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4 Leibniz Institute of Plant Genetics and Crop Plant Research, Corrensstraße 3, OT Gatersleben, 06466 Seeland, Germany
* Correspondence: magacka@iung.pulawy.pl

Abstract

Seed germination performance and storability are fundamental components of seed quality
and critical for successful crop establishment. However, information on the impact of dif-
ferent crop production systems on the quality and storability of seed material is still limited.
Therefore, the aim of this study was to compare the effects of different crop production
systems (ecological, integrated, conventional, and monoculture) on seed germination and
predisposition for storage. The research was carried out on four varieties of winter wheat.
Seed material was produced within a two-year period, during which different weather
conditions occurred. Four germination-related traits were assessed: germination capacity
NS (%), total germination (TG%), time to reach 50% germination (t50) and the area under
the germination curve (AUC). The results demonstrated that the cultivar, the cultivation
system and the year of study had a significant impact on germination characteristics. The
ecological system ensured the highest germination rate in fresh seeds. However, in the
CD test, the conventional system demonstrated the highest levels of stress resistance and
stability, suggesting the best storage potential. The significant system × variety interac-
tion demonstrates the importance of accurate matching of the genotype to the growing
conditions to ensure optimal seed quality. Furthermore, the data demonstrated a strong
influence of climatic conditions in the year of production, which is crucial for seed vigor.

Keywords: crop production system; wheat; germination; seed storage; seed longevity

1. Introduction
Wheat is one of the world’s most commonly consumed cereal grains. According to the

Food and Agriculture Organization of the United Nations (FAO), wheat is and will remain
the most important source of food grain for humans. Global wheat production in 2025 was
estimated at 793 million tonnes [1]. Due to its immense importance, around 850,000 wheat
accessions can be found in ex situ genebank collections worldwide [2]. Genetic resources
allow for the breeding and selection of varieties that demonstrate beneficial agricultural
traits, such as disease resistance and the ability to adapt to diverse environmental conditions.
This is particularly relevant in cultivation systems such as organic farming, where the
fundamental objective is to optimise the use of natural resources with minimal external
inputs, without negative effects on grain quality [3,4].
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The quality of seeds plays an important role in crop production and food security, as
well as in the long-term storage of plant genetic resources [5,6]. Production of good quality
seeds needs optimal field conditions for a given species; however, very often cultivation
require compromises between favorable and specific local environmental conditions. Ger-
mination percentage and vigor are important criteria of seed quality. According to the
International Seed Testing Association (ISTA, Zurich, Switzerland), vigor is defined as the
sum of those properties that determine the activity and performance of seed lots for accept-
able germination in a wide range of environments [7]. Rapid and uniform emergence of
vigorous seedlings ensures high plant performance that affects uniformity of development,
yield, and quality of the harvested product. High-quality seeds are characterized by high
viability and produce normal seedlings [8].

Seed longevity, defined as the time during which seeds retain their ability to germinate,
is regulated by genetic factors, but is also dependent on non-genetic determinants, such as
environmental conditions during seed development and harvest. To assess seed longevity,
specific testing protocols have been developed. Among these, the controlled deterioration
(CD) test involves the deterioration of seeds in a precise and controlled manner at an
elevated moisture content and temperature for a defined period of time. The expression of
seed quality indicated by the CD test is a prediction of seed longevity due to a correlation
with naturally aged seeds [9,10]. Understanding seed longevity is crucial for optimizing
crop production, as it directly affects germination rates and overall yield potential.

The choice of farming system can influence seed performance, both through man-
agement practices and environmental interactions. In modern agriculture, three primary
farming systems are distinguished: conventional, integrated and ecological. Conventional
agriculture is typically practiced on specialized farms implementing intensive production
technologies with substantial inputs of industrial resources [11]. Crop production, often in-
cluding wheat, is sometimes practiced in monoculture due to economic and organizational
benefits. In this system, a single crop species is produced in the same field in consecutive
years. Monoculture farming has the advantage of simplifying technology, allowing for
specialization and responding to high market demand. However, it should be noted that
long-term monoculture has been shown to have negative consequences, including soil
depletion, increased disease and pest pressure, and the need for intensive use of fertilizers
and plant protection products. These factors can ultimately reduce yields and grain qual-
ity [12,13]. In contrast, integrated and ecological systems are promoted as environmentally
friendly management methods. A system of sustainable plant production requires a limited
use of industrial means of production, the use of integrated pest management, and the
minimization of the negative impact of agriculture on the natural environment, while
simultaneously producing high-quality food [14,15]. Organic farming excludes the use of
chemical plant protection products and concentrated mineral fertilizers; limitation of the
occurrence of pests, diseases and weeds is ensured by agricultural practices such as crop
rotation, tillage, organic fertilization, date and density of sowing, and seed quality, as well
as mechanical, biological, and physical methods of plant protection [16].

Research on various management methods focuses mainly on the comparisons of eco-
nomic effects [17,18], ecological aspects related to the use of pesticides or fertilizer and their
environmental consequences [19,20] and quality assessment of the obtained products [21–23].

Despite significant advances in understanding how individual environmental and agro-
nomic factors influence seed vigor and longevity, there is still a lack of knowledge regarding
the comprehensive impact of entire production systems. Previous studies have examined, for
instance, the influence of climate [24], tillage practices [25], and fertilization strategies [26,27].
Research has also explored the relationship between seed yield, size and vigor [27,28]. However,
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it should be noted that most of these findings remain fragmented and do not fully capture the
broader role of production systems as a whole in seed vigor and longevity.

Existing publications comparing the effects of different crop production systems on seed
germination are still limited. For example, Ref. [29] reported a significant decrease in the vigor
and germination of barley when comparing grain from ecological (organic) and conventional
systems. However, in other studies, such as [30], the type of crop production system did not
have a significant effect on the vigor and germination of winter wheat or spring barley.

To the best of our knowledge, there are no reports comparing comprehensively the
effects of different crop production systems on seed germination and storability in wheat.
Therefore, the aim of this study is to compare wheat seeds originating from four different
farming systems, namely conventional, conventional monoculture, integrated and, organic,
with a focus on assessing their germination capacity and the efficacy for long-term storage.
A deeper understanding of the role of production systems in shaping seed quality and their
suitability for ex situ conservation is of major importance both for agricultural practice and
for the preservation of genetic resources.

