Seed Science Research

cambridge.org/ssr

Research Paper

Cite this article: Gonzalez MR, Arguello JA
and Batlla D (2026) Development of a
predictive model for vigour loss in soybean

seed. Seed Science Research 1-10. https://doi.

0rg/10.1017/50960258526100257

Received: 29 January 2026 UTC
Revised: 19 August 2026 UTC
Accepted: 20 August 2026 UTC

Keywords:
predictive modelling; seed vigour loss;
soybean seed; storage conditions

Corresponding author: Diego Batlla;
Email: batlla@agro.uba.ar

© The Author(s), 2026. Published by
Cambridge University Press. This is an Open
Access article, distributed under the terms of
the Creative Commons Attribution licence
(http://creativecommons.org/licenses/by/4.0),
which permits unrestricted re-use,
distribution and reproduction, provided the
original article is properly cited.

CAMBRIDGE

7 UNIVERSITY PRESS

Development of a predictive model for vigour
loss in soybean seed

Maria Rita Gonzalez!, Juan Alberto Arguello? and Diego Batlla®

1Grupo El Azul, Laboratorio SEA Calidad and Semillas, Tucuman, Argentina; 2Escuela para graduados,
Universidad Nacional de Cordoba Facultad de Ciencias Agropecuarias, Cérdoba, Argentina and 3Catedra de
Cultivos Industriales, Departamento de Produccion Vegetal/Instituto de Investigaciones Fisiolégicas y Ecolégicas
Vinculadas a la Agricultura (IFEVA), Facultad de Agronomia, Universidad de Buenos Aires, Ciudad Auténoma de
Buenos Aires, Argentina

Abstract

Maintaining high vigour values during post-harvest storage is a key goal for the seed indus-
try, since high-vigour seeds ensure proper crop establishment under different agroclimatic
conditions. The objective of this study was to evaluate the effect of seed moisture, storage tem-
perature, initial vigour and damage on vigour loss in soybean seeds and to develop a model
to predict this process based on the evaluated variables. For this purpose, soybean lots with
different moisture and vigour levels were obtained by accelerated ageing (AAT) at harvest.
Seeds were hermetically stored at 15°C and 25°C for seven months, and vigour was assessed at
regular intervals using AAT (72 h at 41°C). The dynamics of vigour loss were fitted to a nega-
tive cumulative normal distribution function, and the obtained parameters (Py;5, and o) were
related through regressions to initial quality and storage conditions. The model accurately pre-
dicted vigour loss in most cases. The results allowed quantification of the impact of each factor
and simulation of scenarios to improve management and maintain vigour during storage. This
provides a useful tool to optimize decisions regarding storage, monitoring and marketing of
soybean seeds.

Introduction

The growing global demand for food, combined with the impacts of climate change on agri-
cultural production, is placing increasing demands on seed quality to ensure successful crop
establishment. In this context, the use of high-vigour seeds enhances establishment success by
enabling crops to better adapt to a wide range of environmental conditions (Finch-Savage and
Bassel, 2016; Powell, 2022). Vigour assessment is a key component of the seed industry, as it
enables monitoring of the physiological potential of seed lots throughout the production process
and supports informed management decisions (Marcos-Filho, 2015b). Nevertheless, despite its
importance, information on seed vigour remains scarce compared with data on viability, and
research into its dynamics during storage and its relationship with longevity is still limited.

Seed vigour, defined by ISTA (2022) as ‘the sum of those properties that determine the
activity and performance of seed lots, of acceptable germination, over a wide range of environ-
ments, is a complex trait that reflects multiple aspects of seed physiological potential. Unlike
the standard germination test (G), vigour tests provide a more precise and sensitive mea-
sure of physiological deterioration, enabling early detection of ageing symptoms (Ellis and
Roberts, 1981). This makes them valuable tools for predicting seed lot performance during stor-
age and under field conditions (TeKrony and Egli, 1977; Marcos-Filho, 2015a). Among these,
accelerated ageing (AAT) and tetrazolium (Tz) tests play a central role in soybean (Glycine
max) seed quality assessment (Marcos-Filho, 2015a; Franca-Neto and Krzyzanowski, 2022), as
storage-related deterioration is typically expressed as a progressive decline in seed performance
potential (Marcos-Filho, 2015a).

