Beltrà et al. 2012, 2013, 2015, 
García-Marí 2012).

Delottococcus aberiae is a polyphagous species reported on 
plants from 25 botanical families, including tropical and sub-
tropical crops such as citrus, coffee, guava, pear, persimmon, 
and olive (De Lotto 1961, Miller and Giliomee 2011, 
Pérez-Hedo et  al. 2018). In Spain, it has been recorded on 
persimmon, loquat, pomegranate, and several citrus species, 
where it causes the greatest damage (MAPA 2024).

Unlike other citrus mealybug species, D. aberiae causes direct 
damage to fruit by distorting and reducing its size, ultimately 
leading to significant production losses (Beltrà et al. 2013, Soto 
et al. 2016a, Pérez-Rodríguez et al. 2017, Martínez-Blay et al. 
2018a). Delottococcus aberiae produces several generations 
per year, with the first being the most damaging to citrus 
(Martínez-Blay et al. 2018b). The critical period for fruit dis-
tortion occurs between flowering until fruit reaches a diameter 
of 25 to 30 mm, typically from March–April to July under the 
climatic conditions in eastern Spain (Pérez-Rodríguez et  al. 
2017, Martínez-Blay et al. 2018b). In addition, the secretion 
of honeydew causes the growth of black sooty mold fungi, 
which interferes with plant photosynthesis (Franco et al. 2000).

Previous studies indicate that, like other mealybugs, D. abe-
riae exhibits cryptic behavior, congregating in protected areas 
of plants where it feeds and reproduces (Martínez-Blay et al. 
2018b). Reproduction in D. aberiae has been considered sexual 
(Martínez-Blay et al. 2018b). However, facultative partheno-
genesis, where unmated females can occasionally produce via-
ble offspring, has been reported in other mealybug species 
considered to reproduce sexually (Lloyd 1952, da Silva et al. 
2010, Tabata et al. 2016), and therefore cannot be excluded 
in D. aberiae.

Although extensive field studies have been conducted on the 
dynamics, structure, and distribution of D. aberiae populations 
(Beltrà et al. 2013, Soto et al. 2016a, Pérez-Rodríguez et al. 
2017, Martínez-Blay et al. 2018b,c), studies on its biology are 
scarce. Due to the absence of natural enemies (Soto et  al. 
2016b, Tena et al. 2017), control of D. aberiae has relied on 
broad-spectrum insecticides. However, the mealybug’s cryptic 
behavior and restrictions on pesticide use during flowering have 
led to alternative strategies, including the introduction of a 
parasitoid from its native range (Beltrà et  al. 2015), 
pheromone-based monitoring (Vacas et al. 2019), and preven-
tive sanitation measures to limit pest spread (Martínez-Blay 
et al. 2018b). Given the limitations of conventional control 
methods, understanding the pest’s fundamental biological traits 

is crucial for developing more effective management strategies 
(Chong et al. 2003, Martínez-Blay et al. 2018b, Rebaudo and 
Rabhi 2018). Environmental factors play a central role in shap-
ing insect life history traits, such as growth, adult longevity, 
and oviposition. Among these, temperature is one of the most 
critical, as it regulates development and survival (Uvarov 1931, 
Davidson 1944, Romoser 1981, Trudgill et  al. 2005). 
Regression models have been applied to describe the relation-
ship between temperature and insect development, providing 
valuable insights into thermal requirements that can be used 
to optimize pest management (Davidson 1944, Wagner et al. 
1984). For example, developmental thresholds derived from 
these models have been used to guide the timing of insecticide 
applications and the release of natural enemies against mealy-
bugs, such as Planococcus ficus (Signoret) and Maconellicoccus 
hirsutus (Green), as well as to predict the distribution of 
Paracoccus marginatus (Williams & Granara de Willink) and 
the population peaks of Dysmicoccus brevipes (Cockerell) 
(Chong et al. 2003, Amarasekare et al. 2008, Varikou et al. 
2010, Bertin et al. 2019).

This study aims to provide valuable insights into the pest’s 
biology and seasonal occurrence by identifying its developmen-
tal thresholds, thermal constant, survival, and reproductive 
patterns. Such knowledge is essential to develop and implement 
targeted and sustainable approaches, thereby enhancing the 
effectiveness of integrated pest management. Ultimately, this 
research will contribute to the development of science-based 
strategies to mitigate the spread and impact of D. aberiae in 
citrus-growing regions.

Materials and Methods
Insect and Plant Materials
A laboratory colony was initiated from individuals collected on 
infested citrus branches in the region of Les Valls (Valencia, 
Spain) and identified as D. aberiae. The colony was then estab-
lished in an insectary at the Instituto Agroforestal Mediterráneo 
of the Universitat Politècnica de València. The mealybugs were 
reared on pumpkin fruits, Cucurbita maxima, which were 
treated with a 2% bleach solution to prevent the growth of mold 
and other organisms. The infested pumpkins were placed inside 
rearing cages (47.5 × 47.5 × 47.5 cm) containing between 3 and 
5 squashes each. To maintain the colony, 3 or 4 fresh pumpkins 
were introduced every 2 wk to renew the old, dried ones. The 
mealybug colony was kept in darkness in climate-controlled 
chambers at a temperature of 24 °C and 70% ± 10 RH.

Effect of Mating Status on the Reproductive  
Biology of D. aberiae
To assess the reproductive biology and potential parthenoge-
netic capacity of D. aberiae, experiments were conducted 
under mated and unmated female conditions. Newly molted 
adult females, collected from the laboratory colony before 
any male contact, were individually transferred to green 
lemon fruits and placed inside 1-L plastic containers. 
Containers were randomly assigned to each of these 2 treat-
ments. In the non-mating treatment, females were isolated 
without male exposure. In the mating treatment, 3 males were 
introduced into each container and replaced every 3 d to 
ensure continuous mating. Females from both treatments were 
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observed daily for survival and ovisac formation, and once 
oviposition began, the number of eggs laid was recorded until 
female death. Offspring sex ratio was then determined by 
rearing the laid eggs until the third instar, when sexual differ-
entiation was possible. Survival and fecundity curves were 
constructed for each treatment using the observed survival 
(lx) and fecundity (mx) rates, where x is female age (d), lx is 
the proportion of females surviving to age x and mx is the 
mean number of eggs produced per female at age x multiplied 
by the proportion of females in the sex ratio. Survivorship 
and fecundity were used to estimate the following demo-
graphic parameters (Birch 1948): net reproductive rate (R0 = 
∑(lx·mx)), which is to the rate of population multiplication per 
generation; intrinsic rate of increase (rm = ∑e−rmx·lx·mx = 1), 
representing the potential population growth; finite rate of 
increase (𝜆 = erm), which corresponds to the daily population 
multiplication factor; mean generation time (T = ∑(x·lx· 
mx)/R0), which is the average female age at reproduction; and 
the doubling time (DT = ln(2)/rm) which represents the time 
required by a population to double in size. The experiments 
were conducted in climate-controlled chambers at 24 °C with 
70% ± 10 RH and darkness, with 30 female replicates per 
treatment.

