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ABSTRACT

The study aimed to test various vigour tests to correlate them with
seedling emergence in two field sowing dates and two different sowing
depths in controlled room emergence of ten dill seed lots. Mean
germination time, accelerated aging; for 24 hours, 48 hours, and 72
hours, electrical conductivity readings at 16 hours and 24 hours, and EC
readings after AA test were used as vigour tests, and results were
correlated with seedling emergence percentages. Seedling emergence
was tested in two sowing dates in the field and two different sowing

depths in controlled room conditions. Controlled room seedling
emergence values (80-95% in 2 cm, 76-92% in 4 cm) were higher than
those of field emergence values (67-85% in the first sowing and 60-80%
in the second sowing). Most of the vigour tests were significantly
correlated with emergence potential. The highest correlation values were
observed in EC16h and EC24h tests, significance between emergence
and these two vigour tests were at P<0.001 three out of four sowings.
The results indicated that EC16h can be a fast, practical and easy
method of seed vigour discrimination in dill seed lots.
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1. Introduction

High seedling establishment is essential for crop production to be profitable, and it is therefore widely accepted as a critically
important trait for farmers. Seed lots having similar standard germination percentages can perform differently under the
stressful conditions of commercial crop production. Seed vigour gives further information of any lot in the sowing conditions
and is described as the sum total of those properties of the seed that determine the potential level of activity and performance
of the seed during germination and seedling emergence (Marcos-Filho 2015).

Seed vigour and poor performance under field environments influence not only the number of seedlings that emerge in
crops, but also the uniformity of emergence. For small-seeded vegetable crops, unpredictable timing of seedling emergence can
disrupt planned schedules of production such as with dill, and insufficient and slow emergence can result in poor uniformity
and yield (Finch-Savage 1995). Dill is a small seeded, leafy, short season vegetable crop species. It is grown throughout the
year in the Mediterranean region either open-field or under plastic tunnels. Sowing in various field environments reduces the
emergence of dill seeds, and stand establishment may not always be successful (Ozden et al. 2017). This is common,
particularly when an aged seed lot is used. Therefore, the estimation of emergence potential of any lot (vigour assessment)
helps farmers to plan sowing times and helps seed companies to arrange seed marketing. Seed lots differing in vigour
(emergence potential) can be identified in various vigour tests, such as accelerated aging (AA) (TeKrony 2003; Guloksuz &
Demir 2012), controlled deterioration (CD) (Basak et al. 2006), electrical conductivity (EC) (Matthews & Powell 2006; Demir
et al. 2019; Ozden et al. 2020), mean germination time (MGT) and radicle emergence tests (RE) (Matthews & Powell 2011; Lv
et al. 2016; Demir et al. 2019; Ozden et al. 2020). The tests have been shown to estimate the relative emergence of seed lots of
many crops in the field and transplant modules. However, there is no study, to the best of our knowledge, on dill seeds. The
objective of the present study was to investigate AA, EC, EC after AA and MGT as vigour tests to rank the relative emergence
of seed lots of dill in field and controlled room conditions.

2. Material and Methods

Ten seed lots of dill (Anethum graveolens L. cv., Turkish dereotu) were obtained from commercial seed companies. The seed
moisture content was determined according to ISTA (2017) rules. Seed lots were in sealed aluminium foil packets and were
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stored at 5 °C until use. Before seed vigour tests, germination tests were carried out at 20 °C, for which 50 seeds of each lot
were placed between paper towels (Filtrak, Germany) (20 cm x 20 cm), and wetted with 10 mL of distilled water. The
germination tests were conducted with four replicates of 50 seeds in the dark. The paper towels were rolled and placed in
plastic bags to prevent water loss. Radicle emergence (2 mm) percentages were calculated in daily counts during the
germination test. Normal seedling percentages in the final count, at 14 days after the beginning of the test, were considered as
standard germination (SG).

