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Abstract

The determination of biological parameters and the spatiotemporal dynamics of insect pests is essential for calibrating
simulation models that enable the prediction of population growth and the establishment of warning systems for manage-
ment actions. In this context, the objective of this study was to quantify variations in biological parameters due to the host
(wheat cultivar) and their impacts on the accuracy of the ABISM (Agent-Based Insect Simulation Model). Since the rates
of biological processes vary depending on the host plant, life-history parameters were obtained for two wheat cultivars
(cv. TBIO Toruk and cv. BRS Belajoia) and compared to those simulated by ABISM. The pre-reproductive period was
shorter, and longevity and the number of R. padi nymphs produced were higher in cv. BRS Belajoia compared to cv. TBIO
Toruk. Differences were found between observed and ABISM-simulated data, depending on the cultivar, for the variables
longevity (p = 0.004793) and total fecundity (p = 0.04443). These differences were expressed in spatial dynamics, with a
greater number of plants colonized by R. padi in cv. BRS Belajoia. Differences between cultivars may be associated with
anatomical traits, given that cv. BRS Belajoia lacks trichomes, unlike cv. TBIO Toruk. Therefore, there was an effect of
cultivar and ambient temperature, and discrepancies between observed and simulated data only for cv. BRS Belajoia. The
differences between cultivars, as well as in relation to the model, indicate, for better model accuracy, the use of cultivar-
specific parameters considering insect—plant interactions is required.
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Introduction

Wheat and other winter cereals are the primary crops culti-
vated during the winter season in humid subtropical regions
(Hernandez-Ochoa and Asseng 2018). Aphids are among
the key pests that compromise grain yield in these cereals.
In South America, Rhopalosiphum padi (Linnaeus, 1758) is
recognized as one of the most economically important aphid
species (Wiest et al. 2021).

R. padi is a significant pest that affects multiple crops.
In addition to feeding on plant sap, this species transmits
phytoviruses responsible for yellow dwarf disease in winter
cereals, including barley yellow dwarf virus (BYDV) and
cereal yellow dwarf virus (CYDV) (Parizoto et al. 2013;
Aradottir and Crespo-Herrera 2021; Lau et al. 2021b, 2022).
The extent of damage caused by R. padi depends on the cul-
tivar and the phenological stage of the crop (Leather and
Dixon 1981; Savaris et al. 2013).

As with other insects, environmental conditions and the
host plant play a decisive role in shaping the life-history
parameters of R. padi. Due to their ectothermic nature,
aphids are highly affected by ambient temperature in their
physiological processes. Temperatures between 20°C and
25°C are optimal for the development of this species (Vil-
lanuevab and Strong 1964; Auad et al. 2009; Strazynski
and Ruszkowska 2015; Pds et al. 2016; Peng et al. 2017,
Wiest et al. 2021). Beyond the thermal sum—defined as the
accumulation of degree-days above a biological threshold—
the temperature regime also shapes this insect’s biology.
For instance, a cyclic regime with a 10°C daily amplitude
resulted in lower population growth compared to constant
temperatures with equivalent degree-days (Wiest et al.
2021). Since daily thermal amplitude fluctuates under field
conditions, these variations may lead to significant discrep-
ancies when applying models calibrated under stable, con-
trolled environments (Wiest et al. 2021).

Regarding the host factor, there may be variations among
host plant species, as well as intraspecific variations due
to genotype resistance. In Triticum species, partial resis-
tance to R. padi has been reported (Hesler 2005; Peruzzo
et al. 2007; Savaris et al. 2013; Girvin et al. 2017; de Jesus
et al. 2020; Aradottir and Crespo-Herrera 2021; Simon
et al. 2021). In some genotypes, lower preference, reduced
reproduction (Razmjou et al. 2012), and negative effects on
insect weight and survival have been observed (Singh et al.
2020). For instance, in trials comparing wheat phenologi-
cal stages and cultivars, cv. BRS Timbauva exhibited lower
population growth of R. padi and reduced yield loss than cv.
Embrapa 16, suggesting antibiosis-type resistance (Savaris
et al. 2013). Regarding the mechanisms involved in wheat
resistance to R. padi, studies have demonstrated changes in
gene expression profiles and metabolites (Batyrshina et al.

@ Springer

2020), as well as possible morphological factors such as tri-
chomes contributing to resistance (de Jesus et al. 2020).

In terms of population dynamics, wheat cultivars resis-
tant to R. padi have the potential to reduce aphid population
growth and dispersal, thereby decreasing both direct and
indirect damage to grain yield through BYDV transmis-
sion (Girvin et al. 2017). As yield loss is directly related to
the number of plants infested by aphids and infected by the
virus, predicting the spatial dynamics of aphids is crucial
for forecasting and warning systems guiding management
decisions.

