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Abstract: Diaphorina citri Kuwayama is
the primary vector of huanglongbing, and
its temporal dynamics depend on the in-
teraction between host budbreak, climate,
and spatial connectivity. The objective of
this study was to simulate the weekly po-
pulation dynamics of D. citri in citrus trees
under phenological, climatic, and external
immigration forcing using a discrete-event
model structured into eggs, nymphs, and
adults. A mechanistic system was imple-
mented in SAS with a 52-week horizon,
parameterized with weekly mortalities of
0.20 for eggs and nymphs, 0.10 for adults,
emigration of 0.05, and a baseline oviposi-
tion rate of 50 eggs per adult per week. The
phenological signal ranged from 0.55 to
1.55, while external immigration varied be-
tween 1 and 7 adult equivalents per week.
Adjusted oviposition increased from 12.60
in January to 85.25 in July. The simulation
reproduced an initial establishment phase,
followed by a marked acceleration starting
in February and a peak expansion betwe-
en June and August, when high phenology,
average temperatures of 24.7-26.9 °C, and
increased immigration coincided. In week
32, the population reached 2.78 x 10'5
eggs, 7.56 x 10" nymphs, and 1.11 x 104
adults. At the end of the period, the values
were 4.06 x 10?2, 1.73 x 10?2, and 4.41
x 10?1, respectively. These results indicate
that the synchronization between hatching,
climate, and immigration decisively reorga-
nizes the vector’s growth rate and shifts the
greatest population acceleration toward the
spring—summer window. The final magni-
tude of the trajectories reflects the system’s
growth potential under favorable condi-
tions, rather than literal local abundance,
due to the absence of explicit mechanisms
of demographic regulation.
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Introduction

Diaphorina citri Kuwayama plays a
central role in modern citrus cultivation due
to its close association with young shoots,
its ability to sustain populations throughout
much of the year, and its role as a vector of
huanglongbing. In terms of production, the
insect’s relevance depends not only on its
presence but also on the speed with which it
reorganizes its age structure when susceptib-
le host tissue, a favorable environment, and
spatial connectivity between orchards coin-
cide. This combination makes the vector’s
temporal dynamics a critical component for
surveillance, management scheduling, and
the development of prospective scenarios in
regional citrus systems (Leong et al., 2021;
Ebert et al., 2023; Liu et al., 2024; Herndn-
dez et al., 2025).

The host’s phenology is the most con-
sistent biological determinant of these dy-
namics. In commercial citrus, the highest
abundance of D. citri occurs during active
budbreak, when young tissue concentrates
oviposition, the establishment of immature
stages, and adult aggregation. In Valencia
oranges and Italian lemons, the seasonal
abundance of the psyllid was directly as-
sociated with crop phenology, whereas in
commercial orchards, the cyclic production
of new flushes increased the abundance and
aggregation of adults. This relationship be-
tween sprouting and population growth
also aligns with the insect’s biology at the
physiological level, given that development,
survival, and fecundity change markedly
with temperature and define windows of
greater demographic fitness (Alvarez-Ramos
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etal., 2022; Leong et al., 2021; Liu & Tsai,
2000).

Building on this biological founda-
tion, recent predictive approaches have
shown that the temporal signal of D. citri
arises from the interaction between biotic
and abiotic variables. Machine learning-ba-
sed models improved the prediction of eggs,
nymphs, and adults when they simultaneou-
sly incorporated temperature, rainfall, and
host phenological patterns, while weekly cli-
mate models demonstrated useful predictive
capacity for anticipating psyllid abundance
based on regional meteorological variables.
The conceptual implication of these studies
is clear: the vector population does not res-
pond to a single factor, but rather to a for-
cing structure in which phenology, climate,
and the system’s temporal dynamics act in a
coupled manner (Bibi et al., 2021; Singh et
al., 2024; Bibi et al., 2026).