The MGT was calculated based on frequent radicle emergence counts using the formula;
MGT =) nt/Yn

Where n = number of seeds newly germinated (2 mm radicle emerged) at time t; t = days from planting, >n = final
germination

For the AA test, 40 mL of distilled water was added to each plastic aging box (11x11x4 cm) and 300 seeds were placed on
a monolayer cheese cloth placed on the wire mesh tray (10x10x3 c¢cm) inside the box (Hampton & TeKrony 1995). Seeds were
aged at 45 °C for 24, 48 and 72 hours, after which they were dried on a laboratory bench for about three hours. The SG test
was then conducted with four replicates of 50 seeds, using normal seedling development for assessment (ISTA 2017). The
remaining 100 seeds in each period were used for EC measurements (EC after AA) after ageing.

In the EC measurements, two replicates of 50 unaged (EC) and aged (EC after AA) seeds were weighed and soaked in 40
mL distilled water for 24 hours at 20 °C in the dark. The EC of dill seeds were measured at 16 and 24 hours in both unaged
(EC) seeds and seeds after accelerated aging (EC after AA). The EC of seed soak water was measured using a conductivity
meter (Schott-Gerate GmbH, Hofheim) and expressed as pScm*g™.

For controlled room emergence test (CRE), seeds (four replicates of 50 seeds/lot) were sown in 2 and 4 cm depths in peat
moss (Plantaflor-Humus, Verkaufs-GmBH, Germany) in seedling trays (32x20x6 cm) and placed in the incubator at 20£2 °C.
Light was provided at seedling level by cool fluorescent lamps (72 pMms?) for 16 hours a day. The relative humidity in the
cabinet was kept over 70% in order to eliminate evaporation from the surface. The number of emerged seedlings (unfolding
cotyledons on the surface) was counted daily up to 25 days, and percentages of normally developed seedling were calculated.

For the field emergence test (FE), the seeds (four replicates of 100 seeds/lot) were sown in the experimental field of the
Department of Horticulture, Faculty of Agriculture, University of Ankara, Turkey, on 9 September 2017 (first sowing) and 29
September 2017 (second sowing). The soil was a sandy loam (pH: 7.57, N: 0.09, P,0s: 5.5%, K: 0.16%, Na: 0.41%, Ca: 6.7%,
organic matter: 1.1%). Daily minimum and maximum soil temperatures were recorded throughout both sowings and varied
between 13 and 34 °C. The number of seedlings assessed to have emerged when the cotyledons had unfolded above the surface
was counted daily for 35 days.

Statistical analysis was conducted using the Statistical Package for Social Sciences (SPSS) by using analyses of variance.
Mean separation was made at the 5% level by the Duncan multiple range test. Correlation coefficients (r) of vigour tests with
seedling emergence performance in controlled room and field conditions were also calculated.

3. Results and Discussion

The initial normal germination percentages of 10 seed lots were all above 90% (Table 1). MGT ranged between 3.5 and 4.7
days. Some of the seed lots that had the same normal germination showed differences in MGT. For example, lots 6 and 9 had a
91% germination value but MGT values were 3.7 and 4.7 days respectively.

The AA produced a wide range of normal germination percentages amongst the seed lots, indicating considerable
differences in seed vigour (Table 1). The smallest range was observed in the 24 hours ageing period in which the lowest and
the highest germination percentages after aging were 67 and 89%. These values were 37 and 70% at 48 hours of aging and 29
and 58% at 72 hours of aging. As the duration of the test increased, the germination speed between the lots also increased.
There was a gradual decrease in the MGT of all lots as the AA period increased, and the lowest values were observed at 72
hours of aging.
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Table 1- Standard germination (normal germination), mean germination time (MGT, h), Accelerated ageing after 24h (AA24
h), 48h (AA48h) and 72 (AA72h) hours of 10 commercially available dill seed lots. Means with different letters in the same
column denote significant difference at 5% level

Seed lots SG (%) MGT (day) AA24h AA48h AAT72h
1 96 a 40c 89a 70a 58a
2 96 a 41c 80b 62b 53b
3 95 ab 3.9hbc 79b 56 ¢ 50c
4 93 bc 35a 72¢ 50 de 35f
5 94 ab 3.7ab 73¢c 45f 29i

