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Enhancing Seed quality in the female spinach (Spinacia oleracea L.) parent line 

 

by 

Ali Kakhki 
 

Hybrid spinach (Spinacia oleraceae L.) seeds are produced in New Zealand for export. However, some 

seed lots fail to meet the contracted germination standard. Several factors which may be responsible 

for seed germination and vigour loss in spinach were investigated.   

The effects of different sowing date 7 Sep. (S1), 21 Sep. (S2) and 7 Oct. (S3) and harvesting times 30% 

(H1), 20% (H2), and 10% (H3) seed moisture content (SMC)) on seed development, germination, vigour 

and seed mass of hybrid spinach were studied. Irrespective of sowing date, spinach seeds reached 

physiological maturity (PM) at 35% SMC. Seed germination was not affected by sowing or harvesting 

date, but maximum seed vigour was attained in S1H2. Seed mass was reduced at the last sowing date 

and the highest and the lowest seed yields were recorded from S1H1 and S3H3 respectively. 

The impacts of plant densities (ranging from 6 cm to 15 cm apart in the row in an interval of 1.5 cm) 

on seed quality were investigated. Seeds sown at a row spacing of 13.5 cm had slightly higher 

germination than the other spacings. No differences were found among the other densities. Seed 

vigour did not differ among plant densities. There was a positive correlation between thousand seed 

weight (TSW) and plant spacing, with TSW reducing with increasing density. However, seed yield was 

not affected by plant density. 

Topping the plants during early seed development (BBCH 71) or the exogenous application of the plant 

growth regulators (PGRs) trinexapac-ethyl (TE) and chlormequat-chloride (CCC) (1 l ha-1 of each) just 

before flowering (BBCH 49) enhanced seed germination and TSW. Seed vigour was not improved by 

PGRs or topping. Seed yield was increased by topping at BBCH 71 or the application of 1 l ha-1 of TE. 

The time of first flower appearance on the inflorescence was significantly earlier when 150 ppm of GA3 

was applied at the seedling stage (BBCH 19) or before flowering stage (BBCH 49). TE application 

modified the canopy allowing high PAR interception, which resulted in a greater number of seeds per 

plant and therefore greater seed yield. 
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The effect of short period of heat stress (60, 120, 180 & 240 ℃ h; Tb = 25℃) at three times during seed 

filling (75%, 50% and 35% SMC) was investigated in a Biotron study. Seed germination for all heat stress 

application times decreased with increasing heat stress period (from 60 to 240 ℃ hour), with the 

reductions being greatest the earlier the stress was applied during seed development. Germination of 

seeds harvested from different inflorescence positions (top, middle and base) was  reduced by both 

heat stress timing and heat stress duration. Germination of seeds harvested from the upper positions 

on the inflorescence was lower than for seeds from the lower positions. Heat stress significantly 

reduced seed vigour. Heat stress applied at 75 and 50% SMC reduced TSW but stress at 35% SMC did 

not. Seed yield per plant was significantly reduced when heat stress was applied at 75 or 50% SMC, 

because the number of seeds/plant and TSW were reduced. 

Seed quality was also affected by harvest methods and application of 2 litre/ha Reglone (Diquat) 

reduced spinach seed germination. Spinach seed quality was not greatly affected by the other harvest 

methods. One feature of the germination tests conducted during this study was the often high 

percentage of fresh ungerminated seeds indicating that internationally agreed method (prechilling) for 

breaking spinach seed dormancy was not effective. Pretreatment of seeds with 0.2% KNO3 plus 

prechilling significantly increased germination by reducing fresh ungerminated seeds. GA3 150 ppm 

plus prechilling and GA3 200 ppm were also more effective in breaking spinach seed dormancy than 

prechilling alone, but GA3 above 200 ppm reduced germination by increasing the percentage of 

abnormal seedlings produced.  

The morphological seed structures of spinach cultivars differ in seed shape, colour, size and seed coat 

pores which may be connected with seed quality. Seeds from two cultivars were separated into three 

seed coat colour categories (white, brown and dark brown). White seeds and brown seeds produced 

a lower germination than the dark brown. The white seeds also had the lowest seed vigour among the 

seed colours in both cultivars. Hundred seed weight (HSW) was higher for dark brown seed colour than 

the other seed colours in both cultivars. The largest seeds (>4 mm)) had a higher germination and 

vigour than smaller seeds in both cultivars. Seed thickness (seed coat weight/seed weight) was strongly 

correlated (r2 = 0.78) with seed vigour in both cultivars, but not with germination. Cracked seeds had 

a negative and significant correlation with seed vigour in one of the cultivar, but not the other. There 

was no relationship between cracked seeds and germination percentage in both cultivars. 

Manipulating sowing and harvesting dates to avoid exposure of spinach plants to high temperature 

during seed development, PGR application, using the proper harvest methods and applying the 

effective method for breaking seed dormancy can enhance spinach seed quality. 

Keywords: Spinach, sowing date, harvesting time, harvesting method, plant density, heat stress, 

plant growth regulators, seed morphology, seed dormancy, seed moisture content  
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Literature review 

1.1 Introduction 

This thesis comprises a set of experiments designed to investigate the most important factors affecting 

the seed quality of hybrid spinach (Spinacia oleracea L.) grown in Canterbury. 

In recent years, while spinach seed production has increased, some seed lots have failed to meet the 

industry standard of 85% germination (J. Mckay, personal communication, 2015). There are several 

seed production factors which may have an impact on germination. The first is non-uniformity in 

bolting of the female spinach parent line. Early bolting can result in empty seeds because of poor 

pollination synchrony. Delayed bolting may lead to immature seed as a result of a shortened growing 

season. Sowing dates are the second factor as they can affect photoperiodic induction and the 

flowering period which are vital stages in seed crops. The adverse effect of high temperature on seed 

quality is the third factor, as it affects the rate of seed development which may reduce seed quality. 

An inability to successfully break seed dormancy in spinach may be a fourth factor. The impact of 

harvest methods on seed quality is the fifth factor as both applying chemical desiccants or cutting at 

different seed moisture contents can influence seed germination and vigour. Plant population is the 

sixth factor as plant density can affect seed quality. Physical and mechanical properties of the seed 

coat including colour, thickness, size, presence or absence of a  pore at the base of the seed (a genetic 

feature), and embryo/seed coat ratio may also be involved. 

In this chapter, the current knowledge of factors affecting spinach germination is reviewed. The 

factors which can cause the pre-harvest loss of germination in some crops are identified, and some 

elements which could enhance seed germination are discussed. The subsequent research included 

eight objectives, covering sowing and harvesting times, plant density, plant growth regulator 

application and flowering manipulation, phenological growth stages and also seed development under 

high-temperature stress. The scope of the study was extended by the evaluation of different methods 

of breaking spinach seed dormancy and examining the impacts of seed mechanical and physical 

features on seed germination and vigour. 
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1.2 Spinach (Spinacia oleracea L.) 

Spinach belongs to the Amaranthaceae (subfamily Chenopodioideae) family, with important members 

including sugar beet, red beet, silverbeet, and mangles. The Genus Chenopodium L. consists of around 

150 annual or perennial species across the word (Hampton, Boelt, Rolston, & Chastain, 2013; 

Sukhorukov & Zhang, 2013).  

The first known reference to spinach is from Sasanian, Persia (around 226-640 AD) in south-west Asia 

where the crop was first cultivated by Persians in Iran. In China spinach is still known as the Persian 

green. Spinach was transferred from Asia to Europe in the 14th century and then to North 

America  (Boswell, 1949; Wright, 2018).  

Spinach is grown commercially for the fresh market and processing. The economic importance of 

these products has led to an expansion in its cultivation across the world creating an 

increasing demand for improved seed (USDA, 2017). Spinach is one of the most widely cultivated 

vegetables in mild climates across the world. It is an annual, cool weather, dry-seeded vegetable with 

rosette leaves during vegetative growth. The vegetative parts are used fresh or for processing. Leaf 

shapes are round or pointed, and leaf 1-32 surfaces are smooth or crinkled, depending on the variety. 

 Spinach is a diploid (2n = 12), and plants may be monoecious, dioecious or hermaphrodite. Modern 

spinach varieties are predominantly dioecious (male and female flowers are on separate plants). 

During the vegetative growth, male plants produce smaller and fewer leaves than female plants 

(George, 2009).  

Spinach varieties are usually recognised by leaf features such as shape, colour, thickness, length and 

width, and also the type of rosette (Sherry, Eckard, & Lord, 1993). Leaf colour is a feature of nutritional 

quality of spinach as dark green types have a greater amount of phytochemicals and antioxidants like 

the carotenoid lutein (Brandenberger, Cavins, Payton, Wells, & Johnson, 2007). Spinach is a long-day 

crop with an indeterminate flowering pattern which is initiated primarily by day length and enhanced 

by integrated environmental factors, particularly temperature (Navazio & Colley, 2007). It is assumed 

that leaf is the location of perception of day length, so the message of flowering initiation is sent from 

the leaf to the peak of the branch where cell division and growth take place to initiate the flowering 

(Metzger, 1987).  

Depending on the spinach variety, flowering induction occurs in daylight between 12.5 and 16 hours 

for four to eight photoperiods, and for both male and female plants. However, crops subject to 

alternating hot and cold temperatures may bolt at less than 12.5 hours. High plant density also can 
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stimulate flower induction (Kelly & George, 1998; Navazio, 2012) while low temperature and short 

days can postpone spinach bolting (Desai, Kotecha, & Salunkhe, 1997). The flowering behaviour of the 

Amaranthaceae family including spinach is indeterminate, so once started flowering will be extended 

until harvest time. Therefore seed maturation continues through the entire reproductive growth, 

resulting in some immature seeds at harvest (Navazio, 2012). 

Spinach is a cool season crop. Optimum vegetative growth takes place between 16-23℃, and 

maximum growth occurs at 19℃  (Ernst, Drost, & Black, 2012). Spinach seeds can germinate in soil 

temperature between 4°C (base temperature) to 30°C, with optimum germination between 15 - 20°C, 

decreasing gradually at temperatures from 25°C to 30°C (Atherton & Farooque, 1983) .  Ideal root 

development occurs at temperatures over 18.9 °C  and shoot growth can be limited by temperatures 

under 12.3°C and over 23.3°C (Wilcox & Pfeiffer, 1990b). Optimal pollen tube growth for spinach 

occurs between 18 and 23℃. Temperatures above 24°C restrict pollen tube growth, resulting in a large 

decrease in seed yield (Navazio, 2012). Ambient temperatures above 35°C influence the performance 

of metabolism in spinach crops, leading to a degradation in yield (Lefsrud & Kopsell, 2005).  This crop 

grows in a variety of soils, but maximum seed yield is obtained on heavy loam soils. Spinach is sensitive 

to acid soils, so soil pH should not be less than 6.0.  It has a strong root system which spreads through 

the soil to a depth of 2 m (Sherry et al., 1993).  

The spinach inflorescence has small flowers that establish in the axil of branches and leaves (Figure 

1.1) (Navazio, 2012). The inflorescence in male plants is a spike, but in female plants, it is an axillary 

cluster. Flowers are inconspicuous and create small fruits (Figure 1.2) (Sherry et al., 1993). Flower 

pattern may be pistillate, staminate or rarely hermaphroditic. Each flower contains four parts, sepals, 

petals, stamens or pistils and carpels, but the petals are small and dull (Navazio, 2012). 

Male crops include two types of plant form. One is known as an extreme male and typically is short, 

often between 10 and 15 cm high, with squashed leaf development on the upper nodes and strong 

staminate flowers in all nodes. This type produces a large amount of pollen but only for a short period. 

The second type of spinach male is known as a vegetative male. It is more vigorous and has a large 

canopy with both staminate flowers and leaves at all nodes. This male starts to flower 7-10 days later 

compared to the extreme male. Flowering period and growth stage also are longer than for the 

extreme male (Navazio, 2012). 

In the male flower, the calyx contains a sepal under each of the four stamens. Each stamen has two 

anthers. In the female flower, the calyx has two or four sepals which after flowering bond with the 
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pericarp to create the seed coat. The calyx of fruits that are created together can make a seed cluster 

(Navazio, 2012). 

The spinach seed coat may be smooth or prickly, which is associated with the plant leaf shape. Smooth 

seeds produce wrinkled leaves, but prickly seeds produce flatter leaves (Ashworth, 2002) 

 

 

 

 

 

 

 

Figure 1-1   Male and female spinach plants (Navazio, 2012). 

 

 

 

 

 

 

Figure 1-2   Schematic diagram of the inflorescence structures of Spinacia oleracea. 1. Plant with 
indeterminate inflorescence. Each circle indicates a cluster of flowers in the axil of an inflorescence 
bract. 2. A single inflorescence from a male plant. Each flower is represented by a triangle. Female 
inflorescences are similar but have fewer flowers (Sherry et al., 1993). 

1.3 Seed structure and development  

Spinach seed structure is similar to seed of sugar beet (Beta vulgaris L.).  The spinach seed is botanically 

considered as a fruit rather than a seed and contains an embryo, perisperm, micropylar endosperm, 

testa and pericarp (Hermann et al., 2007; Katzman, Taylor, & Lanahan, 2001). The seed is enclosed by 
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a thick pericarp. The embryo comprises two cotyledons adapted to the seed axis, and the perisperm 

is ample. The seed coat or testa has a range of colours including black, dark brown, brown, light brown 

and yellow.  The testa thickness depends on variety and can be from 15 to 50 . There is a cap at 

the upper part of the pericarp (operculum) and a pore at the bottom which is assumed to be a pathway 

for oxygen and water for the seed (Hermann et al., 2007). The top of the seed coat in many varieties 

is impregnated with tannin-like materials (Sukhorukov & Zhang, 2013). The seed structure and 

germination process of sugar beet seed, which are similar to spinach seed are shown in Figure 1.3. 

 

 

 

 

 

 

 

                                                               

 

 

            

Figure 1-3  Seed structure and germination of fruits and seeds of Beta vulgaris. (A-H) Seed 
germination including imbibition and radicle tip emergence through the seed coat. (I-J) An incised 
seed. (K) Microscopic image through a dry seed.  (L) Detail of stages of seed germination. (M) A 
mature seed. (N) Drawing of the seed (Hermann et al., 2007). 

1.4 Environment and Hybrid Seed Production   

Global seed production occurs in a wide range of environments, but mainly between latitudes 23.4° 

and 66.5° in the northern and southern hemispheres where there is an adequate growing season 

length, low relative humidity and a lack of extreme temperature (Moles & Westoby, 2003). Spinach 
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seed production is carried out between latitudes 22.5°- 60° N and 35°- 50° S, in coastal regions of the 

Pacific Northwest in the United States, Central Denmark, Southern Europe (Holland, Italy, France), the 

South Island of New Zealand, Chile and China (du Toit, 2018; Navazio, 2012). New Zealand is located 

in the South West of the Pacific Ocean between latitudes 34°S and 48°S. Due to the influence of the 

Tasman Sea, New Zealand has a temperate maritime climate and the Canterbury plains are a 

significant cropping area. The low relative humidity as a result of the Northwesterly winds makes 

Canterbury an ideal seed production area (Hill, 2004). The cool and humid environment improves 

pollen production and persistence. Canterbury is the major centre of herbage and vegetable seed 

production, and about 90% of New Zealand’s seed production is from this region (Hampton, Rolston, 

Pyke, & Green, 2012). New Zealand’s seed industry is essential for the economy, with seed produced 

for both domestic use and export. New Zealand exports seed to 60 countries, worth $203 million per 

annum. Vegetable seed exports were valued at $62.2m in 2015, $74.3m in 2016 and $64.4m in 2017 

(Hughes, 2017). 

Environmental factors can affect seed production and quality (Adkins, Ashmore, & Navie, 2007). Day 

length, temperature, light intensity and latitude can influence reproductive growth and seed 

germinability, and can also be manipulated to improve seed germination (Gutterman, 1992).  Bolting 

and flowering in spinach are affected by photoperiod (day length), drought stress and temperature. 

The indeterminate growth pattern in spinach plants can also influence the quality and quantity of seed 

production. This phenomenon causes the production of seeds with different sizes resulting in non-

uniformity of the seed lot (Deleuran, Olesen, & Boelt, 2013).  

Spinach seed crops are sown in spring and should be planted early enough to complete vegetative 

growth before becoming reproductive. Flowering is initiated primarily by daylength. Specific 

procedures for hybrid seed production including the parent ratio, roguing and isolation distances are 

provided by the maintenance breeder. In hybrid spinach seed production two types of male are used. 

The ratio of female to male rows depends on the potential pollen production by the male parent. 

Ratios can be the range of 12:4 to 18:4 (Figure 1.4). Monoecious males produce less pollen over a 

longer period, but dioecious males produce a greater amount of pollen for a shorter period.  

Spinach crops are wind-pollinated, and their pollen can move over a large distance. To prevent the 

occurrence of cross-pollination with other varieties, isolation distances of 200-500m are required, 

depending on variety (George, 2009; SPS, 2012). Navazio (2012) stated that the minimum required 

isolation between spinach crops of different varieties is 0.8-3.2 km and for different species of the 

Amaranthaceae family 4.8 to 6.4 km.  
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To meet genetic purity standards for hybrid spinach seed, the female line should be checked for the 

occurrence of male types regularly during the flowering period. The first roguing of male types is 

implemented when the plants are in a rosette stage to remove any early flowering plants (George, 

2009; SPS, 2012). 