2. Materials and Methods
2.1. Seed Samples and Crop Production Systems

This study was conducted from 2014 to 2016 at the Agricultural Research Station of
the Institute of Soil Science and Plant Cultivation—State Research Institute (IUNG-PIB)
in Osiny, Poland (51◦28′ N, 22◦30′ E). It has been part of a long-term experiment initi-
ated in 1994 which compares four different crop production systems: (I) conventional
(CON)—conditions used for modern farming involving chemical protection and mineral
fertilization; (II) conventional monoculture (MONO)—a system involving the cultivation
of one crop in the same field for a long time, resulting in a high input of pesticides; (III)
integrated (INT)—an approach using natural resources and regulatory mechanisms to
ensure sustainable farming; (IV) ecological (ECO)—a system involving limited mineral
fertilization and chemical plant protection. Further details are provided in Tables 1 and 2.

Four winter wheat cultivars (Sailor, Jantarka, Arkadia, Bamberka) were cultivated in each
system. The tested cultivars were found to have several notable qualities, including higher
than average resistance to fungal pathogens and a varied stem and ear morphology. The above
traits should make the studied varieties suitable for use in ecological systems. The same sowing
standard was used for all varieties, i.e., 450 grains per m2. The experiments were set up as
one-factor experiments in a randomized block design, with six replications. The area of the plots
ranged from 30 to 35 m2. Wheat samples from harvests in 2014 and 2016 were used in the study.
Seeds from each replication of each cultivar were analyzed separately.

Table 1. Environmental conditions at the experimental location.

Parameter Description/Value

Complex of agricultural suitability Very good rye

Soil type Lessive/grey brown podsolic

Soil textural group Heavy loamy sand on a clay

Soil richness:
—Humus 1.4%
—Phosphorus (P2O5) 8.6 mg–100 g−1

—Potassium (K2O) 10.0 mg–100 g−1

—Magnesium (Mg) 9.1 mg–100 g−1

—pH (in KCl) 5.9

Forecrop Clover with grasses

Average annual temperature 7.6 ◦C

Annual rainfall 587 mm
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Table 2. Agronomic management of winter wheat across crop production systems (2014–2016).

Parameter Conventional Conventional-
Monoculture Integrated Ecological

Crop Rotation Winter rape→Winter
wheat→Spring wheat

Winter wheat
(continuous
cultivation)

Potato→Spring
wheat→Faba
bean→Winter wheat

Potato→Spring
wheat→Red
clover→Winter
wheat→Oats

NPK Fertilization (kg of
pure ingredient per ha)

High
N: 170
P: 70
K: 98

High
N: 160
P: 70
K: 98

Reduced
N: 120
P: 60
K: 80

Natural
N: 0
P: 36
K: 75

Type of Fertilizers
Mineral (Ammonium
nitrate, Polifoska) +
Straw

Mineral + Straw Mineral + Compost +
Catch crops

Ground rock
phosphate, Potassium
sulphate + Compost

Chemical Protection
(Number of treatments)

Intensive
(4–5 treatments total)

Very Intensive
(5 treatments total)

Limited
(3 treatments total)

None
(only natural methods)

2.2. Germination Assay and Germination Speed

Germination tests were conducted in two replications of 50 seeds per cultivar, culti-
vation system and plot. The seeds were placed on moistened filter papers (90 mm round
filter, C 160; Munktell & FILTRAK GmbH, Bärenstein, Germany) and then germinated
at a constant temperature of 20 ◦C using a Jacobsen apparatus (Laborset, Łódź, Poland).
The number of seedlings showing normal appearance and those showing abnormalities
were counted after eight days, in accordance with the ISTA protocol [8]. The results of
the germination tests were expressed as the percentage of normal seedlings and the total
number of germinated seeds.

To determine the germination speed, the number of germinated seeds (visible radical
emergence) was counted daily within the germination period. Four germination-related
traits were analyzed. Total germination (TG) was expressed as the percentage of seeds
showing radicle emergence and reflected the overall germination capacity of the seed lot.
Germination capacity was determined as the final percentage of normal seedlings (NS) at
the end of the germination test, as specified by ISTA [8]. The time to reach 50% of total
germination (t50) was calculated as the time required for half of the seeds to exhibit radicle
emergence, providing an estimate of germination speed. Finally, the area under the curve
(AUC) was determined as the integral of the fitted germination curve between t = 0 and a
defined endpoint (200 h), capturing both the rate and cumulative extent of germination
during the germination period.

These parameters, determined using the germination software GERMINATOR [31],
enabled a comprehensive evaluation of seed germination performance.

2.3. Assessment of the Relative Storability

The controlled deterioration (CD) test was used to investigate the storage potential of the
seed samples, in accordance with the protocol from the Seed Information Database (Royal
Botanic Gardens, Kew, Richmond, UK). In order to minimize any change in the moisture
content of the seeds, it was first necessary to rehydrate the samples. The seeds were placed
into permeable paper bags and held above an 8.7 M unsaturated lithium chloride (LiCl)
solution (47% RH) on plastic racks in plastic boxes. The boxes were hermetically sealed and
stored in a climatic chamber (Pol-Eko) for seven days at 20 ◦C [32]. Following a seven-day
rehydration period, the seeds were transferred to an ageing chamber set at a temperature of
45 ◦C and a relative humidity (RH) of 60% (7.1 M LiCl) for 30 days. The time of exposure to
the stress condition was selected based on the findings from a preliminary experiment.

https://doi.org/10.3390/agronomy16020260

https://doi.org/10.3390/agronomy16020260


Agronomy 2026, 16, 260 5 of 19

2.4. Statistical Analysis

The conformity of the empirical distributions of observed traits with the normal distribution
was assessed using the Shapiro–Wilk W-test [33]. Homogeneity of variances was evaluated
using Bartlett’s test. Three-way analyses of variance (ANOVA) were conducted to assess
the effect of year, system and cultivar as well as their interactions on each trait individually.
Arithmetic means and standard deviations were calculated for each trait. Additionally, Fisher’s
least significant differences (LSDs) test was estimated at a significance level of α = 0.05, and
homogeneous groups were identified based on these LSD values. Relationships between the
examined traits were evaluated using Pearson correlation coefficients. All statistical analyses
and result visualizations were carried out using Gen-stat 23.1 software [34].

