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With 4 figures

Abstract: Mealybugs (Hemiptera: Pseudococcidae) are the main pest of persimmon in Spain, the second producer in the 
world. In order to develop an Integrated Pest Management (IPM) program, it is necessary to identify the main mealybug 
species, determine their phenology, and develop tools to predict damage. To do this, we sampled 17 orchards from the main 
persimmon producing area in Spain over two years. Pseudococcus longispinus (Targioni-Tozzeti) was the most abundant 
and widely distributed species. This mealybug species completed three generations per year and reached peak density 
just before harvest. Fruit infestation at harvest was highly correlated with mealybug density in spring and summer. The 
estimated thermal constants to complete development and one generation were 512.5 and 956.3 degree days, respectively. 
Based on climate change predictions, crop damage caused by the third generation of P. longispinus will increase in 2040 
and the mealybug will complete a fourth generation by 2080. Pseudococcus longispinus has become the main pest for 
Mediterranean persimmon and damage produced by this mealybug may be exacerbated by climate change. This work pro-
vides essential data to design a sampling protocol and determine intervention times and thresholds against this mealybug.
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1  Introduction

Pest pressure tends to increase after the first years of planting 
a new crop in a new area (Panizzi & Correa-Ferreira 1997). 
This trend has also occurred with the expansion of persim-
mon in Spain. The area dedicated to growing persimmons 
has increased sixfold in the last 25 years in this country, 
that has become the largest producer of persimmon in the 
Mediterranean basin and the second producer in the world 
(FAO 2022). In the last decade, the density of some pests 
has increased, and mealybugs stand out among these pests 
(Fernandez-Zamudio et al. 2020; García-Martínez 2019).

Mealybugs represent the main threat for Spanish per-
simmons. In 2021, farmers reported a 20–25% decrease in 
production that represented 40€ million losses due to the 
damage produced by mealybugs (ASAJA 2021). The dam-
age is caused by the honeydew excreted by mealybugs which 
supports the growth of sooty mold, depreciating the fruits 
(García-Martínez 2019). Additionally, persimmon fruits can 
lose commercial value due to the mere presence of mealy-
bug at harvest. The three most abundant mealybug species 
in Spanish persimmon orchards are Pseudococcus longis-
pinus (Targioni-Tozzeti), Pseudococcus viburni (Signoret) 

and Planococcus citri (Risso) (García-Martínez et al. 2017; 
Prieto 2016). The cryptic behavior of mealybugs and their 
difficult identification make their management problem-
atic. In order to develop Integrated Pest Management (IPM) 
programs against mealybugs, it is important to identify the 
mealybug species that are currently causing the damage in 
the main persimmon producing area and to study their sea-
sonal trend and phenology.

As with other insects, temperature is the driving abiotic 
factor for mealybug development, and can strongly alter 
mealybug phenology (Martínez-Ferrer et al. 2003; Walton 
et al. 2013). Although other abiotic factors such as humid-
ity may also affect mealybug development, the magnitude 
of their effect seems to be lower than temperature (Gillani 
et al. 2009). From the mid-20th century to the present, there 
has been a global increase in the average annual temperature 
and most models predict that greenhouse gas emissions will 
accelerate this warming during the 21st century (IPCC 2014). 
The Mediterranean basin is especially susceptible to this 
phenomenon (IPCC 2014; Zittis et al. 2019). Consequently, 
insects can be pervasively affected by climate change and 
the incidence of several insect pests can increase (Jactel 
et al. 2019; Skendžić et al. 2021). In the case of mealybugs,  
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temperature increase can expand their distribution, decrease 
their generation time, and increase their fecundity and 
survival in winter (Fand et al. 2014; Jara et al. 2013; Ji 
et al. 2020). Therefore, it is necessary to study mealybug 
responses under the projected climate scenarios to predict 
future damages.

The aims of this work were to: i) determine the spa-
tio-temporal dynamics of mealybug species in the main 
persimmon producing area of the Mediterranean basin;  
ii) determine seasonal trend, phenology, and fruit infestation 
of the main mealybug species; and, iii) predict the effect of 
climate change on mealybug phenology. To achieve the third 
aim, the thermal constant necessary to complete a genera-
tion for the main mealybug species identified was estimated 
under field conditions.