Despite this progress, a gap remains
between studies of seasonal abundance, da-
ta-driven predictive models, and the latest
mathematical developments. Field studies
have precisely defined the relationship be-
tween budbreak and psyllid abundance,
and predictive approaches have improved
the ability to anticipate their temporal va-
riation; however, much of recent modeling
has focused on huanglongbing transmis-
sion, optimal control, or time-dependent
stochastic systems, where the vector popula-
tion is typically represented as an aggregated
seasonal signal or as a subcomponent within
a broader epidemiological framework. This
trend has left less attention paid to a mecha-
nistic population formulation of the psyllid
in open landscapes, incorporating biological
states, variable bud break, seasonal climate,
and explicit external immigration (Cardo-
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na-Salgado et al., 2025; Herndndez et al,,
2025; Liu et al., 2024; Xie et al., 2025).

In this context, this study was designed
to simulate the weekly population dynami-
cs of D. citri in citrus trees using a discre-
te-time model structured into eggs, nym-
phs, and adults, driven by host phenology,
seasonal climate, and external immigration.
The central premise was that the synchro-
nization between peak budbreak, favorable
environmental conditions, and the conti-
nuous influx of adults from the perimeter
reorganizes the system’s growth rate and
shifts the greatest population acceleration
toward the spring—summer window. From
this perspective, the objective was to cons-
truct a mechanistic baseline capable of des-
cribing the intrinsic behavior of the vector
under conditions favorable for its develop-
ment, identifying the time window of grea-
test population acceleration, and providing
a conceptual platform for future extensions
involving demographic regulation, spatial
heterogeneity, and time-dependent ma-
nagement modules (Alvarez-Ramos et al.,
2022; Bibi et al., 2021; Singh et al., 2024;
Cardona-Salgado et al., 2025).

Materials and Methods

General Structure of the Model

A discrete-time model with weekly
intervals was formulated to describe the
population dynamics of Diaphorina citri
in an open citrus system, with three state
variables: eggs , nymphs , and adults . The
simulation spanned 52 weeks, with initial
conditions , , and , and was designed to re-
present the insect’s response under variable
flush regimes, seasonal climate, and external
immigration. The approach was constructed
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as a mechanistic population model, without
infection compartments, to capture the bio-
logical sequence of egg laying, immature
development, adult emergence, and entry
of individuals from the system’s edge. This
timescale is consistent with studies of seaso-
nal abundance, flushing cycles, and weekly
predictive models of the citrus psyllid, whe-
re the host’s and environment’s phenological
signals explain much of the observed popu-
lation variation (Alvarez-Ramos et al., 2022;
Leong et al., 2021; Bibi et al., 2021; Singh
etal., 2024).

The weekly system update was defined
by the following equations:

Ei = —pup)(A —¥ge)E—q + BrAi—q
Ne=Q—=un)A=vne)Neey + (1= 1p)VecEra

A=A —pus— A1+ (A —ppy)yneNe—s + A,

where , , and correspond to the weekly mor-
tality rates of eggs, nymphs, and adults; and
represent the weekly transition probabilities
between states; is the weekly emigration of
adults from the spatial unit; is the adjusted
weekly oviposition; and is the weekly exter-
nal immigration. This formulation focused
on the insect’s demographic behavior under
conditions favorable for its development
and reproduction, that is, under a scenario
that reflects the biological system’s natural
growth potential when a suitable host, a fa-
vorable environment, and spatial connecti-
vity coincide.

Biological parameters

The biological parameters were obtai-
ned from the literature and incorporated
into the model as fixed reference values.
Weekly mortality of eggs and nymphs was
set at i_E=0.20 and p_N=0.20 , while we-

atic, and immigration stress
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ekly mortality of adults was set at p_A=0.10
, in accordance with the psyllid’s response
to temperature described by Liu and Tsai.
Weekly adult emigration was set at §=0.05
, consistent with evidence of seasonal flight
activity and adult movement in open citrus
orchards reported by Hall and Hentz. Basal
oviposition was set at _base=50 eggs per
adult per week as an operational value deri-
ved from fertility literature for D. citri and
used in the script as the baseline condition
under favorable environmental conditions
(Wenninger & Hall, 2007; Liu & Tsai,
2000; Hall & Hentz, 2011).