 

 

 

 

 

 

                            Figure 1-4   Spinach hybrid seed production field.  

 

1.5 Seed quality 

Seed quality has several components, whose importance differs within species. Hampton and Hill 

(2002)  classified the components of seed quality as (I) “Description: Species and cultivar purity; 

analytical purity; uniformity; seed weight.  (II) Hygiene: noxious weed contamination; seed health; 

storage fungi contamination; insect and mite contamination, and (III) Potential performance: 

germination; vigour; moisture content, field emergence and uniformity and storability”. Seed quality 

plays an important role in the production of agronomic and horticultural crops and defines the overall 

value of a seed lot (Lomholt, 2000).  Within seed quality factors, germination, vigour, purity and health 

are considered more than others. Commercially crops are expected to have high seed quality, but in 

some cases, some issues during seed production or post-harvest decrease quality of seeds produced 

(Hampton, 2002).  

Hybrid spinach seed lots produced in Canterbury sometimes fail to meet the contracted germination 

standard (J. McKay, pers. comm., 2015). While seed germination can be adversely affected during 

harvesting, processing and storage,  loss of germination can also take place under unfavourable 

environmental condition in the field during seed development (Richars, 1998), in response to stress 

caused by especially temperature, precipitation and relative humidity (Egli, TeKrony, Heitholt, & Rupe, 

2005).  
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The reproductive phase in spinach is initiated primarily by day length. Non-uniformity in bolting of the 

female spinach line causes non-uniformity in the seed lots produced which may influence germination 

percentage, and mean germination time. Early bolting can result in empty seeds because of poor 

pollination. Delayed bolting may lead to immature seed as a result of limitations of the growth season 

(Deleuran et al., 2013). 

Seed mass/size 

Seed mass is a seed quality factor which is influenced by genetic factors, seed position within an 

inflorescence, seed maturity, water and nutrient availability. In most instances, larger seeds produce 

more vigorous seedlings, but there have been reports of no significant impacts of seed mass on seed 

performance among seed lots with various sizes. In the seed industry, seed size is usually expressed 

as ‘thousand seed weight’. However, seed size refers to volume of seed, but seed mass refers to 

density (Castro, Hodar, & Gomez, 2006).  

Seed size uniformity in some crops may not be an important issue, but in vegetable crops it is 

considered a major factor and a measure of seed quality (Gregg & Billups, 2010). It is assumed 

erroneously that in most cases it is correlated to seed vigour; that is bigger seeds may be considered 

to be higher in quality. 

The effect of small seed size on plant emergence, seedling establishment and growth is complex and 

depends on the factors which caused size differences. Seed size is varied among varieties, but it is 

important to be uniform within a variety, particularly for seed production (Thomson, 1979). This is 

because, with a relatively short growing season for spinach, uniform germination and establishment 

have a major role for a homogenous harvesting time (Deleuran et al., 2013). Delpratt (2007) reported 

that non-uniformity in a seed lot could cause uneven planting and establishment rate.  

The relationship between seed mass and germination percentage in spinach is contradictory. Lomholt 

(2000) showed that bigger seeds have a lower germination percentage than smaller seeds, and 

therefore would be expected to have a poorer field emergence, while Nonogaki (2006) concluded 

bigger seeds were able to establish strong seedlings. Some reports show that larger spinach seeds 

produce more vigorous seedlings due to the greater supply of nutrients in big seeds which allowed 

superior germination and seedling growth (Nonogaki, 2006; Todoran, 2010). However, larger seeds 

may have lower germination compared to smaller seeds, particularly at high temperatures. Deleuran 

et al. (2013) found that smaller spinach seed sizes (˂ 3.25 mm) had a lower mean germination time 

(MGT) than bigger seed sizes (˃3.25).  
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Seed germination 

Seed germination is defined by ISTA as ”the emergence and development of the seedling to a stage 

where the aspect of its essential structures indicates whether or not it can develop further into a 

satisfactory plant under favourable conditions in the field” (ISTA, 2018). Germination is a physiological 

process which is affected by internal and external factors which mostly including moisture, light, 

oxygen and temperature. Seed germination is the most important factor of seed quality and a critical 

point during a life cycle of a crop. Fast and uniform emergence and proper establishment enhance the 

chance of overcoming unfavourable environmental condition in early growth stages (Olivier & 

Annandale, 1998). 

Seed germination starts with water uptake which occurs in three phases. Phase I is a rapid water 

absorption which is recognised as a physical process; phase II has little water uptake but high 

metabolic activity, which ends with radicle protrusion. Phase III starts with radicle emergence and 

ends with radicle elongation (Bewley & Black, 1994). 

Seed immaturity can be a cause for poor germination in numerous crops. Seed may fail to germinate 

because of the small and undeveloped embryo. Geard, Spurr, and Brown (2007) reported a high 

correlation (r2=0.84) between germination and embryo proportion of carrot seeds in Australia. 

Embryos less than 0.7 mm in length had an incomplete radicle and cotyledon, and low germination. 

Carrot seeds harvested from primary umbels compared with seeds from lower order umbels at the 

same harvest time exhibited lower germination percentage. 

Poor seed germination is a common problem in spinach (Katzman et al., 2001). Internal and external 

factors are reported to be responsible for germination inhibition or dormancy in spinach (Katzman, 

1999).  Responses of spinach seed to germination under different temperatures have been reported. 

Atherton and Farooque (1983) reported that the optimum temperature for spinach seed to germinate 

was about 20 , and at this temperature, 50% of germination occurred within three days (T50 =3). 

Germination reduced progressively at temperatures . It is attributed to germination inhibitors 

or dormancy in spinach seed, which is induced at higher temperatures.  

Spinach seed treatment may release seeds from dormancy and improve germination by changing the 

physical integrity of the seed coat or by subjecting seeds to more favourable conditions to complete 

early phase of germination (Katzman et al., 2001). Seed improvements for spinach include decoating 

seeds, hydration, or chemical treatment of imbibing seeds. Spinach seed decoating enhances 

germination and extends the range of temperature that seeds (Atherton & Farooque, 1983; D I 

Leskovar, V Esensee, & H B Miller, 1999; Suganuma & Ohna, 1984). Soaking seeds in NaOCl and H2O2 
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can also induce germination by increasing permeability of the seed coat and elevating gas exchange 

(Katzman, 1999).    

 Seed vigour 

Seed vigour is defined by ISTA as “the sum of those properties that determine the activity and 

performance of seed lots of acceptable germination in a wide range of environments”. Seed vigour is 

also associated with stress tolerance, mean germination time and disease resistance (ISTA, 2018).  

Under favourable conditions seeds from various origins may display acceptable germination 

percentage, while these same seed lots under unfavourable field conditions may exhibit a wide range 

of establishment which is attributed to their different vigours (Finch-Savage & Bassel, 2016). Seed 

vigour dictates seed performance in a stress environment, including germination rate and uniformity, 

seedling emergence and plant growth. It also affects the ability to retain germination during storage  

. Ellis and Roberts (1980) considered low seed vigour was a result of seed deterioration processes and 

(Hampton & TeKrony, 1995a)(Hampton & TeKrony, 1995a)(Hampton & TeKrony, 1995a)(Hampton & 

TeKrony, 1995a)(Hampton & TeKrony, 1995a)(Hampton & TeKrony, 1995a) also noted that seed 

deterioration has been recognised as the main element of reduced seed vigour.  

1.6 Seed position on plant 

 Indeterminate flowering pattern in spinach produces seeds at different stages of maturity along the 

main stem of a plant. This difference may lead to a variable rate of seed quality and germination 

percentage. When seeds from different inflorescences at different stages of maturity are mixed at 

harvest, it will cause a wide range of seed quality within seed lots.   

Several researchers have reported that in various crops, maternal factors such as inflorescence 

position on the mother plants or seed position in the inflorescence affect germination of the harvested 

seed (Gray & Thomas, 1982; Gutterman, 1992). Seed position on the plants can also influence seed 

size, seed structure and germination (Gutterman, 1992)  Variation in seed size is the result of different 

amounts of carbohydrate being received by the seeds, depending on their position within a plant 

(Deleuran et al., 2013). In a study on three Spanish grasses an inverse relationship between position 

of the seeds on the inflorescence and germination percentage was found. The seeds which were at 

the bottom and centre of the inflorescences had significantly higher germination percentage than 

apical seeds which was probably related to different weather conditions (temperature & humidity) 

during seed development and also different amounts of assimilates allocated to the seeds (Baskin & 

Baskin, 1998; Gonzalez-Rabanal, Casal, & Trabaud, 1994). Gutterman (1992) found differences 

between seeds from central and outer capsules in size, number and germination on the same plant 
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Glottiphyllum linguiforme (Aizoaceae). Seeds from the central part of the plant had 80% germination 

whereas the outer seeds were smaller with 20% germinability. Research on seed quality of three celery 

varieties (Apium graveolens L.) showed that seed weight and germination varied depending on umbel 

position on the plants. Primary umbels (low position) had lower germination percentage compared 

with secondary, tertiary and quaternary umbels, although they were heavier. Seeds from the terminal 

inflorescence displayed higher germination than seeds at sub terminals in forssk (Pteranthus 

dichotomus L.) plants  (Gutterman, 1992).  

 

 

 

 

 

Figure 1-5   Spinach seed maturation and seed position on the mother plants. Seeds at the upper 
parts of the plants are more immature than those from the lower parts of the plants. 

Adapted from (Navazio, 2012). 

1.7 Temperature stress and seed quality 

Crop production is highly associated with climate and global warming (Olegv, 2011) and temperature 

is the main factor affecting the rate of plant growth and development. The predicted changes in 

temperature during the next 30 – 50 years are in the range of 2 -3℃  (Gornall et al., 2010). This high 

temperature accelerates the growth rate of annual crops resulting in smaller plants as a result of a 

shorter life cycle,  a shorter reproductive period, and a reduction in yield potential (Hatfield & Prueger, 

2015). 

Photoperiodic sensitive crops would face a disruption in phenological development as a result of the 

temperature increase. Extreme high temperature during the reproductive growth stage will impact on 

pollen viability, fertilization and fruit set (Hatfield, Boote, Kimball, Ziska, & Izaurralde, 2011). 

 Increasing carbon dioxide (CO2) and temperature due to climate change will affect seed production 

and seed quality (Hampton, Boelt, Rolston, & Chastain, 2013). However, these influences differ within 

crop species and throughout the stages of plant growth (Hatfield & Prueger, 2015). Therefore, a 

considerable issue ahead for the seed industry is to provide new crop cultivars which produce good 
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yields in a changing climate (Ainsworth, Rogers, & Leakey, 2008). Elevated atmospheric carbon dioxide 

concentration is predicted to increase seed mass as a result of increased plant assimilate availability 

(Jabloski, Wang, & Curtis, 2002). Increasing temperature may have a reverse impact and reduce seed 

mass (Spears, TeKrony, & Egli, 1997) as a consequence of an increasing seed growth rate and reduction 

in seed filling period and the rate of seed dry matter accumulation (Gibson & Paulsen, 1999). However, 

some researchers pointed out that in response to elevated temperature, seed mass may not change 

or even increase (Peltonen, Jauhiainen, & Hakala, 2011). 

The impacts of temperature during seed maturation stage on subsequent germination are various.  

High-temperature stress before physiological maturity (PM) may prevent supplying the necessary 

assimilates required for the germination process (D.L.  Dornbos & McDonald, 1986). Response of seed 

germinability to lower or higher temperatures than the optimum depends on temperature intensity 

and seed moisture content. For example, Chenopodium album seeds had low germination when they 

had more accumulated days of high temperature (22/22℃) during maturation compared with 

22/12℃. In soybean, plants which grew under high temperature of 32/28℃ after flowering produced 

seeds with low germination in comparison with seeds which matured under a temperature of 27/22℃. 

However, in some instances, the reaction of the seed germinability to temperature on mother plants 

is reversed. For instance seeds of Amaranthus retroflexus which matured under a temperature of 

27/22℃ had higher germination compared with 22/17℃. The seeds matured under higher 

temperatures also had lower seed weight than those that produced at a lower temperature 

(Gutterman, 2000a).  

High temperature stress before physiological maturity (PM) can reduce seed germination by affecting 

synthesis of assimilates (Hampton et al., 2013), and after PM mostly decreases seed vigour and also 

may reduce germination (Green, Pinnell, Cavanah, & Williams, 1965). Shinohara et al. (2008)  

investigated the results of the vigour tests for 262 garden pea seed lots in New Zealand collected from 

five regions over four growing seasons. They found a variation both within regions and years in seed 

vigour which were significantly related to temperature during seed development. There was a 

negative correlation between high temperature and vigour.  

Rashid, Hampton, Rolston, Khan, and Saville (2017) reported that high temperature during seed 

development of forage brassica (Brassica napus L.) influences seed quality factors including 

germination, vigour and TSW. Heat stress before PM (80% SMC) significantly reduced seed 

germination by 6% and after PM (50% SMC) by 9%. The impacts in the second year were lower but 

also significant. Seed vigour was significantly reduced by heat stress both before and after PM in both 
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seasons. They reported temperature stress before PM decreased thousand seed weight of brassica by 

8% and 6% in the first and second year respectively, but heat stress after PM did not reduce TSW. 

Temperature also can impact on seed dormancy during the seed development period. In some crops, 

higher temperatures act as a preconditioning treatment of seeds and reduce the degree of dormancy, 

resulting in seeds with higher germinability. For example seeds of Beta vulgaris which developed 

under low temperature exhibited lower germinability and a higher percentage of empty seed balls. 

However, some species had a reverse response to higher temperature, and when they were subjected 

to higher temperatures during seed maturation, they produced seeds with a high level of dormancy 

(Gutterman, 2000a). Many species of Syringa produce a high rate of dormant seeds under high 

temperature. Syringa vulgaris, one of this genus usually does not have dormancy, but when the 

mother plants are exposed to high temperature (18-24℃), especially over the last fortnight of seed 

development, dormancy can be induced. 

1.8 Seed yield 

Hybrid Spinach seed yield varies and depends on early or late bolting trait among varieties.  The 

average seed yield of hybrid spinach in New Zealand is around 1000 kg/ha. New Zealand’s current 

hybrid spinach seed production is about 250 tonnes with an estimated $2.5 M domestic value (McKay, 

2015).  

1.9 Sowing date 

The effects of sowing date on crop performance and seed quality vary among crops and depend on 

crop type, cultivar and environmental conditions. However, often seed quality degradation occurs 

with a delay in sowing time (M. S. Rahman et al., 2014; Shaheb, Islam, & Rahman, 2016).  

Shaheb et al. (2016) in a two-year study examined the effect of different sowing times and varieties 

of wheat on seed germination, root/shoot ratio, and vigour index. Maximum seed germination, shoot 

and root length were obtained from the late and normal sowing times, but the response of seed vigour 

to sowing time varied with varieties and no correlation was found between sowing time and seed 

vigour. Greven et al. (2004) reported that late sowing combined with a high plant density and early 

harvest of dwarf French bean significantly decreased seed size and seed vigour but seed germination 

did not change significantly. M.M. Rahman, Rahman, and Hossain (2013) found that soybean 

germination percentage and vigour index were reduced with a delay in sowing date.  A large study on 

six different sowing times of bitter gourd over three years showed that a maximum number of seeds 

per fruit came from the third, fourth, fifth and sixth sowing times, and the highest seed yield and 100 
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seed weight from the fifth and sixth sowing times. Maximum germination percentage was found at 

the fifth sowing time while the minimum was from the first, second and third sowings. The greatest 

vigour index was obtained from the fourth and fifth sowing times (M. S. Rahman et al., 2014).  M.M. 

Rahman et al. (2013) investigated the impacts of six different sowing times in two different seasons 

on seed quality of two soybean cultivars. They observed significant differences in germination and 

vigour among cultivars, but all of the cultivars displayed the highest germination and vigour for the 

earlier sowing dates in both seasons.  

Now, it is widely accepted that optimum sowing time is varied for different crop species and even 

within varieties of a species. The best sowing time for any variety in a particular environment needs 

to be established through field trials. 

1.10 Harvesting time 

A critical stage in seed production is correct time of harvest to increase yield and quality (Copeland, 

1995) and ideal harvest time would be when the maximum number of seeds are mature. Seed 

maturation in indeterminate plants could be a major problem as flower production and seed 

maturation take place over the same period (McDonald & Copeland, 1997). 

Seed development occurs during the time from seed set to maximum dry matter accumulation at 

physiological maturity (PM) then seed maturation continues until harvest time (Harvest Maturity) 

(Mehta, 1993). After PM seeds desiccate until they reach a moisture content of about 10-15% (HM).  

Maximum germinability and vigour are attained around the PM stage (Mahesha, Channaveeraswami, 

Kurdikeri, Shekhargouda, & Merwade, 2001). Seed deterioration is recognised to start at physiological 

maturity and extends over-harvesting, processing, and storage. It is extensively affected by genetic, 

production and environmental factors  (Hampton & TeKrony, 1995). However, some research shows 

that maximum seed quality takes place sometime after PM (Ellis & Filho, 2008; Rao, Rao, Mengesha, 

& Ellis, 1991). They examined mature seeds of some monocot and dicot varieties and found that 

maximum ability to survive and storability were not attained until sometime after PM.  