3. Results
3.1. The Effect of Tested Parameters on the Germination Traits of Wheat Seed

The analysis of variance (ANOVA) demonstrated that all of the tested parameters
(year, crop production system and cultivar) had a significant effect on most of the traits that
were evaluated (Table 3).

Table 3. Mean squares from analysis of variance (ANOVA) and significance levels (p-values) for
factors influencing germination traits of wheat.

Source of Variation d.f. NS (%) TG (%) t50 (h) AUC

Year 1 277.5 209.77 ** 1062 ** 169.5
System 3 136.79 37.7 1851.2 *** 919.6 ***
Cultivar 3 2635.14 *** 424.86 *** 3264.1 *** 2509.6 ***
Year × System 3 23.78 59.8 517.8 ** 246.3
Year × Cultivar 3 512.81 *** 86.84 * 389.1 * 230.5
System × Cultivar 9 170.99 * 40.58 851.7 *** 572.3 ***
Year × System × Cultivar 9 253.03 ** 61.24 * 241.6 242.5 *
Residual 221 82.19 29.32 130.1 102.4

* p < 0.05; ** p < 0.01; *** p < 0.001; d.f.—the number of degrees of freedom. NS (%)—percentage of normal
seedlings; TG (%)—percentage of total germination-visible radicle emergence (%); t50 (h)—time to reach 50% of
total germination; AUC—area under the germination curve (200 h).

The cultivar had a significant effect (p < 0.001) on all germination traits NS (%), TG
(%), t50 (h), AUC. The production system significantly influenced the germination speed
(AUC, t50), while the year of the experiment influences t50 and TG (%). Furthermore, sta-
tistically significant interactions were observed among the factors influencing the examined
traits. The year × production system interaction was significant only for t50. In contrast,
cultivar × year, cultivar × system, and the three-way interaction were significant for three
of the four traits examined. The complete results, incorporating mean values and standard
deviations for all factors examined, are presented in Tables 4–6.

3.2. Effect of Production System, Cultivar and Year on Germination on Wheat

The analysis indicated significant differences in germination parameters between the
tested cultivars. Bamberka had significantly lower values of both germination capacity
(NS%) and the number of germinated seeds (TG%) compared to the other cultivars (Table 4,
Figures 1A and 2A).

TG (%) was lowest in Bamberka (90.05%) and significantly higher in the remaining
cultivars (above 94%), exceeding LSD0.05 = 8.7. In the case of NS (%) (Figure 1A), Bam-
berka exhibited a significantly lower percentage (75.20%) in comparison to the three other
cultivars (exceeding 86%), with differences significant at LSD0.05 = 14.6. No significant
differences were observed among the other three cultivars (Arkadia, Jantarka, and Sailor)
for total germination (TG%) or the proportion of normal seedlings (NS%).
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Table 4. Mean values and standard deviations of NS (%), TG (%), t50 (h) and AUC in relation to
cultivar of wheat.

Cultivar Arkadia Bamberka Jantarka Sailor

Year System NS (%)

2014 CONV 72 ± 12.543 efg 76.5 ± 7.55 defg 87.95 ± 5.392 abcd 87.78 ± 5.245 abcd
ECO 77.5 ± 5.508 cdefg 77.5 ± 12.477 cdefg 91.52 ± 3.039 abc 93.5 ± 1 ab

INTGR 84 ± 8.165 abcde 82.37 ± 7.029 abcdef 78 ± 12.166 cdefg 80.16 ± 10.087 abcdefg
MONO 79.73 ± 14.952 abcdefg 77.5 ± 3.786 cdefg 94.12 ± 3.924 a 87 ± 4.761 abcd

2016 CONV 89.33 ± 8.414 abcd 69.25 ± 15.697 fg 89 ± 7.261 abcd 93.5 ± 4.101 ab
ECO 93.64 ± 3.443 ab 82.55 ± 9.125 abcdef 87.33 ± 8.752 abcd 85.83 ± 6.74 abcde

INTGR 87.53 ± 7.646 abcd 66.08 ± 15.448 g 90.83 ± 12.518 abcd 91.17 ± 5.686 abc
MONO 88.17 ± 5.289 abcd 79.17 ± 13.469 bcdefg 88.33 ± 6.14 abcd 85.86 ± 5.814 abcde

Average 86.72 ± 9.293 A 75.2 ± 13.591 B 88.8 ± 8.607 A 88.59 ± 6.684 A

LSD0.05 for interaction: 14.6

TG (%)

2014 CONV 93 ± 3.464 ab 94.5 ± 1.915 ab 95.98 ± 3.266 ab 93.89 ± 4.189 ab
ECO 96 ± 3.651 ab 97 ± 1.155 ab 98 ± 1.633 a 98.5 ± 1 a

INTGR 96.5 ± 2.517 ab 94.47 ± 3.792 ab 98 ± 2 a 90.08 ± 4.176 bc
MONO 99.3 ± 0.879 a 89.5 ± 3.416 bc 98 ± 2.828 a 93.5 ± 1.915 ab

2016 CONV 96.33 ± 3.393 ab 90.64 ± 7.487 abc 95.83 ± 2.329 ab 96.67 ± 3.339 ab
ECO 97.64 ± 3.075 ab 89.27 ± 4.756 bc 92.33 ± 4.499 abc 90.83 ± 5.006 abc

INTGR 94.52 ± 4.832 ab 83.81 ± 13.635 c 94.5 ± 9.308 ab 96.33 ± 2.535 ab
MONO 95.83 ± 2.758 ab 91.33 ± 7.353 abc 92.17 ± 4.783 abc 93.86 ± 2.989 ab

Average 96.09 ± 3.584 A 90.05 ± 8.449 B 94.6 ± 5.455 A 94.31 ± 4.168 A

LSD0.05 for interaction: 8.7

t50 (h)

2014 CONV 71.12 ± 1.755 bcdef 77 ± 3.918 bcd 63.74 ± 2.114 defgh 75.53 ± 2.609 bcd
ECO 59.55 ± 3.982 efgh 68.79 ± 5.146 bcdefgh 56.14 ± 2.326 gh 57.86 ± 2.359 fgh