Effect of Temperature on the Biology of D. aberiae
Development, Longevity, and Oviposition
The development time of D. aberiae from egg to adult and the 
longevity of adult females until death were assessed at 7 con-
stant temperatures: 15, 18, 21, 22.5, 24, 27, and 30 °C. Females 
from the laboratory colony, presumed to be gravid because of 
their large size, were incubated on bean pods for oviposition. 
Bean pods were selected as a suitable substrate for observing 
oviposition, as newly laid eggs were easily visible and could be 
readily transferred to experimental containers, facilitating uni-
form egg distribution. Eggs deposited within 24 h were col-
lected, transferred to green lemon fruits, and placed inside 1-L 
plastic containers, as described above. Containers were then 
transferred to each of the 7 experimental temperatures. After 
hatching, mealybug nymphs were individualized and examined 
daily. The duration of each developmental stage from egg to 
adult, as well as adult female longevity, was recorded. Molting 
from one instar to the next was confirmed by the presence of 
the exuviae and the absence of body wax. Since adult female 
mealybugs do not molt, the beginning of egg sac formation was 
used to distinguish between preovipositional and ovipositional 
females. Because sex differentiation was not possible before the 
third instar, data from eggs to second-instar nymphs were 
pooled regardless of sex, while only female data were recorded 
from the third instar to adulthood. However, given the biolog-
ical relevance of 24 °C, data on male prepupa, pupa and adults 
were also recorded at this temperature.

When females reached adulthood, each was provided with 
3 newly emerged males, which were replaced every 3 d to 
ensure mating until oviposition began. The total number of 
eggs laid by ovipositing females was recorded at all tempera-
tures tested. Survival curves were constructed for each tem-
perature based on the observed survival rates (lx), where x 
represents female age (d) and lx is the proportion of females 
surviving to age x. A minimum of 25 observations were 
obtained for each developmental and adult stage of D. aberiae 
at each temperature. All tests were conducted in environmental 

chambers with a relative humidity of 70% ± 10% and complete 
darkness to facilitate mealybug establishment.

Body Size
The body size of D. aberiae individuals was measured at the 
same 7 constant temperatures. Length and width were recorded 
using a stereoscope fitted with an ocular micrometer. The same 
individuals used in the developmental experiment were mea-
sured within 24 h after each molt and at the beginning of ovisac 
formation. At least 20 individuals were measured per develop-
mental stage at each temperature.

Thermal Thresholds and Phenology of D. aberiae
To evaluate the relationship between mealybug developmental 
rate and temperature, the development time of D. aberiae from 
egg to adult stage at 7 temperatures was used to build linear 
and nonlinear regression models. The accuracy of the models 
was evaluated based on the adjusted coefficient of determina-
tion (Radj

2 ), the residual sum of squares (RSS), and the goodness 
of fit to the observed development rates, as well as the thermal 
threshold estimations.

The linear approximation equation is useful to extrapolate 
the relationship between temperature and developmental rate 
within a moderate temperature range, such as 15 to 22.5 °C 
(Davidson 1944). Hence, a linear regression model was used 
to calculate the lower developmental threshold (ie the base 
temperature below which the insect is unable to develop), and 
the thermal constant (ie the number of accumulated degree-days 
above Tmin needed to complete a developmental stage). The 
linear regression equation is:

	 D a bT
r
= + ,	

where Dr is the developmental rate (1/d), T is the temperature, 
and a (intercept) and b (slope) are constants to be fitted from 
the data. The lower development threshold and the thermal 
constant were calculated as Tmin = −a/b and k = 1/b, respectively 
(Campbell et al. 1974). K is the thermal constant defining the 
accumulated degree-days needed for insect development.

The upper developmental threshold (Tmax) and the optimal 
temperature (Topt) for development were estimated using non-
linear regression models. Several models commonly used to 
describe temperature-dependent development were evaluated, 
including Logan et al. (1976), Ratkowsky et al. (1983), Rosso 
et al. (1993), Lactin et al. (1995), and Briere et al. (1999). 
Among these, only the Logan-6 and Lactin-2 models fit the 
data adequately. Model performance was compared using the 
Akaike Information Criterion (AIC) (Akaike 1974), with lower 
AIC values indicating a better fit. Based on this criterion, the 
Lactin-2 was selected as the best-fitting model, as it produced 
lower AIC values than the Logan-6. The Lactin-2 model is 
given by the expression:

	 D
T T T T T

r
e e u u= + − − −( )( )λ ρ ρ /

,
∆ 	

where λ forces the curve to intercept the x axis below zero, 
allowing for an estimation of the lower developmental thresh-
old, Tu represents the upper lethal temperature, which is higher 
than the conceptual upper developmental threshold, and ρ is a 
constant for the biochemical reaction rate as temperature 
increases to Topt.
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The number of generations of D. aberiae was estimated by 
dividing the annual degree-days accumulated above its lower 
developmental threshold (Tmin) by the thermal constant derived 
from the linear model. Temperature records from 2018 to 2024 
(MAPAMA 2025) for Les Valls (eastern Spain) were used to 
estimate the number of generations in the region.

Statistics
The development, longevity, and body size of each mealybug 
developmental stage were compared across temperatures using 
an analysis of variance (ANOVA) with treatment means sepa-
rated using Tukey’s HSD test at a significance threshold of 0.05. 
When necessary, variables were transformed using a log, 
square-root, or an arcsine transformation before analysis to 
normalize the data and adjust the variances. When data could 
not be adjusted to a normal distribution, a Kruskal–Wallis 
1-way ANOVA test, followed by Dunn’s post hoc test using 
Bonferroni’s correction (P < 0.05) (STATGRAPHICS Centurion 
2022) was used. Fecundity under different mating treatments 
was assessed using a Wilcoxon rank-sum test (P < 0.05). The 
effect of temperature and mating treatment on mealybug sur-
vival was compared using a Log-Rank test, with P-values 
adjusted by the Benjamini–Hochberg method to control mul-
tiple comparisons (P < 0.05) (STATGRAPHICS Centurion 
2022). Demographic parameters (R0, rm, λ, T, and DT) were 
calculated from the life table data, and standard errors were 
estimated using the jackknife procedure (Hulting et al. 1990). 
We used regression analysis to describe the relationship between 
temperature and developmental rate, and to calculate tempera-
ture thresholds and thermal constant with STATGRAPHICS 
Centurion 2022.

Results
Effect of Mating Status on the Reproductive  
Biology of D. aberiae
Delottococcus aberiae reproduces sexually, with reproductive 
behavior observed exclusively in female individuals that were 
exposed to males. Mated females laid an average of 257 eggs 
throughout their lifespan at 24 °C, whereas female mealybugs 
that were deprived of male exposure did not produce an ovisac 
or lay eggs (W = 900, P < 0.001; Fig. 1a). In the mating treat-
ment, the peak oviposition period occurred between the third 
and sixth days after oviposition began, with females laying an 
average of 149 eggs, accounting for nearly 60% of the total 
egg production. Female lifespan differed significantly between 

mating treatments (χ2 = 67.3, df = 1, P < 0.001), with non-mated 
females surviving longer than mated ones. On average, mated 
females lived 32.1 d from the last molt to death, compared with 
79.1 d for non-mated females (Fig. 1b).