2  Material and methods

2.1  Spatio-temporal dynamics of mealybugs
Seventeen persimmon orchards located in Valencia, Spain, 
were selected. All persimmon orchards were managed 
under IPM guidelines, details of which are provided in 
Supplementary materials: Table S1. Within each orchard, a 
plot consisting of 40 trees (8 × 5) was established. This stan-
dardized size was used because it was the maximum area that 
could be applied to all the orchards of our study (Table 1). 
From each 40-trees plot, nine alternate trees were sampled 
(Supplementary materials: Fig. S1) in spring (between May 

10 and 22), summer (between July 14 and July 27) and early-
autumn (between September 27 and October 10) across two 
consecutive years (2020 and 2021). For each tree and date, 
120 leaves (30 per cardinal direction), 40 fruits (10 per car-
dinal direction) and the surface of the trunk (from the base to 
a 50 cm height) were surveyed. Fruits and leaves were ran-
domly chosen from those closest to the ground up to a height 
of 2 meters and from the external and internal part of the tree, 
and the trunk was inspected for 30 seconds. All mealybugs 
were counted and identified to species using taxonomic keys 
(Miller & Giliomee 2011; Williams & Granara 1992). When 
necessary, insects were collected and transported to the labo-
ratory for identification under stereo- or compound- (young 
nymphs of mealybugs) microscopy. All field observations 
were made between 9 a.m. and 4 p.m.

To study the seasonal trend of mealybugs, mealybug den-
sity was calculated for each mealybug species as the mean 
number of mealybugs (sum of mealybugs observed in 120 
leaves, 40 fruits, and trunk) per orchard (mean of nine trees) 
and sampling date. To evaluate whether mealybug density 
was affected by season and year, a factorial generalized lin-
ear model (GLM) with Poisson distribution was used, with 
mealybug density (all mealybug species together) as the 
response variable and season (spring, summer and autumn) 
and year (2020 and 2021) as explanatory variables. Multiple 
comparisons to assess differences among seasons were based 
on Tukey’s post hoc tests.

To study the geographical distribution of mealybugs, 
the relative abundance of each mealybug species for each 
orchard and year was calculated.

2.2  Fruit infestation of P. longispinus
To estimate the damage caused by the most abundant mealy-
bug species, P. longispinus, the proportion of fruit infested 
by this mealybug at harvest was calculated. The proportion 
of fruit infested by mealybugs at harvest can provide a good 
estimation of damage because these fruits lose commer-
cial value due to mealybug presence. This proportion was 
calculated for each orchard (mean of 9 trees; 40 fruits per 
tree) and year as the number of fruits infested by P. longis-
pinus divided by the number of sampled fruits. To determine 
whether the proportion of fruits infested by P. longispinus 
at harvest (autumn) can be predicted with early season 
sampling, in spring or summer, two GLMs with binomial 
distribution were used. The proportion of fruits infested in 
autumn was the response variable, while the proportion of 
fruits infested in spring or summer were the explanatory 
variables. Year (2020 and 2021) was also included as fixed 
factor in both models. The assumed error structures were 
then assessed using a heterogeneity factor equal to the resid-
ual deviance divided by the residual degrees of freedom. If 
an over- or an underdispersion was detected, we re-evalu-
ated the significance of the explanatory variables using an 
F-test after re-scaling the statistical model by a Pearson’s 
χ2 divided by the residual degrees of freedom. Significance 

Fig. 1. Seasonal mealybug density in the 17 persimmon 
orchards in Valencia during 2020 and 2021. Presented as the 
mean number of mealybugs sampled per tree per orchard (± 
SE). Different letters represent significant differences between 
the mean densities of mealybugs in the three seasons of each 
year (Tukey test, P < 0.05). Bars represent the seasonal relative 
abundance of each mealybug species.
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was assessed by the change in deviance when a variable was 
removed from the model using a χ2 test with binomial error. 
Significant values are given for the minimal model, while the 
non-significant values are those obtained before we deleted 
the variable from the initial model (Crawley 2007).