6 9lcd 3.7ab 70 cd 51d 46d
7 90 d 3.7ab 70 cd 47 ef 30 hi
8 90d 45d 67d 379 40e
9 9lcd 47d 67 d 50 de 33fg
10 90 d 46d 70 cd 51d 32gh
Range 90-96 3.5-47 67-89 37-70 29-58

The EC of soaking water after 16 hours (EC16h) and 24 hours (EC24h) were more contrasted between lots than were
standard germination percentages, which ranged from 515 and 813 at 16 hours, and 521 and 883 at 24 hours (Table 2). EC
measurements after accelerated aging increased as the aging time increased. The rate of EC increase was not the same in all
seed lots. The EC readings of low-vigour seed lots such as lot 9 and 10 were higher than those of the high-vigour lots.

Table 2- Changes in EC after 16 (EC16h) and 24 hours (EC24h) and EC16, EC24h after Accelerated ageing after 24h and 48h
in 10 dill seed lots. Means with different letters in the same column denote significant difference at 5% level

Seed lots EC16h  EC 24h EC16h EC24h EC16h EC24h/ EC16h/ EC24h/
IAA24h /AA24h IAA48h AA48h AAT72h AA24h
1 515a 521a 565 a 576 a 547 a 561a 621a 636 a
2 552 b 600 b 603 b 618 b 662 b 661 Db 650 b 670 b
3 626 ¢ 655 ¢ 684 d 731d 757¢e 763 e 767d 799 de
4 700 e 698d 690 de 702 ¢ 697 c 716d 749d 813 ef
5 647 c 711d 634 c 691c 708 cd 691c 747d 790 d
6 654 cd 712d 710e 731d 719d 721d 716 ¢ 760 c
7 691e 692d 751f 757¢e 777 f 819 f 823 e 838 ¢
8 679 de 706d 742 f 810 f 792 f 825 f 805¢e 830 fg
9 756 f 751e 7869 833 f 8789 896 g 8lle 864 h
10 8149 884 f 885h 946 g 990 h 1024 h 972 f 1005 i
Range 515-813 521-883  565-884 576-946 547-989 561-1024 621-972 636-1005

Seedling emergence in sowings at 2 cm and 4 cm depths in a controlled room ranged between 80 and 95% at the first
sowing depth and between 76 and 92% at the second sowing depth (Table 3). Nine out of ten lots showed lower emergence
percentages at deep sowing than at surface sowing depth. The differences between the two different sowing depths among the
lots went up to 8% (Lots 4 and 6). Deep sowing was more discriminative of the seed vigour level of the lots, indicating the
effect of mechanical stress on the vigour level. Field emergence percentages in the two sowings had very similar results,
ranging between 67 and 85% in the first sowing, and between 60 and 80% in the second sowing. Most of the seed lots had the
same or slightly lower emergence percentages in the two sowings. The differences varied only between 2 and 5% in nine lots.
The final lot (lot 10) had a 7% difference between the two sowings.
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Table 3- Changes in controlled room conditions in 2 cm and 4 cm depth sowings and field emergence percentages in two
sowings of 10 dill seed lots. Means with different letters in the same column denote significant difference at 5% level

CRE (%)
. FE (%
Seed lots (sowing depth, ) (%)
2cm 4cm 1. Sowing 2. Sowing
1 95a 92a 85a 80a
2 91b 92a 78b 75b
3 88¢c 82b 75¢ 72 cd
4 87¢c 79 cd 72 de 75b
5 82 de 78 de 74 cd 71 cde
6 84 d 76¢e Tle 73 be
7 84 d 81 bc 73 cde 70 de
8 87¢c 80 bcd 67 f 69e
9 82 de 80 bcd 68 f 65 f
10 80 e 76 e 67 f 60 g
Range 80-95 76-92 67-85 60-80

Correlation values between seed vigour tests and two sowings in CRE and two in field conditions indicated several close
associations (Table 4). EC16h, EC24h and EC24h/AA24h were highly correlated (P<0.001) in three out of four sowings. The
rest of the vigour tests showed various levels of correlation but not at that level (Table 4). SG had a low level of significance,
with two at 5% and two at the 1% level along with AA72h (three at 0.05, one at 0.01).