The major environmental factors considered to have impacts on seed vigour loss after PM are: 

frequent drying and wetting; high temperature and drought stress; and warm, humid weather   

(Hampton, 2000). Heat stress increases the physiological deterioration of seeds. A few studies showed 

that seed vigour is reduced by a short period of heat stress at critical seed development stages   

(Hampton et al., 2013; Rashid et al., 2017). Moreover, the presence of pathogens may increase seed 

deterioration by physical damage and biochemical deterioration (Hampton, 2000). 
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 Harvesting time is an important factor affecting seed quality. Early harvest leads to immature and 

underdeveloped seeds that influence germination and vigour, and also lead to high seed moisture and 

increases the chance of fungal diseases. Delaying harvest due to inclement weather late in the season 

impacts on seed quality, and the rate of seed shattering or shedding. Optimum harvesting time at the 

stage of seed maturation leads to attaining high seed quality. Developed and mature seeds display 

high viability, vigour and field performance (Yadav, Yadav, Kumar, & Kant, 2005). An investigation on 

seed quality of Bulbine bulbosa following different harvest times showed that the highest mean 

germination (89%) was attained when all capsules were harvested at harvest maturity, while 

germination decreased when harvesting occurred early (74%) or late (73%). Shaheb, Islam, Nessa, and 

Hossain (2015) reported significant impacts of different harvest times on seed germination and vigour 

index of French bean over two years. Maximum and minimum germination were 94% and 63% for 

harvest times of 75 (optimum) and 65 (early) days after emergence (DAE) respectively.  

Seed moisture content (SMC) is the most important parameter to determine seed maturity and 

harvest time (Desai et al., 1997). Harvesting at a determined SMC is necessary to avoid a reduction in 

yield and seed quality, and it is changed by harvesting methods (George, 2009). Harvesting at high 

moisture content promotes the incident of mycofloral infection on seeds and harvesting at low 

moisture content elevates mechanical damage (Yadav et al., 2005). Harvesting crops at SMC below 

20% decreases mechanical damage to seed (Desai et al., 1997). Gray and Steckel (1983a) found a link 

between seed moisture and embryo size in carrot. Carrot embryo can develop and reach the final size 

at 90 days after flowering (Geard et al., 2007). 

The indeterminate flowering pattern in spinach leads to a wide range of seed maturities, so around 

20% of seeds may not be mature at harvesting time (Navazio, 2012). Determining the harvest time for 

spinach is usually done by visual judgment using seed colour as the index of maturity. A seed colour 

change from tan to tannish brown indicates seed can be harvested but turning a darker brown colour 

shows an unfavourable condition (high humidity and low sunlight) during the maturation time. Using 

this method, when around 60 to 80% of seeds have turned brown, seeds can be harvested (Navazio, 

2012).  

Methods of seed harvesting can also influence seed quality. Three principal approaches are possible.  

(I) Cutting individual inflorescences for further drying then threshing, (II) Cutting the entire maternal 

crop and leaving in windrows to dry seed to a SMC safe for mechanical threshing.  (III) Applying a 

desiccant before direct combining. (George, 2009). For the latter two methods the crop is either 

chemically desiccated at 30% SMC then direct harvested at about 10% SMC, or the plants are 

windrowed at 30% SMC and combine harvested 6-9 days later (SPS, 2012). 
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1.11 Plant density 

Optimum plant density for seed production is often not defined due to complex interactions of several 

factors. Long-term soybean experiments (around 50 years) could not provide a hypothesis about the 

relationship between seed yield and planting pattern (Duncan, 1986). Optimum plant density depends 

on different factors comprising crop architecture, variety and crop management (fertilizer and plant 

growth regulator application). The impact of plant density on seed yield and seed quality in a crop 

community depends on the intensity of plant competition for nutrients, light, water and the 

competition between vegetative and reproductive growth for photoassimilates (Severino, Auld, Vale, 

& Marques, 2017). 

Research on alfalfa seed production in two places over three years showed that seed germination and 

thousand seed weight were significantly affected by plant spacing. The highest and lowest 

germinations were attained from treatments with row spacing of 80 and 20 cm respectively 

(Stanisavljević et al., 2012). An investigation on carrot varieties over two years showed that increasing 

the density from 10 to 80 plant m-2 did not influence seed weight. However, plants grown at lower 

densities (10 plants m-2) had a greater seed weight (Gray & Steckel, 1983b). Another study on carrot 

reported that germination percentage, germination rate, embryo length and number of abnormal 

seedlings were not influenced by plant densities between 2 to 25 plants m-2 but densities of 36 plants 

m-2 decreased the seed quality by increasing the abnormal seedlings from 17 to 20% (Oliva, Tissaoui, 

& Bradford, 1988). 

Effects of high plant density and the resulting low light intensity on seed production and quality have 

been reported by Fenner (2000) who noted that high plant density elevated leaf area index, resulting 

in a decreasing R: FR (Red/far-red) ratio of the light. It caused declining Pfr: Ptot (Far-red absorbing/ 

Total absorbing) ratio in the seeds resulting in a decrease in seed germination. Fresh seeds of Calluna 

vulgaris were inhibited by leaf-canopy-filtered light as a result of a low R: FR which it can lead to 

dormancy. However, Adkins et al. (2007) reported that a reduction of light intensity (80% light 

reduction) in oat plants decreased the degree of dormancy.  

1.12 Plant growth regulators (PGRs) 

PGRs application is now common in many crops to enhance seed yield and seed quality. They are now 

used on more than one million hectares of crops worldwide (Gianfagna, 1987a). PGRs use are used to 

break seed dormancy, promote seed germination, manipulate flowering, prevent lodging, delay plant 

senescence and for harvest date manipulation (Gianfagna, 1987b). 



 

17 
 

Gibberellin (GA) is mostly available commercially in the form of GA3 (gibberellic acid). The dominant 

form of GA in plants is GA1, which is responsible for stem elongation by activating cell division and cell 

elongation. Other types of GA such as GA20 act as precursors of active growth. GA in higher plants is 

synthesised in developing seeds and reproductive tissues such as shoot apical areas and root tips. GA 

biosynthesis occurs at two distinct stages of reproductive growth, shortly after anthesis and then in 

mature seeds, resulting in an increase in size and the accumulation of GA at the end of seed 

development (Sponsel, 1987).  

Zeevaart, Gage, and Talon (1993) recorded GA17, GA19, GA20, GA29 and GA44 in spinach. They found 

that GA19 content under short days (SD) was higher than GA20, and that not moving plants to long 

days (LD) substantially increased GA19 and decreased GA20 and GA29. Under the different 

photoperiodic regimes, other GAs like GA17 and GA44 remained steady. They reported that moving 

from the vegetative phase to the reproductive phase in spinach occurred through the conversion of 

GA19 to GA20 under a long-day photoperiod. Spinach female plants have a high ratio of GA19/GA20 

while it is the reverse in male plants (Zeevaart et al., 1993).  

The exogenous application of  GAs to most crops influences plant growth and development and 

improves some features such as seed germination (Davies, 1987), flower induction and fruit setting 

(Metzger, 1987). Shahid et al. (2013) reported that a mixed application of GA3 100 ppm and 

Naphthalene acetic acid (NAA) 50 ppm on okra reduced the number of days to flowering from 42.7 to 

40.3, while increasing the concentration of both to 200 ppm, improved both 1000 seed weight and 

seed germination.  Similarly, (Ravat & Makani, 2015) stated that exogenous application of GA3 50 ppm 

on okra at 30 and 45 days after sowing induced flowering 6 days early and significantly increased some 

seed quality factors such as 100 seed weight (from 6 to 7 g), seed germination (from 90 to 93%) and 

vigour index (from 6.75 to 9.02 ). 

PGRs application on ryegrass delays the onset of lodging which is important for seed yield and seed 

quality. Mixed applications of Trinexapac-ethyl (TE), chlormequat-chloride (CCC) and paclobutrazol 

(PB) at growth stage 31, followed by PB at growth stage 32 postponed ryegrass lodging for 45 days, 

and increased yield and the seed number, but seed weight was not affected (Chynoweth, Trethewey, 

Rolston, & McCloy, 2014). (Kumar, Singh, Singh, Bhatia, & Nehra, 2007) reported that a single foliar 

application of cycocel 100 ppm, 40 days after sowing to coriander plants improved seed quality. Vigour 

index was significantly increased from 960 to 998, but germination percentage was not affected. 

Reproductive growth also was affected by cycocel as the number of days to 50 % flowering declined 

by eight days. 
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Cytokinin is an adenine in the form of zeatin in plants which can stimulate cell division. The common 

type of cytokinin is kinetin which is used in agriculture. Kinetin can be found in developing seeds and 

tip of roots. At the stage of early seed development, a high rate of cytokinin has been found in the 

liquid endosperm. It is assumed that cytokinin has a fundamental role in seed size by enhancing the 

cell number at this stage (Quatrano, 1987). Leaf expansion as a result of cell enlargement and delayed 

leaf senescence were attributed to functions of cytokinin. Application of cytokinin increases 

chlorophyll content (Davies, 1987). Cytokinin eliminates the effects of apical dominance on lateral bud 

growth. Both endogenous and exogenous cytokinin affect bud growth which is suppressed by the 

apical dominance effect. Various endogenous cytokinin concentrations in two tomato lines resulted 

in a different degree of apical dominance. Application of benzyladenine to soybean crops induced the 

bud growth that was inhibited by apical dominance (Tamas, 1987).  

1.13 Seed dormancy 

Dormancy is defined as “the failure of seed to germinate although environmental conditions are 

favourable for germination (C.C. Baskin & J.M. Baskin, 2014). It occurs in imbibed seeds by inhibiting 

the process of germination (Murdoch & Ellis, 2000). Dormancy can be driven from some features of 

the seed or undesirable environmental conditions (C.C. Baskin & J.M. Baskin, 2014). Environmental 

conditions like photoperiod, temperature, humidity, and nutrition during maturation on the mother 

plants can cause seed dormancy (Murdoch & Ellis, 2000). It typically is an unfavourable feature in crop 

production when fast germination and growth are necessary (Bewley & Black, 1994 ) . However, some 

degree of dormancy is required to prevent the seed germination before harvesting (C.C. Baskin & J.M. 

Baskin, 2014). 

Seed dormancy is classified based on the origin of the dormancy or by the supposed mechanism. 

Primary dormancy is caused by an indigenous characteristic of the embryo (growth inhibitors, lack of 

growth enzymes or embryo immaturity) or seed coat during seed development on the mother plants. 

Coat-induce dormancy also can be associated with other parts of the seeds such as endosperm and 

pericarps (Murdoch & Ellis, 2000). Secondary dormancy occurs after seed shedding. 

Primary dormancy is different within genotypes and also maturation environments. Several species 

may continue this dormancy after shedding as a result of the temporal dispersal of seeds. For instance 

seeds of Chenopodium album produced under short days were non-dormant, greater and thinner-

coated compared those produced in with long day conditions. Warmer conditions during seed 

development mostly decrease dormancy. The response of seed dormancy to water stress in a species 

is various. Sorghum halepense and Avena fatua produced seed with a lower degree of dormancy when 
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seeds matured under water stress condition while in Hordeum vulgare and Cenchrus ciliaris dormancy 

increased when seeds matured under water stress (C. C. Baskin & J. M. Baskin, 2014). 

There is considerable evidence that ABA is involved in the process of dormancy during seed 

development and in maintaining the dormant phase. It is recognised as an important factor that 

controls the dormancy of many seeds (Bewley, 1997a). In most instance, primary dormancy is induced 

by a temporary rise in ABA content in seeds. ABA constrains the potential growth of the embryo and 

transition to the germination phase. It does not influence initiative water uptake and initial embryo 

elongation (Hilhorst, 2007).  

Dormancy also can be influenced by seed moisture content (SMC) during or after maturation. 

Dormancy rate in cereals and Cenchrus ciliaris were decreased under low SMC (< %8 ) while it was 

higher between 11 and 15%  (Murdoch & Ellis, 2000). 

The rate of reduction in primary dormancy after maturation depends on environmental conditions 

and duration. Hence warmer and longer storage environment lead to a greater reduction of dormancy. 

For instance loss of dormancy in 50% of an Oryza glaberrima seed lot occurred after 65 days at 30℃, 

while this loss happened in 20 days at 40℃ (Murdoch & Ellis, 2000). Dormancy in some dry seeds may 

be terminated when the degree of metabolism is very low while imbibed dormant seeds can lose their 

dormancy through external factors like light, chilling, chemical treatment and alternating temperature 

(Bewley, 1997a).  

Secondary dormancy may occur in dormant or non-dormant seeds after harvesting. One reason for 

this type of dormancy is attributed to low oxygen and/or high concentration of carbon dioxide. For 

instance seeds of Avena fatua which were imbibed in an anoxic atmosphere for three hours, had a 

reduction in germination from 90% to 17%. Temperature has a large impact on secondary dormancy 

induction. Although rising the temperature can reduce drying time of mature seeds, it also increases 

the rate of secondary dormancy. Secondary dormancy in Rumex crispus seeds was started after 21, 7-

17, 7, and three days at 1.5, 10, 15 and 20℃ respectively. It was changed for Orobanche spp which 

exhibited a low rate of dormancy at 20℃ which was then increased by rising temperature till 30℃  

(Murdoch & Ellis, 2000). 

Primary dormancy can be terminated by certain priming treatments. Light stimulus, dry after 

maturation, pre-treatments of imbibed seeds like chilling or conditioning, alternating temperatures, 

GA3 and nitrate. Secondary dormancy can be stopped by dry storage, nitrite, nitrate, ethanol, azide 

and GA3. While a short period of imbibition can terminate primary dormancy, a longer period can 

result in secondary dormancy (Murdoch & Ellis, 2000). 
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Nongerminated but viable spinach seeds may be dormant (Katzman et al., 2001). Exogenous and 

endogenous factors can affect germination inhibition or dormancy in spinach seed. Parental seeds 

usually are fresh and as a result of dormancy have uneven emergence (SPS, 2012). Seed treatments 

have been known to mitigate the effects of seed dormancy on germination by improving the condition 

of germination in the early phases (Katzman et al., 2001). Atherton and Farooque (1983) reported an 

increase in spinach seed germination when they removed chemical inhibitors from the seed coat by 

leaching the seeds at 30 oC. Leaching spinach seeds with H2O2  or NaOCL result in oxidising inhibitors 

in the seed coat which enhanced the germination (Bewley & Black, 1978); Moreover, sodium 

hypochlorite can eradicate fungi and bacteria from the seed coat and result in improved seedling 

growth (S. C. Chun, Schneider, & Cohn, 1997). 

1.14 Research objectives and hypotheses 

This study aimed to improve the quality of hybrid spinach seed which is produced in Canterbury, New 

Zealand. This was done through eight objectives as follows: 

(I) Determining the optimum sowing and harvesting dates to attain maximum seed quality. It is 

hypothesised that an optimum sowing date can prevent spinach plants from being subjected to high 

temperature during pollination and reproductive growth resulting in high seed quality. The correct 

harvest time will lead to high-quality seed by reducing the number of undeveloped seeds which would 

occur in an early harvest, and avoiding adverse impacts of inclement weather on seed quality following 

a late harvest.  (II) Determining the optimum plant density in term of seed quality, to decrease the 

numbers of small seeds with low thousand seed weight resulting from high plant competition. (III) 

Improving plant uniformity by using plant growth regulators (PGRs) and topping. Crop manipulation 

may reduce the non-uniformity in bolting of the female spinach parent line which results in empty 

seeds because of poor pollination synchrony (early bolting) or immature seed (late bolting). (IV) 

Identifying the stages of seed development which are particularly sensitive to high-temperature 

stress. (V) Investigating the effect of short period of heat stress during seed development as it affects 

the rate of seed development which may reduce seed quality. (VI)   Identifying the best method of 

seed harvest to produce the highest spinach seed quality. A reliable harvest method will reduce the 

rate of physical and mechanical damage at harvest time. (VII) Evaluation of different methods of 

breaking spinach seed dormancy to increase seed germination. (VIII) Exploring the correlation 

between seed mechanical and physical features and seed germination and vigour.  
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Effects of sowing and harvesting date on hybrid spinach seed 

quality 

2.1 Introduction 

New Zealand’s South Island, which has a temperate climate and low relative humidity, is very suitable 

for spinach seed production. Spinach seed crops are sown in September, but sowings may be delayed 

if weather conditions are poor. Harvest date is between late February and early March, which makes 

a growing season between 130 -150 days. For hybrid spinach seed production, SPS import more than 

20 parental lines from overseas each year, each of which may have a different response to 

environmental factors (SPS, 2012).  

In seed production, both environmental and agronomic factors have important impacts on seed 

quality, and sowing date determines the length of the growing season (Huang et al., 2010). Due to 

climate change and changing agro-climatic conditions, periodic assessment of optimum sowing dates 

is required. 

Selecting the optimum planting and therefore harvesting time is one of the important issues for hybrid 

spinach seed production. Early seedling establishment is necessary for efficient production. Uniform 

and rapid seedling emergence and establishment allows the generation of a deep root system before 

the upper layer of the soil become dry (Harris, 1996). Seedling emergence and establishment depend 

on the time of germination (Gerhardt, 1996). Early or late spinach sowings influence the vegetative 

growth stage by altering the photoperiodic days. Early sowing extends the period of shorter days 

resulting in vigorous vegetative growth, a large canopy and a more developed root system before 

flower initiation (SPS, 2012). 