2.3   Seasonal trend and phenology of  
P. longispinus

An orchard that had high density of P. longispinus 
(39°48′12.1″N 0°09′58.7″W 15 m. a.s.l) was selected to 
study the seasonal trend and phenology of this mealybug 
species over 2021 and 2022. In this orchard, 16 trees were 
selected and sampled twice per month. The same trees were 
sampled over the two years. From each tree, 40 leaves (ten 
per cardinal direction), 20 fruits (five per cardinal direc-
tion) and the surface of the trunk (from the base to a 50 cm 
height) were sampled, and the number of P. longispinus was 
recorded.

The mean number of mealybugs per tree and sampling 
date was recorded, as well as the developmental instar of 
each mealybug individual. Adult males were rarely seen and 
were not considered. The phenology was described based 
on the proportion of each mealybug instar per sample, and 
it was recorded only when more than 10 mealybugs were 
observed per sampling date. The number of generations per 
year was estimated by counting the number of peaks of first 
instar nymphs (herein after “peak of nymphs”).

2.4   Degree-days necessary to complete a 
generation and reach adulthood

Based on the calculated temperature thresholds for develop-
ment under laboratory conditions (Costa et al. 2011; Raja 
et al. 2011), the degree-day curve of P. longispinus for the 
two study years was determined. For this, the daily mean 
temperature recorded in the closest weather station was used 
(SIAR Carlet, 6.5 km from the sampled orchard). Each day, 
the number of degrees above the lower threshold temperature 
for development of P. longispinus (8°C) was accumulated, 
up to 27°C, which is the optimal development temperature 
(Costa et al. 2011; Raja et al. 2011; Fig. S2). The upper 
temperature threshold is unknown for P. longispinus, but it 
is known that is above 32°C (Costa et al. 2011; Raja et al. 
2011). As daily mean temperature in the study area does not 
exceed this temperature in any of our models, it was assumed 
that the development rate decreased linearly above the opti-
mum temperature. Therefore, when the daily mean tempera-
ture exceeded 27°C, each degree above was subtracted from 
the optimal 19 degree-days (see supplementary materials: 
Fig. S2 for details).

The number of accumulated degree-days from January 
1st until the first peak of nymphs was determined for the two 
years. January 1st was taken because the lowest temperatures 
in the area are reached in January (see supplementary materi-
als: Fig. S3).

To calculate the degree-days necessary to complete a 
generation, the degree-days between consecutive peaks 
of nymphs within a year were calculated. Therefore, the 
degree-days between the first and second peaks of nymphs 
and between the second and the third peaks of nymphs for 
both years were calculated. Then, the mean for the four gen-
erations, two from each year, was calculated.

To calculate the degree-days necessary to reach adult-
hood, the number of accumulated degree-days between the 
peaks of nymphs and the subsequent peak of adult females 
was estimated. Then, the mean accumulated degree-days for 
four generations, two from each year, was calculated.

2.5   Effect of climate change on P. longispinus 
phenology

Different degree-day curves were generated with the tem-
perature thresholds of P. longispinus, described in the pre-
vious section, but assuming changes in the daily mean 
temperature. Firstly, a degree-day curve that represents the 
current annual temperature trend was generated. To do this, 
the climate data from the last 10 years in the closest weather 
station was used (Carlet, 6.5 km from the sampled orchard; 
MAPAMA database). For each day, the average daily mean 
temperature in the last 10 years was calculated. Secondly, 
three additional curves were generated to simulate different 
scenarios. One degree-day curve was generated to simulate a 
recent past scenario (1972–1996), when this mealybug spe-
cies was not problematic to Spanish persimmon. This curve 
was calculated with a daily mean temperature 1.1°C below 
the current temperature (i.e. each day was considered 1.1°C 
cooler than the average daily mean temperature in the last 
10 years). This 1.1°C was the difference between the annual 
average temperature of the last 25 years (1997–2021) and the 
previous 25-year series (1972–1996) from the closest station 
recording temperatures in 1972. This was the Meteorological 
station #8416 of Valencia, 35 km from the sampled orchard 
(MAPAMA database).