INTGR 72.43 ± 14.124 bcde 74.69 ± 3.963 bcd 54.73 ± 4.617 h 69.28 ± 2.699 bcdefg
MONO 64.44 ± 2.79 cdefgh 65.25 ± 1.989 cdefgh 57.88 ± 2.668 fgh 63.93 ± 1.85 defgh

2016 CONV 70.7 ± 8.419 bcdef 81.76 ± 13.95 b 59.99 ± 7.242 efgh 58.75 ± 5.832 efgh
ECO 67.08 ± 7.879 cdefgh 70.3 ± 12.745 bcdefg 67.03 ± 13.38 cdefgh 64.03 ± 10.614 defgh

INTGR 78.93 ± 6.117 109 ± 30.204 a 66.94 ± 6.455 cdefgh 65.7 ± 4.785 cdefgh
MONO 70.5 ± 6.951 bcdefg 66 ± 20.67 cdefgh 67.75 ± 10.636 bcdefgh 66.19 ± 8.326 cdefgh

Average 70.63± 8.66 B 79.32 ± 23.31 A 63.74 ± 9.48 C 64.41± 7.87 C

LSD0.05 for interaction: 14.508

AUC

2014 CONV 71.44 ± 4.983 efghijk 68.63 ± 5.444 ghijk 81.91 ± 3.59 abcdef 70.03 ± 3.714 fghijk
ECO 81.8 ± 5.894 abcdef 67.22 ± 10.791 hijk 91.35 ± 4.318a 84.47 ± 3.167 abcd

INTGR 68.73 ± 15.363 ghijk 65.87 ± 9.508 ijk 86.99 ± 4.149 ab 72.9 ± 2.336 defghijk
MONO 72.07 ± 9.854 defghijk 70.42 ± 2.768 fghijk 84.22 ± 5.947 abcde 78.79 ± 2.737 abcdefgh

2016 CONV 73.5 ± 8.859 cdefghijk 62.6 ± 10.437 k 84.42 ± 7.775 abcd 86.15 ± 6.862 abc
ECO 77.95bcdefghij ± 9.043 72.09 ± 12.291 defghijk 75.22 ± 12.411 bcdefghijk 77.25 ± 11.139 bcdefghij

INTGR 65.19± 6.846 jk 47.76 ± 13.165 l 78.69 ± 9.907 abcdefghi 78.45 ± 4.737 bcdefghi
MONO 73.43 ± 7.1 cdefghijk 80.6 ± 21.418 abcdefg 74.22 ± 11.624 bcdefghijk 76.43 ± 9.043 bcdefghij

Average 72.68 ± 9.27 B 66.24 ± 16.85 C 80.02 ± 10.5 A 78.82 ± 8.41 A

LSD0.05 for interaction: 12.871

Different lowercase letters indicate significant differences between interactions; uppercase letters indicate signifi-
cant differences between averages (p < 0.05).

Table 5. Mean values and standard deviations of observed traits in relation to production system.

System NS (%) TG (%) t50 (h) AUC

CONV 84.22 ± 12.8 a 94.74 ± 4.663 a 68.81 ± 11.78 b 75.75 ± 11.53 a
ECO 86.71 ± 8.66 a 93.74 ± 5.14 a 65.38 ± 10.49 b 77.09 ± 11.28 a

INTGR 83.29 ± 13.69 b 92.83 ± 8.813 b 77.41 ± 21.54 a 68.76 ± 14.83 b
MONO 85.18 ± 9.15 a 93.74 ± 4.913 a 66.43 ± 11.17 b 76.22 ± 12.14 a

LSD0.05 3.2 1.9 4.037 3.581
Different lowercase letters within a column indicate significant differences among systems at p ≤ 0.05.
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Table 6. Mean values and standard deviations of observed traits in relation to year.

Year NS (%) TG% t50 AUC

2014 83.02 ± 9.7 a 95.35 ± 3.764 a 65.95 ± 8.06 b 75.88 ± 9.85 a
2016 85.45 ± 11.75 a 93.24 ± 6.645 b 70.69 ± 16.69 a 73.99 ± 13.73 a

LSD0.05 2.6 1.6 3.268 2.899
Different lowercase letters within a column indicate significant differences between years at p ≤ 0.05.

Regarding germination speed, Bamberka showed the slowest rate of germination, as
indicated by the highest t50 value (79.32 h) and the lowest AUC (66.24). Jantarka and Sailor
exhibited the highest germination speed (t50, AUC) among the tested cultivars, as reflected by
the lowest t50 values (63.74, 64.41 h) (Table 4, Figure 1C) and the highest area under the curve
(80.02, 78.82) values (Table 4, Figure 1D). Faster germination in these two cultivars suggests
greater seed vigor and the potential for more uniform seedling emergence in the field.

Figure 1. Effect of cultivar on germination parameters of winter wheat. The density plots illustrate the
distribution and variability of germination traits across the four winter wheat cultivars. (A) Normal Seedlings
(NS %), (B) Total Germination (TG %), (C) time to 50% germination (t50) (D) Area Under the Curve (AUC).
Cross symbols (×) represent individual observations. Different lowercase letters (a–c) indicate statistically
significant differences between cultivars according to post hoc test at p ≤ 0.05.

Significant differences were observed among cultivation systems (Table 5, Figure 2). The
analysis of variance indicated that the integrated system (INTGR) was significantly different
from the other production methods, forming a distinct homogeneous group (Table 5).

https://doi.org/10.3390/agronomy16020260
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Figure 2. Effect of crop production system on germination parameters of winter wheat. The density plots
illustrate the distribution and variability of germination traits across the systems. (A) Normal Seedlings
(NS %), (B) Total Germination (TG %), (C) time to 50% germination (t50), (D) Area Under the Curve (AUC).
Cross symbols (×) represent individual observations. Different lowercase letters (a–c) indicate statistically
significant differences between cropping systems according to post hoc test at p ≤ 0.05.

While the seeds from the conventional (CONV), ecological (ECO) and monoculture
(MONO) systems exhibited high germination (group a), the INTGR system showed a signifi-
cant, though not considerable, reduction in germination. The difference between these systems
(1.91) exceeded the LSD0.05 value (1.9). A similar pattern was observed for germination speed.
The Integrated system (INTGR) exhibited statistically significant differences compared to the
other cropping systems, forming a separate homogeneous group. Specifically, it recorded
significantly higher t50 values and lower AUC values (Figure 2C,D), indicating a slower
germination rate relative to the CONV, ECO, and MONO systems.