Spinach seed can germinate in soil temperatures between 4°C  to 30°C, with optimum 

germination between 15 - 20°C, decreasing gradually at temperature from 25°C to 30°C (Atherton & 

Farooque, 1983). According to the weather data for the Selwyn region, average 10cm soil temperature 

in the first week of September over the last five growing seasons was 7.5 °C (Table 2-1), which is higher 

than the spinach Tb (4°C). Therefore soil temperature is not a limiting factor for spinach sowing date 

in this area.  
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Pollination and seed development are the phenological stages most sensitive to temperature in most 

crops (Hatfield & Prueger, 2015). Sowing time may influence seed quality because the flowering or 

seed development stages occur during a high-temperature period. The highest temperatures in the 

Selwyn region usually occur in late December which coincides with the spinach flowering stage (Table 

2-2). A change in sowing date may reduce exposure of the crop to high temperature at sensitive 

phenological stages. Any delay in sowing date may, therefore, affect seed production by reducing the 

growing season. 

Table 2-1   Mean weekly 10cm soil temperatures (℃) during the sowing time periods, at Selwyn 
Lake Road, Canterbury, New Zealand over the last five growing Seasons. 

Month                          September        September       September       September        October       

Year/Week                        1st                        2nd                     3rd                         4th                      1st               

 
2016-17                             8.6                       7.9                     8.6                        9.1                    10.6 
  
2015-16                             6.7                       6.7                     7.8                        7.8                    10.7 
 
2014-15                             7.1                       8.3                     8.2                        8.6                    8.3 
 
2013-14                             7.7                       9.3                     9.8                        10.6                  12.7 
  
2012-13                            11.2                     9.5                     8.9                        11.1                  11.6 
 

Average                            7.52                    8.34                   8.66                      9.44                 10.78 
Source: HARVEST.com, Selwyn Lake Road.    
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Table 2-2   Mean & maximum daily temperature (°C) during the spinach growing season at Selwyn 
Lake Road, Canterbury, New Zealand over the last five growing seasons. The potential growing 
season for spinach in Canterbury according to these weather data is 150 days which indicates a 
possible growing season limitation for spinach seed production in this region. 

Month               September            October             November               December               January       
GS* (BBCH)             0-9                      13-17                    18-51                       52-69                     71-99              
  Year            Mean    Max        Mean      Max         Mean     Max         Mean     Max         Mean      Max      
 
2016-17          8.7       20.9          11.2       24.6           13.2      27.7        14.7       27.9           16          31.6 
  
2015-16         7.4       20.1          11.7       25.6           11.7      25.9         13.3       31.3          14.4       28.7 
 
2014-15         8.7       20.1          10.4       23.4           12.3      27.3         14.4       28.8          16.9       32.5 
  
2013-14         9.1      19.8          12.1       25.7           13.2       27.8         15.3       27.9          16.5        - 
 
2012-13         9.3      22.1           10.8       23.8          11.3      25.4          16.3       28.4          16.8      33.0 
 
Average         8.6                         11.2                         12.3                        14.8                        16.5 

Source: HARVEST.com, Selwyn Lake Road                                                                                                                                         

* GS: Growth stage, GS 0-9 germination, 10-19 leaf development, 33-39 rosette growth, 41-49 

development of vegetative growth, 51-59 inflorescence emergence, 60-69 flowering, 71-79 

development of seed, 81-89 seed ripening, 92-99 senescence (See Appendix 1). 

Reports on the impact of sowing and harvesting time on spinach seed quality, especially germination 

and vigour, are not available. Hence this study was aimed to determine whether changes in sowing 

and harvesting time could lead to variation in germination and other seed quality components in 

spinach (Spinacia oleracea L.). 

Phenological growth stages 

Use of a scale such as the BBCH scale (Meier et al., 2001) to allow more accurate timing in crop 

management has considerable benefits. It makes results and recommendations from research 

understandable and practical for users, whether scientists or farmers (Feller, Richter, Smolders, & 

Wichura, 2012). The BBCH scale has been used for phenological studies for oil-seed rape (Sadec, EI-

Desoky, Taqi, & Moursy, 2014), asparagus (Feller et al., 2012) and spinach (BBCH for vegetable not 

forming heads) (Appendix 1) (Olesen, Deleuran, Gislum, & Boelt, 2014).  Deleuran et al. (2013) used 

the BBCH scale for cereals to define spinach seed development stages. They believed that for seed 

production using this BBCH scale for cereals was more accurate than the BBCH scale for vegetable not 

forming heads. The BBCH scale uses growing degree days (GDD). GDD is used as a method for 

indication and prediction of phenological stages in crops. Different phenological stages during a 
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growing season can be measured using accumulated heat units or GDD because crops require a certain 

number of heat units to meet a new phenological stage (Sunil & Sundara Sarma, 2005). There is a 

closer correlation between plant growth and thermal time than chronological time (Severino & Auld, 

2014) , However the linear relationship between plant growth and thermal units is only for a limited 

range of temperature (Bonhomme, 2000). 

Sowing date and photoperiod 

Spinach is a long day plant as flowering, and consequent seed set, are controlled by day length (C. 

Chun, Tominaga, & Kozai, 2001). Varietal sensitivity to photoperiod and temperature is variable. The 

critical photoperiod for spinach is between 13-15 hours (C. Chun et al., 2001). Spinach plants grown 

under 10-hour day lengths did not start flowering, while increasing day length to 16-h enhanced 

flowering to 85% and even higher. Photoperiod controls gibberellin (GA) metabolism in spinach by 

converting GA19 to GA20 which has a fundamental impact on bud development and bolting (Fukuda, 

Kondo, & Nishimura, 2006). 

Harvest time and seed maturity 

Seeds reach physiological maturity (PM) when there is no further increase in seed dry weight. This 

occurs at a range of seed moisture contents (SMC) between 40-60% depending on the species, then 

they continue to lose moisture to reach harvest maturity (Hampton, 2000). Maximum seed quality is 

attained at or around PM, when seed filling is completed (Egli, 1998). 

In garden pea, harvesting at 15% SMC resulted in more harvest damage and a reduction in seed quality 

than when the harvest was at 25% SMC. Seeds at 25% SMC were better able to withstand the physical 

damage of the mechanical harvest and shorter exposure time to high temperature and relative 

humidity (Gane, Biddle, Knott, & Eagle, 1984). Hand harvesting soybean seed plants at PM produced 

more vigorous seeds compared to mechanical harvesting 15 days later. Electrical conductivity was 

significantly lower in treatments hand harvested at PM than  5, 10 or 15 days later (Gaikwad & Bharud, 

2017). 

 To attain vigorous and viable seeds, the perisperm and embryo need to be completely developed 

(Nonogaki, 2006). Early harvested seeds may be immature, have poor germination and vigour, while 

any delay in harvesting increases the risk of losing seeds to shattering, predation or inclement weather   

(Navazio & Colley, 2007). Long exposure of seeds to a wet climate can elevate fungal or bacterial 

diseases that can reduce the quality of the seeds. Sun, Wang, and Sun (2007) and TeKrony and Egli 

(1997) reported that many plants obtain the highest vigour at PM and vigour may be lost from then 
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until harvest depending on environmental conditions (Ghassemi-Golezani & Hosseinzadeh-

Mahootchy, 2009). Deleuran et al. (2013) showed mean germination time (MGT) for seeds harvested 

from a crop sown at the optimum sowing date was superior than that from an early sowing date, 

which they suggested could be explained by differences in seed vigour. Ghassemi-Golezani and 

Hosseinzadeh-Mahootchy (2009) reported that late harvested faba bean had lower germination 

percentage compared to those harvested at the optimal time.  

Spinach seed harvest time is different depending on the variety, but usually is 4-5 months after sowing. 

When the colour of the lowest seed clusters turns yellow or olive green, they are considered mature 

and ready to be harvested (SPS, 2012). Seed moisture content at this stage is around 30%, so for safe 

storage, harvested seeds need further drying. The crop is either chemically desiccated at 30% SMC 

then direct harvested at about 10% SMC, or the plants are windrowed at 30% SMC and combine 

harvested 6-9 days later (SPS, 2012). 

Objective and hypothesis 

 The objective of this study was to identify the impact of sowing date on reproductive growth, 

uniformity of that growth and on seed quality, to determine which sowing date allowed the 

production of the highest quality seed. The hypothesis was that achieving high spinach seed quality is 

dependent on sowing date and the seed moisture content at harvest time. 

2.2 Materials and methods 

An experiment was conducted in a field provided by South Pacific Seeds (NZ) Ltd at Methven,  

Canterbury, New Zealand (-43° 36' S, 171° 38' E ) in the 2015-16 season. Plots of spinach (Spinacia 

oleracea) cv. SPS-3064 were arranged as a split plot, with main plots arranged in a randomized 

complete block design with four replications. The treatments were three sowing dates each of which 

had three harvesting dates. Sowing dates, the main plots (S1, S2 & S3) were 7 September, 22 

September and 7 October. Parental lines were sown at a female to male ratio of 18:4 with 50 cm 

spacing between rows and seeds 7.5 cm apart in the row at a sowing depth of 15-20mm. The total 

number of plots was 36 (4 × 3 ×3), each 12 m2 consisting of 6 rows of the female line, 4 m long. 

Management including irrigation, fertilizer application, spraying, rouging and weed control were 

carried out by SPS or the farmer as per common practice in spinach seed production fields. Irrigation 

was applied at 30-50mm per time. Male rows were removed when the female flowering was finished. 

Harvesting times were arranged in sub plots based on seed moisture content (SMC) at 30, 20 and 10% 

SMC. Plants in each plot were hand harvested from 1.5 m2, were heated air dried to reach 8 to 10% 

SMC and then seeds threshed by seed thresher machine (Mobile belt & roller thresher, NZ). To study 
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seed development and also determine the harvest times, sampling started from 7 days after flowering, 

initially at an interval of 5 days. Sampling consisted of removing ten plants from each plot, hand 

threshing seeds and from a subsample measuring seed moisture content and fresh and dry seed 

weight. Seed quality was then evaluated.  

Phenological stages 

To evaluate spinach growth stages the growth stage of mono-and dicotyledonous plants (BBCH scale) 

was used. Coding was adapted according to BBCH-identification keys for leaf vegetables (Meier et al., 

2001). Heat units (HU or GDD) to determine phenological growth stages and length of the growing 

season have been widely used for vegetables and other crops (McMaster & Wilhelm, 1997). To clarify 

each phenological stage of spinach and also enable growers to  predict phenological stages for each 

year and area using weather data, measuring growing degree days (GDD) or hourly thermal time (HTT 

°C h, Base temperature = 4°C) (Elnesr, Alazba, & Alsadon, 2013; Sadec et al., 2014) was used.  Data 

measured included days and heat units to emergence and entire growth stages and percentage of 

bolting plants during the flowering stage.  

 To calculate heat units and daily GDDs, daily maximum (  and minimum  air temperatures 

and base temperature    were used as follows:  

GDD= [( )/2-  ,          HU  

 In the heat units formula, i indicates the growing day in the season and cSL is the season length in (C. 

Chen, 1973; Pal & Murty, 2009) days. To get accurate weather data, a data logger (model Davis 

Vantage Pro2 Wireless) was set up at a height of 3 m above ground level in the field trial location.  

Seed moisture content (SMC) 

To determine seed moisture content, three replicates of 2 g seed from each plot were placed in an 

oven at 103 °C / 17 h then reweighed  (ISTA, 2018). The moisture content was calculated as a 

percentage using the following formula:                                                           

Wet weight - Dry weight / Wet weight × 100 

Seed germination test 

Germination tests were conducted using the between paper (BP) method (ISTA, 2018). Four replicates 

of 50 pure seeds taken at random from the pure seeds of the seed lot were placed on a sheet of 

germination paper moistened with tap water at a ratio of three times the mass of dry paper. Then a 

wet germination paper was placed over the seeds. The bottom edge was folded up, and the papers 

rolled and placed in a sealable plastic bag (230 × 305 mm). The sealed plastic bags were first placed at 
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10 °C for 7 days to break seed dormancy, and then placed within a germination incubator at 15 °C 

(±2°C) in light (8 h light/16 h dark). To prevent the substrate drying out it was sometimes necessary to 

add water during the test (ISTA, 2018).  

 
 

Figure 2-1   Spinach seed germination test a: plastic bags containing four replicates of 50 seeds b: 
germination test ready for evaluation.    

The first germination assessment was conducted at seven days after sowing during which normal 

seedlings were counted and removed, and the final counting conducted on the 21st day.  

Ungerminated seeds at the end of the test period were considered as either ungerminated fresh seeds 

or dead seeds by dissecting the seeds. The result was expressed as the percentage of normal and 

abnormal seedlings and fresh and dead seeds (ISTA, 2018).  

Normal seedlings are defined by ISTA as having all the essential structures (root system, shoot axis, 

cotyledons, terminal buds and coleoptile), well developed and healthy. Seedling with slight defects, 

and seedlings with secondary infection are considered as normal seedlings. Abnormal seedlings were 

considered those where the essential structures were damaged seriously deformed or disordered 

seedlings or decayed as a result of seed infection (ISTA, 2018). 

 

a b 
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Figure 2-2  a: Normal spinach seedlings with complete and intact primary root.  b: abnormal 
seedling, primary root is stunted. c: abnormal seedling, primary root is infected. d: ungerminated 
fresh seeds. 

Variations in results among the germination test replicates were assessed using the tolerance table 

for germination (ISTA, 2018). If the difference between the highest and lowest germination 

percentage of replicates was not in the range of tolerance allowed, the germination test was repeated 

(Appendix 2).      

The mean germination (emergence) times (MGT) in the field for the different sowing dates were 

calculated based on the following equation of  Ellis and Roberts (1980). 

MGT =  

Where:  is time in days from the sowing to the final emergence and   is the number of seedlings on the 

day  

Seed vigour test 

Two types of vigour test were done, the Electrical Conductivity Test (EC) and Accelerated Aging Test 

(AA). 

Electrical conductivity test (EC) 

To measure the conductivity of electrolytes leached in soaked water, a single cell electrical 

conductivity meter (CDM210, Radiometer, Copenhagen) was used. Before conducting the test, seed 

moisture content of each lot was measured. The seeds of different treatments harvested at 10, 20 and 

30% SMC, were first dried to around 9-10% SMC. To conduct this test, four replicates of 50 seeds of 

each treatment were weighed to two decimal places and put in a plastic container. Then 25 ml (± 1.0 

ml) of deionised water was added. Each flask was covered with aluminium foil, labelled with the start 

b 

c

a d 
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time, and left for 24 hours at a temperature of 25 °C (±  °C) (Lodo, Lopes, Soares, & Vieira, 2013). Two 

control plastic containers with each test were run, containing only deionised water. Flasks were 

swirled gently for 10-15 seconds before measuring the conductivity. The conductivity cell was rinsed 

using deionised water and dried between each measurement. The average of the four replicates 

expressed in μs. cm-1 g-1 was the sample result. The samples with high conductivity are considered to 

have low vigour (ISTA, 2018). To calculate the result, the following formula was used: 

 

The conductivity was retested when the difference among the four replicates was out of the range of 

tolerance values allowed (Appendix 3) (ISTA, 2018). 

 Accelerated ageing test (AA) 

The accelerated ageing (AA) stress test exposes seeds to high temperature and high relative humidity 

(98%) for a definite period of time as described by Hampton and TeKrony (1995a) and ISTA (2018) to 

assess seed vigour through the acceleration of seed deterioration. 

To conduct the AA test, an inner-ageing chamber which was a plastic AA box (11.0  11.0  3.5 cm, 

length  width  depth) with a tight lid was used. A wire tray of 10.0  10.0 3.0 cm (length width 

depth) with a mesh screen with a pore size of 1.16 ± 0.01 mm mm was inserted into 

the AA box. A minimum of 200 seeds per sample were weighed and placed on the surface of the screen 

tray in one layer. 40 ml (± 1.0 ml) of deionised water were placed in each plastic AA box (11.0  11.0 

 3.5 cm) and the dry screen tray with seeds inserted in the inner chamber. The lids were placed on 

the plastic AA boxes and containers were placed in an ageing chamber with 2.5 cm space between 

each for 24 h at 41 ± 0.3 °C (Lodo et al., 2013). A control sample will be run with each test. After 24 h, 

samples were removed from the ageing chamber. After this stage, the aged seeds were placed for a 

germination test. Seed vigour was calculated by the differences between germination percentage of 

control seeds and aged seeds. Large differences indicate lower vigour. 

Thousand seed weight 

Thousand seed weight (TSW) was measured by counting and weighing eight replicates of 100 pure 

seeds to three decimal places. To obtain 1000-seed weight the mean value of the eight replicates of 

100 seeds was multiplied by 10 (ISTA, 2018). 
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Hectolitre weight 

Hectolitre weight is the weight of a standard volume of seeds and determines the density of a seed 

lot. All seed lots from treatments were measured using a hectolitre instrument (PM-600) and results 

expressed in gram per litre.  

Seed yield and harvest index 

Harvest index (HI) is defined as the ratio of economic yield to total biomass (Jölli & Giljum, 2005). To 

measure the seed yield and harvest index for each treatment at each harvest time, all plants from 

within 2 m2 in each plot were cut at ground level and placed in plastic bags for transport to the 

laboratory. Total plant fresh weight was measured, and seeds were then threshed by hand. For the 

30% and 20% SMC harvests, seeds were heated air dried to reach 8 to 10% SMC and then weighed to 

obtain the seed yield. The total plant biomass was dried in an oven at 65 °C /48 h, and HI calculated 

using the following formula:  

                                                 HI =  × 100. 