The average duration of the egg stage
was determined to be 3.00 days, and the du-
ration of the nymphal stage was determined
to be 12.41 days. These values were derived
from an average egg-to-adult development
time of 15.41 days, documented for D. citri
under greenhouse conditions with a maxi-
mum temperature of 37.1 °C, a minimum
temperature of 25.0 °C, a maximum relati-
ve humidity of 67.0%, a minimum relative
humidity of 39.5%, and a photoperiod of
12:12 h. From these durations, the weekly
baseline transition probabilities y_(E,ba-
s¢)=0.9030 and y_(N,base)=0.4311 were
derived, with the aim of maintaining con-
sistency between development times and

weekly population turnover (Garcia et al.,
2016; Liu & Tsai, 2000).

Phenological, climatic, and
immigration drivers

The host’s phenology was represented
by a weekly coefficient (F ) with values
ranging from 0.55 to 1.55, assigned to re-
plicate an annual pattern of low bud break
in winter, a gradual increase from late win-
ter, peaks between June and August, and a
subsequent decline in autumn. This scheme
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was based on field evidence showing that D.
citri is most abundant during active flushing
phases, as well as the positive relationship
between flushing cycles and the presence
of eggs, nymphs, and adults on commercial
citrus trees (Alvarez-Ramos etal., 2022; Le-
ong et al., 2021).

The climate component was construc-
ted using an estimated monthly time series
for 2014-2023 in Autlin de Navarro, Jalis-
co, derived from 1991-2023 climate data
and local annual trends. For each month,
an estimated mean temperature, estimated
precipitation, and a rainfall index normali-
zed relative to the rainiest month of the year
were assigned. These monthly values were
applied to each week according to the si-
mulation calendar. Based on this, a thermal
factor and a rainfall factor F, and a rainfall

factor F were defined, used to modulate

-
oviposition and, in the case of temperature,
also the transition rate between states. The
explicit inclusion of temperature and rain-
fall as drivers followed the same criteria used
in recent predictive models of D. citri, whe-
re weekly temperature, rainfall, and pheno-
logical predictors improve the temporal ex-
planation of eggs, nymphs, and adults (Bibi
et al., 2021; Singh et al., 2024).

External immigration was defined as
. » where A =1.0 repre-
sented the weekly baseline influx calibrated
from edge sampling, K=1.0 was the conver-
sion factor from captures to adult equiva-
lents, and [, was the weekly edge capture
index. In the script, this index ranged from
1 to 7 to represent relative variation in adult
influx throughout the year. The use of an
immigration term was based on evidence
of seasonal movement of the psyllid in or-
chards and adjacent areas, where flight acti-
vity changes throughout the year and helps

migration stress

nd ims

er phenological, climatic, a

und

dynamics of Diaphorina citri in citrus trees

of the population

g
K
E
g




maintain connectivity between crop units
(Hall & Hentz, 2011).

Functional parameterization of the
script

For each week, the adjusted oviposi-
tion was calculated as:

Bt = Bbase X Ffen,t X Ftemp,t X Flluv,t

In this way, reproduction was control-
led by the hosts phenological quality and
the environmental suitability of the weekly
period. The transition probabilities betwe-
en states were adjusted based on the weekly
thermal factor:

YEt = VEbase X Ftemp,t

YNt = VYNbase X Ftemp,t

This design assumed that phenolo-
gy and the environment directly affect the
insect’s oviposition capacity, while tempe-
rature also modifies the relative rate of de-
velopment. The available literature on D.
citri supports this framework, given that
egg laying is concentrated on young shoots
and the insects development varies with
temperature and host quality (Liu & Tsai,
2000; Alvarez-Ramos et al., 2022; Bibi et
al., 2021).

Implementation in SAS

The simulation was implemented in
SAS using an iterative routine spanning 53
time steps, from week 0 to week 52. Data-
sets were generated for parameters, monthly
climate, weekly forcings, key-week summa-
ries, and the full simulation. In each itera-
tion,E ,N , and A were updated using the

DOI https://doi.org/10.22533/at.ed.18136126200111

values from the previous week and the for-
cings corresponding to the current week.
The script’s outputs included the complete
time series for eggs, nymphs, and adults, as
well as tables grouped by time blocks and
multiple-series graphs to describe the sys-
tem’s annual trajectory.

