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Abstract

Phyllocnistis citrella Stainton, commonly known as the citrus leafminer, threatens global
citrus production. This study focuses on elucidating the population dynamics and spa-
tial distribution of P. citrella in lemon orchards located in Northern Portugal. From May
to December, using delta traps with sexual pheromones, the levels of the adult popu-
lation were monitored, and aggregation indices were calculated. Five distinct density
peaks are observed, with the highest recorded in late July to early August. Spatial dis-
tribution consistently indicated an aggregated pattern. However, temporal variation in
distribution was observed on specific dates. According to our results, it is suggested
deploying two or three traps per hectare during peak density periods. This study sig-
nificantly advances our understanding of P. citrella dynamics, emphasizing the need to
consider spatial and temporal patterns for effective pest management. The outcomes
underscore the importance of further exploration into factors influencing distribution
patterns to refine control strategies. These insights are crucial for devising targeted

and efficient measures to mitigate the impact of P. citrella on citrus orchards globally.
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observed in citrus orchards in the northern part of Portugal in
1995 (Alves, 2020).

Phyllocnistis citrella Stainton (Lepidoptera: Gracillariidae), com-
monly known as the citrus leafminer, is native to Southeast Asia,
displaying a wide-ranging and globally expanding geographic
distribution (Mansour et al., 2021). Initially documented in 1856
in Calcutta (India), its impact has become pronounced in citrus-
producing regions since the 1990s (Tsagkarakis et al., 2011),
with rapid global dissemination reaching Portugal during that de-

cade. First reported in the country's south, it was subsequently

Adults of P. citrella are small moths, measuring approximately
4mm and displaying a white to silvery hue with distinctive wing
characteristics (Parra et al., 2004). Females oviposit single eggs on
the young and tender citrus leaves about 24 h after mating (Amalin
et al., 2002). Newly hatched larvae swiftly initiate the creation of a
mine by penetrating the delicate leaf beneath the epidermal layer
(Mansour et al., 2021). The life cycle of P. citrella unfolds through
four distinct larval instars. In the first three instars, the larvae
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predominantly feed on sap and epidermal cells, while the fourth in-
star transitions into the prepupal stage, characterized by a cessation
of feeding behaviours (Beattie & Hardy, 2004). During the prepupal
stage, the larvae meticulously construct a protective silken cocoon,
forming a pupal chamber often shielded by the folded leaf margin
(Chermiti et al., 2001). Influenced by environmental conditions, the
leafminer's life spans from 11.5 to 32.7 days, with up to 14 annual
generations in tropical conditions (Parra et al., 2004).

The economic significance of P. citrella is underscored by its det-
rimental effects on citrus leaves, leading to adverse consequences
for fruit production and quality (Arshad et al., 2020; Dahmane &
Chakali, 2022). Larval infestation targets new shoots, creating galleries
within the leaves, resulting in atrophy and a reduction in the photosyn-
thetic area (Santos et al., 2009). Although P. citrella is not considered
a key pest in mature Mediterranean citrus orchards, it is an important
citrus threat in nurseries as well as on young plants and top-grafted
trees (Garcia-Mari et al., 2018). Furthermore, the presence of this
pest in orchards heightens the risk of contamination by Xanthomonas
axonopodis pv. citri, the bacterium responsible for citrus canker (Atiq
et al., 2013; Elekcioglu & Uygun, 2006, 2013; Hall et al., 2010).

The spatial pattern of an arthropod is an inherent and constant
characteristic of the species (Taylor, 1984). The knowledge of such
patterns, especially species considered pests, holds paramount
significance, especially within the domains of agriculture and pest
control. The understanding of spatial distribution patterns of a pest
is crucial for the formulation and application of effective sampling,
monitoring and control strategies (Bakry et al., 2023; Benhadi-Marin
etal., 2021; He et al., 2022; Liu et al., 2008; Padala et al., 2023).