Then, two degree-day curves with the most probable 
scenarios of temperature in the short-medium (2040–2060) 
and medium-long term (2080–2100) were generated. The 
curves were based on the predictions of the IPCC 2014 for 
the Mediterranean basin: an increase of ~1.5°C for the period 
2040–2060 and ~3°C for 2080–2100 (IPCC 2014; Zittis et al. 
2019). As the models agree that the temperature will increase 
more in summer than in winter in the Mediterranean area 
(Cos et al. 2022), the 2040–2060 curve was calculated with 
a daily mean temperature 1°C above the current temperature 
from December to February; +1.5°C from March to May; 
+2°C from June to August; and +1.5°C from September to 
November. The curve for the 2080–2100 scenario was based 
on the predictions of the IPCC 2014 for the Mediterranean 
basin (an increase of ~3°C) (IPCC 2014; Zittis et al. 2019). 
The 2080–2100 curve was calculated with a daily mean tem-
perature 2°C above the current temperature from December 
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to February; +3°C from March to May; +4°C from June to 
August; and +3°C from September to November.

Based on the number of degree-days necessary to reach 
the first peak of nymphs, to complete a generation and to 
reach adulthood under field conditions, which had been pre-
viously estimated, the number of generations per year and 
when they would occur under the three climate scenarios 
were estimated.

3  Results

3.1  Spatio-temporal dynamics of mealybugs
To study the geographical distribution and seasonal trend of 
the main mealybug species, 17 persimmon orchards were 
sampled in spring, summer and autumn of 2020 and 2021. A 
total of 66,065 mealybugs were counted and identified dur-
ing the two years, 20,465 in 2020 and 45,600 in 2021. Of 
these mealybugs, 131 were observed on trunk (0.2%), 15,855 
(24%) on leaves and 50,079 (75.8%) on fruit. Mealybug 
density, measured as mean number of mealybugs per tree 
per orchard, was higher in 2021 than in 2020 (F1, 98 = 5.17,  
P = 0.025) and was strongly affected by season (F2, 99 = 6.6, 
P < 0.001), independently of the year (Interaction season × 

year: F2, 96 = 0.26, P = 0.77) (Fig. 1). Mealybug density was 
significantly higher in summer than in spring, and in autumn 
than in summer.

Three species of mealybugs were identified: P. longispi-
nus, P. viburni and P. citri. Pseudococcus longispinus was the 
most abundant species over the two-year study: 88.8% of the 
sampled individuals in 2020 and 98.2% in 2021. Moreover, P. 
longispinus was also the species with the widest distribution. 
It was present in 14 and 16 out of the 17 sampled orchards in 
2020 and 2021, respectively (Fig. 2). Pseudococcus viburni 
was the second species in relative abundance (8.5% in 2020 
and 1.4% in 2021). In both years, it was present across all 
seasons. Pseudococcus viburni was observed in nine and 
eight orchards in 2020 and 2021, respectively, but two of 
these orchards had very low abundance. Planococcus citri 
was present only in summer and autumn in both years and 
observed in seven orchards, but with low relative abundance 
(2.6% in 2020 and 0.4% in 2021).

3.2  Fruit infestation of P. longispinus
The proportion of fruit infested by P. longispinus was cal-
culated in spring, summer and autumn of 2020 and 2021. 
These data were used to determine whether the infestation 
at harvest (autumn) can be predicted with the infestation 

Fig. 2. Complex of mealybug species in the 17 persimmon orchards sampled in the main persimmon producing 
area of the Mediterranean basin (eastern Spain). The different shades represent the relative abundance of each 
mealybug species in each orchard and year (including the three sampling seasons: spring, summer and autumn). 
Geographical reference system: WGS84.
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levels in spring or summer. The proportion of fruit infested 
by P. longispinus per tree and orchard in spring averaged 
0.017 ± 0.006 in 2020 and 0.03 ± 0.015 in 2021. In summer, 
this proportion increased to 0.067 ± 0.048 in 2020 and 0.217 
± 0.064 in 2021. During the harvest period in autumn, the 
proportion of fruit infested by P. longispinus averaged 0.206 
± 0.053 in 2020 and 0.341 ± 0.093 in 2021.

The proportion of fruit infested by P. longispinus in 
autumn was positively correlated with the proportion in 
spring (F1, 32 = 9.98, P < 0.001), without a significant effect 
of the year (F1, 31 = 1.44, P = 0.24) nor a significant interac-
tion (F1, 30 = 0.39, P = 0.54). The model explained 43.8% 
of the total deviance (Fig. 3A and Table S2). Likewise, the 
proportion of fruit infested by P. longispinus in autumn was 
positively correlated with this proportion in summer (F1, 32 = 
60.18, P < 0.001), without a significant effect of the year (F1, 
31 = 2.4, P = 0.13) nor a significant interaction (F1, 30 = 0.57, 
P = 0.46). The model explained 65% of the total deviance 
(Fig. 3B and Table S2).