Biological significance and
interpretation of the results

The model was deliberately designed
as an open system under conditions favora-
ble to the insect’s natural behavior, featuring
high baseline fertility, relatively low mortali-
ty rates, low emigration, peak phenology be-
tween June and August, and positive external
immigration. Under this combination, the
model’s structure favors very strong cumu-
lative growth, because each cohort feeds the
next without any internal mechanism for
population saturation. Consequently, obtai-
ning values in the range of 10* t010* to at
the end of the simulation is mathematically
consistent with the formulation used, since
the system accumulates reproduction, tran-
sition, and external input week after week.
This output should be interpreted as an
expression of the insect’s growth potential
under favorable conditions, rather than as
a literal local abundance or as a density di-
rectly applicable to field populations or trap
catches.

For this reason, the model’s objective
was not to estimate realistic absolute values
of local abundance, but rather to identify
the time window of maximum population
growth and to describe how the synchro-
nization between budding, climate, and
immigration reshapes the vector’s demogra-
phic trajectory. The absence of carrying ca-
pacity, density dependence, predation, host

depletion, or induced control allows us to
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visualize the intrinsic behavior of the system
under conditions favorable to D. citri. This
approach serves as a mechanistic baseline for
subsequent extensions involving population
regulation, spatial heterogeneity, or mana-
gement modules, as seen in more complex
dynamic models of the vector or the asso-
ciated citrus system (Cardona-Salgado et
al., 2025; Liu et al., 2024; Xie et al., 2025;
Hernédndez et al., 2025).

Results and Discussion

Biological parameters of the model

The biological structure was defined by
a baseline weekly egg-laying rate of 50.0000
eggs per adult, a mortality rate of 0.2000
among eggs and nymphs, a mortality rate
of 0.1000 among adults, an additional loss
due to dispersion of 0.0500, and baseline
transition probabilities of 0. .9030 from the
egg stage to the nymphal stage, and 0.4311
from the nymphal stage to the adult stage
(Table 1). The assumed average duration of
3.00 days for eggs and 12.41 days for nym-
phs placed the model in a regime of rapid
inter-weekly turnover, with a structural pre-
dominance of immature stages from the ini-
tial formulation.

Under this parameterization, the sys-
tem’s growth was driven by high fecundity
relative to loss rates, such that the accumu-
lation of eggs constituted the first stage of
expansion, and the increase in nymphs and
adults emerged as a staggered consequence
of ontogenetic turnover. This behavior is
consistent with the biology of Diaphorina
citri described by Liu and Tsai, who docu-
mented that development, survival, and
life table parameters change markedly with
temperature, and with subsequent predicti-
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ve approaches that treat eggs, nymphs, and
adults separately due to their differential
response to temperature, rainfall, and host
phenology (Liu & Tsai, 2000; Bibi et al.,
2021; Singh et al., 2024). The relevance of
maintaining this separation by life stage also
aligns with more recent population models
that explicitly represent the psyllid’s biologi-
cal structure, whether through mechanistic
approaches or through machine learning
with biotic and abiotic variables as joint pre-
dictors (Bibi et al., 2026; Cardona-Salgado
etal., 2025; Xie et al., 2025).

The combination of high fecundi-
ty, rapid development from the egg stage,
and relatively low adult mortality thus es-
tablished a biological framework for descri-
bing the vector’s weekly growth potential
when the system is subjected to favorable
environmental conditions. This mechanistic
core is consistent with studies of temporal
abundance in citrus, where egg-laying and
immature development pulses precede the
increase in the adult fraction and explain the
stepped pattern of annual dynamics (Alva-
rez-Ramos et al., 2022; Leong et al., 2021).

Immigration Parameters

The immigration signal was set at a ba-
seline weekly inflow of 1.0000 adult equiva-
lents and a unit conversion factor between
edge captures and adults entering the sys-
tem, thereby leaving local dynamics open to
external flow from the surrounding landsca-

pe (Table 2).