Seed yield components 

To better understand the effects of sowing time on seed yield, yield components for all treatments 

were measured. Factors measured included, no of plants per m2, no of seeds per plant and seed weight 

per plant.  

 It was supposed that sowing and harvesting date might affect some features of the plant canopy. To 

determine this, plant height and number of branches were measured.  

To identify the impacts of different sowing time on number of flowers and seed clusters, number of 

flowers per plant at the stage of full flowering, which is the most sensitive phenological growth stage 

of spinach to high-temperature, were recorded. 

Statistical Analysis 

The experiment used a split plot design with main plots arranged in a randomised complete 

block with four replications. Statistical analysis of seed quality data and agronomic factors was done 

using Genstat Software (18th edition, VSN International Ltd, Hemel Hempstead, UK). Analysis of 

variance (ANOVA) and Fisher’s unprotected test of least significant difference (LSD) (p<0.05 and 

P<0.01) were used for sowing dates as main plots (MP) and harvesting dates as subplots (SP). The 
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interaction between MP and SP was calculated. The relationships among dependent variables was 

determined using regression analysis. 

2.3  Results 

Seedling emergence 

 Field emergence was affected by sowing date, as it took 22 days to 80% emergence for the first sowing 

date (S1) but 27 days for the second and third sowing dates (S2 & S3), despite mean soil temperature 

increasing from 7.5 °C for S1 to 9.9 °C for S2 and 11.7°C for S3 (Figure 2-3). This increase in mean soil 

temperature decreased the mean germination (emergence) time in SD2 and SD3 ( from 20.4 days in 

S1 To 19.5 d in S2 and S3).  Over the period of seedling emergence for S1 there was a constant increase 

in the soil temperature, from 7 °C at sowing to 12 °C when seedling emergence reached 80%, but for 

S2 and S3, It was mostly around 12 °C without a considerable change. Therefore, the results of this 

experiment did not show a correlation between seedling emergence percentage and soil temperature, 

but there was a relationship between soil temperature and mean germination time which was 20.4, 

19.5 and 19.5 days for S1, S2 and S3 respectively.  

 

 

0

20

40

60

80

100

0
2
4
6
8

10
12
14
16
18

12 15 18 21 24 27 30

Pl
an

t e
m

er
ge

nc
e 

(%
)

So
il 

te
m

pe
ra

tu
re

 (°
C)

Days after sowing

Soil Temp Plant emergence-SD1

0

20

40

60

80

100

0
2
4
6
8

10
12
14
16
18

12 15 18 21 24 27 30

Pl
an

t e
m

er
ge

nc
e 

(%
)

So
il 

te
m

pe
ra

tu
re

 (°
C)

Days after sowing

Soil Temp Plant emergence-SD2



 

32 
 

 
Figure 2-3   Plant emergence (%) and soil temperature °C during the 30 days after sowing for the 
three different sowing dates, Methven 2015. 

Phenological growth stages 

The timing of phenological growth stages of spinach was affected by sowing date. The influence of this 

change was evident in the shortened length of the growing season. The growing period lasted 151, 

141 and 132 days for S1, S2 and S3 respectively, while GDD decreased as sowing time was delayed 

(S1:1247 , S2: 1239  & S3: 1215  ), probably as a result of higher temperatures (Table 2-3).  

Inflorescence emergence for all sowing dates took place when daylength was around 15 hours and 

mean air temperature was between 13.6 - 16.6 °C. However, the number of days from sowing to 

Inflorescence emergence varied within sowing date treatments being 83 d (555 GDD) for S1, 79 d (591 

GDD) for S2 and 73 d (577 GDD) for S3 (Table 2-3).  

The seed development period was reduced by the delay in the sowing date. Seed development was 

36, 30 and 26 days for S1, S2 and S3 respectively (Table 2-3). GDD also had a similar trend within 

sowing dates and was reduced from 329 to 284 °C in  S1 and S2 respectively (Table 2-3). Increasing 

the mean temperature during the seed development stage from 13.6 °C in S1 to 16.3 °C in S3 could 

not compensate for the reduction of accumulated GDD over this period in the late sowing date.  
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Table 2-3   Phenological growth stages of spinach for three different sowing dates according to the 
BBCH scale. 

Date                 Growth stages                         BBCH     Duration    GDD     Mean daily   Mean daylength                                                                        
.                                                                                              (d)   accumulation (°C)   temp (°C)             (h) 
 
Sep 7-29             Germination (80%)              0-9            23             86                  7.7                11:53: 18 
 
Sep 30-Nov 11   Leaf development               10-19        42            405                11.4              12:45:12 
 
Nov 12-24          Rosette growth                    33-39        13           498                 11.2              14:44:20 
 
Nov 25-29          Vegetative growth              41-49         5             555                 15.3              15:02:44 
 
Nov 30-Dec 4    Inflorescence emergence  51-59          5             618                 16.6              15:10:57 
  
Dec 5-11            Flowering                              60-69         7             675                 12.4              15:23: 13 
   
Dec 12-Jan 16   Seed development               71-79        36          1004               13.6              15:17:12 
  
Jan 17-29          Ripening                                  81-89       13          1156                15.7              14:49: 11    
  
February 1   Physiological maturity (PM)   90             146        1173 
 
Feb 2-5              Senescence                            92-99        7           1247                 17                  14:25:55         
  
Total                                                                                   151        1247           Avg.13.4                          

 

Date                      Growth stages                                  BBCH   Duration    GDD     Mean daily              Mean                                                                        
.                                                                               (d)                  accumulation (°C)  temp (°C)        daylength (h) 
 
Sep 22- Oct 19    Germination (80%)               0-9           28           198               10                  12:45:09 
  
Oct 20-Nov 19    Leaf development                10-19        31           383              9.97               14:09:06 
  
Nov 20-Dec 2     Rosette growth                     33-39        13           532              15.5                15:00:36 
 
Dec 03-09           Vegetative growth                41-49        7            591              12.5                 15:16:20 
   
Dec 10-15          Inflorescence emergence     51-59        6             650              13.7               15:22:51 
 
Dec 16-22          Flowering                                60-69        7            707             12.6                  15:24:39 
  
Jan-Jan 22          Seed development                71-79       30           1014           14.8                 14:57:36 
                        
Jan 23-Feb 4      Ripening                                  81-89       13           1174            16.3                14:35:35    
   
February 7       Physiological maturity (PM)  90          137          1192                                   
 
Feb 8-10           Senescence                              92-99       6             1238             14.7                14:11:34         
   
Total                                                                                   141           1238        Avg.13.34   

 

Sowing 2 

Sowing 1 
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       Date                     Growth stages                       BBCH Duration     GDD          Mean daily        Mean            
.                                                                                                   (d) accumulation (°C)  temp (°C) daylength (h) 
 
October 7- Nov 5    Germination (80%)             0-9              30         207              10.9            12:45:09 
  
Nov 6-29                  Leaf development              10-19          24         404               12.2            14:09:06 
 
Nov 30-Dec 10        Rosette growth                   33-39          11         515               14.2            15:00:36 
 
Dec 11-18               Vegetative growth              41-49           8          577               11.7             15:16:20 
   
Dec 19-23              Inflorescence emergence   51-59           5          625               13.6            15:22:51 
 
Dec 24-30              Flowering                              60-69            7          690               13.6            15:24:39 
   
Dec 31- Jan 25      Seed development              71-79           26         974               16.9            14:57:36 
 
Jan 26-Feb 8          Ripening                                 81-89         14         1128             15               14:35:35    
   
February 9        Physiological maturity (PM)    90             129       1184 
   
Feb 10-15             Senescence                             92-99          7         1215             16.5             14:11:34         
 
Average                                                                                    132      1215          Avg.13.84            

 

Spinach seed development and maturation  

To assess spinach seed development and determine the time of PM for the different sowing dates, 

the first samples were taken at around 83% seed moisture content (SMC) for all sowing dates. 

According to the BBCH scale, it was 71 at the beginning of the seed development stage and GDD 

accumulation was 675, 707 and 690  for S1, S2 and S3 respectively (Table 2-3). The seeds from 

different sowing dates reached physiological maturity (PM) at the same SMC% (35%), but number of 

days from sowing to PM differed with sowing dates varying from 129-146 days (Table 2-3). The seed 

dry weights (sample of 2 g fresh seed) at PM were 1.68 g (1173 GDD), 1.66 g (1192 GDD) and 1.64 g 

(1184 GDD) for S1, S2 and S3 respectively (Figure 2-4). 

The pattern of seed dry weight accumulation differed within sowing dates. Seeds formed in S1 during 

the 30 days after first flowering (DAF) (720-1012 GDD, BBCH 51-75) had no increase in dry weight. 

Thereafter dry weight increased slowly for a period of ten days followed by a rapid and linear increase 

until 60 DAF at 35 SMC% which was the point at which they reached PM (Table 2-3 (a) Figure 2-4 (a)). 

This model was changed for S2 in that dry weight accumulation started ten days earlier than S1 at 20 

DAF (796 GDD, BBCH 67). Then dry weight accumulation increased gradually until 40 DAF and stopped 

Sowing 3 
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for a short period of five days. The fastest increase in seed dry weight was recorded during the ten 

days before PM (739 to 1192 GDD) (Table 2-3 (b) Figure 2-4 (b)). 

Seed development growth in S3 started at the same time as in S2 which was 20 DAF (769 GDD, BBCH 

67) and continued slowly until 40 DAF.  A rapid increase in dry weigh started from 40 DAF (1035 GDD) 

and ended 10 days later at 1184 GDD, which was PM for seeds developed in S3 (Table 2-3 (c) Figure 

2-4 (c)). 

During the period of seed development, SMC was reduced from 80% (BBCH 71) to 35% (PM) (BBCH 

90). This period was 40, 35 and 30 days with 379, 361 and 346 GDD for S1, S2 and S3 respectively. SMC 

reduction from PM stage (35%) to HM stage (10%) was not very different among sowing dates, and it 

was between 7 to 10 days (Table 2-3).  
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Figure 2-4   Spinach seed development. Figure shows changes in dry weight (g) and SMC (%) during 
seed development for three different sowing dates, S1 (a), S2 (b) and S3 (c). 

For S1 there was a strong relationship between SMC and seed germination during the seed 

development stage. The first seed germinability was achieved 36 DAF (905 GDD, BBCH 75) at 75% SMC 

and then gradually increased for ten days (985 GDD). A rapid increase in seed germinability was 

recorded from 45 to 50 DAF (985- 1029 GDD, BBCH 79-81), following by a gradual increase until it 

reached the peak level at PM (1156 GDD) at 35% SMC. After PM, seed germinability was constant until 

harvest maturity at 30% SMC. 

 

Figure 2-5   Spinach seed development and changes in SMC (%) and germination (%) in S1. Figure 
indicates a relationship between SMC (%) and Seed germination (%). 
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Seed germination 

There were no significant differences in germination among different sowing dates and also harvesting 

dates (Table 2-4). Means comparison of interaction treatments showed that for S1 and S2 and all their 

harvests for each sowing, germination did not differ, but for S3, the germination for H3 was 

significantly lower than that for H2 (Table 2-4). 

Seed vigour 

Accelerated ageing test (AA) and Electrical conductivity Test (EC) 

 Sowing and harvesting dates and their interaction influenced spinach seed vigour. The effects of 

sowing dates on seed vigour were significant for both the AA test (p 0.05) and the EC test (p 0.01). 

The highest vigour assessed by the AA test was in S1 and vigour was significantly lower in S2 and S3. 

The EC test also indicated the lowest conductivity (high vigour) for S1 and no difference between S2 

and S3 (Table 2-4).  

 Harvest at different SMC% had a significant influence (AA test p 0.05 and EC test p 0.01) on spinach 

seed vigour. Harvesting at 20% SMC was identified by both tests (AA & EC) as producing the highest 

seed vigour. Harvesting at both 30%SMC and 10 %SMC reduced seed vigour (Table 2-4). 

 There were significant interactions of sowing and harvesting date treatments on seed vigour 

identified by both the AA test (p 0.05) and the EC test (p 0.01). For the AA test, seed vigour was 

significantly reduced by the following combinations: S2H1, S3H1 and S3H3, while for the EC test it was 

significantly reduced by all combinations except S1H1 and S2H1 (Table 2-4). According to this test 

S1H2, S2H2, S2H3, S3H1and S3H2 also had lower vigour than S1H3 and S3H3.     
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                 Figure 2-6   Effects of sowing and harvesting dates on seed germination and vigour. 

 

 Thousand seed weight (TSW) 

Thousand seed weight was assessed for seeds from the top, middle, base and the entire inflorescence. 

Thousand seed weight for S1 and S2 did not differ significantly but was reduced significantly at S3 (p 

≥ 0.05). However, no differences were found between TSW of seeds at the three inflorescence 

positions (top, middle or base) for the different sowing dates (Table 2-4).   

Harvest time did not significantly affect TSW. There was also no significant interaction between sowing 

and harvesting date for TSW (Table 2-4). 

Hectolitre weight 

Sowing date did not affect hectolitre weight, but H2 had a higher (p 0.05) hectolitre weight than H1. 

There were also no significant interactions between sowing and harvesting dates for hectolitre weight 

(Table 2-4).  
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Table 2-4   Effect of sowing and harvesting dates on the quality of hybrid spinach seeds. 

Treatments            Germination  AA germ   Conductivity _Thousand seed weight (g)__    Hectolitre                              
                                           (%)           (%)       (µS cm-1 g-1 )  Top         Mid          Base        Bulk     weight (g/l)          
                                                                                                                                                                                                    

Sowing Sep 7 (S1)           85.1a         83.3a          61.b           9.9a          9.9a          9.5a         10.3ab        409.3a                                                                                       
   
Sowing Sep 21 (S2)        82.1a         76.2b          71.8a         9.3a         10.4a        10.0a       10.8a          397.8a 
 
Sowing Oct 7 (S3)          85.5a         75.9b          71.1a         8.6a          9.9a          8.8a          9.6b            379.6a 
 

Level of significance       ns              ns                **             ns             ns              ns             *                 ns 
LSD (5%)                            3.8           7.0              7.2            1.9            1.8            1.6            0.8             30.0 
CV (%)                               2.9            2.3              3.1            4.2            8.2            7.8            4.5              4.3                               

 
Harvesting at                  85.8a       72.8c           72.0a         8.8a          9.3a          9.2a         10.2a         368.8b 
30% SMC (H1)    
Harvesting at                  84.5a        80.2a           58.7c         9.7a          9.8a          9.3a        10.5a          410.7a 
20% SMC (H2)    
Harvesting at                 82.5a       77.0b          64.1b        9.4a          11.0a        9.6a         10.0        407.2ab 
10% SMC (H3)    

Level of significance       ns              *                 **              ns              ns             ns             ns                ns 
LSD (5%)                           4.8           3.0              3.2             1.6            1.9           1.7           0.56            40.37 
CV (%)                              2.9            5.2              5.5             11.8          10.6         10            4.8               4.4 

 
S1H1                                85.5ab        80.8a         77.5a         9.2ab        9.5a         9.7a        10.5abc       413.5a                                                                                              
 
S1H2                                83.4ab        81.6a         58.6ef        10.9a        9.4a         9.6a        10.0bcd       397.7a 
 
S1H3                                86.5ab        80.4a         70.4bc        9.6ab      10.8a        9.0a        10.3abcd     416.7a 
   
S2H1                               84.8ab       66.4b         74.1ab        9.1ab       9.3a         9.4a        10.7ab          377.8a 
     
S2H2                               80.1b         78.2a         65.7cde      8.7ab       9.7a         9.5a         11.2a            406.0a 
  
S2H3                               81.6b         80.0a         59.7e          10.3ab     12.1a      11.2a      10.6ab           409.5a 
 
S3H1                               87.2ab       71.2b         64.4cde      8.1b         9.1a         8.5a        9.5cd            315.2b 
  
S3H2                              89.9a         75.8ab       60.8def       9.6ab       10.3a       9.1a        10.1abcd     428.2a 
        
S3H3                             79.5b         70.9b         67.2bcd      8.3ab      10.2a        8.6a        9.3d              395.2a 
 

Level of significance      *                *                  **              *              ns            ns            ns                  ns 
LSD (5%)                         7.4            8.7                7.0           0.27        0.31         0.28         0.11              61.6 
CV (%)                             6.7            6.6                 5             19.5         22.3         21.7         6.4                11.9 
                                                                                             

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 
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Seed yield 

Seed yield decreased significantly as sowing date was delayed, with S1 S2 S3 (Table 2-5). Seed yield 

was also significantly greater for the H1 than H2 and H3. There was a significant interaction as S1H1 

produced the highest yield, and S2H2, S3H2 and S3H3 the lowest yield (Table 2-5). 

Number of seeds and seed clusters per plant (top, middle, Base) 

The total number of seeds and seed clusters per plant significantly differed with sowing dates (p 0.01) 

(Table 2-5) with seeds per plant for S1 being greater than S2 and S3, but they were not changed by 

harvesting dates. There was also a high negative correlation (r2=1) between sowing date and number 

of seeds per plant, and it decreased as sowing date was delayed (Figure 2-7). Seeds per plant did not 

differ with sowing date. There was a significant interaction between sowing and harvesting date as 

S1H1, S1H2 and S1H3 had more seeds per plant than S3H1, and S1H1 and S1H2 also had more seeds 

per plant than all the other sowing/harvesting combinations except S1H3 (Table 2-5). 