Soybean seeds, due to their morphological and physiological characteristics, are particu-
larly susceptible to deterioration and vigour loss during storage, as well as to damage during
harvest and processing (Parrish and Leopold, 1978; Marcos-Filho, 2015a). This vulnerability is
exacerbated under unfavourable environmental conditions, such as those in tropical and sub-
tropical regions, where maintaining physiological quality is especially challenging. Numerous
studies have documented the effects of storage temperature and seed moisture content on soy-
bean seed viability and vigour, showing that increases in either factor reduce storage lifespan
(Smaniotto et al., 2013; Carvalho et al., 2014; Marcos-Filho, 2015a; Ferreira et al., 2017). High
initial physiological quality is associated with slower deterioration rates during storage (Marcos-
Filho, 2015a), whereas environmental and seed coat damage reduce physiological quality and
compromise vigour preservation (TeKrony et al., 1980; De Souza and Marcos-Filho, 2001;
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Moreano et al., 2011; Forti et al., 2013; Torres Licursi Vieira et al.,
2013; Teixeira et al., 2024; Barrionuevo et al., 2025). However,
despite these insights, the practical application of such findings in
the production sector remains limited (Marcos-Filho, 2015a).

The interaction of three key factors - seed moisture, storage
temperature and initial quality — ultimately determines seed qual-
ity at the end of the storage period (Bewley et al., 2013). Ellis
and Roberts (1980, 1981) pioneered the quantitative description
of this relationship through the viability equation, which models
changes in the viability of orthodox seeds during storage. Their
work demonstrated that viability declines follow a negative sig-
moidal pattern, indicating that not all seeds die simultaneously
(Ellis, 2022). Similarly, population-threshold models assume that
seed populations exhibit underlying normal distributions in their
responses to ageing (Bradford et al., 1993). Over the past decades,
these models, or their derived parameters, have been applied to
assess seed longevity across species and storage conditions (Hay
etal,, 2018, 2022), proving valuable for identifying species-specific
storage characteristics and improving both commercial storage
practices and germplasm conservation (Ellis, 1988). Although sim-
ilar approaches could be used to predict the decline in seed vigour
during post-harvest storage, such models have not been developed
to date.

Many trials have been conducted to study how different storage
conditions and seed quality parameters affect the loss of vigour in
soybean seeds; however, there are no studies that have attempted
to quantify the relative impact of each of these factors in real pro-
duction systems. Such knowledge would be critical for identifying
practices essential to producing high-quality seeds. Moreover, no
predictive models have been developed to estimate the effects of
these factors on vigour changes during storage. The ability to fore-
cast vigour loss would allow seed companies to make strategic deci-
sions to preserve quality, optimize lot management and improve
operational efficiency throughout production and marketing.

In light of this knowledge gap, the objectives of this study were
to:

a) quantify the effects of storage temperature, seed moisture
content and initial vigour on vigour loss during storage of soybean
seeds; and

b) develop a quantitative, population-based model to predict
vigour loss in soybean seed lots under commercial storage condi-
tions as a function of these variables.

Materials and methods
Biological material

Soybean (Glycine max (L.) Merrill) seeds of the cultivars
62R63 RSF (a glyphosate-tolerant genotype) and 67i70 RSF
PRO (a glyphosate- and CrylAc lepidopteran-tolerant geno-
type) were used. Seeds were produced during the 2021/2022 and
2022/2023 growing seasons by the soybean seed production com-
pany Estancia El Azul S.A. (Puesto de Uncos, Tucuman Province,
26°27’S 64°40’W) and Estancia Los Mirkos S.A. (General Mosconi,
Salta Province, 22°35’S 63°47’W).

Twenty-four commercial seed lots differing in vigour (assessed
by the Accelerated Ageing Test, AAT; ISTA, 2022) and moisture
content at harvest were selected. These lots were chosen to repre-
sent the range of variability typically encountered in commercial
soybean seed production systems. Ten seed lots of cultivar 62R63
RSF were used for model development. Whereas the remaining 14
seed lots, produced in Tucumadn (2022) and Salta (2023), were used
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for model validation. These lots represented independent datasets
that differed in genotype, production environment and seed dam-
age levels. At the time of sampling, seeds had been stored for
45 days in silo bags under field conditions.

Seed quality assessment

Immediately after sampling, initial seed quality was assessed using
tests described below. Laboratory tests were conducted at the
seed quality laboratory (Estancia El Azul S.A.), accredited by
the Argentine National Seed Institute (INASE-Registration No.
RNCyFS 1-7073).