The inclusion of Ag = 1.0000 and K =
1.0000 meant that the population trajec-
tory did not depend exclusively on internal
reproduction, but also on the continuous
influx of adults from the edge of the or-
chard. This structure is consistent with the
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Parametros biologicos del modelo

Parametro Descripcion Fuente Valor
beta_base Qviposicion basal semanal por adulto bajo condiciones favorables Base del modelo 50.0000
muE Mortalidad semanal de huevos Liu y Tsai (2000) 0.2000
muN Mortalidad semanal de ninfas Liu y Tsai (2000) 0.2000
muA Mortalidad semanal de adultos Liu y Tsai (2000) 0.1000
delta Emigracion o dispersion semanal de adultos fuera de la unidad espacial | Supuesto operativo del modelo 0.0500
dur_huevo_dias | Duracion media asumida del estado de huevo Ajuste biologico 3.0000
dur_ninfa_dias Duracion media del estado ninfal agrupado 15.41 dias huevo-adulto menos 3 dias de huevo | 12.4100
gammaE_base | Probabilidad semanal basal de transicion huevo->ninfa Derivada de duracion biologica 0.9030
gammaN_base | Probabilidad semanal basal de transicion ninfa->adulto Derivada de duracion biologica 0.4311

Table 1. Biological parameters of the model

Sources: SAS Studio 2026

Parametros de migracion calibrados desde muestreo de borde

Parametro | Descripcion Fuente Valor
lambda0 Ingreso basal semanal calibrado desde muestreo de borde en baja brotacion | Mediana robusta del muestreo de borde = 1.0000
kappa Factor de conversion de capturas a adultos equivalentes Supuesto operativo del modelo 1.0000

Table 2. Immigration parameters calibrated from edge sampling.

Sources: SAS Studio 2026

de la si ion en clave
Semana Fecha Mes Periodo Fenologia ~ Temp  Precipitacion Indice | Capturas Lambda(t) Beta(t) GammaE(t) GammaN(t) Huevos (E) Ninfas (N) Adultos (A)
media estimada  lluvia borde
e (mm)

0 01JAN2024 Enero Inicial 080 217956 337171 0.1829 1 1.0000 12.6000 0.5418 0.2587 100.00 50.00 20.00
4| 21JAN2024 Enero Baja_brotacion 060 217955 337171 01829 1 1.0000 12.6000 05418 0.2587 132591 549.82 144.00
§ 18FEB2024 Febrero  Alla_brotacion 110 | 225086 252878 01371 2 20000 327250 0.7676 0.3664 34167.79 13361.96 2660.13
12 17MAR2024 Marzo Alta_brotacion 120 | 239955 136976 0.0743 3 3.0000 357000 07676 0.3664 1227344 65 409562.93 79434 81
16 14APR2024  Abril Alta_bretacion 115 | 257955 21073 0.0114 3 3.0000 40.2500 0.9030 04311 49399183.25 1611732630 3195489.22
20 12MAY2024  Mayo Alta_brotacion 130 | 26,8955 126439 0.0686 4 4.0000 455000 09030 0.4311 2733916480 27 87491554056 153227605.02
24 09JUN2024  Junio Alta_brotacion 155 | 25.9955 1317073 07143 6 6.0000 77.5000 0.9030 04311 252043512964.94 T5460777785.99 B714912754.10
28 070UL2024 Julio Alta_brotacion 155 | 247955 184.3303  1.0000 7 7.0000 852500 09030 0.4311 70 00 a8
32 04AUG2024  Agosto Alta_brotacion 145 | 24.6955 152.7805  0.8286 5 5.0000 79.7500 0.9030 04311  2778894564816139.00  7564B2840730763.00  110915429072230.00
36 01SEP2024 Sepliembre Baja_brotacion 095 244955 1559415  0.8457 3 3.0000 44.4125 0.7676 0.3664 175600174866296928.0  68274071381191128.00  10200640595890360.00
40 29SEP2024 Septiembre Baja_brotacion 095 244955 155.9415  0.8457 3 3.0000 444125 07676 0.3664 7912946 24 12 440718342314110080.0
44  270CT2024 Octubre Baja_brotacion 075 245955 821854  0.4457 2 2.0000 31.8750 0.7676 0.3664 2.0943880584167E20  72822139662857396224  13834416351664381952
48 24NOV2024 Noviembre = Baja_brotacion 060 235955 263415 01429 1 1.0000 17.8500 07676 03664  27974963472036E21  1.1800670101868E21  2.7453634930353E20
52 22DEC2024 Diclembre  Baja_brotacion 055 22.2955 15.8049  0.0857 1 1.0000 16.3625 0.7676 0.3664 4.0615840878629E22 1. 4.41. 1E21

Table 3. Summary of the simulation for key weeks.