Table 4- Correlation coefficients calculated for MGT, AA (24, 48 and 72h), EC after 16h (EC16h), 24h (EC24h), EC16h after
AA 24h and 48h and 72h and standard laboratory germination (SG) as estimation of seedling emergence percentages of field
emergence and controlled room conditions in 10 dill seed lots

CRE

. FE Total
Seed Vigour Test (Sowing depth) - -

2cm 4 cm 1. Sowing 2. Sowing * ** il
MGT -0,212 -0,002 -0,425 -0.647* 1
AA24h 0,831** 0,820%* 0,951%** 0.721* 1 2 1
AA48h 0,685* 0,764%* 0,829** 0.554 1 2
AAT72h 0,860** 0,744* 0,702* 0.678* 3 1
EC16h -0.871%** -0.809** -0.890%** -0.897*** 1 3
EC24h -0,915%** -0,836** -0,880%** -0.922%** 1 3
EC16h/AA24h -0,785%* -0,713* -0,862%* -0.923%*= 1 2 1
EC24h/AA24h -0,799** -0,731* -0,887**x -0.958%** 1 1 2
EC16h/AA48h -0,815%* -0,664* -0,852** -0.985%** 1 2 1
EC24h/AA48h -0,774%* -0,637* -0,843%* -0.969%** 1 2 1
EC16h/AAT2h -0,795** -0,708* -0,799** -0.933%** 1 2 1
EC24h/AAT2h -0,838** -0,776** -0,842%* -0.927%** 3 1
SG 0.728* 0.743* 0.849%* 0.724*% 3 1

*; P<0.05,**; P<0.01,***; P<0.001

The close and significant relations between EC16 and four sowing times are shown in Figure 1. The relationship between
SG and sowings are also given in the same figure. EC16h was highly related to CRE percentages (R>= 0.761, P<0.001,
R?=0.656, P<0.01) and emergence in field conditions (R?=0.792-0.803, P<0.001), while SG was related to emergence
percentages at much lower levels of significance (R?=0.53- 0.55 in CRE; P<0.05, R?=0.52-0.72, P<0.05-0.01 in field sowings).

The present study indicated that EC16 and EC24h were highly related to seedling emergence in controlled room and field
conditions (P<0.001, 3 out of 4 sowing dates) (Table 4). Field establishment of some vegetables such as dill is usually
performed with direct sowing of the seeds. As a result, rapid and uniform emergence of vigorous seedlings of the desired lot is
a key event in ensuring high plant performance, affecting uniformity of development yield and quality of the harvested
product. The main necessity to achieve that is the use of high-vigour seed lots. Standard laboratory germination tests indicate
the emergence potential of any seed lot when the sowing environment is favourable for emergence. However, estimation of
field emergence potential (seed vigour) of any lot is necessary, since deviations in ideal sowing conditions are common in the
field. These deviations from ideal conditions are becoming more common due to climatic changes in various parts of the
world. Thus, sub-optimum sowing environments are common because of low water availability, adverse soil characteristics
and management practices. The use of commercially available seed lots with more than 90% of standard laboratory
germination ensured a realistic approach to test emergence potential, since seed vigour is defined as the quality parameter that
discriminates the lots with high germination percentages (Marcos-Filho 2015). Despite SG values being very high, accelerated
aging after 24, 48 and 72 hours showed a great range (Table 1). The range was extended as the seed aging period lengthened.
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Figure 1- Relationship between electrical conductivity of 16 h (EC16h), and SG with field emergence in two sowings, 1. (m)
and 2. sowing (m), and 2 cm (e) and 4 cm (e) depth sowings in controlled room emergence, of 10 dill seed lots.
Significance: *: 0.05, **: 0.01, ***:0.001