3.3  Density and phenology of P. longispinus
To describe the density and phenology of P. longispinus in 
detail, a persimmon orchard was sampled twice per month 
in 2021 and 2022. Pseudococcus longispinus density was 

extremely low during the winter (Fig. 4). The few individu-
als observed between December and May were mostly adult 
females hidden under the bark of the trunk. At the beginning 
of May, when persimmons are setting, female adults of P. 
longispinus were observed moving towards the tree canopy 
and settling under the sepals of the newly set fruits. Then, 
P. longispinus density increased exponentially until harvest, 
reaching a maximum in October. In 2022, there was a slight 
decrease in P. longispinus density during mid-August, but 
then it grew exponentially again until October.

Three discrete generations of P. longispinus were 
observed per year, as shown by peaks of nymphs (Fig. 4). The 
first peak of nymphs was observed in mid-June of both years, 
with a proportion of first nymph instars of 0.64 in 2021 and 
0.76 in 2022. The second peak of nymphs was observed in 
mid-August, when the proportion of first instar nymphs was 
0.62 in 2021, and 0.49 in 2022. During 2022, the second peak 
of nymphs was taken as the intermediate date between two 
consecutive sampling dates, as the proportion of first instar 
nymphs and adults was similar on both dates. The third peak 
of nymphs was observed in early October both years, with a 
proportion of first instar nymphs of 0.73 in 2021, and 0.5 in 
2022. The highest density of P. longispinus was reached at 
this third peak of nymphs both years (Fig. 4).

Fig. 3. The proportion of fruit infested by P. longispinus in spring (A) and in summer (B) to the proportion of fruit infested by P. longis-
pinus in autumn. Each point represents the mean (± SE) proportion per tree and orchard in 2020 and 2021. Tree was the sampling 
unit for each orchard and there were nine trees per orchard. Lines represent the generalized linear models (GLMs) with binomial 
distribution. The year was not included as a factor in the model as neither the year nor its interaction with season were significant.
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Fig. 4. Red lines represent the seasonal density of Pseudococcus longispinus in the persimmon orchard throughout 2021 and 2022, 
represented by the number of mealybugs per tree (Mean of 16 trees ± SE). The trunk surface, 40 leaves and 20 fruits were sampled 
in each tree. The dashed line represents the trend after fruit harvest, when only the trunk and leaves were sampled because the 
trees had no fruit. Grey scale represent the seasonal phenology of Pseudococcus longispinus in the persimmon orchard throughout 
2021 (A) and 2022 (B). The black dotted line represents the number of accumulated degree-days as of January 1st, considering the 
temperature thresholds for development of P. longispinus. Dashed horizontal lines represent the number of accumulated degree-days 
when the different peaks of first instar nymphs and adult females were reached.

1166    Ángel Plata et al.



3.4   Degree-days necessary to complete a 
generation and reach adulthood

The degree-days necessary to complete a generation 
and reach adulthood were calculated using the previous 
data. The first peak of nymphs was reached at 1176.7 and 
1166.7 degree-days in 2021 and 2022, respectively (Fig. 4). 
Therefore, the mean degree-days (herein after “DD”) for the 
first peak of nymphs was 1171.7 ± 5 DD. In 2021, the sec-
ond and third peaks of nymphs were reached at 2112.4 and 
3081.8 DD (Fig. 4A). In 2022, these peaks were reached at 
2116.2 and 3086.9 DD (Fig. 4B). Therefore, in 2021 there 
were 935.7 DD and 969.4 DD between peaks of nymphs, 
while in 2022 there were 949.5 DD and 970.7 DD between 
these peaks. These values averaged a thermal constant of 
956.3 ± 8.4 DD to complete each generation.

In 2021, the first peak of adult females was reached at 
1651.1 DD and the second at 2626.1 D (Fig. 4A). In 2022, 
these peaks were reached at 1644 DD and 2702.2 DD, respec-
tively (Fig. 4B). Therefore, there were 474.4 and 512.3 DD 
between the peaks of nymphs and the subsequent peaks of 
adults in 2021, and 477.3 and 586 DD in 2022. These val-
ues averaged a thermal constant of 512.5 ± 26 DD to reach 
adulthood.