The average net reproduction rate (R0) of D. aberiae was 
160.21 female offspring per female, with an intrinsic rate of 
increase (rm) of 0.0754 d−1 and a generation time (T0) of 67 d. 
The sex ratio was 1:1.6 (male:female) (Table 1).

Effect of Temperature on the Development and 
Survival of D. aberiae
The development of D. aberiae was significantly affected by 
temperature (H = 118.6, df = 5, P < 0.001; Table  2). 
Delottococcus aberiae completed development within a tem-
perature range of 15 to 27 °C, while no development was 
observed at 30 °C. At 30 °C, the eggs successfully hatched; 
however, the first instar nymphs failed to develop further and 
died before molting into the next instar. The development 
time for each life stage decreased with increasing temperature 
up to 22.5 °C, after which it rose again until reaching 27 °C. 
The mean time for D. aberiae to complete development (egg 
to adult) ranged from 94.92 d at 15 °C to 42.27 d at 22.5 °C, 
while the generation time (egg to egg) ranged from 120.51 
at 15 °C to 54.19 d at 22.5 °C, respectively (Table  2). At 
24 °C, the prepupal and pupal stage of males averaged 
11.3 ± 0.04 d, and adult males lived a mean of 2.7 ± 0.07 d 
(Table 2).

Similarly, the adult lifespan of both preovipositional and 
ovipositional females significantly shortened with increasing 
temperature (H = 89.9 and H = 87.1, respectively; df = 5, 
P < 0.001; Table 2). The age-specific survival was highest for 
adult females reared at temperatures of 15 and 18 °C, doubling 
that of those held at higher temperatures (χ2 = 118, df = 5, 
P < 0.001; Fig. 2).

Fig. 1.  Number of eggs laid (a) and age-specific survival (lx) (b) of mated (dashed black line) and unmated (straight blue line) D. aberiae females at 24 °C.

Table 1.  Demographic parameters of D. aberiae at 24 °C

Parameter Mean ± SE

Ro (♀/♀) 160.21 ± 14.42
rm (♀/♀/d) 0.075 ± 0.0012
λ (♀/♀/d) 1.078 ± 0.0013
T (d) 67.31 ± 0.22
DT (d) 9.19 ± 0.148
Sex ratio (♂:♀) 1:1.6
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Effect of Temperature on the Oviposition and Body 
Size of D. aberiae
Temperature significantly affected oviposition (H = 73.9, df = 5, 
P < 0.001), with the highest production observed between 15 
and 22.5 °C, peaking at 504.5 eggs per female at 22.5 °C 
(Table 3). Egg production declined at higher temperatures, with 
females laying 213.93 and 73.7 eggs at 24 and 27 °C, respec-
tively. The proportion of hatched eggs remained above 80% 
at 22.5 and 24 °C, dropping to around 60% at extreme tem-
peratures. However, these differences were not statistically 
significant (H = 10.9, df = 5, P = 0.08959).

Temperature also significantly affected body size, particu-
larly during the adult stage in both preovipositional (length, 
H = 44.9, df = 5, P < 0.001) and ovipositional phases (length, 
H = 45.9, df = 5, P < 0.001). The largest body sizes were 
observed between 15 and 22.5 °C, coinciding with the tem-
peratures that resulted in the highest oviposition, whereas 
both length and width were smallest at higher temperatures 
(Table 4).

Thermal Thresholds and Phenology of D. aberiae
The linear model fit the developmental rates of each life stage, 
as well as the total development (egg to adult) and complete 

Table 2.  Mean development time (±SE, d) and longevity (±SE, d) for each developmental stage of D. aberiae reared under 7 constant temperatures

T (°C) Immature stages Adult stage Development 
(egg to adult)

Generation 
(egg to egg)

Egg First instar Second instar Third instar Preoviposition Oviposition

15 26.6 ± 0.4a 29.1 ± 0.4a 19.1 ± 0.4a 20.3 ± 0.4a 25.6 ± 0.8a 39.0 ± 2.7a 94.9 ± 0.4a 120.5 ± 0.5a
18 16.4 ± 0.3ab 22.7 ± 1.0 b 13.9 ± 0.6 b 15.9 ± 0.7 b 21.5 ± 1.2 b 31.7 ± 2.4a 68.8 ± 0.7ab 90.3 ± 0.8ab
21 12.6 ± 0.2 b 14.4 ± 0.4d 9.6 ± 0.5c 11.5 ± 0.3c 14.6 ± 0.5c 16.6 ± 0.9c 48.1 ± 0.3 cd 62.6 ± 0.4 cd
22.5 10.2 ± 0.2c 13.1 ± 0.2 cd 9.2 ± 0.4c 9.9 ± 0.5d 11.9 ± 0.6d 21.3 ± 1.2 b 42.3 ± 0.3d 54.2 ± 0.4d
24 9.3 ± 0.2 cd 14.9 ± 0.5d 11.0 ± 0.8c 11.8 ± 0.5c 16.2 ± 1.3c 15.9 ± 1.7c 47.1 ± 0.5 cd 63.3 ± 0.7 cd

11.3 ± 0.1 (♂)a 2.7 ± 0.1 (♂) 46.6 ± 0.1 (♂) –
27 8.5 ± 0.1d 17.2 ± 0.7c 16.0 ± 1.5 b 15.3 ± 1.7 b 21.4 ± 1.4 b 11.2 ± 0.8d 56.9 ± 1.0bc 78.4 ± 1.1bc
30 6.9 ± 0.1e – – – – – – –
H 460.2 281.4 88.3 91.9 89.9 87.1 118.6 122.2
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Means within a column followed by the same lowercase letter are not significantly different among temperature treatments (Dunn’s test, P < 0.05).
aMale prepupa and pupa data combined.

Fig. 2.  Survival of female D. aberiae reared under 7 constant temperatures. Survival curves followed by the same lowercase letter are not significantly 
different (pairwise Log-Rank test, P < 0.05).

Table 3.  Mean oviposition (±SE) and proportion of hatched eggs (%) of 
female D. aberiae reared under 7 constant temperatures

T (°C) Oviposition (number of eggs) Hatched eggs (%)

15 439.03 ± 42.7a 77.0
18 490.35 ± 56.5a 65.4
21 434.3 ± 29.3a 63.5
22.5 504.5 ± 46.4a 82.5
24 213.93 ± 31.9 b 84.0
27 73.7 ± 7.56 b 70.0
H 73.9 10.9
P-value <0.001 0.08959

Means within a column followed by the same lowercase letter are not 
significantly different among treatments (Dunn’s test, P < 0.05).
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generation time (egg to egg) of D. aberiae. The high values of R
2 indicate a good fit of the model, accurately describing the 
relationship between temperature and the developmental rate 
of D. aberiae at the linear part of the curve (Table 5). The 
estimated lower temperature threshold (Tmin) ranged from 
8.3 °C for third instar nymphs to 11.2 °C for ovipositional 
females. For total development, Tmin was 9.4 °C, with a thermal 
constant (k) of 561.7 DD above the base temperature being 
required to complete development from egg to adult (Table 5; 
Fig. 3). Completing 1 generation (egg to egg) required a Tmin 
of 9.3 °C and a thermal constant (k) of 730 DD (Table 5).