The development of reliable sampling protocols is imperative, en-
compassing considerations such as the identification of optimal sam-
pling times, selection of appropriate sampling units, determination of
sampling patterns (randomness) and establishment of sample sizes
(Arnaldo & Torres, 2005; Boeve & Weiss, 1988). This critical sampling
framework finds applications in various branches, including ecological
investigations, the study of population dynamics (Jarosik et al., 2003),
the identification of pest levels warranting control measures (Arnaldo
& Torres, 2005) and the assessment of crop losses (Liu et al., 2008).

The most common methods employed to characterize the
dispersion patterns of arthropod populations rely on the disper-
sion coefficient, k, of the negative binomial distribution and indi-
ces of aggregation, including methods such as Taylor's power law
(Taylor, 1961) and Iwao's regression (lwao, 1968). These methods
fundamentally involve regressions reflecting changes observed in
the aggregation among population density. Sampling strategies uti-
lizing these indices not only enhance the efficiency of sampling ef-
forts but also improve precision (Kuno, 1991). Sequential sampling
plans are deployed to identify mean pest populations at or exceed-
ing the economic threshold more effectively. Remarkably, these
plans have demonstrated a reduction in the sampling effort by up to
50%, as compared to conventional sampling approaches (Pedigo &
Zeiss, 1996; Subramanyam et al., 1997).

In the context of P. citrella management, implementing sequen-
tial sampling plans utilizing dispersion indices offers a promising

avenue for reducing sampling efforts while maintaining accuracy
(Bakry et al., 2023; Benhadi-Marin et al., 2021; He et al., 2022; Liu
et al.,, 2008; Padala et al., 2023). These plans have demonstrated
significant efficiency gains compared to traditional sampling ap-
proaches (Bakry et al., 2023; Benhadi-Marin et al., 2021; Padala
et al., 2023), providing a practical and resource-efficient approach
to monitor and control citrus leafminer. Therefore, the objectives of
this work were as follows: (a) to study the population fluctuations
of male adults of P. citrella in lemon orchards in Northern Portugal,
(b) to assess the spatial distribution of the population in the studied
orchard and (c) to estimate the minimum sampling effort to have a
good estimate of population density.

2 | MATERIALS AND METHODS
2.1 | Study areaand sampling design

The study was conducted in five plots within one extensive lemon
orchard in Ribela, Vila Nova de Famalicio, Portugal (41° 26’ 39.700"
N, 8° 30’ 15.700" W), covering a total of 3.4ha. The lemon trees
(Citrus limon (L.), variety ‘Lunario’) are 4years old and are planted
with a spacing of 2m between trees and 6m between rows. The
cultivation is under an integrated pest management (IPM) approach.
The prevailing climate in Ribela's region is classified as Csb, charac-
terized by a wet winter and a dry and slightly hot summer (Pimentel-
Rodrigues & Silva-Afonso, 2023). The dominant wind direction is
from west to east (Oliveira et al., 2022).

To monitor adult citrus leafminer populations, we strategically
positioned delta-type traps in each plot, each equipped with a sexual
pheromone (BIOSANI, Portugal), at a central location. A total of five
delta-type traps were deployed across the study area. Observations
were conducted weekly between May and December 2023, docu-
menting the number of captures in each trap. The pheromone was
regularly replaced in accordance with the manufacturer's guidelines.

During the surveillance period, a phytosanitary treatment was
administered on 14 May 2023. Align (SIPCAM, Portugal), a plant-
based insecticide containing azadirachtin, and SEQURA TOP
(SIPCAM, Portugal), a biological insecticide based on Bacillus thuring-
iensis kurstaki, serotype 3a, 3b, strain HD-1, were employed.

2.2 | Data analysis
2.21 | Spatial distribution of Phyllocnistis citrella

The mean (x) and variance (S?) of individuals captured by delta-type
traps across the 29 sampling dates were calculated. The adjust-
ment of observed and expected frequencies of captured individu-
als fitted a negative binomial distribution (¢=0.01), as outlined by
Waters (1959), utilizing the fitdist and gofstat functions from the
fitdistrplus package (Delignette-Muller & Dutang, 2015) in R (R Core
Team, 2020).
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The spatial distribution of male adults of P. citrella was evaluated
by applying various aggregation indexes such k parameter for the
negative binomial, Lloyd's patchiness index and Taylor's power law.