» Germination test (G)

Four replicates of 50 seeds were sown. Seeds were placed in sand
moistened to 40% of its water-holding capacity in plastic trays
(26 x 19 x 5 cm), enclosed in polyethene bags to maintain humid-
ity and incubated at 25°C + 2 under a 16 h dark/8 h light regime
according to ISTA (2022). After six days, seedlings were evaluated
according to the Handbook on Seedling Evaluation (ISTA, 2018),
and results are expressed as percentages.

o Tetrazolium test (Tz)

Four replicates of 25 seeds were preconditioned between moist
paper for 16 h at room temperature. Seeds were then immersed
in a 0.1% aqueous solution of 2,3,5-triphenyltetrazolium chloride
(pH 7) and incubated at 35°C for 3 h in darkness. Each seed
was examined, and the mechanical, environmental and insect-
related damage levels were determined following the Argentine
National Agricultural Institute reference patterns (Franga-Neto
and Krzyzanowski, 2022). Results are expressed as percentages.

o Accelerated ageing (AAT, 72 h)

Fungicide-treated seeds (42 g; pyraclostrobin 5% + thiophanate-
methyl 45%, 100 ml/100 kg seed) were incubated at 41°C + 0.3°C
and 95% RH for 72 h following ISTA (2022). Afterwards, four
replicates of 50 seeds were sown in sand moistened to 40% of its
water-holding capacity and incubated under the same conditions
as the germination test. Normal seedlings were counted after six
days, and results are expressed as percentages.

o Moisture content (MC)

Seed moisture content was measured with a hygrometer (Delver,
model HD1021USB, Buenos Aires, Argentina) calibrated for soy-
bean, using the low-temperature oven method (17 h at 103°C;
ISTA, 2022). Results are expressed on a wet basis (%).

o Thousand seed weight (TSW)

Determined by weighing 1000 pure seeds according to ISTA
(2022). Results are expressed in grams.

o Seed coat cracking

Seed coat cracking was assessed following BASF’s working proto-
col SQ-W1I-02853 - QC - External Analysis - Soybean — AR. From
the seed fraction retained on a 4.75 mm sieve, 100 g was weighed
and damaged seeds were identified and separated. This damage was
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characterized by ruptures in the outer seed coat forming irregular
cracks, usually perpendicular to the hilum. The fraction of dam-
aged seeds was weighed, and results are expressed as percentages.

Experimental storage conditions

After the initial seed quality assessment, 200 g subsamples of each
seed lot were placed in polyethene zipper bags (10 x 15 cm, 75 )
sealed with cling film to prevent moisture loss and stored for six
months at constant temperatures of 15°C + 1°C or 25°C + 1°C.
During storage, bags were removed at regular intervals for AAT
testing (ISTA, 2022). In the first year, tests were performed every
two months; in the second year, every 20 days. Storage temper-
atures were monitored using a TPD8358 temperature datalog-
ger (Lascar Electronic, USA). At the end of the storage period,
seed weight was tested in selected samples, and no variation was
detected compared with the initial weight, indicating that seed
moisture was maintained throughout storage.

Modelling vigour loss

Seed vigour loss (quantified by AAT) during storage under differ-
ent conditions of seed moisture, temperature and initial AAT was
described using negative cumulative normal distribution curves,
according to the following equation:

AAT, = @ ((Pysy — P) /o) * AAT,, (1)

where:

+ AAT, = germination percentage after AAT at time p

o AAT,, = observed initial AAT for each seed lot

o ®(x) = cumulative distribution function of the standard normal
distribution

o Py;, = time required for AAT (i.e. germination) to decline to
50% of AAT}, (months)

P = storage time (months)

o 0 = standard deviation of the AAT decline distribution within
the seed population (months)

Equation 1 was independently fitted to each seed lot and stor-
age condition using the Generalized Reduced Gradient non-
linear optimization algorithm implemented in the Solver tool of
Microsoft Excel. Model parameters (Pys, and o) were estimated by
minimizing the Root Mean Square Error. Parameters derived from
the fitted curves (Pys, and o) were subsequently used to develop
predictive equations describing the effects of storage conditions
and seed quality attributes on vigour loss.