Since aphid population dynamics are influenced by
environmental factors, host plant resistance, and natural
enemies (Brabec et al. 2014; D’agostini 2021; dos San-
tos et al. 2022; Engel et al. 2022; Santos-Cividanes et al.
2022), these variables must be systematically incorporated
into models to reliably predict population growth. BYDV
PREDICTOR is an example of a model developed to fore-
cast aphid outbreaks and BYDV epidemics in wheat crops
in southwestern Australia (Thackray et al. 2009). Based on
daily precipitation and mean temperature data, it predicts
the accumulation of R. padi during each winter cereal grow-
ing season and its migration into crops. This information
is incorporated into farmers’ decisions regarding insecticide
applications (Thackray et al. 2009).

Another example is the ABISM (Agent-Based Insect
Simulation Model), which is a generic model parameterized
based on the life cycle characteristics of R. padi (Wiest et al.
2021). The system generates an aphid agent and simulates
its life cycle in daily steps that consider the accumulated
degree-days (°C day) required for development, reproduc-
tion, and age-related mortality. The model also applies daily
rules for movement and mortality due to other factors, such
as precipitation and natural enemies. ABISM is composed
of the following modules: “Experiment”, “Weather Data”,
“Field”, and “Pest”.

The “Experiment” module serves as a database and
record of the simulations. The “Meteorological Data” mod-
ule allows for the input of weather variables, either through
manual entry or by retrieving information from stations
that monitor temperature, precipitation, relative humidity,
and other factors. The “Field” module simulates the area
in which insect population dynamics develop and includes
measurements of the area and number of host plants. The
“Pest” module is responsible for the interaction between the
insect and the environment. It stores data for each insect
(agent) to determine its behavior (Wiest et al. 2021).

Daily development and reproduction of aphids are deter-
mined using equations proposed by Logan et al. (1976);
Barlow and Dixon (1980); Morgan (2000). Parameteriza-
tion is performed through degree-day weighting converted
into a developmental scale. To estimate the duration of each
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developmental stage, degree-day weights were iteratively
adjusted until simulated data closely matched observed
data. Originally, the model was parameterized under a
constant temperature regime using wheat cv. Embrapa 16
(Wiest et al. 2021).

In this context, we hypothesize that host-driven varia-
tions in R. padi life-history traits—measured at the individ-
ual level—scale up to significantly alter the spatiotemporal
population dynamics and the predictive accuracy of simu-
lation models. Specifically, we expect that accounting for
these biological differences between wheat cultivars is
essential for the ABISM model to reliably simulate pest out-
breaks and support management decisions.

Materials and methods
Research site and plant material

We conducted the trials in controlled-environment plant
growth chambers and screen houses at Embrapa Wheat, in
Passo Fundo, Brazil (lat. —28.229804, long. —52.403555).

We used two wheat cultivars: BRS Belajoia (moderately
tolerant to BYDV-PAV) and TBIO Toruk (moderately intol-
erant to BYDV-PAV) (Lau et al. 2021a).

Fig. 1 Experimental setup for the A
rearing, infestation, and determi-
nation of life history parameters

of Rhopalosiphum padi. A Plants
were maintained under controlled
conditions (22°C and a 12:12 h
(L:D) photoperiod) and infested at
phenological stage 1.3, according
to the Zadoks scale. B Detail of the
clip cage used to confine a single
aphid per plant. C Schematic
representation of the experimental
setup and life-history evaluation of
Rhopalosiphum padi—adults were
removed after 24 h, one nymph per C
cage was selected, and individuals

were monitored throughout their

life cycle

Infestation

 Tihcida e 3

Aphids for infestations: (1) 100 adult R. padi
from colonies reared in an insectarium were
transferred to a mother plant. (2) After 24 hours,
the adults were removed (X), leaving only the
nymphs. (3) After 5 days at 22°C with a 12/12 h
photoperiod, the aphids were used for

infestations.

Biological parameters of Rhopalosiphum padi

Experiments were performed in custom-built masonry
growth chambers at 20+1°C with a 12:12 h (light/dark)
photoperiod provided by 20 W LED lamps (6500 K; P.F. >
0.92). Initially, in a greenhouse, seeds of the two cultivars
treated with the fungicide triadimenol (150 g/L) were sown
in 1.5 L pots containing fertilized soil, following technical
recommendations for fertilization and liming for wheat cul-
tivation (Joris et al. 2022). We sowed six wheat seeds per
pot and left three plants after thinning. Two weeks later, we
transferred the plants to a controlled-environment growth
chamber, where we initiated aphid infestation and con-
ducted the trial.

To produce aphids for infestations, we initially selected
100 adult R. padi from colonies reared in an insectary. After
24 h, we removed the adults, leaving only the nymphs. After
5 days at 22°C with a 12:12 h photoperiod, aphids were
used to infest plants at phenological stage 1.3, according to
the scale of Zadoks et al. (1974) (Fig. 1A). One individ-
ual was placed per “clip cage” to confine it (Fig. 1B). The
cage was considered the experimental unit of the trial. After
24 h, we removed the adults, and one nymph per cage was
selected and observed until the end of its life cycle. During
the first two weeks, if a nymph died (up to about six days

Nymphal Pre- Reproductive [ Post-
period reproductive period  reproductive
period period
/é favax o
) 7N % | 7
L A\ IS\ /R B\
W)
)
Nymphs were
counted and
removed daily
Total longevity: 52 days ————>
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after infestation), the dead individual was replaced, repeat-
ing the infestation procedure described above.