The proportion of normal seedlings NS (%) was slightly higher in 2016 (85.45%) than
in 2014 (83.02%) (Table 6, Figure 3A), with the difference again not reaching statistical
significance (LSD0.05 = 2.6).

In contrast, total germination (TG%) was significantly higher in 2014 (95.35%) than in
2016 (93.24%), with the difference of 2.11 percentage points exceeding the LSD0.05 value
(1.6) (Figure 3B). Proportion of normal seedlings remained relatively stable across years,
environmental conditions in 2014 favored a slightly higher overall germination. No signifi-
cant differences were detected for the AUC trait (Figure 3D), whereas significant differences
were identified for t50 (Figure 3C). The lack of significant variation in AUC values indicates
that, despite differences in germination timing, overall germination performance and seed
lot quality remained stable across years.
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Figure 3. Effect of year on germination parameters of winter wheat. The density plots illustrate
the distribution and variability of germination traits between the year. (A) Normal Seedlings (NS %),
(B) Total Germination (TG %), (C) time to 50% germination (t50), (D) Area Under the Curve (AUC) Cross
symbols (×) represent individual observations. Different lowercase letters (a–b) indicate statistically
significant differences between years according to post hoc test at p ≤ 0.05.

3.3. The Effect of Tested Parameters on the Germination Traits of Wheat Seed Subjected to
Controlled Deterioration

The analysis of variance showed that both the main factors and their interactions
significantly affected the studied germination traits (Table 7).

Table 7. Mean squares from three-way analysis of variance and levels of significance (p-values) for
factors influences germination traits of wheat (CD).

Source of Variation d.f. NS (%) TG (%) t50 (h) AUC

Year 1 3764.1 *** 3966.1 *** 60,909.9 *** 2043.6 *
System 3 6326.3 *** 2672.1 *** 1892.7 * 10,285.4 ***
Cultivar 3 10,637.6 *** 21,861.6 *** 36,129.5 *** 28,798.4 ***
Year × System 3 3747.2 *** 4187.7 *** 1481.8 12,571.6 ***
Year × Cultivar 3 613.2 * 740.2 * 8391.1 *** 2335.1 ***
System × Cultivar 9 1716.2 *** 1984.1 *** 6280.3 *** 2523 ***
Year × System × Cultivar 9 396.5 * 657.3 ** 1368.7 * 951 *
Residual 186 200.6 235.6 565.2 403.9

NS (%)—percentage of normal seedlings; TG (%)—percentage of total germination-visible radicle emergence
(%); t50 (h)—time to reach 50% of total germination; AUC—area under the germination curve (200 h). * p < 0.05;
** p < 0.01; *** p < 0.001.
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The effect of year was highly significant (p < 0.001) for t50 (h), NS (%) and TG (%), and
significant (p < 0.05) for AUC. Differences in the germination traits of seeds after a controlled
deterioration test suggest that environmental conditions during seed development can
influence storability and the ability to maintain vigor during storage.

In contrast to fresh seeds, the production system clearly influenced the preservation of
seed sowing quality. The strongest effects observed for AUC, NS (%) and TG (%) (p < 0.001),
while its effect on t50 (h) was weaker (p < 0.05).

Cultivar was identified as the major source of variation across all traits. This confirms
that basic resistance to deterioration is a strongly genetically determined trait. Regardless
of external conditions, genotype defined the basic ability of seeds to maintain viability.

The year × system interaction was highly significant for AUC, NS (%) and TG (%)
(p < 0.001), indicating that the effect of production system on the preservation of seed
quality depended on environmental conditions during seed development. In contrast, the
effect of year × system on t50 was not significant, indicating that germination speed under
stress was relatively insensitive to the year × system interaction.

The year × cultivar interaction was highly significant for t50 (p < 0.001), with a weaker,
nevertheless still significant effect on NS (%) (p < 0.05) and TG (%) (p < 0.01), highlighting that
genotype-specific differences in storability were modulated by the environmental conditions
of each production year. The system × cultivar interaction was highly significant for all traits
(p < 0.001), indicating that cultivar responses strongly depended on the cropping system.

The three-way interaction of year, system, and cultivar was statistically significant,
although generally weaker than the two-way interactions. The strongest effect was observed
for AUC (p < 0.001), confirming that this trait was the most sensitive to the combined
influence of the studied factors. A moderate significance was observed for TG% (p < 0.01),
while the effects on t50 and NS (%) were smaller but still significant (p < 0.05). These results
indicate that the combined influence of environmental conditions, production system, and
cultivar was important for germination traits, although its impact was not as pronounced
as that of the simpler interactions.

The cultivation system and the cultivar genotype had distinct effects on germination
traits. Detailed results, including means and standard deviations for all factors studied, are
presented in Tables 8–10.

Table 8. Mean values and standard deviations of NS (%), TG (%), t50 (h) and AUC in relation to
cultivar of wheat after CD.

Cultivar Arkadia Bamberka Jantarka Sailor

Year System NS (%)

2014 CONV 70 ± 11.75 abc 76.5 ± 7.55 ab 87.95 ± 5.39 a 87.78 ± 5.24 a
ECO 49.5 ± 7.19 defg 62.5 ± 11.24 bcde 4± 2 l 40.5 ± 17.31 ghi

INTGR 56.67 ± 5.03 cdefg 62 ± 9.93 bcdef 8 ± 7.21 kl 43.5 ± 24.02 gh
MONO 39 ± 10.13 ghi 43 ± 9.45 gh 13 ± 2.58 kl 40 ± 12.44 ghi

2016 CONV 48 ± 22.77 efgh 47.45 ± 25.9 efgh 7 31.33 ± 8.91 hij 56.73 ± 24.71 cdefg
ECO 62.67 ± 10.73 bcde 64 ± 10.65 bcde 20.55 ± 13.03 jkl 24 ± 17.16 ijk

INTGR 66.33 ± 7.74 bcd 54.4 ± 7.92 cdefg 17 ± 4.86 jkl 54.8 ± 11.54 cdefg
MONO 44 ± 7.43 fgh 44 ± 12.88 fgh 12.55 ± 6.07 kl 22.67 ± 10.97 ijk

Average 53.93 ± 16.04 A 54.75 ± 17.62 A 22.79 ± 22.47 C 41.16 ± 24.99 B

LSD0.05 for interaction: 18.0

TG (%)

2014 CONV 92 ± 3.74 abc 94.5 ± 1.91 ab 95.98 ± 3.27 a 93.89 ± 4.19 ab
ECO 76 ± 11.78 bcdefg 79.5 ± 5.26 abcdef 4.67 ± 1.15 l 64.5 ± 21.25 fg

INTGR 81.33 ± 2.31 abcdef 77 ± 14.83 abcdefg 12.67 ± 2.31 kl 66.5 ± 9 fg
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Table 8. Cont.