Sources: SAS Studio 2026
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psyllid’s spatial ecology, as adult aggrega-
tion, movement, and persistence within the
crop intensify during the production cycles
of young shoots. In commercial orchards,
the increase in D. citri abundance has been
described as a response closely linked to
flush cycles, with greater aggregation and
dispersal of adults when new shoots are ge-
nerated, such that external immigration acts
as an ecologically consistent component of
the model (Leong et al., 2021).

The role of the edge also aligns with
the regional variation in seasonal abundan-
ce described in citrus crops. Alvarez-Ramos
et al. documented differences between areas
and between crops with varying continuity
of budding, suggesting that the local vector
population responds to a spatially hetero-
geneous environment rather than a closed
system. Along the same lines, Cardona-Sal-
gado et al. showed that the trajectory of D.
citri changes when population dynamics in-
corporate fine-scale biological structure and
temporal control, reinforcing the need to
explicitly account for the external influx of
individuals when modeling an open lands-
cape (Alvarez-Ramos et al., 2022; Cardona-
-Salgado et al., 2025).

Model drivers

The annual forcing signal combined
a clear phenological gradient, a favorable
thermal environment for most of the year,
and increased immigration from outside
between June and August. This synchrony
reorganized the weekly magnitude of A(t),
B(t), Y_E(v), and y_N(t), and was directly
reflected in the temporal progression of
eggs, nymphs, and adults. The transition
from an initial phase of low hatching to a
phase of high hatching was summarized

DOI https://doi.org/10.22533/at.ed.18136126200111

In January, with a phenology value of
0.60, A() = 1.0000, and B() = 12.6000,
the population remained in an establish-
ment phase, with 1,325.91 eggs, 549.82
nymphs, and 144.00 adults in week 4. In
February and March, the rise in phenolo-
gy to 1.10-1.20 and the increase in A(t)
to 2.0000—4.0000 shifted the trajectory
toward a rapid acceleration phase, reaching
1.23 x 10° eggs, 4.10 x 10° nymphs, and
7.94 x 10% adults in week 12. The system’s
peak momentum was concentrated between
June and August, when phenology of 1.45—
1.55, A(t) of 5.0000-7.0000, (t) between
77.5000 and 85.2500, and average tempe-
ratures near 24.7—-26.0 °C coincided; under
this configuration, the simulation reached
2.78 x 10% eggs, 7.56 x 104 nymphs, and
1.11 x 10 adults in week 32. The temporal
sequence aligns with field studies and popu-
lation prediction models that identify the
largest increases in D. citri during periods
of active budding and under favorable wea-
ther conditions, with major peaks associated
with the availability of young tissue and re-
gional climate (Alvarez-Ramos et al., 2022;
Leong et al., 2021; Singh et al., 2024; Bibi
et al., 2021; Bibi et al., 2026).

Starting in September, the phenology
index dropped to 0.95, then to 0.75 in Oc-
tober, and finally to 0.55-0.60 around No-
vember and December, but the population
continued to grow. This persistence indica-
tes strong demographic memory, resulting
from the intergenerational accumulation
of cohorts during spring and summer. The
subsequent reduction in B(t) and A(t) decre-
ased the intensity of the forcing, but did not
negate the cumulative effect of the imma-
ture mass already generated. This behavior
is consistent with population and predicti-
ve models where the final response of the
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vector depends on the temporal interaction
between biotic and abiotic variables, not on
a single isolated forcing factor (Bibi et al.,
2021; Singh et al., 2024; Bibi et al., 2026).