The calculation of the k parameter for the negative binomial
distribution was conducted as follows: k = x> / S? - X where X rep-
resents the sample mean and $? denotes the sample variance. In the
context of the negative binomial distribution, the k parameter serves
as an indicator of aggregation.

The lwao's patchiness regression method, lwao (1968), quanti-
fies the relationship between the mean crowding index of Lloyd (m*)
and the population mean (x) as follows: m*=a+p X, a and g are the
lwao's parameters and m* is the Lloyd index, Lloyd (1967), calculated
assm* =X+ (S?/x - 1).

Regarding the Taylor's law, as outlined by Taylor and Woiwod (1980),
it characterizes the relationship between the logarithm of the variance
(Log(5%) and the logarithm of the mean (Log(x)) through the equation:
Log (5%)=Log a+§ Log (x), in this equation, « represents the intercept
and g denotes the slope of the regression line.

2.2.2 | Minimum sampling effort

The determination of the minimum number of delta-type traps re-
quired to estimate the mean with a specified precision was computed
by applying the Green's model: N=(a + X’~2) / D?, N is the number of
required samples, a and f are the parameters of Taylor's model and
D is the precision level. D=0.1 (90%) was used as a standard for the
fixed level of precision (Waters et al., 2014). The estimate required
number of samples was divided by the total area of the cultivation to
provide the minimum number of traps per hectare.

3 | RESULTS

A total of 24,528 male adults of P. citrella were captured throughout
the sampling period. The population dynamics of P. citrella exhibited

iE
IR WILEY

TABLE 1 Mean (x) and variance (S?) of the captured male adults
of Phyllocnistis citrella.

Date X §? 2 Pk Lloyd m*
21/05/2023 307  1360.6 — - 892 10 310
28/05/2023 307  1360.6 — - 892 10 310
04/06/2023 70 3195 — - 198 11 74

11/06/2023 118
18/06/2023 204
25/06/2023 264
02/07/2023 285
09/07/2023 133
16/07/2023 188
23/07/2023 367
30/07/2023 549
06/08/2023 549
13/08/2023 299
20/08/2023 238
27/08/2023 134
03/09/2023 61

10/09/2023 147
17/09/2023 162
24/09/2023 88

01/10/2023 59

08/10/2023 98

15/10/2023 199

8180.7 1.0 1.0 17 1.6 186
13866.8 3.3 0.9 31 13 271
256259 10.0 0.2 27 14 360
17501.2 3.7 0.8 47 1.2 346

56149 03 1.0 32 13 174

99767 29 09 3.6 13 240

54937 03 10 262 1.0 381
80687.8 9.2 0.2 3.8 13 695
989246 144 0.0 31 13 728
501557 80 03 1.8 1.6 466
50069.2 75 04 11 19 447
154193 4.7 0.7 12 19 248

1508.5 0.2 1.0 25 14 85

29359 20 10 78 11 166

35691 34 038 77 11 183

6840 — - 131 11 95
795.8 — = 47 1.2 72
1760.3 09 1.0 58 1.2 115
54291 1.6 1.0 76 11 225

22/10/2023 57 2843 — - 143 11 61
29/10/2023 12 255 = = 119 11 14
05/11/2023 12 255 - - 119 11 14
12/11/2023 15 635 — = 48 1.2 18
19/11/2023 17 131.6 - - 24 14 24
26/11/2023 18 2203 - = 1.6 1.6 29
01/12/2023 13 1124 - - 1.7 1.6 21