For seeds numbers at the three positions on the raceme, S1 had more seeds at all the positions than 

S2 and S3 (Table 2-5). Seeds at the top and middle positions did not differ with harvest date, but seeds 

at the base were greater for H3 than H1 (Table 2-5). There were also significant interactions. For seeds 

from the top position, S1H1 S2H1, S2H2, S2H3 and S3H1, for seeds from the middle position S1H1  

all other combinations except S1H2, and for seeds from the base position S2H1and S3H2  S1H1, S1H2, 

S1H3 and S2H2 (Table 2-5). 

The total number of seed clusters per plant reduced as sowing was delayed, with S1 S3 (Table 2-5), 

but there was no effect of harvest date. There was a significant interaction as all three S3 harvests had 

fewer clusters than all three S1 harvests and S2H2 (Table 2-5). At each position on the raceme, seed 

cluster number reduced as sowing was delayed, with S3 always S1. Cluster number did not change 

with harvest date for the top and middle positions, but for the base position there were more clusters 

for H3 than the other two harvests (Table 2-5). For clusters from the top of the raceme numbers did 

not differ among all combinations except S3H1, the latter being significantly smaller than all three S1 

harvests and S2H2. More clusters were present at the middle position for S1H1 than all other 

sowing/harvest combinations except S1H2 and S2H1, while for the base position there was more 

clusters for all three S1 harvests and S2H3 then the other combinations (Table 2-5). 
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                           Figure 2-7   Correlation between sowing date and number of seeds per plant. 

Harvest index (HI) 

Harvest index was highest for S1 (p 0.01), but it was not changed by harvesting date. The interaction 

between sowing and harvesting dates had a significant (p 0.05) effect upon HI with all three 

S1harvests, S2H3 and S3H1 having the highest H1. S1H1 and S2H2 had a HI significantly greater than 

all of S2H1, S2H2, and S3H3 (Table 2-5). There was also a high negative correlation (r2=0.76) between 

sowing date and harvest index, with HI decreasing as sowing date was delayed (Figure 2-8).  

 

                                Figure 2-8   Correlation between sowing date and harvest index (HI). 

Plant height 

Plant height was significantly (p 0.05) decreased as sowing date was delayed, with S1 S3 but 

harvesting time had no effect on plant height (Table 2-5). There was also a high negative correlation 

(r2=0.98) between sowing date and plant height as plant height decreased as sowing time was delayed 

(Figure 2-9). The interaction of sowing and harvesting dates was significant (p 0.05), with S1H1 having 

taller plants than all other combinations except S1H2 (Table 2-5).    
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                                 Figure 2-9   Correlation between sowing date and plant height. 
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Table 2-5   Effect of sowing and harvesting dates on the seed yield and seed yield components of hybrid spinach. 

Treatments                     Yield (kg/ha)    ___No of seeds (per/plant)                         No of seed clusters (per/plant)                  Harvest index    Plant  
                                                              Top         Mid           Base        Total                Top             Mid             Base             Total             (%)       height (cm)                                                                                                                                                                                                                                                                  

Sowing in Sep 7 (S1)      2765a        559a       1157a        546a         2362a            145.8a        153.0a         67.5a            365.7a          37.6a          43.5a      
Sowing in Sep 2 (S2)      1684b        400b       616b          283b       1299b             121.9ab      122.7ab      44.8b            288.9ab        26.5b           38.7ab 
Sowing in Oct 7 (S3)      1299c        469b       554b          145b        1168b            112.0b         106.5b         27.2c            245.5b          26.7b           35.7b 

Level of significance       **               **           **               *                 **                  *                    *                   **                  *                   **                  * 
LSD (5%)                          297              108.7     395            258            716               30.1               43.8             17.6             78.2               6.9                4.9 
CV (%)                              12.8             12.9        10              23               13                12                   11                 10                10.                 11                 3.1 

 
H1 30% SMC (H1)         2334a         474a        908a          275b          1657a              117.5a           138.2a           35.2b           290.5a         28.8a       43.0a 
H 20% SMC (H2)          1820b         512a        784a          309ab        1605a              134.0a           132.7a           42.8b           309.2a         30.8a       38.8a 
H 10% SMC (H3)          1594b         542a        635a          391a          1567a              128.2a           111.2a           61.5a           300.3a         31.1a        38.4a 

Level of significance      **               ns             ns               *                 ns                    ns                   ns                  **                 ns                  ns                 ns 
LSD (5%)                          267           166.1        283            110             449                 29.0              27.9               17.7              58.7               6.0               5.3 
CV (%)                               9.0            12.3          29              46               25                    14                  20                  22                 15                  13                7.2 

 
S1H1                            3490a         702a         1556a       508ab         2766a             161.2a            185.2a          59.2ab         405.8a        40.0a          51.1a 
S1H2                            2283bc       645ab       1145ab    484abc       2274a             140.0ab          143.8ab        32.7ab         345.5ab     39.4ab        43.5ab     
S1H3                            2524b         629ab       770bc       646a           2046ab          136.0ab          130.0bc        80.5a           345.8ab     33.3abc       36.0bcd 
S2H1                            1938cd       422bc       745bc       165e           1368bc           103.5bc          142.2ab        24.2c           269.2bc     23.9cd        42.1bc 
S2H2                            1786de      364c          539c         375abcd     1278bc           138.5ab         130.5bc         46.2bc         315.2ab     23.7cd        41.1bc 
S2H3                            1329ef       412bc        565c         309bcde     1286bc           123.8abc       95.2bc           64.0ab        282.2bc     31.9abcd    32.9cd 
S3H1                            1576de      296c          423c         152de          872c               87.8c              87.2c             22.0c           196.5c       33.3abc       35.9bcd 
S3H2                            1392ef       527abc      669bc      67e              1263bc           123.5abc       123.8bc         19.5c           267bc        29.4bcd       31.7d 
S3H3                            929f           582abc      569c         217cde       1368bc           124.8abc       108.5bc         40.0bc         273bc        28.2cd         9.5bcd 
 

Level of significance     *                 *                *               *                  *                      *                     *                       *                 *                  *                  * 
LSD (5%)                         449          249a         519          280               882                  47.6               54.3                 28.8            105.5          10.2            8.5 
CV (%)                             16.3           38             42            39                 32                     26                   25                    44                22              23              15.9 

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 1 = harvest



 

44 
 

2.4 Discussion 

Seedling emergence 

The germination of the seed sown, and therefore the number of seedlings emerging, may differ from 

one production location to another and also from year to year (Hampton & Hill, 2002). Most of this 

variation is attributed to impacts of seed bed environmental factors such as temperature  (Shinohara, 

Hampton, & Hill, 2006), soil moisture and soil nutrients (C.C. Baskin & J.M. Baskin, 2014). Soil 

temperature determines the sowing date and influences germination and seedling development 

(Wilcox & Pfeiffer, 1990a).   

Although there are a large number of reports on the impacts of soil temperature on seedling 

emergence in different crops, few studies have investigated the relationship between seed field 

emergence and soil temperature, particularly for spinach. This study showed that a delay in sowing 

date reduced the number of seedlings emerging, but the mean emergence time was shorter in the 

later sown treatments as mean soil temperature had increased (S1: 7.5 °C,  S2: 9.9 °C and S3: 11.7 °C). 

Increasing soil temperature as sowing was delayed did not influence the final seedling emergence 

which was almost 80%. These results are in line with Gerald et al. (1990) who found final emergence 

of spinach, corn, pea and radish seeds was not affected when temperature increased from 12.5 °C to 

14.5 °C, but the germination rate of cucumber, eggplant, pepper and tomato responded to an increase 

in soil temperature. Gerald et al. (1990) also reported that the germination of watermelon seeds was 

restricted when temperature dropped below 16.7 °C. So, the emergence response of seeds to soil 

temperature differs among species.  According to the results of this study, the long-term weather 

data, and also because spinach has a  Tb of 4 °C, soil temperature is not considered a limiting factor for 

sowing date and seedling emergence in Canterbury (Table 2-6). 

Table 2-6   Mean 10cm soil temperature (°C) during the four weeks of earliest possible sowing date 
(September) of spinach in Selwyn area. 

September/Year           2012            2013            2014            2015            2016            2017            2018    
 
Week 1                            10.4              7.3                7.0               6.7              10.0                8.6                8.0 
 
Week 2                             9.2                8.9                8.1               6.7               7.6                  8.0                8.7 
 
Week 3                              9.1                 9.7                8.2                8.1                9.0                  10.7             11.0 
     
Week 4                             10.2               10.4               8.6               7.4                 8.8                 12.3              10.4  
 
Average temp.              9.7                 9.1                8.0              7.2                 8.8                 9.9 7.0
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Sowing date and spinach phenological growth stages 

In seed production, environmental and agronomic factors have important impacts on seed quality, 

and sowing date determines growing season length (Huang et al., 2010). The timing of the 

phenological growth stages of spinach was affected by sowing date. Delaying sowing reduced the 

length of the growing season. The growing period lasted 151, 141 and 132 days for S1, S2 and S3 

respectively, and GDD reduced as sowing time was delayed (S1:1247 , S2: 1239  & S3: 1215  ).  

Phenological growth stages and the effects of temperature on plant growth can be indicated by using 

accumulated heat units (GDD). It is assumed that plants need a specific amount of accumulated heat 

units to attain a certain phenological stage (Sunil & Sundara Sarma, 2005). Plant growth occurs when 

the temperature exceeds the base temperature for a specific number of days (J. Y. Wang, 1960). 

Spinach sowing in Canterbury usually starts from early September and continues until mid-October 

(SPS, 2012). Variation in sowing date may influence the phenological growth stages as a result of 

changes in soil and air temperatures. 

Pollination and seed development are the most sensitive phenological stages to temperature in most 

crops (Hatfield & Prueger, 2015), particularly high temperature. Flower induction in spinach is 

triggered by both temperature and daylength (Navazio & Colley, 2007). Changing sowing date from 

the first week of September to early October, still provided plants will their required daylength (15 h), 

but they encountered a high-temperature period ( ) (Table 2-7).  Optimal pollen tube growth 

for spinach occurs between 18 and 23  Temperatures above 24°C restrict pollen tube growth, 

resulting in a large decrease in seed yield and quality (Navazio, 2012). The start of flowering for S1, S2 

and S3 was 30 November, 12 and 22 December respectively which means the plants from S2 and S3 

were subjected to more days exceeding the critical temperature of 24  during flowering than plants 

from S1.  

Table 2-7   Number of days having temperatures above 24 °C (critical temperature for reproductive 
growth in spinach) and maximum temperature at flowering and seed development stages in Selwyn 
area  during 2012 – 2017.    

Year                   2012                  2013                  2014                  2015                  2016                  2017         
Month           Nov   Dec       Nov      Dec        Nov      Dec        Nov      Dec       Nov      Dec      Nov      Dec   
No of days      2        6            4          7             3          7             3           5              4          6             4         16 
above 24 °C          
Max temp.   25.4    28.4    27.8     27.9       27.3     28.8      25.9      31.3        27.7     27.9      26.5    30.9 
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Spinach seed development and maturation pattern 

Seed development occurs between the period of seed set and maximum dry matter accumulation at 

physiological maturity (PM), then seed maturation continues until Harvest Maturity (HM) (Mehta, 

1993). After PM seeds lose moisture until they reach a moisture content of about 10-15% (HM) 

depending on the environment. Seed deterioration, which was once thought to start at PM and extend 

over harvesting, processing, and storage (Hampton & TeKrony, 1995a)  can also occur before PM 

(Rashid et al., 2017). Variation in environmental conditions may influence seed development stage 

through the time taken to reach PM (Elias & Copeland, 2001).   

Variation in spinach sowing date from September 7 to October 7 affected seed development pattern. 

The first impact was on the seed filling period duration which decreased as sowing date was delayed 

(S1: 59, S2: 55 & S3: 51 days) although GDD did not change greatly (S1:611, S2:591, S3:607 ). 

Although plants in S2 and S3 acquired their GDD by the increased air temperature over the growing 

season, they experienced a shorter seed filling period which influenced the seed quality. The impacts 

of increasing temperature and its negative effects on seed quality by accelerating seed growth rate 

and reducing seed filling duration has been reported by several researchers (Hampton et al., 2013; 

Spears et al., 1997; Young, Wilen, & Smith, 2004). 

 Physiological maturity was attained at the same SMC (35%) for all sowing dates. Maximum seed dry 

matter at PM for S1 (1.68 g) was higher than S2 and S3, but no difference was found between S2 and 

S3 (1.66 g). The greater seed dry matter at PM in S1 than S2 and S3 can be attributed to the longer 

seed filling period during seed development because of the lower temperature. 

Effect of sowing date on seed quality 

Variation in seed quality due to changing sowing time has been reported by several studies  (M.M. 

Rahman, Hampton, & Hill, 2005; TeKrony & Egli, 1997). This variation is mostly related to climatic 

conditions that the plants experienced during seed development and maturation (M.M. Rahman et 

al., 2013). 

Seed germination 

The effects of sowing date on seed quality vary among crops and depend on crop type, cultivar and 

environmental conditions. However, often seed quality degradation occurs with a delay in sowing time 

(M. S. Rahman et al., 2014; Shaheb et al., 2016). Change in sowing time results in variation of 

temperature and relative humidity over the seed development stage, which may cause germination 

and vigour loss (TeKrony & Phillips, 1980).  
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In this study, there was no major difference in seed germination among different sowing dates. These 

results are in line with the findings of  Rashid (2016) who reported no difference in seed germination 

between  brassica sowing dates, and Greven et al. (2004) who reported that while late sowing 

combined with a high plant density and early harvest of dwarf French bean significantly decreased 

seed vigour, seed germination did not change. However, there have also been reports for seed 

germination reductions with delayed sowing dates (M.M. Rahman et al., 2013).  

Seed vigour 

Sowing time had a significant impact on seed vigour assessed either by the AA or EC test. The results 

of both tests were very similar. The first sowing produced the highest vigour seed. Seed vigour for S2 

and S3 was lower than for S1, but did not differ between them. These results are in agreement with 

the findings of (M.M. Rahman et al., 2013) who reported that soybean germination percentage and 

vigour index were reduced with a delay in sowing date. Research on different species has confirmed 

a reduction in seed vigour as sowing was delayed (Shaheb et al., 2016; Siddique & Wright, 2003). 

However Rashid (2016) in a study on brassica did not find any difference in seed vigour between two 

autumn sowing dates. Lower seed vigour from the later sowing dates can be attributed to high-

temperature stress during seed development filling and maturity. The ambient temperature in 

Canterbury can rise above 30 ℃ during the crop’s seed development (Rashid, Hampton, Rolston, 

Trethewey, & Saville, 2018). Most of these high temperatures occur during December and January 

which is coincident with the spinach seed development stage. These adverse climatic conditions have 

more influence on later sowing than early sowing. Rashid (2016) reported that heat stress during seed 

development at 80% SMC (S1), or PM (S2) or both (S1 & S2) significantly reduced brassica seed vigour, 

with S1<S2<S3. He also reported that in brassica crops subjected to heat stress at different times 

during the period of early seed filling to harvest maturity, seed vigour was reduced by all temperature 

stress treatments (Rashid et al., 2018). 

Thousand seed weight (TSW) 

Seed mass was affected by sowing date, and the latest sowing (S3) had the lowest TSW. However, no 

difference found between seed mass from the different positions (top, middle or base) of the raceme 

among different sowing dates. These results concur with previous findings e.g. Greven et al. (2004) 

stated a delay in sowing time reduced seed size of dwarf French been.  In the present experiment, this 

may have been because the seed filling period for S3 (49 d) was lower than S1 (59 d) and S2 (53), 

although they had received almost the same GDD (607-618℃) due to the higher temperature. 
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Effect of harvesting date on seed quality 

Seeds reach physiological maturity at different SMC% depending on the species and then proceed to 

lose moisture until they reach harvest maturity (Hampton, 2000). Harvest maturity is a crucial factor 

which can affect seed quality (Elias & Copeland, 2001). Seed deterioration (loss of vigour and 

germination) following unfavourable weather conditions can often take place after PM (Hampton, 

2000). 

Seed germination 

Harvest at different seed moisture contents after PM did not affect seed germination. The germination 

through harvesting dates ranged from 82-86%, and then difference was not significant. This result  

agrees with the research of  Huang et al. (2010) who stated seed germination of bitter gourd did not 

vary during the 45 days of harvest period. It would appear that germination of spinach seed was not 

affected by either natural desiccation of the crop (harvesting at 10% SMC) or by exposure to a 

temperature of 30  in the drier (harvest at 30% SMC then dry to reach 10%).  

Seed vigour 

Time of harvest had a significant influence (AA test p 0.05 and EC test p 0.01) on spinach seed 

vigour. The lowest seed vigour was for the 30% SMC harvest, which was only a few days after PM 

(35% SMC). Seeds harvested at 20% SMC had the highest vigour. These results are in line with M.M. 

Rahman, Hampton, and Hill (2004) who stated that seed vigour of soybean harvested at 10-12% SMC 

was higher than when harvest was at more than 12% SMC. However, a number of studies reported 

that seed quality (germination and vigour) may decrease during the period between PM and HM as 

a result of adverse climatic conditions (Rashid, 2016; TeKrony & Phillips, 1980), plant lodging and 

seed shattering (Ennen, 2011). Possibly, spinach seed at 20% SMC is better able to bear the shocks 

of mechanical harvesting.  A positive and high correlation (R2 = 0.99) (p ) was also observed 

between SMC and electrical conductivity (EC) which indicates harvesting spinach seed at higher SMC 

reduced seed vigour.   
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Figure 2-10  Regression between seeds harvested at different SMC% and their electrical 
conductivity. 