Cultivar Arkadia Bamberka Jantarka Sailor

MONO 67.5 ± 8.06 fg 74 ± 6.32 cdefg 15 ± 2.58 jkl 64.5 ± 15.18 fg
2016 CONV 64.5 ± 22.52 fg 59.64 ± 30.14 gh 38.67 ± 12.5 i 67.82 ± 21.51 fg

ECO 88.83 ± 9.67 abcd 81.17 ± 7.6 abcdef 34.18 ± 23.25 ij 41.33 ± 24.75 hi
INTGR 87.33 ± 7.34 abcde 70.4 ± 6.07 defg 22 ± 5.22 ijkl 71.2 ± 10.64 defg
MONO 68.67± 9.92 efg 75.33 ± 8.19 bcdefg 25.27 ± 8.4 ijk 40.17 ± 14.95 hi

Average 77 ± 16.34 A 74.75 ± 17.19 A 31.54 ± 25.01 C 57.81 ± 23.92 B

LSD0.05 for interaction: 19.5

t50 (h)

2014 CONV 80.61 ± 21.26 b 77 ± 3.92 b 63.74 ± 2.11 bcd 75.53 ± 2.61 b
ECO 118.25 ± 5.94 a 120.95 ± 2.11 a 0 ± 0 f 119.42 ± 1.75 a

INTGR 118.45 ± 0.47 a 125.77 ± 9.28 a 0 ± 0 f 124.2 ± 6.62 a
MONO 122.85 ± 2.79 a 119.2 ± 5.25 a 0 ± 0 f 124.7 ± 6.39 a

2016 CONV 55.08 ± 34.95 bcd 40.39 ± 32.16 cde 61.49 ± 30.26 bcd 66.23 ± 34.94 bcd
ECO 69.33 ± 8.39 bc 71.78 ± 6.22 b 37.17 ± 43.14 de 41.34 ± 44.34 cde

INTGR 72.97 ± 3.51 b 81.77 ± 9.65 b 0 ± 0 f 81.95 ± 8.15 b
MONO 62.01 ± 20.98 bcd 76.36 ± 5.92 b 0 ± 0 f 21.37 ± 36.65 ef

Average 75.82 ± 29.81 AB 78.62 ± 30.55 A 21.52C ± 34.24 65.29 ± 46.48 B

LSD0.05 for interaction: 30.28

AUC

2014 CONV 108.06 ± 21.63 abc 116.3 ± 6.91 ab 129.99 ± 5.03 a 117.25 ± 5.23 ab
ECO 64.13 ± 12.41 fgh 64.17 ± 5.2 fgh 1.57 ± 2.71 n 52.87 ± 17.87 ghij

INTGR 67.36 ± 1.71 efgh 59.72 ± 15.12 ghi 9.87 ± 2 mn 53.2 ± 9.43 ghij
MONO 54.45 ± 6.73 ghij 61.22 ± 5.46 ghi 12.21 ± 2.28 lmn 52.59 ± 13.52 ghij

2016 CONV 89.87 ± 30.35 cde 78.18 ± 37.28 defg 45.44 ± 17.38 hijk 89.97 ± 28.65 cde
ECO 94.61 ± 27.2 bcd 105.11 ± 10.81 abc 36.69 ± 25.01 ijkl 47.65 ± 32.19 hijk

INTGR 108.14 ± 8.98 abc 87.89 ± 9.41 cdef 25.41 ± 5.28 klm 87.42 ± 10.58 cdef
MONO 91.98 ± 11.58 bcde 95.34 ± 9.68 bcd 29.7 ± 10.53 jklm 51.88 ± 18.82 hij

Average 89.36 ± 25.06 A 87.69 ± 24.98 A 36.64 ± 33.89 C 66.51 ± 31.16 B

LSD0.05 for interaction: 25.59

Different lowercase letters indicate significant differences between interactions; uppercase letters indicate signifi-
cant differences between averages (p < 0.05).

Table 9. Mean values and standard deviations of TG (%) in relation to production system, cultivar
and year on wheat after controlled deterioration.

System NS (%) TG (%) t50 (h) AUC

CONV 57.35 ± 25.27 a 70.27 ± 25.88 a 60.89 ± 30.37 ab 91.15 ± 33.56 a
ECO 42.84 ± 23.95 b 61.39 ± 29.81 ab 64.15 ± 41.42 ab 66.15 ± 36.98 b

INTGR 46.17 ± 22.28 b 61.67 ± 27.02 ab 72.55 ± 47.1 a 65.59 ± 32.8 b 7
MONO 31.84 ± 16.18 c 53.52 ± 23.51 b 54.23 ± 47.4 b 62.21 ± 29.96 b

LSD0.05 10.3 9.3 14.66 13.79
Different lowercase letters within a column indicate significant differences among systems at p ≤ 0.05.

Table 10. Mean values and standard deviations of observed traits in relation to year on wheat after
controlled deterioration.

Year NS (%) TG (%) t50 (h) AUC

2014 50.6 ± 26.21 a 68.25 ± 28.57 a 88.61 ± 45.21 a 66.6 ± 37.9 a
2016 41.38 ± 22.49 b 58.79 ± 26.17 b 51.31 ± 35.48 b 73.38 ± 34.15 a

LSD0.05 7 8 11.38 10.43
Different lowercase letters within a column indicate significant differences between years at p ≤ 0.05.
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3.4. Effect of Production System, Cultivar and Year on Germination on Wheat Seeds Subjected to
Controlled Deterioration

The results indicate that seed storability, evaluated using the controlled deterioration
test, is strongly genotype-dependent and reflects inherent differences in seed biology
among cultivars. Significant cultivar-dependent differences were observed for both NS
(%) (percentage of normal seedlings) (Table 8, Figure 4A) and TG (%) (percentage of total
germination) (Table 8, Figure 4B).