Statistical analysis

Standard errors (SE) of the estimated Pys, and ¢ values were
obtained using a non-linear least-squares (nls) algorithm. These
parameters were then analysed by Weighted Least Squares multiple
linear regression, with the reciprocal of their SE as the weighting
factor, to evaluate the effect of the studied variables on soybean
seed vigour. All two-way and three-way interactions among the
explanatory variables (seed moisture content, storage tempera-
ture and initial seed quality parameters) were evaluated during
model development. Regression coefficients were tested for signif-
icance using a t-test, and global model performance was compared
using an F-test (p < 0.05). Analyses were performed with InfoStat
software (Di Rienzo et al., 2020).

Results

All soybean seed lots had germination (G) above the Argentine
commercial standard (>80%). Vigour (AATj,) ranged from 68 to
94%, stink bug damage from 2 to 8%, mechanical damage from 6
to 15%, environmental damage from 15 to 28%, seed coat crack-
ing from 4 to 31% and thousand-seed weight from 128.2 to 191.3
g, quality values typical of commercial seed lots in northwestern
Argentina (Table 1).

Vigour loss during storage increased with seed moisture con-
tent and storage temperature (Figure 1). Lots with <13% moisture
stored at 15°C maintained high vigour (>70%) for six months,
whereas those with >13% moisture fell below this threshold within
four months. At 25°C, vigour declined more sharply, particularly at
higher moisture contents; only seeds at 10% moisture retained high
vigour throughout storage. Initial vigour had little effect on vigour
loss within the range evaluated (AAT > 68%), except in seeds with
>13% moisture stored at 25°C. Changes in seed vigour during stor-
age, as measured by AAT, were well described by fitting equation 1
(Figure 1). Coefficients of determination (R?) ranged from 0.70
to 1.00 in 95% of cases (Table 1). The Py, values obtained from
curve fitting (equation 1) showed that the time required for vigour
to decline to 50% of its initial level was inversely related to seed
moisture content (p —0.57) and storage temperature (p —0.74).

Using the fitted parameters Pyso and o, the seed population
dynamics of vigour loss could be adequately described. Both
were related to seed quality traits and storage conditions through
multiple linear regression (Table 2). Analysis revealed signifi-
cant negative associations between Py, and storage conditions as
well as seed damage (environmental, seed coat cracking, insect-
related), with moisture content and storage temperature showing
the strongest effects (p < 0.0001). In contrast, c was significantly
related only to seed moisture content, showing a linear relation-
ship with a coefficient of determination (R* = 0.51). Although all
two-way and three-way interactions were initially evaluated, none
significantly improved model performance (p > 0.05). Therefore,
the final predictive equations included only main effects. Seed
moisture content was expressed as log;,(MC), following the seed
viability equation of Ellis and Roberts (1980), in which the effect
of moisture content on seed longevity is described on a log-
arithmic scale. Storage temperature was retained in the final
model considering its biological relevance and potential predic-
tive value, despite its limited effect on o within the evaluated
range.

Based on multiple regression coefficients, two linear equa-
tions were developed to model Pys, and o in relation to seed
moisture content (MC), storage temperature (T), environmental
damage (ED) and seed coat cracking (SCC):

Pysy = 54.14 — 33.64 * logMC — 0.41 * T — 0.14 * ED
— 0.05 * SCC )

o = 15.61 — 12.58 * log MC — 0.02 * T 3)

Parameters (Py;, and o) estimated by multiple linear regression
using Equations 2 and 3 were used in Equation 1 to predict vigour
decline in soybean seed lots of cultivar 62R63 RSF produced in
2022. The results showed that vigour decline was accurately pre-
dicted for these seed lots, which were the same lots used for model
development. (R* = 0.85-0.89; Figure 1B).

The model (equations 1-3) also adequately described vigour
loss in seeds stored at different moisture levels at 15 and 25°C for
two cultivars produced in the same year in Tucuman (Figures 2A, B
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Table 1 Initial quality parameters of soybean seed lots (62R63 RSF, 2022) assessed through seed moisture content (% wet basis), germination percentage (G), vigour by accelerated ageing (AAT), percentage of
mechanical, environmental and stink bug damage determined by the Tetrazolium test, seed coat cracking and thousand-seed weight (TSW). Fitted values of Pys,, o and R? derived from Equation 1 under storage at