We calculated nymphal survival as the proportion of
individuals that reached the reproductive stage relative to
the total number of infested (including replaced) aphids.
Daily observations tracked the progression through the
nymphal stage, the age at which adults emerged, the num-
ber of offspring produced per adult per day, the duration of
the reproductive period, and the time of death (Fig. 1C). The
experiment lasted 52 days, ending with the death of the last
aphid.

The following operational definitions were adopted for
the life table analyses: pre-reproductive period was opera-
tionally defined as the cumulative duration of the nymphal
stage and the subsequent pre-reproductive phase, represent-
ing the total time from birth to first reproduction; reproduc-
tive period was determined as the duration between the first
and last nymph produced by each female; post-reproduc-
tive period comprised the time from the last offspring until
death; longevity was defined as the total lifespan from birth
to death; total fecundity corresponded to the total number of
nymphs produced per female; and (daily) specific fecundity
was calculated as the mean number of nymphs produced per
female per day during the reproductive period.

To determine the appropriate statistical analyses, data
were tested for normality using the Shapiro—Wilk test (Sha-
piro and Wilk 1965) and for homogeneity of variances by
visual inspection of residual plots. Life-history variables
that did not meet normality assumptions were analyzed
using the nonparametric Kruskal-Wallis test (Kruskal and
Wallis 1952), which does not require normally distributed
data or homogeneity of variances. We compared the life
table data obtained for each cultivar, along with other popu-
lation parameters described below, to the values predicted
by the ABISM model under a fixed temperature regime of
20°C, using the parameters defined by Wiest et al. (2021).

We calculated the relationship between thermal sum
(accumulated degree-days) and aphid development for each
cultivar. To determine the thermal sum, data on Experimen-
tal Temperature (7¢) and Basal Developmental Temperature
(Ty) of R. padi, defined as 3.97°C (El-Fatih et al. 2015),
were used, according to Equation 1:

Ta=T. - Ty (1)

The Developmental Temperature (73;) was multiplied by the
sum of days (D), generating the Thermal Sum (7sy,,) for
each individual in the experiment, as shown in Eq. (2):

D
Tsum = Y Tu )
=0
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To generate the thermal sum graph using the mean data
obtained for each cultivar, the “Tidyverse” package (Wick-
ham et al. 2019) and “ggplot2” (Wickham 2016) in RStudio
software (R Core Team 2024) were used. We compared the
data with the thermal sum by developmental stage predicted
by the ABISM model (Wiest et al. 2021).

To generate the reproduction and survival probability
curves, we recorded the number of reproductive and liv-
ing individuals daily, as well as their decline over time.
We employed a binary coding system in which individu-
als were recorded as 0 (reproductive/alive) and coded as 1
when reproduction ceased or death occurred. To construct
the probability curves, we used time as a covariate, track-
ing reproduction and survival rates until extinction. We
performed all analyses in RStudio with the “survminer”
package (Kassambara et al. 2021), along with the previ-
ously cited “Tidyverse” and “ggplot2” packages.

Survival analyses were conducted using Kaplan—Meier
estimators (Kaplan and Meier 1958), which are appropriate
for time-to-event data, particularly in the presence of cen-
sored observations, and do not assume a specific distribu-
tion of survival times. The survival function S(¢) estimates
the probability that an individual survives beyond a given
time ¢, with each time point corresponding to an observed
event (e.g., death). The Kaplan—Meier curve was con-
structed as a stepwise function, in which survival probabili-
ties are updated at each event as the product of preceding
probabilities, according to the formula presented in Eq. (3).
Differences among survival curves were assessed based on
confidence interval overlap and model-based comparisons.

s -1 (1 - Z) )

i=1

where d; is the number of events (deaths) at ¢;, and n; is the
number of individuals at risk immediately before time ¢;.

Population growth and dispersal

To obtain dispersal parameters of R. padi in two wheat cul-
tivars, we conducted a trial under protected-environment
(screen house) conditions at Embrapa Wheat in Passo
Fundo, RS, Brazil. We arranged the experiment in a ran-
domized block design with four replications. The sources of
variation were cultivar (BRS Belajoia and TBIO Toruk) and
infestation period (four levels), resulting in 32 experimental
units. The experimental unit was a plastic tray with a capac-
ity of 30 liters (62 x 14 x 36 cm). We filled the trays with
soil-based substrate following technical recommendations
for fertilization and liming for wheat cultivation (Joris et al.
2022). In each tray, we sowed 88 plants, distributed in 4
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parallel rows, with each row consisting of 22 plants (Fig.
2A). Sowing took place on July 18, 2023, in mid-winter.

We conducted infestations at 14, 21, 28, and 35 days
after sowing. We infested each tray with eight virulifer-
ous R. padi individuals (carriers of BYDV-PAV), which we
collected from cages containing black oat (4vena strigosa
Schreb) plants. The aphids were adults of unknown age.
Therefore, the initial population represented approximately
10% of the plants. Aphids were distributed across the four
rows, with two individuals per row, positioned on the fourth
and eighteenth plants (Fig. 2B).