3.5   Effect of climate change on P. longispinus 
phenology

To evaluate the effect of climate change on P. longpispinus 
phenology, we generated three models. These models rep-
resent the temperature between 1972–1996, when P. lon-
gispinus was not considered a pest in persimmon, and the 
most probable scenarios of temperature in the short-medium 
(2040–2060) and medium-long term (2080–2100) based on 
the predictions of the IPCC 2014 for the Mediterranean basin.

3.6  1972–1996 scenario
The generated model shows that P. longispinus would reach 
the two first nymphal peaks approximately two weeks later 
under the 1973–1996 scenario (Fig. S4; blue line vs. black 
line). The second generation would reach adulthood 20 days 
later (in late September instead of early September). The 
third peak of nymphs would be 40 days later, in November 
instead of October. This third generation would not reach the 
adulthood.

3.7  2040–2060 scenario
The generated model shows that P. longispinus will reach the 
three nymphal peaks approximately two weeks earlier under 
the 2040–2060 scenario (Fig. S4; orange line vs. black line). 
The second generation will reach the adulthood 12 days ear-
lier. The third generation will reach the adulthood 56 days 
earlier, in late October instead of late December.

3.8  2080–2100 scenario
The generated model shows that P. longispinus will reach the 
three nymphal peaks approximately three weeks earlier under 
2080–2100 scenario (Fig. S4; red line vs. black line). The 

second generation will reach adulthood 18 days earlier. The 
third generation will reach adulthood 70 days earlier (early 
October instead of late December). A fourth peak of nymphs 
will occur in November, so there will be one more generation.

4  Discussion

The number and density of pests has increased in persimmon 
after its expansion within the Mediterranean basin. This work 
demonstrates that P. longispinus was the main mealybug spe-
cies in the main Mediterranean persimmon-producing area, 
and can cause high crop damage. In this manuscript, we have 
described the fruit infestation levels, the seasonal trend and 
the phenology of P. longispinus. We have also related these 
observations with current and expected temperature in the 
coming years under global warming. Finally, we used these 
data to suggest potential sampling protocols and manage-
ment strategies against P. longispinus in persimmon.

The long-tailed mealybug P. longispinus was the most 
abundant and widely distributed mealybug species across 
the 17 persimmon orchards sampled in our two-year study. 
Previous studies had shown that P. longispinus, P. viburni and 
P. citri were equally abundant in this area until 2015 (García-
Martínez et al. 2017; Prieto 2016). Our results showed that 
P. longispinus has become the predominant mealybug spe-
cies. In our study, more than 20% of the fruit was infested 
by P. longispinus at harvest and this percentage increased 
from 2020 to 2021. The second year of the study, four of the 
17 sampled orchards exceeded 80% of fruit infested by this 
mealybug at harvest. These infestation levels of P. longispi-
nus are strongly higher than those reported five years earlier 
(García-Martínez 2019). Several factors could explain why 
P. longispinus has become the most abundant and damag-
ing mealybug species in persimmon. Below, we discuss the 
effect of temperature and climate warming on the phenology 
and density of this mealybug.

Pseudococcus longispinus completed three annual gen-
erations per year in persimmon and reached the maximum 
density in the third generation that occurred in autumn, when 
persimmons are harvested. Field studies from other crops and 
countries with Mediterranean climate also observed three 
annual generations for P. longispinus (Furness 1976; Charles 
1981). The thermal constants estimated in the present study 
could be useful to predict the peaks of young nymphs of P. 
longispinus, which are susceptible to insecticides. Many 
active ingredients have low efficacy against adult females 
because they are protected by wax (Ulusoy et al. 2022). If it 
is necessary to spray with insecticides, we recommend spray-
ing against the first nymphal peak (1200 DD from January 
1st) because persimmon fruit is not fully developed, and 
mealybug developmental stages are more exposed and sus-
ceptible to insecticides. Another strategy to improve the con-
trol of P. longispinus could be the release of natural enemies. 
The main natural enemy of P. longispinus in Mediterranean 
persimmon is the encyrtid parasitoid Anagyrus fusciven-
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tris (Plata et al. 2023). This species parasitizes third instar 
nymphs and adult females of P. longispinus. Therefore, the 
optimal times for inoculative or inundative releases of this 
parasitoid would be when the proportion of adults is high 
(1650 and 2650 DD from January 1st).