15 and 25°C
Seed moisture Mechanical Environmental Stink bug Seed coat Temperature
Lot ID content (%) G (%) AAT;, (%) damage (%) damage (%) damage (%) cracking (%) TSW (g) storage (°C) Pyso (months) e} R2
L1 10.1 96 94 10 16 4 14 158.5 15 12.0 3.7 0.70
25 8.0 23 0.81
L2 10.5 91 85 15 16 5 16 162.0 15 11.8 2.8 0.36
25 7.0 2.0 0.93
L3 11.4 93 89 6 23 4 4 128.2 15 9.0 3.4 0.95
25 4.8 2.1 0.98
L4 111 90 87 13 21 2 25 170.8 15 8.2 1.9 1.00
25 4.4 2.0 0.98
L5 11.7 98 90 12 20 8 31 191.3 15 8.8 3.2 0.98
25 3.2 1.7 1.00
L6 11.6 94 85 12 28 6 13 150.5 15 7.2 1.1 0.84
25 4.0 2.6 0.89
L7 11.6 87 73 10 26 8 12 146.4 15 7.5 0.9 0.77
25 3.0 1.5 0.99
L8 13.9 95 90 11 15 5 8 177.6 15 7.3 2.4 0.93
25 2.8 0.9 1.00
L9 13.9 94 80 14 16 7 16 181.1 15 6.4 1.2 0.91
25 2.1 11 1.00
L10 13.2 96 68 10 25 7 15 178.7 15 51 0.8 0.99
25 1.7 0.4 1.00
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Figure 1. (A) Dynamics of vigour (AAT, 72 h) during storage of different lots of soybean seeds (L1-L10; 62R63 RSF, 2022) at different seed moisture contents (10.1-13.9%),
storage temperatures (15°C, blue; 25°C, red) and initial vigour (high to low, left to right). Symbols represent observed data. Dashed lines represent AAT values fitted using
an optimization procedure based on Eq. 1 and solid lines, values predicted by Eq. 1 using Pyso and o estimated from Egs. 2 and 3, respectively. (B) Relationship between
observed and predicted AAT values under both storage temperatures.

Table 2 Multiple linear regressions for estimating Pys, and o as a function of storage conditions and seed quality

Coefficients
Parameter Intercept Log moisture content Temperature storage Environmental damage Seed coat cracking R? AIC
Pyso 54.14 +4.19 —-33.64 £ 2.67**** -0.41 + 0.03**** -0.14 + 0.02*** -0.05 + 0.005* 0.95 85.81
o 15.61 + 1.37 -12.58 £ 1.09*** -0.02 + 0.003 - - 0.51 77.54

**** p < 0.0001; *** 0.0001 < p < 0.001; * p > 0.01.

coat cracking, the model was less accurate, overestimating vigour
values (Figures 2C and 3C; Table 3).

and Figure 3A, B; Table 3). In contrast, for seed lots produced in
2023 in Salta, which exhibited high levels of stink bug and seed

Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 15 Nov 2026 at 20:04:10, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50960258526100257


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0960258526100257
https://www.cambridge.org/core

6 Gonzalez et al.

A 100

o]
o

o))
o-

~
o

AAT 72 h (%)

N
(=]

L11
oL MC:13.5%

L12 L13
MC:11.6% . MC:11.5% - @

*0

2022
62R63 RSF - TUCUMAN

AAT 72 h (%)

100

80 e Observed ATT - 15°C

60 —— Predicted ATT - 15°C

40
¢ Observed ATT - 25°C

20
L14 * L15
0LMC:11.5% ~ MC:10.0%

B 100

—— Predicted ATT - 25°C

[es)
O
Py

[o2]
(=]

N
o

AAT 72 h (%)

L16
oHMC:i12.1%

L17

L18
MC:11.1% MC:13.0%

L

2022
67i70 RSF IPRO - TUCUMAN

AAT 72 h (%)

L19 L20 L21
0 MC:10.9% MC:9.7% MC:11.8%

60

2023
62R63 RSF -SALTA O

s
+ .70

L22 L23 §§§§E L24 31
) o

S
<2

AAT 72 h (%)

N
e

*
6 8
STORAGE TIME (months) STORAGE TIME (months) STORAGE TIME (months)

0MC:10.3% MC:10.6% MC:10.5%
0 2 4 6 80 2 4 6 80 2

Figure 2. Dynamics of soybean seed vigour (AAT) during storage of independent soybean seed lots (L11-L24) at 15°C (blue) and 25°C (red). Symbols represent observed data
and solid lines represent values predicted by Eq. 1 using Pyso and o estimated from Eqgs. 2 and 3, respectively. Panels show lots of cultivars: (A) 62R63 RSF, Tucumén 2022;
(B) 67i70 RFS IPRO, Tucuman 2022; and (C) 62R63 RSF, Salta 2023.