After infestation, we protected the trays with a box-
shaped structure covered on all sides with voile fabric to
prevent aphids from escaping or being attacked by natural
enemies. The duration of each infestation was 14 days. At
the end of this period, we evaluated each plant individually
and categorized it as follows: 0 = absence of aphids, 1 =
presence of one aphid, and 2 = presence of more than one
aphid.

For each treatment (cultivar x infestation period), we
generated diagrammatic representations of plant coloniza-
tion probability. For this purpose, we calculated the mean

§
\
|
!
{
|
{
!
i

s

A B C D

Fig. 2 Microplots for the analysis of aphid spatial distribution. A Pho-
tograph of the microplot. B Diagrammatic representation of the micro-
plot, with four rows (A-D) and 22 plants each

category of each plant position across the four treatment
replications, classifying the plants into infestation probabil-
ity classes ranging from 0% (no infestation) to 100% (high
infestation).

We recorded daily maximum and minimum temperatures
using an analog thermometer. The mean temperature for
each infestation period was calculated and used as a param-
eter in the analyses and simulations in the ABISM model. In
addition to temperature, we defined the configuration of the
infestation area, the infestation density, and the aphid life
parameters for the simulation.

We configured the “Field” module to have a single
“MicroArea”, corresponding to the experimental unit of one
square meter. Immigration, emigration, and precipitation
were disabled in the “MicroArea” module. We configured
“MicroArea” with five rows of 60 plants each, totaling 300
plants/m?. In “Host”, the selected cultivar was Embrapa
16. The sowing date for the simulation was July 18, 2023,
with the first simulated infestation date on August 1. The
other simulated infestation dates were August 8, 15, and 22,
successively, and simulations always lasted 14 days. In the
“Weather Data” module, we selected the fixed data option,
and the simulations considered the mean temperature of
each period, with temperature values of 20°C, 21°C, 22°C,
and 23°C (Wiest et al. 2021).

In the “Pest” module, under “Development”, we defined
the following indices: nymph (0-1.1), pre-reproductive
(1.1-1.16), reproductive (1.16-2.3), post-reproductive
(2.3-2.6), and death (2.6). The initial pests were introduced
on plant 185 within the “MicroArea”, in the adult, apterous,
reproductive stage, with an initial accumulated temperature
of 1.7 and five days of age. The initial number of pests was
30 individuals (equivalent to 10% of plants with aphids).
Mortality due to parasitism, predation, low temperatures,
and precipitation was disabled.

For graphical visualization and interpretation of the
results, simulations were performed at 5°C intervals from
5°C to 20°C and at 1°C intervals from 21°C to 25°C. All
statistical analyses were conducted in RStudio. Data nor-
mality was initially assessed using the Shapiro—Wilk test,
and, after confirming approximate normality of residuals,
a Linear Mixed-Effects Model (LMER) was applied using
the “Ime4” package (Bates et al. 2015). The model consid-
ered temperature as a random effect to account for variabil-
ity among experimental conditions, as specified in Eq. (4).
When significant effects were detected, differences between
means were evaluated using Tukey’s test at a 5% signifi-
cance level, implemented via the glht function from the
“multcomp” package (Hothorn et al. 2008). Graphs were
generated using the “ggplot2” package.

@ Springer
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Scanning electron microscope analysis

For the analysis of leaf epidermis by scanning electron
microscope (SEM), we collected two leaves from each cul-
tivar and subjected them to a dehydration process.

Initially, we fixed the leaves in FAA (ethyl alcohol, gla-
cial acetic acid, formalin) 70% for 48 h at room temperature.
We then transferred them sequentially to ethanol solutions
of increasing concentration: 70% for two hours, 80% for
two hours, 90% for two hours, 100% for 12 h, and 100% for
an additional 12 h.

Subsequently, we immersed the leaves in ethanol-xylene
mixtures at ratios of 3:1, 1:2, and 1:1, each for 2 h. Finally,
we transferred the leaves to pure xylene and kept them there
for two hours. We then subjected the samples to gold sputter
coating and observed them under SEM (TESCANG©, VEGA
model) at 1000x magnification.

Results
Biological parameters of Rhopalosiphum padi

The establishment and survival rate of nymphs was higher
in cv. BRS Belajoia (93%) compared to cv. TBIO Toruk
(70%). We carried out reinfestations and calculated the life
table parameters for individuals that reached the reproduc-
tive period (Table 1).

Corroborating the hypotheses of this study, there were
differences between the two cultivars in the duration of the
pre-reproductive period, longevity, and total fecundity. The
pre-reproductive period was shorter, and longevity and the
number of nymphs produced were higher in cv. BRS Bela-
joia compared to cv. TBIO Toruk. However, the reproduc-
tive period and (daily) specific fertility (nymphs/female/
day) did not differ between cultivars.