Note: Goodness-of-fit test for the negative binomial distribution (;{2; P),
k parameter of the negative binomial distribution (k), Lloyd's index of
patchiness (Lloyd) and mean crowding index (m*).
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FIGURE 1 Mean number (+SE) of male adults of Phyllocnistis citrella captured using delta traps. Red arrow means day of treatment.
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five density peaks (Figure 1), suggesting the existence of five gen-
erations in the study area: one in late May and another in early July,
followed by one in late July to early August, one in mid-September
and another in mid-October. The peak population was observed
during the period from 30/07/2023 to 06/08/2023, with values of
548.75+113.62 individuals per trap and 548.93 + 125.81 individuals
per trap, respectively. The population started to drop gradually at
the end of October, ultimately reaching low densities in November,
with no more than 20 captures per trap documented during this pe-
riod. The application of the two insecticides on 14/05/2023 did not
demonstrate any evident effect on the population of P. citrella.

The data fitted a negative binomial distribution according to
the goodness-of-fit test and Iwao's patchiness regression method

(Table 1) (Figure 2). The various aggregation indices employed to
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FIGURE 2 Relationship between the mean crowding index of
Lloyd (m*) and the mean (x) of male adults of Phyllocnistis citrella
captured using delta traps.
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evaluate the spatial pattern revealed a consistent extent of dis-
tribution. The Iwao regression yielded parameters a=3.59 and
p=1.26 (R?=0.94; t=6.33; p<0.001) (Figure 2). Additionally,
Taylor's power law showed significant relationships between vari-
ances and means with a=0.26 and f=1.79 (R?=0.81; t=25.34;
p<0.001) (Figure 3), indicating a generally aggregated distribu-
tion for P. citrella.

On the dates 21/05/2023, 28/05/2023 and 23/07/2023
(Table 1), a Lloyd's index of patchiness equal to 1 was observed.
Additionally, high values of the k parameter in the negative binomial
distribution indicated that on these specific dates, P. citrella exhib-
ited a random distribution.

Regarding the minimum number of traps required, according to

Green's mode (with a precision level (D) of 0.1), it is necessary to have
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FIGURE 3 Iwao's patchiness and regression between the
variance (S%) and the mean (x) of male adults of Phyllocnistis citrella
captured using delta traps according to Taylor's law.

Minimum number of sticky traps (N/ha)
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FIGURE 4 Minimum number of sticky traps (N/ha).
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between 2 and 3 traps per ha, except for the month of November,

where 4-5 traps are needed (Figure 4).

4 | DISCUSSION

The findings of this study provide a comprehensive understanding of
the population dynamics and spatial distribution of citrus leafminer
in lemon orchards in Northern Portugal, offering valuable insights
for pest management strategies.

The observed density peaks at different time points through-
out the sampling period suggest that from May to December, P.
citrella may exhibit up to five generations within lemon orchards in
Northern Portugal.

Notably, diverse studies underscore the variability in the num-
ber of generations per year for this lepidopteran species. In Mitidja
(Algeria), P. citrella has been reported to have four generations (two
in summer and another two in autumn) (Dahmane & Chakali, 2022),
whereas in Tuscany (Italy), P. citrella has been reported to complete
seven to eight annual generations, spanning from May to December
(Garcia-Mari et al., 2004). Conversely, in southern Japan, the spe-
cies undergoes six generations Clausen, 1931, while in north-central
India, the range expands from nine to 13, and in southern India,
the number of generations reaches ten (Pandey & Pandey, 1964).
Furthermore, under tropical conditions, the species may manifest
up to 14 annual generations (Parra et al., 2004). The duration of the
life cycle and the annual number of generations of this insect appear
to be intricately influenced by a group of factors, including tempera-
ture, average relative humidity, photoperiod and foliage flushing
cycles (Nawaz et al., 2021). This intricate interplay of environmen-
tal variables underscores the adaptability and responsiveness of
P. citrella to climatic conditions, shaping its population dynamics
across different regions.