Interaction effects of sowing and harvesting dates on seed vigour 

The interaction effects of sowing and harvesting date treatments on seed vigour were significant for 

both the AA test (p 0.05) and the EC test (p 0.01). The highest vigour seed came from the S1H2 

treatment.  As was earlier mentioned, early spinach sowing produced higher vigour seed than the 

sowings two and four weeks later. Harvesting at 20% SMC compared with 30 or 10% SMC also 

produced seeds with higher vigour. Overall, in this experiment, the highest spinach seed vigour was 

obtained from sowing in early September and harvesting at 20% SMC. 

Effects of sowing date on seed yield and components 

Significant variations in seed yield were observed among different sowing and harvesting dates 

(p 0.01) and also their interaction (p  0.05) (Table 2-5). There was a decreasing trend for yield when 

sowing was delayed (Figure 2-11). However no difference was found in seed yield between harvesting 

at 20 and 10% SMC. The present field trial results are in line with Huang et al. (2010) who reported 

sowing hybrid seed of bitter gourd in February and March produced significantly higher seed yield 

than sowing in April. Early sowing of spinach extended both the vegetative and reproductive growth 

phases (S1: 151 d, S2: 141 d & S3: 132 d), which resulted in an increase in seed yield components 

(number of seeds per plant and seed mass) which consequently enhanced seed yield. Furthermore, 

the temperature optimum during the growth season (S1: 13.4, S2: 14.7, S3 16.5 ), particularly during 

the seed development stage for the early sowing, allowed plants to obtain maximum vegetative and 

reproductive growth and consequently increase seed yield. So, the higher spinach seed yield from the 

early sowing might be attributed to the length of the growing season and mild temperature which 

resulted in a higher seed mass and number of seeds per plant. Delayed sowing of spinach also caused 

seed to develop under a higher temperature in late December and early January which consequently 

lower seed yield and seed vigour.  
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Seed yield was higher when spinach plants were harvested at 30% SMC compared with 20 and 10%. 

However, no significant difference was found between harvest at 20% and 10% SMC. The highest and 

lowest yield were in S1H1 and S3H3 respectively. These results are in line with the finding of   Shaheb 

et al. (2015) who reported seed yield following harvesting French bean at 75 DAE was significantly 

higher than harvesting at 65 DAE. Seed yield loss in the later harvests may have been associated with 

shattering, but this was not recorded.   

The number of seeds and seed clusters per plant differed significantly with sowing dates (p< 0.01), 

but they did not differ with harvest time. This result is similar to Huang et al. (2010) who reported 

early sowing of bitter gourd significantly increased the number of seeds per plant compared with later 

sowings.  

Harvest index was significantly affected by sowing date but not by harvesting date. Maximum HI was 

obtained from the first sowing date with harvesting at 30% SMC, because this treatment produced 

the greatest seed yield. 

In this season, sowing hybrid spinach seed on September 7 (S1) and harvesting at 30% SMC compared 

with sowing 14 or 30 days later and harvesting at 20 or 10% SMC produced the highest seed yield, as 

a result of a longer growing season, favourable ambient temperature and harvesting at the 

appropriate SMC%. 

 

                                  Figure 2-11   Correlation between sowing date and seed yield.  
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2.5 Conclusion 

 In this field trial, effects of different sowing and harvesting dates on seed development, seed quality 

and seed yield of hybrid spinach in Canterbury were investigated.  

Spinach growing season length and phenological growth stages were affected by sowing dates being  

1247 GDD (151 d) for S1, 1239 GDD (141 d) for S2 and 1215 GDD (132 d) for S3) respectively. Spinach 

seeds from the different sowing dates all reached physiological maturity (PM) at 35% seed moisture 

content (SMC). 

There were no significant differences in germination among different sowing dates or harvesting 

dates, but seed vigour was significantly affected by both sowing and harvesting date. The maximum 

seed vigour was attained in the first sowing (September 7) accompanied by harvesting at 20% SMC 

(S1H2). 

Thousand seed weight of the first and second sowing dates (September 7 & 21) did not differ 

significantly but was reduced significantly at the last sowing (October 7). Changing sowing date or 

harvesting at different SMC% did not influence the hectolitre weight of spinach seeds. 

Significant variations in seed yield were found among different sowing and harvesting dates. The 

highest seed yield was in the first sowing following harvesting at 30% SMC (S1H1), and the lowest seed 

yield was in the third sowing with harvesting at 10% SMC (S3H3). 

Seed yield components, including seed mass, number of seeds per plant, and harvest index, were the 

highest in S1H1.  
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Effect of plant density on hybrid spinach seed quality 

3.1 Introduction 

Plant density is an important factor in seed production due to the large effects it has on seed yield and 

seed quality. Optimum plant density depends on plant architecture, soil features and crop 

management (fertilizers, PGRs and climatic conditions) (Severino et al., 2017). The complicated 

interaction of factors associated with plant spacing is reflected in the fact that an optimal plant density 

is not determined even for main crops like maize, cotton, peanut and soybean  (Severino et al., 2017). 

The impacts of plant spacing depend on the intensity of competition between plants, degree of inter-

plant competition for assimilates between vegetative growth and seed production, and environmental 

condition (Severino et al., 2017). 

Spinach plant density is different depending on whether the crop is for fresh market, processing or 

seed production. The seed rate for spinach seed production is lower than for vegetable production. 

Wider plant spacing enhances circulation through the crop, decreasing disease pressure (Navazio & 

Colley, 2007). The current recommended plant population for spinach seed production in Canterbury 

is 26.7 plants m-2 (267000 plants ha-1) (SPS, 2012). Seed is produced at a female to male ratio of 18:4 

with 50 cm spacing between rows and 7.5 cm apart in the row (SPS, 2012). 

Several studies have reported the impacts of plant population on plant canopy, light intensity and light 

interception. Fenner (2000) noted that high plant density elevated leaf area index (LAI), resulting in a 

decreasing R: FR (Red/far-red) ratio of the light. LAI is defined as total leaf area of a plant canopy or 

plant community per unit ground area. Light penetration into the crop canopy relates to LAI function, 

and there is a high correlation between plant biomass and LAI (Trott, Moore, Lechtenberg, & Johnson, 

1988). Therefore, maximum light interception is attained at critical LAI resulting in maximum growth. 

When 95% of photosynthetic active radiation (PAR) is intercepted, the critical LAI is attained (Gardner, 

Pearce, & Mitchell, 1985). Optimum or critical LAI differs among species and also can be changed by 

plant density. Weber, Shibles, and Byth (1966) stated that In soybean optimum LAI was obtained at a 

LAI of from 3.1-4.5, and Davidson and Donald (1958) reported in clover a LAI of 4-5 as optimum. Under 

high plant density resulting in low light intensity, the overall plant growth, seed yield, seed mass and 

degree of dormancy, are reduced (Adkins et al., 2007). 
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Plant population can influence seed quality in many crops. Chanprasert (1988) stated that increasing 

the plant density in soybean significantly decreased seed germination. This germination loss was 

attributed to reduction of seed mass and high fungal activities due to the low ventilation and humid 

condition in a greater plant density. However, M.M.  Rahman (2002) reported that soybean seed 

germination was not affected when plant density was increased but seed vigour was influenced and 

decreased. A similar result was found for garden pea by (Castillo, 1992). Research on soybean plant 

density from 20-80 plants m-2 showed that no significant difference in seed germination within 

treatments but seed vigour responded negatively to plant population and decreased as population 

increased  (Mwakangwale, 2003). Research on alfalfa seed production in two places during three years 

showed that seed germination and thousand seed weight were significantly affected by plant spacing. 

The highest and lowest germinations were attained from treatments with row spacing of 80 and 20 

cm respectively (Stanisavljević et al., 2012). A study on carrot showed that germination percentage, 

germination rate, embryo length and number of abnormal seedlings were not influenced by plant 

densities between 2 to 25 plants m-2 but densities of 36 plants m-2 decreased the seed quality by 

increasing the abnormal seedlings (Oliva et al., 1988). 

Seed mass can be affected by different plant densities. Mwakangwale (2003) reported that changing 

soybean plant spacing from 20 to 80 plants m-2 influenced seed mass. The greatest seed weight was 

attained at a density of 20 plants m-2 which was 10 and 28% more than the highest plant density (80 

plant m-2) in two cultivars. An investigation on carrot varieties over two years showed that increasing 

the density from 10 to 80 plants m-2 did not influence seed mass. However, plants grown at lower 

densities (10 plants m-2) had a greater seed weight (Gray & Steckel, 1983b). 

Seed yield and seed yield components in many crops are affected by plant density. A study on soybean 

plant population by M.M.  Rahman (2002) showed that increasing the plant density up to 52 plants m-

2 enhanced seed yield, but further increases did not. Optimum plant density may differ for a species 

in different climatic locations. Severino et al. (2017) reported that with castor bean, variation in plant 

density in a temperate climate did not affect seed yield, but in contrast, in a tropical environment seed 

yield increased when plant spacing declined.   

Seed number per plant is influenced by moisture availability, temperature, solar radiation and CO2 

concentration due to their effects on photosynthesis and the assimilate supply (Egli, 1998).  Most of 

these factors can be affected by plant density. Jiang and Egli (1995) stated that canopy photosynthesis 

loss during the critical period from initial bloom to around 40 days later reduced seed number in 

soybean. 
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Lateral branch number per plant changes with variations in plant density. Mwakangwale (2003) 

reported that soybean plants at a low population (20 plant m-2) produced more branches compared 

with a density of 80 plants m-2. 

Objective and hypothesis 

The objective of this study was to investigate seed quality of the female spinach parent line in response 

to plant density. Factors investigated were seed germination and vigour, thousand seed weight, 

hectolitre seed weight, seed grading, seed yield, harvest index, number of seeds per plant, 

photosynthetic active radiation (PAR), plant height and number of branches per plant. The hypothesis 

was that maximum spinach seed quality is attained at an optimum plant density. 

3.2 Materials and methods 

The experiment was conducted in a field provided by South Pacific Seeds (NZ) Ltd at Selwyn Lake Road 

Canterbury, New Zealand (-43° 40' S, 172° 18' E,) in the 2016-17 season. Plots of spinach (Spinacia 

oleracea) cv. SPS-9206 were assigned in an experiment arranged in a randomized complete block 

design with four replications. The current plant spacing in spinach seed production in Canterbury is 

7.5 cm apart in the row and 50 cm spacing between rows, so this space was considered as the control 

treatment. To arrange the density treatments, seeds of the maternal line were sown at a spacing of 6, 

7.5, 9, 10.8, 12, 13.5 and 15 cm apart in the row (plant population from 33.33 to 13.33 plants m-2;   

equivalent to 333300-133300 plants ha-1) at a sowing depth of 15-20 mm. Row spacing was the same 

(50 cm) for all treatments. The paternal line was sown as at the normal plant spacing which was 7.5 

cm apart in the row and 50 cm space between rows. Parental lines had a female to male ratio of 18:4. 

The total number of plots was 28 (7 T × 4 R), each plot consisting of nine rows of the female line four 

metres long (18 m2). Management including irrigation, fertilizer application, spraying, rouging and 

weed control were carried out by SPS or the farmer as per common practice in spinach seed 

production fields. Irrigation was carried out applying 30-50 mm per time. Male lines were removed 

when the female line had finished flowering.  

Photosynthetic active radiation (PAR), light interception and leaf area index 
(LAI) 

To identify the variation of PAR penetration through the spinach plant canopy under different plant 

densities, an AccuPar Ceptometer instrument model LP-80 was used for measuring PAR, light 

interception and LAI during the growing season. This instrument measures the wavelength between 

400 and 700 nm which is used for photosynthesis reactions (Decagon, 2015).  This device measures 

PAR and to convert PAR to LAI the following equation was used: 
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L = -ln /K 

 In which  is the probability that a ray will penetrate the 

canopy,  is the radiation passing through the canopy, 

 is the radiation on a horizontal surface above the 

canopy, L is Leaf area index and K is extinction 

coefficient of the canopy (includes Zenith angle of the 

sun and leaf distribution) (Decagon Devices, 2006). K 

value for spinach was considered 0.8 as the crop canopy 

was nearly horizontally distributed. Typical K value for 

crops are in the range of 0.5 to 0.8 (Marcelis, Heuvelink, & 

Goudriaan, 1998) . All measurements were taken at 

midday when solar radiation angle was high, during the 

growing season. Data on PAR were taken at three levels of 

the plant canopy, top, middle and bottom (ground surface). Measuring was done five times during the 

growing season at an interval of five days beginning at full flowering stage   (BBCH 65) 72 days after 

planting (DAP), and ending at the early dough stage (BBCH 83) 104 DAP.    

Seed yield and components 

Seed yield was determined for each plot on a subsample of plants hand harvested from a 1.5 m2 area. 

Plants were cut at ground level once seed moisture content had reached 10%, then threshed using 

seed thresher machine (Mobile belt & roller thresher, NZ), cleaned and seeds were weighed. To 

measure seed yield components on individual plants, five plants from each plot were selected 

randomly, and the number of seed clusters, number of seeds per plant, thousand seed weight and 

seed yield at different positions (top, middle and base) on the inflorescence were measured. These 

samples were also measured for plant height and number of lateral branches. The total plant biomass 

of five samples after seed harvesting was dried in an oven at 65 °C  /48 h, weighed, and then 

harvest index (HI) calculated using the following formula:  

   HI =  × 100. 

Figure 3-1   AccuPAR PAR/LAI 
Ceptometer, Model LP-80, 
Adapted from  Decagon Devices (2015). 
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Seed quality test 

Seed quality tests including standard germination, vigour (conductivity test) and thousand seed weight 

(TSW) were conducted according to ISTA procedures as already explained in chapter two. Hectolitre 

seed weight was measured using a hectolitre instrument (PM-600) and results expressed in gram per 

litre. For a better understanding of the seed mass variation across the inflorescence under different 

plant densities, TSW from the top, middle and base sections of the inflorescence was measured. 

Seed grading   

To size grade the spinach, seeds, 100-gram seeds harvested from each plot were size graded using a 

seed shaker with laboratory sieves of three mesh sizes, 2, 2.5 and 3 mm. Seed sizes were classified in 

three main grades including small (2 ), medium (2.5  and large (3 ). The proportion of each 

grade in each treatment was calculated as percentage. 

Statistical Analysis 

The randomized complete block design included seven treatments and four replicates.  Statistical 

analysis of seed quality data and agronomic factors was done using Genstat Software (18 edition, VSN 

International Ltd, Hemel Hempstead, UK). Analysis of variance (ANOVA) and Fisher’s unprotected test 

of least significant difference (LSD) (p<0.05 and P<0.01) were used. The relationships among 

dependent variables were determined using regression analysis. 

3.3 Results 

Seed germination 

Seed germination did not differ with within–row plant spacing except for the 13.5 cm spacing where 

there was a small, but significant (p ) increase (Table 3-1). The increase in germination was 

explained by a significant decrease in the percentage of abnormal seedlings (Table 3-1). 

Seed vigour 

Seed vigour, as assessed by the electrical conductivity test was not affected by plant density (Table 3-

1). 

Thousand seed weight (TSW)  

Thousand seed weight was measured both from the seed bulk and from different seed positions on 

the inflorescence (Table 3-2). There was a significant difference (p  in TSW of the bulk, with the 
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6 cm spacing having a lower TSW (Table 3-2). Seeds from top and middle of the inflorescence were 

significantly affected by plant density, while seeds harvested from base did not (Table 3-2).  

 Seed size grading 

Variation in spinach plant spacing significantly influenced (p  the proportion of the large seeds 

( ) and medium seeds in the seed lots (Table 3-2) but no differences were found within small 

(  mm) seed size (Table 3-2). 

Hectolitre weight 

Hectolitre weight was not affected by plant density (Table 3-1).  

Table 3-1   Effect of plant density on the quality of hybrid spinach seeds. 

Within-row         Germination            Abnormal seedling          Conductivity              Hectolitre      

spacing (%)                 (%)                                  (%)                           (μS cm-1 g-1)                weight (g/l) 
                                                                                                                                                                         
       6                            88.6b                            10.7a                               90.1a                        401.0a 
        
       7.5                         88.5b                            12.4a                               85.6a                       423.2a 
  
        9                           87.6b                            11.1a                               81.6a                       405.0a 
             
       10.8                      88.3b                             10.4ab                            90.6a                       412.8a 
 
       12                         88.5b                             11.2a                               86.0a                       406.0a 
    
       13.5                      91.7a                             7.9b                                79.4a                        432.5a 
  
       15                         87.1b                             11.9a                               82.2a                       429.5a 
  
Level of significance   **                                  **                                     ns                              ns 
LSD (5%)                       1.5                                2.7                                    11.9                           57.9 
CV (%)                           1.1                                16.3                                  9.4                             9.4 

ns= Non significant, *= Significant at p  0.05, ** = Significant at p  0.01
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Table 3-2   Effect of plant density on the quality of hybrid spinach seeds. 