In comparison with the life parameters obtained in the
present study, the current calibration in ABISM reproduces
an aphid life cycle that is more closely aligned with that
observed for R. padi developing on cv. TBIO Toruk.

In terms of thermal sum (accumulated degree-days,
C day), the pre-reproductive period accumulated between
115.4°C day for cv. BRS Belajoia and 134.7°C day for cv.
TBIO Toruk, whereas the current ABISM parameters esti-
mate an accumulated 112.2°C day to complete this devel-
opmental stage. During the reproductive period, cv. BRS
Belajoia accumulated 298.2°C day and cv. TBIO Toruk
270.9°C day, while the ABISM model accumulated only
176.3°C day for this phase.

The most significant differences in accumulated degree-
days required to complete the developmental stages on each
cultivar occurred during the post-reproductive period. Cv.
BRS Belajoia showed the highest accumulation (185.9°C
day), while cv. TBIO Toruk accumulated only 60.9°C day,
resulting in a 125.0°C day difference between the cultivars.
In comparison with ABISM (48.1°C day), the thermal sum
was closer to that obtained for cv. TBIO Toruk, with only
a 12.8°C day difference. Completing the entire life cycle
required 599.5°C day for cv. BRS Belajoia, 466.5°C day
for cv. TBIO Toruk, and 336.6°C day in the ABISM model
(Fig. 3).

Specific fertility was higher during the first 14 days of the
reproductive period in cv. BRS Belajoia (Fig. 4). After this
period, cv. TBIO Toruk exhibited slightly higher fertility.

o

Table 1 Life table parameters of Rhopalosiphum padi on two wheat cultivars under controlled conditions (20+1°C, 12 h photoperiod) compared

to the life cycle simulated by the ABISM model

Cultivars n® Pre-reproduc-tive period Reproduc-tive period Longevity Fecundity Specific fertility
(days)® (days)© (days)P nymphs/ female® nymphs/ female/ day®

BRS Belajoia 37  7.240.1 b6 18.6+1.0 a8 374+1425  70.7£5.0 aC 4.1£0.3 a%

TBIO Toruk 39 8.4+0.2 a 16.9+1.1 a 29.1+#1.4 b 50.9£32b 3.5¢40.3 a

CV(%) 17.6 37.7 28.6 45.1 47.9

ABISM 7.0 11.0 21.0 36.0 3.3

ANumber of individuals used in the analysis

Bpre-reproductive period was operationally defined as the cumulative duration of the nymphal stage and the subsequent pre-reproductive phase,

representing the total time from birth to first reproduction

CReproductive period was defined as the duration between the first and last nymph produced by each female

PLongevity was defined as the total lifespan from birth to death

EFecundity (total) corresponded to the total number of nymphs produced per female

FSpecific fecundity was calculated as the mean number of nymphs produced per female per day during the reproductive period

GK ruskal-Wallis test at 5% significance; different letters indicate significant differences between cultivars

@ Springer
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Fig. 3 Distribution of develop-
mental phases of Rhopalosiphum
padi on two wheat cultivars and
simulated by ABISM in relation
to thermal sum (accumulated
degree-days)

TBIO Toruk

Treatment

BRS Belajoia

B
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Fig. 4 Nymphs per female per day produced by Rhopalosiphum padi
on wheat cv. BRS Belajoia and cv. TBIO Toruk under laboratory con-
ditions (20+1°C, 12 h photoperiod), compared to values simulated by
the ABISM model
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Fig. 5 Probability curves of reproduction and mortality of Rhopalo-
siphum padi on two wheat cultivars under controlled conditions
(20£1°C, 12 h photoperiod) during 52 days
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Fig. 6 Survival probability of Rhopalosiphum padi on two wheat cul-
tivars under controlled conditions (20+1°C, 12 h photoperiod), com-
pared to that predicted by the ABISM model

For the fertility curve simulated by ABISM, lower natality
was observed during the first 16 days, followed by a sharp
increase reaching eight nymphs/day, and then an abrupt
decline.

Regarding reproductive likelihood over time, the curves
showed a similar pattern between the cultivars (Fig. 5). How-
ever, during the initial phase—when reproduction increased
until reaching the peak and then stabilized (between 8 and
20 days)—BRS Belajoia exhibited a higher reproductive
rate than TBIO Toruk. In the declining phase, between
21 and 35 days, TBIO Toruk maintained a slightly higher
reproductive rate. Mortality remained consistently higher in
TBIO Toruk, equaling that of BRS Belajoia only at 50 days,
when the maximum probability of death was reached.

The survival curves obtained by Kaplan—Meier estimates
were distinct between cultivars (Fig. 6). Survival probabili-
ties were similar among cv. BRS Belajoia, cv. TBIO Toruk,
and ABISM until approximately 23 days. At this point, in
a simulation under a fixed 20°C regime, the aphid agents
in ABISM reached the defined thermal sum, resulting in
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Fig.7 Scanning electron micro-
scope of the leaf epidermis of
wheat cultivars TBIO Toruk (A)

and BRS Belajoia (B)
>
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the “death” event. Comparing the cultivars, aphid survival
probabilities began to diverge at 25 days, when the confi-
dence intervals of cv. TBIO Toruk diverged from the curve
of cv. BRS Belajoia. Survival probability in cv. TBIO Toruk
declined more rapidly, reaching zero at 45 days (death of the
last individual). In contrast, in cv. BRS Belajoia, survival
probability remained higher for longer, reaching zero only
at 52 days (death of the last individual).