The highest peak of abundance in late July to early August
suggests a critical period of increased activity, aligning with exist-
ing literature (Dahmane & Chakali, 2022, Garcia-Mari et al., 2002;
Mansour et al., 2021; Patel et al., 1994). The observed increase in
population coincides with the availability of new flushes and tem-
peratures conducive to the optimal development of the insect.
Indeed, Patel et al. (1994) identified that the high population peaks
of the citrus leafminer during the month of August were associated
with elevated temperature and relative humidity, accompanied by a
reduction in the number of days. Subsequently, Nawaz et al. (2021)
validated and confirmed this relationship.

The lack of impact from insecticide application may suggest
resistance or ineffectiveness against P. citrella. Achieving effective
chemical control is challenging due to the protective barrier pro-
vided by the leaf cuticle, which shields the larvae from the impact
of insecticides (Faskha, 2022; Mafi & Ohbayashi, 2006; Whalon
et al.,, 2008). Additionally, because of its multiple generations per
year, frequent applications of insecticides are required to increase
control (Yumruktepe et al., 1996). However, P. citrella has the capac-
ity to develop resistance to insecticides, thereby complicating the

iE
IR WILEY

challenge of attaining sufficiently effective control (Faskha, 2022;
Mafi & Ohbayashi, 2006).

The aggregation indices have contributed to a comprehensive un-
derstanding of the spatial pattern in the adults of P. citrella. According
to our results, this Lepidoptera demonstrates an aggregation pat-
tern. Previously, the larvae of P. citrella have also been described as
typically displaying an aggregated pattern (Jahnke et al., 2008; Jesus
& Redaelli, 2008; Liu et al., 2008; Tsagkarakis et al., 2011). This ag-
gregation behaviour is a strategic response to avoid unfavourable
conditions (Allee, 1926). Furthermore, it is worth noting that aggre-
gation behaviour is typical among various species of Lepidoptera
(Cocco et al., 2015; He et al., 2022; Karimzadeh et al., 2023; Sétamou
et al., 2000; Sujithra & Chander, 2016), highlighting its general be-
haviour as a survival strategy in response to environmental challenges.

The observation of a random distribution on specific dates
(21/05/2023, 28/05/2023 and 23/07/2023) based on the k param-
eter and Lloyd's index of patchiness suggests that P. citrella's spatial
arrangement may vary temporally. This temporal variation could be
attributed to factors such as host plant availability or other ecolog-
ical dynamics that influence the dispersal and aggregation patterns
of P. citrella. Lemon trees, like other citrus species, show different
flushing patterns throughout the year; thus, interspecific differences
in the temporal availability of young leaves could greatly affect host
use by P. citrella (Goane et al., 2008).

According to Green's model, it is recommended to place 2-3
delta traps with pheromone per hectare during periods of high
population density and increasing the number of traps during pe-
riods when the population is typically low. The estimation of op-
timum sample size is fundamental for reducing the time required
for monitoring pests (Bakry & Shakal, 2020; Ward et al., 1985).
Typically, the monitoring of P. citrella population involves the
observation of larvae on young branches (Jahnke et al., 2008;
Jesus & Redaelli, 2008; Liu et al., 2008; Tsagkarakis et al., 2011).
However, the use of delta traps introduces a paradigm shift in this
approach. These traps, designed with precision and with the in-
corporation of specific pheromones, transcend the limitations of
direct visual observation. This type of trap provides the capacity
to systematically cover a larger spatial expanse efficiently and a
more objective and quantifiable modus operandi, enhancing the
sensitivity of detection even during the incipient phases of infes-
tation (Vanaclocha et al., 2016).

The results of this research can be applied and shared to for-
mulate a sampling strategy to measure population size accurately.
Moreover, the sampling methodology outlined will serve as a valu-
able resource to inform decisions in the field of integrated pest man-
agement (Bakry & Arbab, 2020).

In summary, the study provides valuable information on the pop-
ulation dynamics and spatial distribution of P. citrella. Additionally,
understanding the spatial and temporal patterns of distribution is
crucial for developing targeted and effective control measures.
Further research could explore the factors influencing aggregation
and distribution patterns, contributing to the development of more
precise pest management strategies.
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