To calculate the intervention thresholds against P. lon-
gispinus, it is first necessary to develop a sampling protocol. 
Our results demonstrate that fruit infestation at harvest can 
be predicted at the end of spring or mid-summer. Therefore, 
we suggest a binomial sampling based on direct observa-
tions of persimmon fruit in late spring (June) and repeat it 
in August, when the deviance explained by our model was 
higher. Monitoring the presence/absence of mealybugs by 
direct observation of fruit has been widely used in IPM pro-
grams of other mealybug species and in other crops (Pérez-
Rodríguez et al. 2017). For Mediterranean persimmon, 
economic and environmental cost analysis must next be car-
ried out to determine intervention thresholds.

Our models suggest that crop damage caused by the third 
generation of P. longispinus will increase in 2040 and the 
mealybug will complete a fourth generation by 2080 under 
the predicted climate models. Under the assumption of 1.5°C 
increase in the annual average temperature, predicted in the 
short-medium term (2040–2060), our models showed that 
the third generation will reach adulthood two months ear-
lier, in late October instead of late December, so it would 
develop and cause damage (honeydew excretion) before 
harvest. Under the assumption of 3°C increase in the annual 
average temperature, predicted by the end of the century 
(2080–2100), P. longispinus will complete one more genera-
tion and a fourth peak of nymphs will occur in November. 
On the other hand, although the predicted average daily 
mean temperature does not exceed 32°C (Fig. 2), a high level 
of unpredictability is expected regarding heatwave events. 
Pseudococcus longispinus tolerates high temperatures (up to 
39°C) for a limited time (Hollingsworth & Armstrong 2005), 
but prolonged periods above 36°C can increase mortality 
of P. longispinus nymphs (Costa et al. 2011). Our models 
also show that the temperature increase over the two hottest 
months, July and August, will slightly slow down P. longis-
pinus development by exceeding its optimum temperature 
for development (Fig. S4). The effect of climate warming on 
mealybugs have been studied for several species (Fand et al. 
2014; Jara et al. 2013; Ji et al. 2020). However, this is the first 
time that this question is addressed for P. longispinus. This 
mealybug species is present in most regions of the world and 
can affect a wide variety of crops. Our findings showed that 
climate warming may be a key factor causing outbreaks of 
P. longispinus and facilitating its pest status in some crops 
from temperate ecosystems such as the Mediterranean basin. 
Further research should evaluate how the effect of climate 
warming on P. longispinus can be modulated by the interac-
tions between the mealybug, its natural enemies, and mutu-
alistic ants, as temperature related biological and behavioral 
changes of these organisms can be contrasting (Gutierrez 
et al. 2008; Zhou et al. 2017).