To investigate morphological traits differing between
cultivars that could be associated with variations in the
development, reproduction, and mortality of R. padi, we
observed the wheat leaf epidermis using SEM. The most
evident distinctive trait was the presence of trichomes only
in cv. TBIO Toruk (A). In cv. BRS Belajoia (B), only struc-
tures resembling trichome bases were observed (Fig. 7).

@ Springer

Population growth and dispersal

Further corroborating the hypotheses of this study, the host-
driven differences in the aphid’s biological parameters were
reflected in the spatiotemporal dynamics of R. padi. There
were effects of the cultivar factor (Fig. 8A) and the tempera-
ture factor (Fig. 8B) on the percentage of plants infested by
R. padi. The cv. BRS Belajoia, associated with higher lon-
gevity and fecundity, showed a significantly higher infesta-
tion (z = 47%) compared to cv. TBIO Toruk (z = 31%
). With increasing mean temperature, the number of infested
plants also increased. The relationship between infestation
and temperature for the two cultivars was as follows: for cv.
BRS Belajoia, 33-45% at 20°C, 23-57% at 21°C, 35-49%
at 22°C, and 55-78% at 23°C; for cv. TBIO Toruk, infesta-
tion ranged from 9-26% at 20°C, 20-59% at 21°C, 18—41%
at 22°C, and 25-58% at 23°C.
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Thus, temperature and cultivar factors affected the prob-
ability of plants being infested by aphids (Fig. 9). Infesta-
tion probabilities increased with higher temperatures. In
cv. TBIO Toruk, 17% of plants exceeded a 50% infestation
likelihood at 20°C, growing to 52% at 23°C. In contrast,
for cv. BRS Belajoia, the corresponding values were 53% at
20°C and 91% at 23°C.

The simulation in the ABISM model, using a fixed tem-
perature regime, predicted an increase in aphid infestation
with rising temperatures between 5°C and 25°C. The per-
centage of infested plants started at 9% at 5°C, increased to
15-20% between 10°C and 15°C, and reached 41% at 25°C
(Fig. 10). Within the temperature range of the trials (20-23°
(), the model more closely matched the results for cv. TBIO
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Toruk, while it underestimated the number of infested plants
for cv. BRS Belajoia.

Discussion

Rhopalosiphum padi exhibited superior biological param-
eters when maintained on cv. BRS Belajoia compared to
cv. TBIO Toruk. The number of nymphs established on cv.
BRS Belajoia was higher than on cv. TBIO Toruk. They also
reached the reproductive period earlier and had a higher
birth rate during the initial days of this phase of their life
cycle. Consequently, total fecundity was greater. Aphid lon-
gevity was also higher on cv. BRS Belajoia. Together, these
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Fig. 9 Infestation probability of aphids on plants of two wheat cultivars during four exposure periods with mean temperatures ranging from 20 to

23°C
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Fig. 10 Percentage of plants with
aphids as a function of temperature
and wheat cultivar in relation to the
simulation of the ABISM model
under a fixed temperature regime
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Table 2 Comparison of different studies on biological parameters of aphids, including total number of nymphs born, nymphs born per day, longev-
ity, and observations for various wheat and barley cultivars at different temperatures

Study Fecundity nymphs/female  Specific fertility Longevity (days) Observations
nymphs/ female/day
Present study 70.7 4.1 374 Wheat (cv. BRS Belajoia, 20°C,
pre-reproductive duration: 7.2 days)
Present study 50.9 3.5 29.1 Wheat (cv. TBIO Toruk, 20°C,
pre-reproductive duration: 8.4 days)
Present study, ABISM model 36.0 33 21.0 Wheat (cv. Embrapa 16, 20°C,
pre-reproductive duration: 7.0 days)
Descamps and Chopa (2011)  39.6 2.0 16.6 Wheat (cv. Biointa), 24°C,
pre-reproductive duration: 5.1 days
Rossa et al. (2017) 43.6+23.8 Wheat, 20°C, duration of
nymphal period: 5.7-9.9 days
Park et al. (2017) 67.7 3.4 21.1 Barley, 20°C
Pereira et al. (2016) 65.4 2.5 46.2 Wheat (cv. Embrapa 16), 20°C,
pre-reproductive duration: 7.2 days
Pereira et al. (2016) 57.8 2.4 40.2 Wheat (cv. BRS Timbauva), 20°C,
pre-reproductive duration: 6.8 days
Singh et al. (2020) +72.0 Wheat (cv. Solstice), 20°C
Singh et al. (2020) +65.0 Wheat (cv. W 591), 20°C
Singh et al. (2020) +55.0 Wheat (cv. W 068), 20°C
Singh et al. (2020) +55.0 Wheat (cv. W 064), 20°C

parameters suggest that cv. BRS Belajoia is a higher-quality

host for R. padi compared to cv. TBIO Toruk.