The most obvious physiological manifestation of seed aging is the decline in germination rate, which is associated with
seedling size and abnormalities. The accelerated aging test and electrical conductivity are two vigour tests that are currently
validated by ISTA rules (ISTA 2017) for soybeans and garden peas and beans respectively (ISTA 2017). There are a number
of studies in which AA is well related to the seedling emergence of horticultural and agronomical plant seeds (TeKrony 2003;
Marcos-Filho 2015). Seeds in the accelerated aging test are exposed to high relative humidity and high temperature (100% RH,
40-45 °C). About 24-72 hours is basically suggested to be used with large seeded plants. In our study, AA with three different
aging periods was correlated to seedling emergence (P<0.05-P<.001, r= 0.678-0.890) except in one case (AA48h, second
sowing field emergence) (Table 4). This shows that the AA test can also be used with small seeded species. The reason that
AA is less successful with small seeded plant seeds is that small seeds absorb water more rapidly, resulting in large variations
and inequality among the seeds and lack of uniformity among the samples (Demir & Mavi 2007; TeKrony 2003). It has been
suggested that this difference among seed lots promotes large differences between aging rates and great reductions in
germination after aging. We have not measured the seed moisture contents after aging. However, we spread the seeds on just a
single layer of mesh in an aging box to expose the seeds to high relative humidity. One precaution in aging small seeded
species is to prevent seeds from dropping into the water underneath the mesh tray. Therefore, we put a cheese cloth under the
seeds to prevent that.

Mean germination times have been used to assess seed quality in agricultural species (Demir et al. 2008; Khajeh-Hosseini
et al. 2009; Mavi et al. 2010). In this work MGT was significantly related in only one case (the second sowing in the field) but
had a relatively lower correlation with seedling emergence percentages (R?= 0.647, P<0.05) compared to EC or AA tests
(Table 4). MGT is generally calculated by frequent counts of germination, and MGT value extends as the delay between
imbibition and radicle emergence. We suppose that more frequent counts during germination, particularly in the early stages of
germination, would have given more discriminating results in MGT because seed lots in dill started to germinate in the very
early hours of the test (12 hours).
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Electrical conductivity has been described as a biochemical vigour test and associates with low germinability to high
release of solutes in soaking (McDonald 1999; Matthews & Powell 2006; Demir et al. 2012; Ermis et al. 2016; Demir et al.
2019; Ozden et al. 2020). The principle of the EC test is that more deteriorated seeds release greater amount of solutes to the
external environment. Under field conditions, leakage of exudates after sowing can stimulate the growth of pathogenic
microorganisms and impair seedling emergence. Leakage during imbibition has been related to disruption of cell membrane
systems and loss of semi-permeable structures (Matthews 1985). The negative correlation found between EC and seedling
emergence (Figure 1) showed greater leakage in low-vigorous seeds. High solute leakage may result in an increase in the
inoculum potential of various diseases such as Pythium, with dead tissue providing an initial site for infection (Matthews et al.
1988). The main advantage of using EC measurements as estimates of seed vigour level is the short time needed for
assessment. This is particularly confirmed in this study for EC measurements just after 16 hours (overnight). The fast
evaluation of seed vigour of the lots has great value for seed companies because in some periods of the year they need to test a
large number of seed lots. Such tests save time, and are practical for farm based vigour assessments. Our results suggest that
EC measurements can be used by seed producers to identify low-vigour lots.

4. Conclusions

In conclusion, we have shown that solute leakage from seeds using EC has the potential to predict seed vigour level in dill
seeds. Higher levels of leakage were seen for dill lots that also showed low emergence not only in field (sub-optimum)
conditions but also controlled room conditions indicating low vigour seeds. Differences among the lots can be detected within
16 hours (overnight) by EC readings. There may be a potential for a quick, cheap and simple vigour assessment method for
testing seed vigour in farm-based tests.
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