The Logan et al. (1976) nonlinear model, as modified by 
Lactin et al. (1995) (Lactin 2), provided a good fit to the data, 
with high R2 and low RSS values. The upper temperature 
threshold coincided for total development and for 1 full 

generation of D. aberiae, both estimated at 30 °C, whereas the 
optimal temperatures differed slightly, at 23.1 and 22.9 °C, 
respectively (Table 6; Fig. 3). The model also estimated a lower 
temperature threshold at 12.1 °C for the total development and 
11.8 °C to complete 1 generation (Table 6; Fig. 3). In the Les 
Valls region, D. aberiae was estimated to complete 4.4 gener-
ations per year between 2018 and 2024.

Discussion
In citrus orchards of central-eastern Valencia, where D. abe-
riae was first detected, the average annual minimum and max-
imum temperatures between 2018 and 2024 were 12.2 and 
23.5 °C, respectively. Based on the estimated lower and upper 
developmental thresholds of D. aberiae, these conditions 
allow the species to survive throughout the year. Both the 
linear and the nonlinear (Lactin-2) models estimted Tmin. 
Although nonlinear models describe the full thermal response, 
Tmin is typically derived from linear approaches, which per-
form well within the lower-mid temperature range and provide 
more reliable estimates of the lower developmental threshold 
(Uvarov 1931, Davidson 1944). Its lower threshold is com-
parable to other mealybug species commonly found in 
Mediterranean citrus, such as Planococcus citri (Green) (8 to 
9 °C), Paracoccus burnerae (Brain) (8.7 °C), and Pseudococcus 
longispinus (Targioni Tozzzetti) (8 °C) (Bodenheimer 1951, 
Arai 1996, Martínez Ferrer 2003, Johnson and Giliomee 
2011, Santa-Cecilia et al. 2011). In contrast, D. aberiae shows 
a lower upper thermal threshold than these species, all of 
which tolerate temperatures above 30 °C, and a lower optimal 
developmental temperature, whereas most mealybugs develop 
optimally above 27 °C (Bodenheimer 1951, Arai 1996, 
Martínez Ferrer 2003, Johnson and Giliomee 2011, 

Table 4.  Length and width (mm) of developmental stages of D. aberiae reared under 6 constant temperatures

T (°C) Second instar nymph Third instar nymph Preovipositional adult female Ovipositional adult female

Length Width Length Width Length Width Length Width

15 0.68 ± 0.01a 0.31 ± 0.01a 1.1 ± 0.02a 0.52 ± 0.01a 1.64 ± 0.04bc 0.81 ± 0.02bc 3.47 ± 0.13a 1.89 ± 0.07a
18 0.69 ± 0.02a 0.33 ± 0.01a 1.1 ± 0.02a 0.52 ± 0.01a 1.83 ± 0.05a 0.9 ± 0.02a 3.43 ± 0.14a 1.8 ± 0.08a
21 0.66 ± 0.01ab 0.3 ± 0.01a 1.03 ± 0.02ab 0.48 ± 0.01ab 1.68 ± 0.03abc 0.81 ± 0.02abc 3.49 ± 0.08a 1.78 ± 0.05a
22.5 0.67 ± 0.01a 0.31 ± 0a 1.05 ± 0.02ab 0.49 ± 0.01ab 1.72 ± 0.03ab 0.83 ± 0.02ab 3.47 ± 0.09a 1.79 ± 0.05a
24 0.64 ± 0.02ab 0.3 ± 0.01a 0.99 ± 0.03 b 0.46 ± 0.02 b 1.54 ± 0.04c 0.8 ± 0.02bc 2.93 ± 0.15ab 1.55 ± 0.09ab
27 0.60 ± 0.01 b 0.3 ± 0a 1.01 ± 0.01 b 0.48 ± 0.01ab 1.49 ± 0.03c 0.73 ± 0.02c 2.22 ± 0.11 b 1.14 ± 0.05 b
H 28.4 18.5 24.9 20.9 44.9 34.3 45.9 45.6
P-value <0.001 0.00233 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Means within a column followed by the same letters are not significantly different among temperature treatments (Dunn’s test, P < 0.05).

Fig. 3.  Relationship between temperature and developmental rate for 1 
generation of D. aberiae fitted to a linear (dashed blue line) and a Lactin 2 
nonlinear (black) development regression model.

Table 5.  Linear regression equations, lower thermal threshold (Tmin) and thermal constant (k) of developmental stages of D. aberiae

Developmental stage Linear regression model R2 Tmin (°C) Thermal constant (degree-days) Accumulated degree-days

Egg Dr = −0.06559 + 0.00702T 0.986 9.3 142.4 142.4
First instar Dr = −0.05728 + 0.00593T 0.9652 9.6 168.5 310.9
Second instar Dr = −0.06869 + 0.00806T 0.9794 8.6 124 434.9
Third instar Dr = −0.05731 + 0.00692T 0.9779 8.3 144.5 579.4
Preovipositional female Dr = −0.05453 + 0.00596T 0.938 9.1 167.7 747.1
Ovipositional female Dr = −0.06437 + 0.00575T 0.874 11.2 173.9 921
Total development (egg to adult) Dr = −0.01667 + 0.00178T 0.9902 9.4 561.7 –
Generation (egg to egg) Dr = −0.01278 + 0.00137T 0.9829 9.3 730 –
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Santa-Cecilia et al. 2011). This suggests a narrower tolerance 
to high temperatures and may help explain its distribution 
and impact within the Valencian Community, where tempera-
tures are typically Mediterranean and the pest is well estab-
lished and damaging. In areas south of this region, where 
temperatures are slightly higher and heat events are more 
frequent, the pest remains less problematic so far. Similarly, 
in South African citrus orchards, with generally higher tem-
peratures (mean annual minimum and maximum of 16 and 
29.7 °C, respectively, for 2010–2018; Shikwambana et  al. 
2021), D. aberiae rarely reaches damaging levels (Miller and 
Giliomee 2011), although natural enemies and management 
practices may also contribute to population regulation.

Degree-day accumulation is closely correlated with phenol-
ogy and population dynamics. Based on the thermal constant 
of D. aberiae (730 DD), the mealybug is expected to complete 
4 to 5 generations annually in eastern Spain, 3 of which occur 
between April and August. These estimates are consistent with 
field observations reported by Martínez-Blay et al. 2018c, who 
recorded the highest population densities during these months. 
In comparison, P. citri completes at least 5 generations per year 
due to its lower thermal constant (562 DD) and greater heat 
tolerance (Martínez Ferrer 2003), whereas P. longispinus has 
a higher thermal constant (956.3 DD) and completes only 3 
generations (Plata et al. 2023).