The biological parameters obtained in this study for R.
padi fall within the range of variation and/or are close to

@ Springer

the values reported in other studies (Table 2). For example,
Park et al. (2017), studying barley at 20°C, reported a total
fecundity of 67.7 nymphs. This is consistent with the 70.7
nymphs observed on cv. BRS Belajoia, but notably higher
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than the 50.9 recorded on cv. TBIO Toruk. Their reported
specific fertility (3.4 nymphs/female/day) aligns closely
with cv. TBIO Toruk (3.5), though it remains lower than that
of cv. BRS Belajoia (4.1). Regarding longevity, Park et al.
(2017) observed 21.1 days, a value considerably shorter
than the lifespans reached on cultivars BRS Belajoia (37.4
days) and TBIO Toruk (29.1 days). Descamps and Chopa
(2011) observed a specific fertility of 2.0 nymphs/female/
day in wheat cv. Biointa at 24°C, with a longevity of 16.6
days and a total fecundity of 39.6 nymphs. Taken together,
and as previously pointed out by Rossa et al. (2017), these
results demonstrate that the life cycle rates of R. padi are
significantly influenced by the host, exhibiting both inter-
specific and intraspecific variation.

Although this study did not focus on investigating resis-
tance mechanisms, the distinct roughness of cv. TBIO Toruk
leaves prompted an analysis of the epidermal surface. Micro-
scopic evaluation confirmed the presence of prominent
trichomes in TBIO Toruk, which were absent in cv. BRS
Belajoia. While these morphological traits may function as
physical barriers, they could also play a chemical role, as
trichomes can release toxic compounds or sticky exudates
that hinder insect movement (Peter et al. 1995; Porta and
Rocha-Sosa 2002; de Jesus et al. 2020; Singh et al. 2021,
2022). However, it is important to note that the observed
resistance in TBIO Toruk may not be exclusively attrib-
uted to these structures. Recent studies suggest that aphid
performance may depend more heavily on the accessibil-
ity and quality of phloem composition rather than structural
traits (Nalam et al. 2021), or that chemical defenses, such as
benzoxazinoids, play a more significant role than trichomes
(Batyrshina et al. 2020). Therefore, while the presence of
trichomes is a clearly distinguishing feature, it likely repre-
sents only one component of a broader, multifactorial suite
of resistance mechanisms in TBIO Toruk.

A primary goal of this study was to quantify how the
host (wheat cultivar) influences aphid biological parameters
and, consequently, the predictive accuracy of the ABISM
model. Our results reveal that while the parameters defined
in ABISM show varying degrees of alignment with the
literature, they frequently diverge from the empirical data
obtained for specific cultivars. Regarding total fecundity,
ABISM’s default value (36.0 nymphs) was notably lower
than those observed on cvs. BRS Belajoia (70.7) and TBIO
Toruk (50.9), as well as the 67.7 nymphs reported by Park
et al. (2017) This indicates that the model significantly
underestimates the reproductive potential of R. padi on
these wheat materials.

In contrast, the model’s specific fertility (3.3) demon-
strated high consistency with the literature (3.4) and cv.
TBIO Toruk (3.5), although it still underestimated the per-
formance seen on cv. BRS Belajoia (4.1). A similar pattern

was observed for longevity: while ABISM’s value (21
days) closely mirrored the 21.1 days reported by Park et al.
(2017), it failed to capture the significantly extended lifes-
pans supported by the cultivars in this study, which reached
up to 37.4 days on BRS Belajoia. These discrepancies sug-
gest that the ’average’ parameters typically used in mod-
eling studies may compromise accuracy when applied to
high-performance hosts, highlighting the need for cultivar-
specific calibrations to improve spatiotemporal predictions.

The discrepancies observed between the experimen-
tal biological data and the model’s predictions are also
closely linked to the internal structure and established
rules of ABISM. This is particularly evident regarding
mortality logic. To address these limitations and improve
model refinement, we specifically recommend a transi-
tion from deterministic to stochastic mortality rules within
the ABISM framework. Currently, the model employs a
threshold-based mortality where all aphid agents die upon
reaching a predefined thermal sum (accumulated degree-
days). To better reflect biological reality, we propose imple-
menting a daily survival probability that decreases as the
organism progresses through its life cycle. Instead of a fixed
terminal point, mortality would be modeled as a cumulative
risk function, allowing for a natural distribution of longevi-
ties within the population. This modification would prevent
artificial population crashes in the simulation and more
accurately capture the overlapping generations and gradual
senescence observed on high-performance hosts, such as cv.
BRS Belajoia.