Figure 4. Effect of cultivar on germination parameters of winter wheat after controlled deterioration.
The density plots illustrate the distribution and variability of germination traits across the four winter
cultivars. (A) Normal Seedlings (NS %), (B) Total Germination (TG %), (C) time to 50% germination
(t50) (D), Area Under the Curve (AUC). Cross symbols (×) represent individual observations. Differ-
ent lowercase letters (a–c) indicate statistically significant differences between cultivars according to
post hoc test at p ≤ 0.05.

Cultivar had a significant effect on germination speed, as reflected by differences in t50
and AUC values, indicating strong genotypic control over the dynamics of the germination
process. Regarding the t50 trait, Jantarka was the least robust cultivar (Table 8, Figure 4C),
achieving 50% germination only in seeds from the conventional system in 2014, and from
both the conventional and organic systems in 2016. The Bamberka variety exhibited the
longest duration to 50% germination, with an average of 78.6 h, although this difference
was not statistically significant (Figure 4C). The cultivars differed significantly in terms of
AUC values (Table 8, Figure 4D). The highest mean values were recorded for Arkadia (89.35)
and Bamberka (87.69), while Sailor exhibited intermediate values (66.51) and Jantarka the
lowest (36.64) (Figure 4D).
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Crop production system had a significant effect on germination of seeds subjected to
the controlled deterioration test (Table 9).

The conventional system provided the highest NS (57.35%) and TG (70.27%)
(Figure 5A,B), while both the organic and integrated systems produced significantly
lower values (42.84–46.17% NS; 61.39–61.67% TG).

Figure 5. Effect of crop production system on germination parameters of winter wheat after controlled
deterioration. The density plots illustrate the distribution and variability of germination traits across
the systems. (A) Normal Seedlings (NS%), (B) Total Germination (TG%), (C) time to 50% germination
(t50 h), (D) Area Under the Curve (AUC). Cross symbols (×) represent individual observations.
Different lowercase letters (a–b) indicate statistically significant differences between cropping systems
according to post hoc test at p ≤ 0.05.

The monoculture system produced the lowest quality seed (31.84% NS, 53.52% TG).
The most pronounced decrease in t50 was recorded in the MONO system (−52 h), whereas
t50 values in the CONV system demonstrated the greatest stability over the study period,
with the least variation (−19 h). The highest AUC values were observed in the conventional
system (CONV: 91.15 ± 33.56), whereas the lowest were recorded in the monoculture
system (MONO: 62.21 ± 29.96) (Figure 5C,D). The ECO and INTGR systems demonstrated
intermediate values of 66.16 and 65.59, respectively (Figure 5D). Seeds produced under
the conventional system may germinate faster and more uniform under field conditions,
whereas seeds from monoculture or less intensive systems may have reduced vigor and
germinate less uniformly.

Year-to-year variation had a significant impact on seed germination indicating that environ-
mental conditions during seed development may influence seed storability (Table 10, Figure 6).

https://doi.org/10.3390/agronomy16020260

https://doi.org/10.3390/agronomy16020260


Agronomy 2026, 16, 260 14 of 19

Figure 6. Effect of year on germination parameters of winter wheat after controlled deterioration. The
density plots illustrate the distribution and variability of germination traits across the year (A) Normal
Seedlings (NS %), (B) Total Germination (TG %), (C) time to 50% germination (t50), (D) Area Under the
Curve (AUC). Cross symbols (×) represent individual observations. Different lowercase letters (a–b) indicate
statistically significant differences between years according to post hoc test at p ≤ 0.05.

In 2014, the mean values of NS (50.6%) and TG (68.3%) exhibited higher values when
compared with those observed in 2016 (41.4% NS, 58.8% TG) (Figure 6A,B).

A statistically significant decrease in t50 was observed in 2016 (51.3 h on average)
compared to 2014 (88.6 h on average) (Figure 6C, Table 10). Although seeds produced
in 2016 showed a significantly lower t50, indicating faster germination after controlled
deterioration, this was not accompanied by a significant increase in AUC. This suggests a
faster but less stable germination process, as reflected by reduced NG% and TG%, whereas
seeds produced in 2014 germinated more slowly but with greater physiological stability.
Seeds produced under the drier conditions of 2016 were more susceptible to aging than
seeds produced in 2014, when environmental conditions were more favorable.

Statistically significant correlations were observed between all pairs of observed traits,
both in the control and after controlled deterioration (Table 11).

Three pairs of traits (AUC-NS%, AUC-TG%, and TG–NS%) were characterized by a
positive correlation in both conditions considered (Table 11). However, AUC-t50, NS%-t50,
and TG%-t50 showed negative correlation in the control and positive correlation after
controlled deterioration (Table 11).
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Table 11. The correlation matrix for the traits studied in control (above diagonal) and after controlled
deterioration (below diagonal).

Trait AUC t50 (h) NS (%) TG (%)

AUC 1 −0.85 *** 0.43 *** 0.33 **
t50 (h) 0.47 *** 1 −0.28 * −0.34 **
NS (%) 0.86 *** 0.58 *** 1 0.35 **
TG (%) 0.90 *** 0.72 *** 0.89 *** 1

* p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion
The quality of seeds is a key factor in the success of agricultural production and genetic

conservation efforts. Seeds with a high biological value (i.e., those with high germination
capacity, energy and viability) ensure uniform and healthy emergence, thus resulting in
stable yields and efficient use of inputs.

The objective of the present study was to examine the predisposition of seeds origi-
nating from diverse crop production systems for long-term storage. For this purpose, the
controlled deterioration test was selected as an indicator of seed storability. This study
examined how different cultivation systems—conventional (CONV), ecological (ECO),
integrated (INTGR) and monoculture (MONO)—affect the germination parameters of four
winter wheat cultivars (Arkadia, Bamberka, Jantarka and Sailor) over two years (2014 and
2016). The germination parameters assessed included the following: the normal seedling
percentage (NS%), the total germination percentage (TG%) and the speed of germination
(the time taken to reach 50% of germination, t50; area under the germination curve, AUC).