Equation 2 was further used to simulate the effects of seed mois- ~ optimized to preserve lot vigour. For seed lots with low-damage
ture content and storage temperature on Py, values, fixing damage  levels (Figure 4A), greater flexibility was observed in selecting
levels at low and high, to assess how storage conditions could be  moisture and temperature conditions while maintaining vigour
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Figure 3. Relationship between observed and predicted AAT values for independent validation seed lots (L11-L24) stored at 15 and 25°C. (A) 62R63 RSF, Tucuman 2022; (B)

67i70 RFS IPRO, Tucuman 2022; and (C) 62R63 RSF, Salta 2023.

Table 3 Initial quality parameters of soybean seed lots (62R63 RSF and 67i70 RFS IPRO) produced in Tucuman (T) and Salta (S), 2022-2023. Assessed through seed
moisture content (% wet basis), germination percentage (G), vigour by accelerated ageing (AAT), percentage of mechanical, environmental and stink bug damage
determined by the Tetrazolium test, seed coat cracking and thousand-seed weight (TSW)

Moisture Mechanical Stink bug  Seed coat

content AAT;, damage Environmental ~ damage cracking
Lot ID Year Cultivar Location seed (%) G (%) (%) (%) damage (%) (%) (%) TSW (g)
L11 2022 62R63 RSF T 13.5 93 65 11 21 5 18 179.9
L12 2022 62R63 RSF T 11.6 95 83 12 20 8 11 153.3
L13 2022 62R63 RSF T 115 98 92 12 16 4 36 187.6
L14 2022 62R63 RSF T 115 92 84 11 17 6 33 180.9
L15 2022 62R63 RSF T 10.0 96 93 13 16 2 13 150.8
L16 2022 67i70 RSF IPRO T 121 95 7 12 34 9 0 151.7
L17 2022 67i70 RSF IPRO T 111 91 79 8 21 6 1 158.3
L18 2022 67i70 RSF IPRO T 13.0 96 73 7 33 5 1 154.3
L19 2022 67i70 RSF IPRO T 10.9 96 86 7 28 6 0 152.8
L20 2022 67i70 RSF IPRO T 9.7 91 89 4 39 11 1 151.2
L21 2022 67i70 RSF IPRO T 11.8 96 85 1 34 3 0 156.2
L22 2023 62R63 RSF S 10.3 97 81 8 15 26 30 178.0
L23 2023 62R63 RSF S 10.6 92 76 9 13 18 32 194.2
L24 2023 62R63 RSF S 10.5 87 69 4 28 33 25 184.1

for longer periods (Pys, = 5-10 months). In contrast, for lots
with high levels of environmental damage and seed coat cracking
(Figure 4B), storage conditions needed to be strictly controlled at
very low moisture and temperature levels to effectively preserve
vigour.

Discussion

In this study, the quantitative effects of storage temperature, seed
moisture content, initial seed vigour and damage levels on soybean
seed vigour loss measured by AAT during storage were evaluated.
As widely documented, soybean seed vigour declines more rapidly
with increasing seed moisture and/or storage temperature (Ellis
etal., 1982; Dickie et al., 1990; Marcos-Filho, 2015a; Ferreira et al.,
2017), making these the most influential factors in this process
(Figure 1). Another factor usually affecting the rate and extent of
deterioration is the initial quality of the seed lot (Bewley et al., 2013;

Marcos-Filho, 2015a; Ellis, 2022). However, in the present work,
the effect of initial AAT vigour did not appear to significantly influ-
ence vigour loss dynamics. It is important to note that the AAT
values used in this study were always higher than 68%, as values
below this threshold lead to rejection at the industrial level. The use
of seed lots with lower initial AAT values would likely have resulted
in a significant effect of this factor.