The findings of this study also provide strong empiri-
cal support for the hypothesis that host-specific biological
parameters significantly dictate the spatiotemporal dynam-
ics of R. padi. The divergence in life-history traits between
the two cultivars translated directly into contrasting infesta-
tion levels across the temperature gradient. While cv. BRS
Belajoia supported high infestation rates, reaching a peak
of 55-78% at 23°C, cv. TBIO Toruk consistently exhib-
ited lower population pressure, with infestation ranging
from only 9-26% at 20°C and peaking at a more modest
25-58% at 23°C. These results demonstrate that the “host
plant effect’ acts as a primary filter for the potential growth
of the pest; even as temperatures increased—typically a
driver for aphid proliferation—the resistance mechanisms
in TBIO Toruk (likely linked to the previously discussed
morphological and chemical traits) prevented the infestation
from reaching the high levels seen in the more susceptible
BRS Belajoia. Consequently, using generalized parameters
in predictive models without accounting for cultivar resis-
tance would lead to significant overestimations of risk in
resistant materials and potential underestimations in suscep-
tible ones. Therefore, our data confirm that the interaction
between the host genotype and biological parameters is a
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Fig. 11 Estimated yield loss (%)
in wheat as a function of thermal
sum (accumulated degree-days),
aphid resistance (S = susceptible;
R = resistant), and BYDV toler-
ance. BYDYV tolerance classes: Al
= Highly Intolerant; I = Intoler-
ant; MI = Moderately Intolerant;
MT = Moderately Tolerant; T =
Tolerant

Al

Mi

Tolerance level

MT

224 238 252

critical determinant of pest spatial dynamics and, by exten-
sion, the predictive accuracy of spatiotemporal models.

Finally, we explore the consequences of host resistance
and its impacts on spatiotemporal dynamics, estimated
grain yield, and subsequent management strategies. Direct
damages from R. padi include reductions in spikes, tillers,
dry mass, and overall grain yield (Roza-Gomes et al. 2008),
while indirect damages involve the transmission of viruses
such as BYDV-PAV (Lau et al. 2021a). Interestingly, the
two cultivars analyzed exhibit antagonistic traits regard-
ing insect resistance and viral tolerance. Cv. BRS Belajoia
is moderately tolerant to BYDV-PAV (= 30% loss) but
highly susceptible to the vector, leading to a higher num-
ber of infested plants. In contrast, cv. TBIO Toruk is more
resistant to the aphid but moderately intolerant to the virus,
with potential losses reaching 56%. When these factors are
integrated, the estimated final impact on grain yield con-
verges to surprisingly similar values. For instance, under
high-temperature scenarios, the 91% infestation probability
projected for BRS Belajoia results in a 27% yield reduc-
tion. Conversely, TBIO Toruk, despite a lower infestation
probability (52%), faces a similar 29% reduction due to its
lower viral tolerance (Lau et al. 2021a). To demonstrate
this broader impact, we projected losses across five BYDV
tolerance classes based on accumulated degree-days (°C
day) and host resistance. Within a 14-day interval at 23°
C, potential losses ranged from 10% for resistant/tolerant
materials to 50% for those susceptible to both the vector
and the virus (Fig. 11). These findings emphasize that man-
agement decisions cannot rely solely on aphid population
thresholds; they must integrate the specific synergy between
host-vector resistance and host-pathogen tolerance to accu-
rately mitigate grain yield losses.

The findings of this study provide compelling evidence
that aphid population growth models must incorporate
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host-specific biological parameters to accurately predict
spatiotemporal dynamics, grain yield losses, and to support
effective management decision-making. Our results reveal
that the ABISM model, and similar predictive frameworks,
achieve significantly greater accuracy when their internal
rules explicitly account for insect-host interactions, such
as those observed between cultivars with varying levels of
resistance. Regarding model refinement, we propose a shift
from generalized parameters toward the creation of resis-
tance classes. By grouping cultivars with similar life-his-
tory traits—such as nymph survival, developmental rates,
and fecundity—models can be calibrated more efficiently
without losing biological resolution. In this context, the data
obtained from cv. BRS Belajoia could define a “suscepti-
ble” group characterized by high reproductive potential and
extended longevity, while cv. TBIO Toruk would represent
a “resistant” group where morphological or chemical bar-
riers constrain pest proliferation. Furthermore, we recom-
mend transitioning from deterministic mortality thresholds
to stochastic, daily survival probabilities. This structural
improvement, combined with cultivar-specific data on daily
nymph production and reproductive periods, would prevent
artificial population crashes and better capture the overlap-
ping generations essential for simulating real-world out-
breaks. Ultimately, integrating these host-driven biological
nuances is a critical step toward transforming simulation
models from theoretical tools into precise instruments for
integrated pest management (IPM) in wheat systems.

Conclusion

This study corroborates that host-specific interactions sig-
nificantly dictate aphid biological parameters, directly
impacting the spatiotemporal dynamics and predictive
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accuracy of the ABISM model. By quantifying these varia-
tions, we demonstrate that integrating “resistance classes”
into simulation frameworks is a vital practical tool for refin-
ing pest forecasting. Consequently, transitioning from gen-
eralized rules to cultivar-specific mortality and reproduction
data is essential to reduce discrepancies in grain yield loss
estimates. Ultimately, these biological refinements trans-
form predictive models into precise instruments for strate-
gic decision-making in IPM.
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