Temperature also influences physiological traits such as 
body size and fecundity. In most oviparous species, these 
traits vary in response to environmental factors like food 
availability, population density and temperature (Honěk 
1993). In our study, D. aberiae ovipositional females reared 
at lower temperatures developed larger bodies and exhibited 
higher fecundity, exceeding that reported for other mealybug 
species under similar conditions, such as P. citri (186 eggs at 
20 °C) (Arai 1996) and P. marginatus (300 eggs at 25 °C) 
(Amarasekare et al. 2008). A positive relationship between 
body size and fecundity has been documented in mealybugs 
(Cocco et al. 2018) and was also observed in D. aberiae. The 
largest females and highest egg production occurred under 
moderate spring temperatures (up to 22.5 °C), coinciding 
with citrus phenological stages most vulnerable to mealy-
bug attack.

Another key factor influencing insect populations is repro-
ductive biology. Our study confirms that D. aberiae repro-
duces exclusively sexually, with no evidence of facultative 
parthenogenesis. Although both obligate and facultative par-
thenogenetic reproduction have been reported in some species 
(Lloyd 1952, Tabata et al. 2016), obligate sexual reproduction 
predominates among mealybugs (da Silva et al. 2010, Prasad 
et al. 2012). Extended longevity in unmated females, docu-
mented in other mealybugs (James 1937, Waterworth et al. 
2011, Lentini et al. 2018), may increase mating opportunities 
when males are scarce. In our study, unmated females survived 
significantly longer than mated females.

The intrinsic rate of increase (rm) is a key demographic 
parameter for predicting population growth (Andrewartha and 
Birch 1954). For D. aberiae, rm at 24 °C falls within reported 
ranges for other species at similar temperatures, such as P. citri 
(0.17 at 25 °C) and P. burneare (0.045 at 25 °C) (Goldasteh 
et al. 2009, Johnson and Giliomee 2011). However, the rm of 
D. aberiae (0.075) is generally lower than that reported for 
many mealybugs under optimal conditions, likely because the 
experimental temperature is slightly above the optimum for 
this species, estimated at ∼23 °C in the present study. 
Accordingly, a higher rm would be expected under these con-
ditions. Comparing pest and natural enemy demographic 
parameters helps assess biological control potential, as higher 
rm of natural enemies relative to the pest generally indicates 
greater effectiveness (Huffaker et al. 1976). Both the introduced 
parasitoid Anagyrus aberiae (Guerrieri) and coccinellid pred-
ators like Cryptolaemus montrouzieri (Mulsant) reduce mealy-
bug populations, particularly in areas difficult to reach with 
insecticides (Martínez-Blay et al. 2018b, Pérez-Rodríguez et al. 
2019, Soto et al. 2021). The rm estimated for A. aberiae at 24 °C 
(0.1) (Romero et al. unpublished data) supports its potential 
as a biocontrol agent. In contrast, optimal rm values for C. 
montrouzieri occur at higher temperatures (26 to 28 °C; rm = 
0.07 to 0.14) (Persad and Khan 2002, Elsherif et al. 2010, 
Saeedi et  al. 2015, Özgökçe and Kara 2018), which may 
explain its greater effectiveness during summer (Pérez-Rodríguez 
et al. 2019).

The thermal thresholds and constants estimated in this study 
provide useful tools for improving D. aberiae management. 
Degree-day accumulation can be used to predict the timing of 
susceptible developmental stages and optimize control mea-
sures. When insecticide applications are necessary, they usually 
target early nymphal stages, which require 311 to 435 DD. 
Monitoring degree-day accumulation between peaks of these 
stages can therefore help determine optimal treatment timing. 
In addition, the obligate sexual reproduction of D. aberiae 
highlights the potential of mating disruption as a management 
strategy, as previously reported for this and other mealybug 
species (Cocco et al. 2014, Gavara et al. 2024).

Biological control plays a key role in the management of D. 
aberiae. Because parasitoid development depends on that of their 
hosts (Hentz et al. 1998), synchrony between host and natural 
enemy phenology is critical. Larger female mealybugs, typically 
associated with cooler conditions, are expected to produce more 
female parasitoid offspring. However, studies on A. aberiae show 
that lower temperatures (18 °C) result in 79% male offspring, 
whereas a female-biased sex ratio is achieved at intermediate 
temperatures (21 to 24 °C) (Romero et al. 2026). These results 
suggest that host size alone does not determine either the sex 
ratio or the effectiveness of this natural enemy. Anagyrus aberiae 
develops within a temperature range similar to that of D. aberiae 
(Romero et al. 2026) and preferentially parasitizes third-instar 
nymphs and adult females (Romero et al. unpublished data). 

Table 6.  Estimates of thermal thresholds and parameters of developmental stages of D. aberiae with Lactin 2 nonlinear regression model

Developmental stage Upper threshold 
(Tmax) (°C)

Optimum threshold  
(To) (°C)

Lower threshold 
(Tmin) (°C)

λ ΔT R2 RSS

Total development (egg to adult) 30 23.1 12.1 −0.0928 6.905 0.9732 0.000011
Generation (egg to egg) 30 22.9 11.8 −0.0907 7.085 0.9647 0.0000081
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Consequently, the peak of adult females (approximately at 561 
DD) represents the most suitable period for parasitism. Similarly, 
early larvae of C. montrouzieri primarily feed on eggs and 
first-instar mealybugs, whereas older stages attack individuals 
of any size (Azhar et al. 2012). The development of eggs and 
first instars between 142 and 311 DD, therefore, represents a 
suitable period for C. montrouzieri activity.

Delottococcus aberiae can persist year-round under 
Mediterranean conditions, with optimal development at mod-
erate temperatures and limited heat tolerance, explaining its 
lower impact in citrus-growing areas with higher temperatures 
in eastern Spain. The thermal thresholds identified allow pre-
diction of key population dynamics and improve control tim-
ing. These results also support biological control, as A. aberiae 
shows thermal and demographic compatibility with the pest. 
Overall, these findings provide a basis for a more targeted and 
effective management of D. aberiae in Mediterranean citrus.

Acknowledgements
The authors thank the owners and the cooperative technicians 
of the orchards for allowing us to sample their plantations.

Author Contributions
Elena Romero (Conceptualization [equal], Data curation 
[equal], Formal analysis [equal], Investigation [equal], 
Methodology [equal], Writing—original draft [equal]), Josep 
Sesé (Data curation [equal], Investigation [equal]), Marco 
Benito (Data curation [equal], Investigation [equal]), Rolando 
González (Data curation [equal], Investigation [equal]), and 
Antonia Soto (Conceptualization [equal], Funding acquisition 
[lead], Methodology [equal], Supervision [equal], Validation 
[equal], Writing—review & editing [equal])

Funding
Part of the funding for this research was provided by Generalitat 
Valenciana’s budget program 714.80 through the Conselleria 
de Agricultura, Desarrollo Rural, Emergencia Climática y 
Transición Ecológica. Funding for openaccess charge: 
Universitat Politècnica de València.

Conflicts of Interest
The authors declare no conflict of interest.

References
Akaike H. 1974. A new look at the statistical model identification. IEEE 

Trans. Automat. Contr. 19:716–723. https://doi.org/10.1109/
TAC.1974.1100705

Amarasekare KG, Chong J-H, Epsky ND, et al. 2008. Effect of tempera-
ture on the life history of the mealybug Paracoccus marginatus 
(Hemiptera: Pseudococcidae). J. Econ. Entomol. 101:1798–1804.