Seed coat cracking and environmental damage were negatively
correlated with vigour loss during storage (Table 2), consistent
with previous studies showing that environmental damage and
its progression affect soybean seed viability and vigour (Moreano
et al,, 2011; Forti et al,, 2013). The negative impact of seed coat
cracking may be related to disruptions in seed coat integrity,
which reduce the physiological potential of the seed (De Souza
and Marcos-Filho, 2001; Torres Licursi Vieira et al., 2013; Teixeira
et al., 2024; Barrionuevo et al., 2025). Previous studies examined
these effects in isolated cases but did not establish a quantitative
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Figure 4. Simulation using Eq. 2 of seed moisture content (9-14%) and storage temperature (10-35°C) effects on Pys, under two damage scenarios: (A) low-damage levels
(10% environmental damage, 0% seed coat cracking) and (B) high damage levels (30% environmental damage, 30% seed coat cracking). The white areas indicate Pys, values

lower than 0.

relationship between these damages and vigour loss during stor-
age. It is important to note that, although we measured several seed
quality attributes to represent the main physiological differences
among seed lots, other unmeasured seed lot characteristics may
have also influenced the observed responses.

Based on the observed data, negative cumulative normal dis-
tribution equations (equation 1) and multiple linear regressions
(equations 2 and 3) were fitted to quantify the relative effects of

each factor on vigour decrease and to develop a predictive model
of vigour dynamics under different storage conditions and dam-
age levels (Table 2). The model (equations 1-3) provides a robust
framework for describing vigour loss dynamics during storage in
areal commercial seed production situation, capturing population
variability within seed lots. The Py5, parameter, analogous to Ps,
derived from the fitted curves and previously used in seed longevity
models (Hay et al., 2018), proved effective also for quantifying
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vigour changes, allowing differentiation of seed lots with similar
quality (Table 1). Similar population-based models have been used
to predict seed viability but have not previously been applied to
vigour parameters (Hay et al., 2022), although the model devel-
oped by Bradford et al. (1993) can be used to predict changes in
germination rate during storage, which could potentially be used
as a seed vigour index (Bradford and Bello, 2022). In population-
based models, such as the one developed in this paper, changes
in seed population behaviour can be accounted for by indepen-
dent variation in the mean (i.e. Pys,), the standard (o), or both
(Bradford, 2002). The present model indicates that Pys, (i.e. the
time required for initial vigour to decrease by 50%) and o (i.e. the
distribution of times for vigour to decline within the seed pop-
ulation) are independently affected by different factors (Table 2).
While Py, is affected by storage conditions (temperature and seed
moisture content) and seed quality parameters (i.e. environmen-
tal damage and seed coat cracking), o is only affected by storage
conditions, particularly seed moisture content.

The model accurately described vigour behaviour for the origi-
nal dataset (Figure 1) and predicted well for independent datasets
from two cultivars and locations (Figure 2A, B). Egli et al. (1978)
also reported no cultivar effect on changes in seed vigour during
storage. This highlights the potential to apply the developed model
to other genotypes and production regions. However, it was less
precise for lots with high stink bug damage and seed coat cracking
(Figure 2C), likely because it was calibrated using low-damage lots.
This limitation highlights the need to account for seed damage lev-
els when optimizing storage practices to preserve vigour (Figure 4).
It is important to note that the model’s lack of accuracy in predict-
ing this specific situation does not undermine its potential use in
real production systems. In most cases, harvested seed lots exhibit
quality parameters similar to those of the lots used to develop the
model (seed lots L1-L10), and it is uncommon to observe such
high levels of bug damage and seed coat cracking as those recorded
in the lot harvested in Salta (seed lots 1L22-1.24). On the other
hand, since the model was developed with data from seeds stored
at only two temperatures (15 and 25 °C), extrapolation beyond this
range requires caution. Testing vigour loss under a more compre-
hensive combination of temperatures and seed moisture contents
is required to predict seed vigour loss across a broader range of
storage conditions.

Vigour as a seed quality parameter is increasingly recognized in
the seed industry and represents a key differentiator for companies.
Although no official minimum vigour standards exist for com-
mercialization, companies maintain internal thresholds. Modelling
vigour — a more sensitive parameter than germination — allows
early prediction of deterioration by the seed industry, providing
valuable information for strategic management across production
stages. The model presented in this work can infer storage poten-
tial via vigour Py, supporting internal quality control by adjusting
monitoring intervals: shorter for lots with low Py, or longer for
those with high Pys,. Additionally, Py, enables comparison of lots
with similar quality and tailoring of storage conditions based on
available options. Simulations further clarify how individual fac-
tors affect storability and vigour loss under specific conditions,
facilitating interpretation and practical use of routine seed qual-
ity tests. Overall, this approach supports more informed decisions
regarding conditioning, storage and marketing of seed lots, with
the goal of preserving their vigour.
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