The complete simulation from 0 to
52 weeks can be presented in a table orga-
nized by time blocks, preserving the annual
sequence without overly fragmenting the

manuscript (Table 4).

The condensed form confirms a six-
-phase pattern: winter establishment, late-
-winter acceleration, spring expansion, peak
amplification in summer, and autumn-win-
ter persistence sustained by population iner-
tia. This temporal structure aligns well with
the psyllid’s phenology as described in stu-
dies of seasonal abundance and with recent
approaches where predictive performance
improves by integrating climate, budbreak,
and other biotic predictors. It also links me-
thodologically with dynamic vector-plant
system models that incorporate seasonal
fluctuations, time-dependent control, or pa-
rameter optimization, as all of these recogni-
ze that the temporal signal of the adult com-
ponent reorganizes the overall trajectory of
the system (Ebert et al., 2023; Herndndez et
al., 2025; Liu et al., 2024; Xie et al., 2025).

Weekly population dynamics of
Diaphorina citri in open landscapes

The weekly trend maintained the se-
quence eggs > nymphs > adults throughout
the year and showed a marked change in
slope beginning in February, followed by a
phase of very intense growth between April
and August. The egg population rose from
100.00 in week 0 to 4.0616 x 10%? in week
52; the nymph population, from 50.00 to
1.7296 x 10%% and the adult population,
from 20.00 to 4.4126 x 10%!, indicating a

DOI https://doi.org/10.22533/at.ed.18136126200111

stepwise amplification of the reproductive
signal across the three biological stages (Fi-
gure 1).

The initial increase in eggs preceded
the subsequent expansion of nymphs and
adults, so the figure clearly summarizes
a coherent biological sequence: first, eg-
g-laying intensified; then, the immature
population increased; and finally, the adult
population expanded. This progression is
consistent with the behavior of D. citri in
the field, where the availability of tender
shoots triggers oviposition and pre-ima-
go development, while adult abundance
reflects the cumulative effect of state tran-
sitions and the persistence of phenological
and climatic forcing (Alvarez-Ramos et al.,
2022; Leong et al., 2021; Bibi et al., 2021;
Singh et al., 2024).

The magnitude of the trajectory in the
second half of the year also indicates that
the current formulation captures with great
sensitivity the synchrony between fecundity,
transition, and external adult inflow. In ter-
ms of model structure, this result positions
the adult fraction as the cumulative outco-
me of a system with a strong immature base
and persistent seasonal forcing. This inter-
pretation aligns well with Cardona-Salgado
et al., who modeled the population dyna-
mics of the psyllid with a detailed biological
structure, and with the work of Herndndez,
Liu, and Xie, which demonstrates the need
to introduce temporal control or structural
constraints when the seasonal signal of the
vector- s is sustainably coupled to the rest of
the system. Ebert et al. further added that
the adult fraction exhibits a marked sea-
sonal organization at the population level,
reinforcing the relevance of this phase as an
integrator of the insect’s annual dynamics
(Cardona-Salgado et al., 2025; Ebert et al.,
2023; Herndndez et al., 2025; Liu et al.,
2024; Xie et al., 2025).
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. Eggs Nymphs Adults
Time block ks | Phenol
tme bloc Wee enology | A(t) B(®) (start—end) | (start—end) (start—end)
, 12.6000— | 1.00 x 102— | 5.00 x 10— | 2.00 x 10! —
Farly winter 0-5 | 0.55-060 110 1, 105 230x 105 | 9.01 x 102 237 x 10?
H . _ . 3 _ 3 _ 2 _
Late winer c1s | itoia0 |20 [327250 8.19x10°— | 1.87x 10 468 x 10
carly spring 40 | 357000 727x105 | 2.37 x 106 441 x 10°
, 30— | 40.2500— | 1.83x107— | 633 x106— | 1.19 x 106 —
Spring 15222 1 LIS=130 4 0 | 45,5000 2.02x 1010 | 627 x 10° 1.19 x 10°
9.35 x
50— | 77.5000— > 1.75x 1010~ [3.17 x 109 —
Sumimer 23735 | L5155 105 | gs 2500 10101; M0 2adw100 357100
X
1.76 x
20— | 31.8750- - 6.83 x 1016— | 1.02 x 1016 —
Early full 36-44 | 075-095 | 17| 0 10102; 200 | e ot | 138 .10
X
2.86 x
Late fall-late 16.3625— 1.66 x 102°— | 3.31 x 10%° —
45-52 | 0.55-0. 1. 1020 _ 4,
winter 5-52 1 055-060 | 1.0 110 ecng 01022 06 115,102 | 441« 107
X