Andrewartha HG, Birch LC. 1954. The distribution and abundance of 
animals. The University of Chicago Press.

Arai T. 1996. Temperature-dependent developmental rate of three mealy-
bug species, Pseudococcus citriculus (Green), Planococcus citri 
(Risso), and Planococcus kraunhiae (Kuwana) (Homoptera: 
Pseudococcidae) on citrus. Jpn. J. Appl. Entomol. Zool. 40:25–34.

Azhar H, Khan A, Sayyed AH, et al. 2012. Predatory potential of 
Chrysoperla carnea and Cryptolaemus montrouzieri larvae on 

different stages of the mealybug, Phenacoccus solenopsis: a threat to 
cotton in South Asia. J. Insect Sci. 12:1. http://www.insectscience.
org/12.147

Beltrà A, Addison P, Ávalos JA, et al. 2015. Guiding classical biological 
control of an invasive mealybug using integrative taxonomy. PLoS 
One. 10:e0128685. https://doi.org/10.1371/journal.pone.0128685

Beltrà A, García-Marí F, Soto A. 2013. El cotonet de les Valls, 
Delottococcus aberiae, nueva plaga de los cítricos. Levante Agrícola 
419:348–352.

Beltrà A, Soto A, Malausa T. 2012. Molecular and morphological char-
acterisation of Pseudococcidae surveyed on crops and ornamental 
plants in Spain. Bull. Entomol. Res. 102:165–172. https://doi.
org/10.1017/S0007485311000514

Bertin A, Lerin S, Botton M, et al. 2019. Temperature thresholds and 
thermal requirements for development and survival of Dysmicoccus 
brevipes (Hemiptera: Pseudococcidae) on table grapes. Neotrop. 
Entomol. 48:71–77. https://doi.org/10.1007/s13744-018-0623-6

Birch LC. 1948. The intrinsic rate of natural increase of an insect pop-
ulation. J. Anim. Ecol. 17:15. https://doi.org/10.2307/1605

Bodenheimer FS. . 1951. Citrus Entomology in the Middle East with special 
References to Egypt, Iran, Iraq, Palestine , Syria,Turkey. p. 396–422. 
Kluwer Academic Publishers

Briere JF, Pracros P, Le Roux AY, et al. 1999. A novel rate model of 
temperature-dependent development for arthropods. Environ. 
Entomol. 28:22–29. https://doi.org/10.1093/ee/28.1.22

Campbell A, Frazer BD, Gilbert N, et al. 1974. Temperature require-
ments of some aphids and their parasites. J. Appl. Ecol. 11: 
431–438.

Chong J-H, Oetting RD, Van Iersel MW. 2003. Temperature effects on 
the development, survival, and reproduction of the Madeira mealy-
bug, Phenacoccus madeirensis Green (Hemiptera: Pseudococcidae), 
on chrysanthemum. Ann. Entomol. Soc. Am. 96:539–543. https://
academic.oup.com/aesa/article/96/4/539/97516

Cocco A, Lentini A, Serra G. 2014. Mating disruption of Planococcus 
ficus (Hemiptera: Pseudococcidae) in vineyards using reservoir pher-
omone dispensers. J. Insect Sci. 14:144. https://doi.org/10.1093/jis-
esa/ieu006

Cocco A, Mura A, Muscas E, et al. 2018. Comparative development and 
reproduction of Planococcus ficus and Planococcus citri (Hemiptera: 
Pseudococcidae) on grapevine under field conditions. Agric. For. 
Entomol. 20:104–112. https://doi.org/10.1111/afe.12234

da Silva EB, Mendel Z, Franco JC. 2010. Can facultative parthenogenesis 
occur in biparental mealybug species? Phytoparasitica 38:19–21. 
https://doi.org/10.1007/s12600-009-0069-9

Davidson J. 1944. On the relationship between temperature and rate of 
development of insects at constant temperatures. J. Anim. Ecol. 13:26–38.

De Lotto G. 1961. New pseudococcidae (Homoptera: Coccoidea) from 
Africa. Bull. Br. Mus. (Nat. Hist.) Entomol. 10:211–238.

Elsherif ME, Al-Humari AA, Naser KSA, et al. 2010. Fecundity and life 
table of female predator Cryptolaemus montrouzieri on Phenacoccus 
madeirensis. J. Ann. Agric. Sci. 55:321–326.

Franco JC, Silva EB, Carvalho JP. 2000. Cochonilhas- algodão 
(Hemiptera, Pseudococcidae) associadas aos citrinos em Portugal. 
ISA Press.

García-Marí F. 2012. Plagas de los cítricos. Gestión integrada en países 
de clima mediterráneo. Phytoma.

Gavara A, Vacas S, Navarro-Llopis V. 2024. Geographic location, pop-
ulation dynamics, and fruit damage of an invasive citrus mealybug: 
the case of Delottococcus aberiae De Lotto in eastern Spain. Insects 
15:659. https://doi.org/10.3390/insects15090659

Goldasteh S, Talebi AA, Fathipour Y, et al. 2009. Effect of temperature 
on life history and population growth parameters on Planococcus 
citri (Homoptera: Pseudococcidae) on coleus (Solenostemon scutel-
larioides (L.) codd.). Arch. Biol. Sci. (Beogr) 61:329–336. https://doi.
org/10.2298/ABS0901329G

Hentz MG, Ellsworth PC, Naranjo SE, et al. 1998. Development, longev-
ity, and fecundity of Chelonus sp. nr. curvimaculatus (Hymenoptera: 
Braconidae), an egg-larval parasitoid of pink bollworm (Lepidoptera: 

D
ow

nloaded from
 https://academ

ic.oup.com
/jinsectscience/article/26/3/ieag039/8684069 by guest on 29 M

ay 2026

https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1109/TAC.1974.1100705
http://www.insectscience.org/12.147
http://www.insectscience.org/12.147
https://doi.org/10.1371/journal.pone.0128685
https://doi.org/10.1017/S0007485311000514
https://doi.org/10.1017/S0007485311000514
https://doi.org/10.1007/s13744-018-0623-6
https://doi.org/10.2307/1605
https://doi.org/10.1093/ee/28.1.22
https://academic.oup.com/aesa/article/96/4/539/97516
https://academic.oup.com/aesa/article/96/4/539/97516
https://doi.org/10.1093/jisesa/ieu006
https://doi.org/10.1093/jisesa/ieu006
https://doi.org/10.1111/afe.12234
https://doi.org/10.1007/s12600-009-0069-9
https://doi.org/10.3390/insects15090659
https://doi.org/10.2298/ABS0901329G
https://doi.org/10.2298/ABS0901329G


Journal of Insect Science, 2026, Vol. 26, No. 3 � 9

Gelechiidae). Environ. Entomol. 27:443–449. https://doi.org/10.1093/
EE/27.2.443

Honěk A, Honek A. 1993. Intraspecific variation in body size and fecun-
dity in insects: a general relationship. OIKOS 66:483–492. https://
doi.org/10.2307/3544943

Huffaker CB, Simmonds FJ, Laing JE, et al. 1976. The theoretical and 
empirical basis of biological control. In: Messenger PS, editor. Theory 
and practice of biological control. Academic Press. p. 41–78.