The study demonstrated that seed germination traits were significantly influenced by
cultivar, cropping system and year of research.

Among the assessed parameters, germination speed was especially sensitive to genetic
background. Jantarka and Arkadia exhibited the most favorable characteristics, including
rapid germination and the highest values of normal seedlings NS (%) and total germination
(TG%) in fresh seeds. In contrast, Bamberka consistently demonstrated weaker performance
across systems, confirming substantial genotypic variation in seed quality. However, in
the controlled deterioration test, the situation was reversed. Jantarka exhibited markedly
reduced germination parameters regardless of the production system, whereas Bamberka
and Arkadia consistently exhibited higher germination speed and NS% and TG% values.
These cultivar-specific responses indicate that seed degradation progresses at different
rates depending on the genotype.

This observation supports the theory that seed longevity is genetically determined,
with wheat cultivars showing distinct aging kinetics, consistent with the results of [35], who
reported significant genotypic variability in viability loss during storage. Some research
has shown that seed longevity in wheat is a genetically controlled quantitative trait, with
multiple loci influencing tolerance to deterioration [36–38]. The differences in the rate
of aging observed among cultivars in this study may also be related to cultivar-specific
physiological and biochemical responses to seed deterioration, including metabolic and
enzymatic pathways associated with oxidative stress and energy metabolism, as suggested
by data reported in the literature [39,40].

The effect of the crop production system was also highly significant for germination
parameters. Fresh seeds produced under the ecological system generally showed higher
initial germination speed and normal seedling production, but differences among systems
were not always statistically significant. Notably, germination speed was significantly
higher in the ecological system than in the integrated system (INTGR) (p < 0.05). However,
no statistically significant differences were found when comparing the ecological system
to the conventional (CONV) and monoculture (MONO) systems (p > 0.05). By contrast,

https://doi.org/10.3390/agronomy16020260

https://doi.org/10.3390/agronomy16020260


Agronomy 2026, 16, 260 16 of 19

although the ecological system produced the highest mean percentage of normal seedlings,
these differences were not statistically significant compared to those from any of the other
cultivation systems. This suggests that, although organic practices may accelerate the
initial stages of germination, they do not guarantee a higher overall success rate of seedling
development and are statistically comparable to other systems.

Some studies [41,42] indicated that organic and low-input systems may compromise
seed vigor due to increased pathogen pressure, nutrient limitations, and less favorable
maturation conditions. Our results are opposite and highlight the potential of organic
farming to achieve good germination traits, provided optimal growing conditions are
met. It has also been emphasized that the quality of organic seed can be comparable to
that of conventionally produced seed when appropriate agronomic practices and suitable
cultivars are selected. However, it should be noted that organic seed may remain more
susceptible to pathogens [43]. The lack of statistically significant differences between the
remaining production systems is also valuable information. This indicates that differences
in production systems do not always translate into statistically significant differences in
seed sowing quality.

In the controlled deterioration test, however, the influence of the cultivation system on
germination parameters was significant. The conventional system (CONV) demonstrated
the highest levels of stress resistance and stability for the germination traits that were
studied. This indicates that seeds from this system exhibit the best storage potential. High
quality may be attributed to the minimization of environmental stresses and pathogen
pressure through the implementation of precise agronomic techniques. In turn, monocul-
ture (MONO) leads to the production of seeds of the worst quality, which are completely
unsuitable for long-term storage, probably as a result of plant stress (diseases and soil
quality, crop infestation by weeds [44,45].

The significant system × variety interaction observed for all germination traits, both
in fresh seed and after controlled deterioration, indicates that seed performance is strongly
genotype-dependent and varies across production systems. From a farmer’s perspective, the
significant system × variety interaction means that varieties can be selected and matched to the
cultivation system in which they perform best. In contrast, gene banks regenerate and preserve
the full spectrum of genetic resources. This also underscores the need for careful monitoring of
seed germination during storage and for tailored regeneration strategies, as some genotypes
may maintain viability for long periods, while others require more frequent regeneration to
safeguard long-term conservation. The importance of our finding is reinforced by the broader
literature on seedbanks and conservation, which emphasizes that seed longevity is strongly
genotype-dependent and influenced by production conditions.

The CD test also highlighted the importance of weather conditions in a given year.
The study showed that germination parameters in 2014 were significantly higher than
those in 2016, indicating the strong influence of the climatic conditions, suggesting that
weather during seed filling and maturation played a decisive role. This result confirms that
even within the same system and the same variety, seed vigor will vary depending on the
conditions under which seeds are produced. Our study results confirm the observations
of [46], who noted a significant effect of year on spring wheat yield in various production
systems conducted at the same experimental station in 2014–2016. In 2014, spring wheat
yields were significantly higher than in 2016, primarily due to more favorable weather
conditions, namely higher rainfall during the growing season. These observations are
supported by the IUNG-PIB report on agricultural drought, which indicates that there is
no threat of drought in wheat cultivation in 2014, while periods of water shortage were
noted in 2016 [47]. These results emphasize the importance of climatic conditions in a given
production year on seed vigor, regardless of the cultivation system.
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Overall, the results demonstrate that seed quality assessed under optimal conditions
does not fully predict seed performance after aging. While fresh seed germination was
largely comparable across production systems, differences in storability became evident
only after exposure to controlled deterioration. These findings highlight the importance of
combining standard germination tests with aging assays when evaluating seed quality for
storage, seed multiplication, and genetic resource conservation.

5. Conclusions
Cultivar was the main factor influencing seed germination performance. However, an

inverse relationship was observed between initial germination speed and long-term storability.
The faster-germinating cultivar Jantarka was more sensitive to aging stress, whereas slower-
germinating cultivars like Bamberka exhibited relatively higher storage potential.

There were only minor differences among the production systems in the fresh seeds;
however, these differences became more evident under ageing conditions. The crop produc-
tion system strongly influences seed storability potential. The conventional system ensured
the highest stability against deterioration, whereas monoculture significantly accelerated
the loss of viability during aging.

Cultivar responses to production systems varied. Bamberka maintained stable per-
formance across systems, whereas Jantarka appeared more sensitive and may require
optimized agronomic conditions.

Climatic conditions in a given year had a significant impact on seed vigor, as evidenced
by the higher seed quality in 2014 (no threat of drought) compared to 2016 (water shortages).
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