4,0E22
Eggs (E)
Nymds (N B
Adults (A)
3,0E22 £
= <
S 3
s |
2 1,0E22-
0 <
o £
1,0E22 -
0,0E0 - /

Table. Complete simulation from 0 to 52 weeks condensed into time blocks.]

Weekly population dynamics of Diaphorina citri in open landscape
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Figure 1. Weekly population dynamics of Diaphorina citri in open landscapes.
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Conclusions

The simulation confirmed that the
weekly population dynamics of Diaphorina
citri on citrus trees were determined by the
synchronization between host phenology,
temperature, estimated precipitation, and
external immigration, such that the greatest
acceleration of the system occurred between
spring and summer, when peak bud break,
maximum adjusted oviposition rates, and
the highest influx of adults from the peri-
meter coincided. Under this configuration,
the model reproduced a coherent demo-
graphic sequence in which the increase in
eggs preceded the accumulation of nymphs
and, subsequently, the expansion of adults,
as described for psyllid populations associa-
ted with the availability of tender shoots and
with environmental conditions favorable for
development and reproduction (Alvarez-
-Ramos et al., 2022; Leong et al., 2021; Liu
& Tsai, 2000; Singh et al., 2024).

The biological framework used allowed
for a mechanistic representation of the tran-
sition between life stages and the amplifying
effect of high fecundity when the system
operates within a favorable phenological
and climatic window. The differentiated res-
ponse of eggs, nymphs, and adults suppor-
ted the appropriateness of modeling each
life stage separately, because the forcing sig-
nal was not expressed with the same inten-
sity across the entire population, but rather
in a staggered and cumulative manner. This
property aligns with recent prediction and
machine learning approaches applied to D.
citri, where the simultaneous inclusion of
biotic and abiotic variables improves the ex-
planation of the vector’s temporal variation
and allows for a more accurate capture of
the internal structure of its annual dynamics
(Bibi et al., 2021; Bibi et al., 2026; Singh et
al., 2024).

DOI https://doi.org/10.22533/at.ed.18136126200111

The incorporation of a baseline immi-
gration rate calibrated from edge sampling
showed that the local population should be
understood as an open system, influenced
by the continuous flow of adults from the
surrounding landscape. This component
reinforced population expansion precisely
during the periods of greatest phenological
suitability of the crop, underscoring the im-
portance of spatial context for interpreting
vector pressure in commercial orchards and
for designing spatially and temporally based
surveillance schemes. From this perspective,
the simulation not only identifies the annu-
al window of greatest potential psyllid grow-
th but also establishes a useful quantitative
framework for scheduling intensive monito-
ring and management measures during pe-
riods when connectivity between the edge
and the crop amplifies the population tra-
jectory (Alvarez—Ramos et al., 2022; Leong
et al., 2021; Cardona-Salgado et al., 2025).

The final magnitude of the simula-
ted trajectories indicates that the current
model clearly describes the vector’s growth
potential under sustained favorable forcing;
however, the next methodological step re-
quires incorporating processes that regulate
population expansion, such as density de-
pendence, carrying capacity, more explicit
spatial heterogeneity, or time-dependent
management modules. Such an expansion
would enable the transformation of the cur-
rent model into a tool with greater opera-
tional realism for prospective analyses and
the comparison of intervention scenarios.
On this basis, the present study provides a
solid platform for subsequent research ai-
med at integrating temporal control, spatial
landscape structure, and hybrid predictiv y
components into the population modeling
of D. citri in regional citrus systems (Car-
dona-Salgado et al., 2025; Herndndez et al.,
2025; Liu et al., 2024; Xie et al., 2025).
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