Hulting FL, Orr DB, Obrycki JJ. 1990. A computer program for calcu-
lation and statistical comparison of intrinsic rates of increase and 
associated life table parameters. Fla. Entomol. 73:601–612.

James H C. 1937. Sex ratios and the status of the male in pseudococcinae 
(Hem. Coccidae). Bull. Entomol. Res. 28:429–461. https://doi.
org/10.1017/S0007485300038906

Johnson T, Giliomee JH. 2011. Development of the oleander mealybug, 
Paracoccus burnerae (Brain) (Hemiptera: Pseudococcidae), on citrus 
at five temperatures. Afr. Entomol. 19:641–649. https://doi.
org/10.4001/003.019.0316

Lactin DJ, Holliday NJ, Johnson DL, et al. 1995. Improved rate model 
of temperature-dependent development by arthropods. Environ. 
Entomol. 24:68–75. https://doi.org/10.1093/EE/24.1.68

Lentini A, Mura A, Muscas E, et al. 2018. Effects of delayed mating on 
the reproductive biology of the vine mealybug, Planococcus ficus 
(Hemiptera: Pseudococcidae). Bull. Entomol. Res. 108:263–270. 
https://doi.org/10.1017/S000748531700075X

Lloyd D. 1952. Parthenogenesis in the mealybug, Phenacoccus solani 
Ferris. Can. Entomol. 84:308–310. https://doi.org/10.4039/
Ent84308-10

Logan JA, Wollkind DJ, Hoyt SC, et al. 1976. An analytic model for descrip-
tion of temperature dependent rate phenomena in arthropods. Environ. 
Entomol. 5:1133–1140. https://doi.org/10.1093/ee/5.6.1133

MAPA. 2024. Plan de acción de Delottococcus aberiae (De Lotto). 
Ministerio de Agricultura, Pesca y Alimentación.

MAPAMA. 2025. Sistema de Información Agroclimática para el Regadío 
(SiAR). Ministerio de Agricultura, Pesca y Alimentación. Accessed 
20 November 2025. https://servicio.mapa.gob.es/siarweb/

Martínez Ferrer MT. 2003. Biología y control del cotonet Planococcus 
citri (Homoptera: Pseudococcidae) en huertos de cítricos [PhD dis-
sertation]. Universitat Politècnica de València.

Martínez-Blay V, Benito M, Soto A. 2018a. Characterization and damage 
period to fruits caused by the invasive pest Delottococcus aberiae De 
Lotto (Hemiptera: Pseudococcidae). IOBC-WPRS Bull. 132:7–15.

Martínez-Blay V, Pérez-Rodríguez J, Tena A, et al. 2018b. Density and 
phenology of the invasive mealybug Delottococcus aberiae on citrus: 
implications for integrated pest management. J. Pest Sci. 91:625–637. 
https://doi.org/10.1007/s10340-017-0928-y

Martínez-Blay V, Pérez-Rodríguez J, Tena A, et al. 2018c. Seasonal dis-
tribution and movement of the invasive pest Delottococcus aberiae 
(Hemiptera: Pseudococcidae) within citrus tree: implications for its 
integrated management. J. Econ. Entomol. 111:2684–2692. https://
doi.org/10.1093/jee/toy279

Miller DR, Giliomee JH. 2011. Systematic revision of the mealybug genus 
Delottococcus Cox & Ben-Dov (Hemiptera: Pseudococcidae). Afr. 
Entomol. 19:614–640. https://doi.org/10.4001/003.019.0306

Özgökçe MSKE, Kara H. 2018. Life table and some biological features 
of Planococcus citri, Risso (Hemiptera: Pseudococcidae) on 41-B 
grapevine variety (Vitis vinifera L). YYU J. Agric. Sci. 2018:247–256.

Pérez-Hedo M, Catalán J, García-Martínez O, et al. 2018. Gestión inte-
grada de plagas de caqui. http://gipcaqui.ivia.es/area/plagas-principales. 
Accessed 15 March 2026

Pérez-Rodríguez J, Martínez-Blay V, Soto A, et al. 2017. Aggregation 
patterns, sampling plan, and economic injury levels for the new citrus 
pest Delottococcus aberiae (Hemiptera: Pseudococcidae). J. Econ. 
Entomol. 110:2699–2706. https://doi.org/10.1093/jee/tox258

Pérez-Rodríguez J, Miksanek JR, Selfa J, et al. 2019. Field evaluation of 
Cryptolaemus montrouzieri (Mulsant) (Coleoptera: Coccinellidae) 

as biological control agent of the mealybug Delottococcus aberiae 
De Lotto (Hemiptera: Pseudococcidae). Biol. Control 138:104027. 
https://doi.org/10.1016/j.biocontrol.2019.104027

Persad A, Khan A. 2002. Comparison of life table parameters for 
Maconellicoccus hirsutus, Anagyrus kamali, Cryptolaemus montrouzieri 
and Scymnus coccivora. BioControl 47:137–149. https://doi.
org/10.1023/A : 1014581616965

Plata Á, Gómez-Martínez MA, Beitia FJ, et al. 2023. Mealybugs in 
Mediterranean persimmon: fruit infestation, seasonal trend and effect 
of climate change. Entomologia 43:1161–1169. https://doi.
org/10.1127/entomologia/2023/2028

Prasad YG, Prabhakar M, Sreedevi G, et al. 2012. Effect of temperature 
on development, survival and reproduction of the mealybug, 
Phenacoccus solenopsis Tinsley (Hemiptera: Pseudococcidae) on cot-
ton. Crop Prot. 39:81–88. https://doi.org/10.1016/j.
cropro.2012.03.027

Ratkowsky DA, Lowry RK, McMeekin TA, et al. 1983. Model for bac-
terial culture growth rate throughout the entire biokinetic tempera-
ture range. J. Bacteriol. 154:1222–1226. https://doi.org/10.1128/
JB.154.3.1222-1226.1983

Rebaudo F, Rabhi VB. 2018. Modeling temperature-dependent devel-
opment rate and phenology in insects: review of major develop-
ments, challenges, and future directions. Entomol. Exp. Appl. 
166:607–617. https://doi.org/10.1111/eea.12693

Romero E, Benito M, Soto A. 2026. A novel parasitoid for an invasive 
mealybug: temperature-dependent biology of Anagyrus aberiae 
(Hymenoptera: Encyrtidae) and implications for the biological con-
trol of Delottococcus aberiae (Hemiptera: Pseudococcidae). J. Econ. 
Entomol. 119:55–64. https://doi.org/10.1093/jee/toaf291

Romoser W. 1981. Insects and their environment. In: The science of 
entomology. 2nd ed. Macmillan Publishing Company. p. 302–345.