5  Conclusion

Pseudococcus longispinus has become the most damag-
ing pest in the main persimmon-producing area of the 
Mediterranean basin. The abundance and damage produced 
by P. longispinus may increase in the coming years because 
it might have a fourth generation due to rising temperatures. 
There is, therefore, an urgent need to develop an IPM pro-
gram against this mealybug. Essential data to design a sam-
pling protocol and determine intervention thresholds are 
provided in this manuscript. Our data show that fruit infes-
tation at harvest can be predicted by sampling fruit infes-
tation in late spring or mid-summer. The critical times to: 
i) spray insecticides against insecticide-susceptible instars; 
and ii) release the parasitoid A. fusciventris have also been 
determined. Further research should identify and evaluate 
the efficacy of this parasitoid in Mediterranean persimmon 
orchards, as well as the potential mutualistic relationship 
between P. longispinus and ants.
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Figure S1. Plot of 40 trees selected in each orchard, the trees in black were sampled in spring, summer 
and autumn 2020 and 2021. 
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Figure S2. Top graph: Speed of development (1/ Time to reach adulthood) of P. longispinus at different 
temperatures on different plants. Based on laboratory tests carried out by Costa et al. (2011) and Gillani 
(2011). 8ºC is the minimum temperature for development and 27ºC is the optimum temperature for 
development. Bottom graph: Number of accumulated degree-days each day according to the daily mean 
temperature in our experimental orchard. 
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Figure S3. Black line represents the average daily mean temperature during the last 10 years (2012-2021) 
in the closest weather station to the sampled orchard (SIAR Carlet, 6.5 kms from the sampled orchard).  
Blue line represents the daily mean temperature under a recent past scenario (1972-1996). Orange and red 
lines represent the daily mean temperature under the predicted scenarios in 2040-2060 and 2080-2100. Grey 
dashed line represent the threshold temperature for development (8ºC) and green dashed line represents the 
optimum temperature for development (27ºC) of P. longispinus. 
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Figure S4. Potential effects of climate change on Pseudococcus longispinus phenology. The black dotted 
line represents the number of accumulated degree-days under the current temperature trend (2012-2021 
daily mean temperatures). The blue dotted line represents the number of accumulated degree-days under 
the recent past scenario (1972-1996). The orange and red dotted lines represent the number of accumulated 
degree-days under the predicted scenarios in 2040-2060 and 2080-2100. The dashed horizontal lines 
represent the thermal constants (number of accumulated degree-days) calculated for P. longispinus to reach 
the nymphal and adult peaks in persimmon. The intersection between the dashed lines and the different 
dotted lines represents the day of the year in which P. longispinus would reach nymphal and adult peaks 
under the different scenarios. 
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Table S1. Agronomic characteristics of the 17 persimmon orchards from the main persimmon producing 
area of the Mediterranean basin (eastern Spain) sampled in 2020 and 2021. Orchards were drip irrigated, 
the persimmon variety was 'Rojo brillante' and farmers followed the IPM guidelines in all the orchards 
(http://gipcaqui.ivia.es/). 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


  


Orchard Altitude 
(m a.s.l) 


Orchard 
size (ha) 


Crop age 
(years) 


Green 
cover Surrounding landscape 


1 178 3.64 10 Medium Citrus/Forest/Persimmon 
/Other crops 


2 180 1.46 10 Medium Citrus/Persimmon/Forest 


3 151 0.29 7 Very low Citrus/Persimmon/Other crops 


4 13 0.23 17 None Citrus/Persimmon 
/Vegetables/Rice 


5 105 0.42 6 Low Citrus/Persimmon/Gardens 


6 63 0.46 17 High Citrus/Persimmon 


7 113 0.56 6 Medium Persimmon/Citrus 


8 42 0.31 11 Medium-
Low Persimmon/Citrus 


9 61 0.3 14 Medium Persimmon/Citrus/Gardens 


10 40 0.31 23 Low Persimmon/Citrus 


11 35 0.19 42 Very low Persimmon/Citrus/Vegetables 


12 49 0.91 25 None Persimmon/Citrus 


13 31 0.28 14 None Persimmon/Citrus 


14 26 0.42 10 None Persimmon/Citrus 


15 36 0.48 22 None Persimmon/Citrus 


16 204 0.52 15 High Other crops/Persimmon 


17 195 1.94 15 Very low Other crops/Persimmon 
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Table S2. Values of the generalized linear models (GLMs) based on binomial distribution that correlate 
the proportion of fruit infested by P. longispinus in spring (A) and in summer (B) to the proportion of fruit 
infested by P. longispinus in autumn. Significant P values are given for the minimal model, while the non-
significant P values are those obtained before we deleted the variable from the initial model 


 


 


 


Proportion of fruit infested by  
P. longispinus in autumn 


Variable Parameter 
stimate t P 


Intercept -1.8 -5.58 <0.001 


Proportion of fruit 
infested in spring  33.9 3.85 <0.001 


Year    
2020 0.0 - - 


2021 -0.58 1.17 0.25 


Proportion of fruit 
infested in spring  
  × Year 


   


2020 0.0 - - 


2021 -10.8 -0.62 0.54 


Null deviance: 17.76 
Residual deviance: 9.98 


Proportion of fruit infested by  
P. longispinus in autumn 


Variable Parameter 
stimate t P 


Intercept -2.47 -7.6 <0.001 


Proportion of fruit 
infested in summer  6.29 6.48 <0.001 


Year    
2020 0.0 - - 
2021 0.64 1.53 0.135 


Proportion of fruit 
infested in summer 
  × Year 


   


2020 0.0 - - 


2021 1.55 0.75 0.46 


Null deviance: 17.76 
Residual deviance: 6.21 
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