Rosso L, Lobry JR, Flandrois JP. 1993. An unexpected correlation 
between cardinal temperatures of microbial growth highlighted by a 
new model. J. Theor. Biol. 162:447–463. https://doi.org/10.1006/
JTBI.1993.1099

Saeedi N, Damavandian MR, Moghanloo HD. 2015. Effects of tempera-
ture on population growth parameters of Cryptolaemus montrouzieri 
(Coleoptera: Coccinellidae) reared on Planococcus citri (Homoptera: 
Pseudococcidae). Arthropods 4:78–89. http://www.iaees.org/publi-
cations/journals/arthropods/online

Santa-Cecilia L, Prado E, Viana de Sousa M, et al. 2011. Effect of tem-
perature on development and survival of the mealybug cochineal 
Pseudococcus longispinus (Targioni Tozzetti, 1867) (Hemiptera: 
Pseudococcidae) in coffee. Coffee Sci 6:91–97.

Shikwambana S, Malaza N, Shale K. 2021. Impacts of rainfall and tem-
perature changes on smallholder agriculture in the Limpopo province, 
South Africa. Water (Switzerland) 13:2872. https://doi.org/10.3390/
w13202872

Soto A, Benito M, Martínez-Blay V, et al. 2021. Liberación del parasit-
oide Anagyrus aberiae Guerrieri en el medio natural, como herra-
mienta de control de la plaga invasiva Delottococcus aberiae (De 
Lotto) y primeros resultados. Phytoma 329:24–31.

Soto A, Martínez-Blay V, Beltrà A, et al. 2016a. Delottococcus aberiae 
(De Lotto) (Hemiptera: Pseudococcidae), comportamiento de la plaga 
en parcelas de cítricos valencianos. Phytoma 277:49–53.

Soto A, Martínez-Blay V, Benito M, et al. 2016b. Delottococcus aberiae 
(De Lotto) (Hemiptera: Pseudococcidae): viabilidad de su control 
biológico. Phytoma 284:85–87.

Statgraphics Technologies, Inc. 2022. Statgraphics Centurion XVIII 
(Version 18.1.16).

Tabata J, Ichiki RT, Tanaka H, et al. 2016. Sexual versus asexual repro-
duction: distinct outcomes in relative abundance of parthenogenetic 
mealybugs following recent colonization. PLoS One. 11:e0156587. 
https://doi.org/10.1371/journal.pone.0156587

Tena A, García-Bellón J, Urbaneja A. 2017. Native and naturalized 
mealybug parasitoids fail to control the new citrus mealybug pest 

D
ow

nloaded from
 https://academ

ic.oup.com
/jinsectscience/article/26/3/ieag039/8684069 by guest on 29 M

ay 2026

https://doi.org/10.1093/EE/27.2.443
https://doi.org/10.1093/EE/27.2.443
https://doi.org/10.2307/3544943
https://doi.org/10.2307/3544943
https://doi.org/10.1017/S0007485300038906
https://doi.org/10.1017/S0007485300038906
https://doi.org/10.4001/003.019.0316
https://doi.org/10.4001/003.019.0316
https://doi.org/10.1093/EE/24.1.68
https://doi.org/10.1017/S000748531700075X
https://doi.org/10.4039/Ent84308-10
https://doi.org/10.4039/Ent84308-10
https://doi.org/10.1093/ee/5.6.1133
https://servicio.mapa.gob.es/siarweb/consultaDatos/inicio
https://doi.org/10.1007/s10340-017-0928-y
https://doi.org/10.1093/jee/toy279
https://doi.org/10.1093/jee/toy279
https://doi.org/10.4001/003.019.0306
http://gipcaqui.ivia.es/area/plagas-principales
https://doi.org/10.1093/jee/tox258
https://doi.org/10.1016/j.biocontrol.2019.104027
https://doi.org/10.1023/A : 1014581616965
https://doi.org/10.1023/A : 1014581616965
https://doi.org/10.1127/entomologia/2023/2028
https://doi.org/10.1127/entomologia/2023/2028
https://doi.org/10.1016/j.cropro.2012.03.027
https://doi.org/10.1016/j.cropro.2012.03.027
https://doi.org/10.1128/JB.154.3.1222-1226.1983
https://doi.org/10.1128/JB.154.3.1222-1226.1983
https://doi.org/10.1111/eea.12693
https://doi.org/10.1093/jee/toaf291
https://doi.org/10.1006/JTBI.1993.1099
https://doi.org/10.1006/JTBI.1993.1099
http://www.iaees.org/publications/journals/arthropods/online
http://www.iaees.org/publications/journals/arthropods/online
https://doi.org/10.3390/w13202872
https://doi.org/10.3390/w13202872
https://doi.org/10.1371/journal.pone.0156587


10� Romero et al.

Delottococcus aberiae. J. Pest Sci. 90:659–667. https://doi.
org/10.1007/s10340-016-0819-7

Trudgill DL, Honek A, Li D, et al. 2005. Thermal time–concepts and 
utility. Ann. Appl. Biol. 146:1–14. https://doi.org/10.1111/J.1744- 
7348.2005.04088.X

Uvarov BP. 1931. Insects and climate. Trans. R. Entomol. Soc. Lond. 
79:1–232. https://doi.org/10.1111/j.1365-2311.1931.tb00696.x

Vacas S, Navarro I, Marzo J, et al. 2019. Sex pheromone of the inva-
sive mealybug citrus pest, Delottococcus aberiae (Hemiptera: 
Pseudococcidae). A new monoterpenoid with a necrodane skeletoni. 
J. Agric. Food Chem. 67:9441–9449. https://doi.org/10.1021/acs.jafc. 
9b01443

Varikou K, Birouraki A, Bagis N, et al. 2010. Effect of temperature on 
the development and longevity of Planococcus ficus (Hemiptera: 
Pseudococcidae). Ann. Entomol. Soc. Am. 103:943–948. https://doi.
org/10.1603/AN10043

Wagner TL, Wu H-I, Sharpe PJH, et al. 1984. Modeling insect develop-
ment rates: a literature review and application of a biophysical model. 
Ann. Entomol. Soc. Am. 77:208–220.

Waterworth RA, Wright IM, Millar JG. 2011. Reproductive biology of three 
cosmopolitan mealybug (Hemiptera: Pseudococcidae) species, 
Pseudococcus longispinus, Pseudococcus viburni, and Planococcus ficus. 
Ann. Entomol. Soc. Am. 104:249–260. https://doi.org/10.1603/ 
AN10139

D
ow

nloaded from
 https://academ

ic.oup.com
/jinsectscience/article/26/3/ieag039/8684069 by guest on 29 M

ay 2026

https://doi.org/10.1007/s10340-016-0819-7
https://doi.org/10.1007/s10340-016-0819-7
https://doi.org/10.1111/J.1744-7348.2005.04088.X
https://doi.org/10.1111/J.1744-7348.2005.04088.X
https://doi.org/10.1111/j.1365-2311.1931.tb00696.x
https://doi.org/10.1021/acs.jafc.9b01443
https://doi.org/10.1021/acs.jafc.9b01443
https://doi.org/10.1603/AN10043
https://doi.org/10.1603/AN10043
https://doi.org/10.1603/AN10139
https://doi.org/10.1603/AN10139

	Active Content List
	Introduction
	Materials and Methods
	Results
	Discussion
	Author Contributions
	Funding
	Conflicts of Interest