Within-row        TSW (seed bulk)        TSW (plant)        TSW (top)        TSW (mid)        TSW (base)        Seed grading        Seed grading          Seed grading       
Spacing (cm)               (g)                             (g)                        (g)                       (g)                       (g)              2<2.5 mm (%)      2.5<3 mm (%)        3mm< (%)          

     6                            11.8b                         8.9b                     8.5ab                   9.6b                    0.0a                     17.1a                       38.3a                    44.6b 
 
     7.5                         12.4ab                       9.1ab                   8.0b                     8.6b                    0.0a                     19.5a                       34.8ab                  45.7b 
    
     9                            12.4ab                       9.7ab                    9ab                     10.3ab                2.5a                     17.3a                       32.1ab                 50.6ab                    
     
     10.8                       12.4ab                      9.2ab                    8.5ab                  10.2ab                 2.6a                     17.3a                       32.2ab                 50.5ab 
  
     12                          12.3ab                      10.0ab                  8.8ab                  10.1ab                2.6a                     14.7a                       31.1b                   54.2ab 
     
     13.5                       12.9a                        10.2a                    9.7a                     11.6a                  5.3a                     13.3a                        31.0b                   56.6a      
   
     15                          12.6a                        9.9ab                    10.0a                   11.5a                  4.6a                     16.6a                        28.3b                   56.1a 
 

Level of significance  *                               *                             *                           *                        ns                        ns                               *                            * 
LSD (5%)                      0.68                         1.20                       3.0                        1.9                     5.9                       6.2                             6.3                        12.1      
CV (%)                          3.7                            8.6                         23                         13                      82                        25                              13                         15.8                                                            

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01 
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Seed yield 

There was no significant difference in seed yield among the plant densities (Table- 3-3) but there was 

a positive and significant correlation (p 0.05, r2= 0.54) between plant spacing and seed yield (Figure 

3-2) with seed yield tending to increase as plant spacing increased. Seed yield per plant was 

significantly (p 0.05) affected by plant population and it was lower when plant density increased 

(Table 3-3). 

 

                                 Figure 3-2   Correlation between plant spacing and seed yield. 

Number of branches per plant 

Plant branch numbers were significantly (p 0.05) affected by plant spacing (Table 3-3). The number 

of branches was reduced as plant population increased. The branch numbers at plant spacings of 13.5 

and 15 cm were significantly greater than the other spacings (Table 3-3). 

Plant height 

Plant height was not influenced by plant density (Table 3-3). 

Harvest index (HI) 

Harvest index did not differ for within row spacing from 6 to 12 cm, but HI for the 13.5 and 15 cm 

spacing was significantly higher than for the 6 and 7.5 cm spacings (Table 3-3).  
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Table 3-3   Effect of plant density on the seed yield and seed yield components of hybrid spinach. 

ns= Non significant, *= Significant at p  0.05, ** = Significant at p  0.01, 

Photosynthetic active radiation (PAR) 

 Light interception 

Canopy light interception was monitored five times throughout the growing season (Table 3-4). During 

the first three recording dates (on 72, 79 and 85 DAP or 625, 710 and 775  GDD) there was no 

difference in percentage light interception among the plant densities but during the last two 

recordings, significant differences were found among densities, and it decreased as plant density 

increased. Light interception did not differ among the plant densities of 6-12 cm (Table 3-3). 

Leaf area index (LAI) 

The LAI was calculated based on the light interception recordings. The results showed that no 

significant difference was found for LAI among plant densities during the growing season until the 

mid-stage of seed development (BBCH 83, 775 GDD), but for the following stages, it was significant. 

LAI was significantly affected by the plant density during the last two recordings (P 0.05 and P 0.01 

respectively). No major difference in LAI was found within the plant density of 6 to 12 cm (Table 3-4). 

There were weak correlations between LAI and light interception among plant densities (Figures 3-3). 

Within-row    Plot seed yield     Plant seed yield     Harvest index        No of branches     Plant height 
Spacing (cm)        (kg ha-1)                     g pl-1                           (%)                                                      (cm)         
       6                         2389a                      8.7b                        16.0b                     6.0b                        44.7a     
    
       7.5                      2780a                      7.6b                        13.7b                     6.7b                       42.7a       
 
       9                         2596a                      14.4ab                    17.3ab                   6.0b                       44.7a 
           
      10.8                    2397a                       24.2a                      18.6ab                   7.3ab                    44.7a 
  
      12                       3031a                       24.8a                      18.6ab                   7.5ab                     45.0a 
 
      13.5                    3021a                      26.2a                       26.6a                      8.7a                      48.2a 
 
      15                       3040a                      25.9a                       28.3a                      8.5a                      44.7a 
Level of significance  ns                           *                               *                            *                            ns 
LSD (5%)                     945.7                     13.7                        12.2                        1.9                         6.1 
CV (%)                         23.1                       48                             42                           19                         9.1 
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  Figure 3-3   Correlation between LAI and PAR interception in spinach plants at 91 DAP or 842 ℃ GDD 
(a) and 104 DAP or 987 ℃ GDD (b). 
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Table 3-4   Effect of plant density on the LAI and light interception of hybrid spinach plants. The table 
shows five recording dates of PAR through the plant canopy from 72 to 104 DAP. 

 

DAP      GDD                  Plant spacing       Plant density                      LAI                     Light interception  
                ℃                             cm                      pl m-2                             m2 m-2                                 (%) 

    
 72          625                          6 - 15             33.3 – 13.3                     1.3 – 1.99                       79 – 94                            

                                                 Level of significance                                   ns                                   ns 
                                                 cv                                                                   22                                  11  

                  
 79           710                         6 – 15            33.3 – 13.3                     1.78 – 2.53                     78 -96 

                                                 Level of significance                                     ns                                 ns 
                                                 cv                                                                     28                                12                                                                                    

  
 85          775                           6 – 15           33.3 – 13.3                     1.76 – 2.55                  73.5 – 85.9                                      

                                                 Level of significance                                     ns                                 ns 
                                                 cv                                                                     26                                 11                                                                       

                                            
91           842                           6                           33.3                                 2.12c                             78b     
 
                                                 7.5                        26.7                                 2.12c                             79b 
  
                                                 9                           22.2                                 2.68bc                           87ab                                                            
 
                                                10.8                      18.5                                 2.15c                              80ab                                                  
 
                                                12                         16.7                                  3.23b                             84ab 
 
                                                13.5                      15.4                                  4.21a                             92a 
  
                                                15                         13.3                                  2.58bc                           96a                                                    
           

                                                Level of significance                                    **                                   **                                                                       
                                                cv                                                                    20                                  8.5                         

104       987                           6                            33.3                                3.19ab                           79b 
 
                                               7.5                         26.7                                3.26ab                           79b                                                     
 
                                               9                             22.2                               2.92abc                          88ab 
 
                                              10.8                        18.5                               2.02c                               88ab 
 
                                              12                           16.7                                3.76a                              85ab 
    
                                              13.5                        15.4                               2.92abc                          94a 
   
                                              15                           13.3                               2.69bc                             89a 
                                          

                                             Level of significance                                      *                                       *                
                                              cv                                                                     22                                    7.9                                                           
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3.4 Discussion 

Seed germination and vigour 

The response of seed quality (seed germination and vigour) to plant densities is different with different 

plant species. No literature was found on the impact of plant density on spinach seed quality. The 

present study showed seeds sown at a spacing of 13.5 cm apart in the row had a statistically (p  

higher germination than the other spacings, and no differences were found among the other densities. 

However, the difference of 3% germination was not biologically large. Seed vigour also was not 

affected with different plant densities. The one increase in seed germination may possibly be 

explained by random sampling variation (ISTA, 2018) rather than the impacts of the plant density. This 

reasoning is supported by the seed vigour results which did not differ among the plant densities. The 

results of this study are in line with Merfield (2006) who reported that variation in plant population 

from 5 to 85 plants m-2 in two hybrid carrot varieties did not affect seed vigour in either cultivar and 

seed germination in one of them.   

Thousand seed weight (TSW) 

Thousand seed weight can affect seed performance of a sown seed lot with output to seedling 

emergence and obtaining an optimal plant density (Larsen & Andreasen, 2004). In this study, TSW was 

assessed for the seed bulk, individual plant and top, middle and base section of the inflorescence. TSW 

of seeds from all sections of the inflorescence except for base were significantly (p 0.05) affected by 

plant density. There was also a positive correlation (r2= 0.56) between plant spacing and TSW (Figure 

3-4) and it increased as plant spacing increased. Higher TSW in wider plant spacing treatments, can be 

attributed to the light penetration into the plant canopy (Egli, 1994), which decreased under the 

higher plant population. Seed weight depends on the cotyledon cell number which is determined at 

the beginning of seed development (Munier-Jolain & Ney, 1998) and relates to assimilate availability 

during cell division (Egli, 1994). PAR reduction can reduce the rate of photosynthesis resulting in the 

loss of photo-assimilate proportion allocated to each seed cluster and reduce the TSW. These results 

are in line with the findings of Merfield (2006) who reported a decreasing trend of hybrid carrot TSW 

at higher densities and  Mwakangwale (2003) who reported that soybean plants at a density of 20 

plant m-2 produced the maximum seed mass compared to the density of 30 to 80 plant m-2. 
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             Figure 3-4   Correlation between spinach plant spacing and thousand seed weight. 

Seed size grading  

Seed size uniformity in a seed lot is considered as a seed quality factor particularly for seed lots having 

a range of seed size. This non-uniformity in spinach seed lots drives many issues regarding seed quality 

(Thomson, 1979). Hence seed size grading in spinach seed production and processing is considered an 

important factor. Spinach seeds are classified as small (2 2.5 mm) medium (2.5  mm) and large 

( 3mm). The result of this study showed that variation in spinach plant density significantly influenced 

(p  the proportion of the large seeds ( 3mm) and medium seed size (2.5  mm) in the seed 

lots, but no difference was found in small seed size (2 2.5 mm). The highest amount of large seeds 

produced when spinach plants were sown at plant spacing of 13.5 or 15 cm apart in row (Table 3-2). 

There was also a significant (p  0.01) and strong positive correlation (r2=0.9) between plant spacing 

and large seed size (Figure 3-5). This variation in seed size grading among plant densities is generally 

related to TSW which increased as plant spacing increased. 

 

Figure 3-5   Correlation between spinach plant spacing and seeds size graded on 3 mm.  
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Seed yield 

The spinach plant has considerable plasticity to adjust the seed yield and seed yield components in a 

way that a wide range of variation in plant density, such as from 13.3 - 33.3 pl. m-2, can be compensated 

for by adjustment in the number of branches per plant and seed size. For that reason, in this field 

study, increasing the plant density from 26.7 (control treatment) to 33.3 pl. m-2, or decreasing it to 

13.3 pl. m-2 did not affect seed yield. This result is in conformity with the findings of  Severino et al. 

(2017) in castor, who reported that changing plant density from 0.14 to 1.26 plant m-2 did not influence 

seed yield. 

 Assessment of the seed yield per plant in the current study showed a significant (p  0.05) difference 

between plant spacings. There were also significant correlations between plant spacing with bulk seed 

yield, (p  0.05, r2 = 0.54) (Figure 3-2) and plant seed yield (p  0.05, r2 = 0.86) (Figure 3-6). The results 

are in line with Ren et al. (2017) in maize and Mollah, Rahman, Tareq, Hoque, and Hasan (2017) in 

kanaf (Hibiscus cannabinus L.) who reported that plants sown under a wider spacing, produced a 

higher seed yield than plants at a greater population. Optimum plant density resulting in improvement 

of utilization of moisture, nutrients, and light that contributes to enhanced seed yield. High correlation 

between plant density and the seed production of an individual plant suggests that plants at the higher 

densities reached their critical leaf area index earlier, which caused a decrease in a light interception 

and negatively influenced photosynthesis activities (Figures 3-10, & 3-11). 

 

 

           Figure 3-6  Correlation between spinach plant spacing and seed yield per plant. 
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these factors can be affected by plant density. Jiang and Egli (1995) reported that canopy 

photosynthesis loss during the critical period from initial bloom to around 40 days later reduced seed 

number in soybean. 

 The results of the current study showed that variation in the plant density did not significantly affect 

the number of seeds per plant, but there was a weak positive correlation between plant spacing and 

seed number per plant (r2= 0.53) (Figure 3-7). Similar results were reported by Merfield (2006) in 

carrot and (Oliva et al., 1988) in soybean. This small increase in seed number is evident in the negligible 

change in seed yield within plant densities. The positive correlation between plant spacing and seed 

number may have been related to more availability of nutrients, and solar radiation (Figure 3-11) at 

the lower populations.  

                       

                   Figure 3-7   Correlation between plant density and number of seeds per plant. 
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Figure 3-8   Correlation between spinach plant spacing and number of branches per plant. 

 

Plant height 

Plant canopy might be influenced by competition under different plant densities. The impacts depend 

on the intensity of competition and plant species. The current study showed that plant height was not 

affected by plant density. The results also showed that no correlation between plant density and plant 

height in spinach (r2=0.28) (Figure 3-9). No literature was found in relation with the impacts of spinach 

plant density on plant height. The results are in conformity with the findings of Mollah et al. (2017) 

who reported that kenaf plant height was not affected by plant density during the second year of the  

study.  However, Kumar et al. (2007) in coriander observed a positive correlation between plant 

density and plant height. The negligible differences in plant height among the plant spacings may be 

because the competition effect was not strong, which resulted in growth based on the genetically 

predetermined height.  

 

                         Figure 3-9   Correlation between spinach plant spacing and plant height. 
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Harvest index (HI) 

Harvest index is the ratio of seed yield to total shoot dry matter, and it can be considered as an index 

of reproductive efficiency and plant productivity (Severino et al., 2017). Spinach HI was significantly 

(p ) influenced by plant density. There was also a high positive correlation (p ), r2= 0.78) 

between plant spacing and HI (Figure 3-10). Decreasing HI under the higher plant density indicated 

that spinach seed crop is more productive under lower plant density rather than higher. The result is 

in agreement with the findings of Somarin, Zabihi-e-Mahmoodabad, Asgar, Khayatnezhad, and 

Gholamin (2010) in wheat and Reddy, Kumar, and Swamy (1987) in hybrid maize. The higher HI under 

wider spacing can be illustrated by increasing the total biomass of individual plants under greater 

spacing resulted in more TSW and individual plant seed yield rather than vegetative parts.  

 

Figure 3-10   Correlation between spinach plant spacing and harvest index percentage. 
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between light interception and plant spacing during the last two recording dates (Figure 3-11). Light 

interception over the next two recordings (91 and 104 DAP) differed significantly (p< 0.05) among 

plant densities and it increased as plant spacing increased. There were also positive correlations (r2= 

0.7 & 0.6 respectively in DAP4 and DAP5) between plant spacing and a light interception (Figure 3-12). 

The results are in line with the findings of  Severino et al. (2017) who reported a positive correlation 

between light interception and plant spacing in sunflower, soybean and corn. The difference of light 

interception among plant densities and increasing spacing resulted in better light penetration into the 

crop canopy. Of these, greater photosynthetic efficiency (NAR) and CO2  assimilation (Portes & Melo, 

2014) led to higher TSW, HI, seed size and individual plant seed yield under lower plant density. 

                                                                                                              

Figure 3-11   Relationship between spinach plant spacing and PAR interception at 72 (DAP1), 79 
(DAP2) and 85 (DAP3) during the growing season. 

 

 
 

Figure 3-12   Relationship between spinach plant spacing and PAR interception at 91 (DAP4) and 104 
(DAP5) during the growing season. 
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Leaf area index (LAI)  

Light penetration into the crop canopy relates to LAI function, and there is a high correlation between 

plant biomass and LAI (Trott et al., 1988). The results of the current study indicated no significant 

difference in LAI among plant densities during the growing season until the mid-stage of seed 

development (BBCH 83, 775 GDD), but for the following stages, it was significant (p  0.05, p  0.01). 

There were weak correlations between LAI and plant density for all recordings during the growing 

season (Figure 3-13, 3-14). LAI increased gradually in all plant densities during the growing season, but 

it was almost not changed when plant spacing increased (Figure 3-13 & 3-14). Higher plant density 

hastens leaf senescence rate (Ren et al., 2017), and reduces net photosynthesis and assimilate 

availability for seed development (Liu et al., 2010). Higher plant population did not increase LAI and 

dry matter accumulation during the growing season, despite the number of plants per unit area was 

increased. A possible reason might be abscission of lower canopy leaves due to canopy closure which 

lead to a limitation of PAR penetration through the canopy (Wells, 1991). Due to competition for light 

and nutrients through higher densities, net photosynthetic rate decreases (Ren et al., 2017)which 

resulted in lower TSW and individual plant seed yield.  

 

 

Figure 3-13   Relationship between spinach plant spacing and LAI at 72 (DAP1), 79 (DAP2) and 85 
(DAP3) during the growing season. 
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Figure 3-14   Relationship between spinach plant spacing and LAI at 91 (DAP4) and 104 (DAP5) during 
the growing season. 

 

3.5 Conclusion 
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The current plant population for spinach seed production is 266600 plants ha-1 ( 7.5 cm apart in the 

row and 50 cm between rows). Decreasing the plant population to 153800 pl ha-1 (13.5 cm apart in 

the row) should be considered. Seed yield and quality would not be negatively impacted, but there 

would be a production cost saving, as the  parental line sowing rate would be reduced. 
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Effect of exogenous application of plant growth regulators and 

topping on spinach (Spinacia oleracea L.) reproductive growth, 

uniformity and seed quality 

4.1 Introduction 

The phenological growth stages of crop plants are controlled by the plant genetics and climatic 

conditions. However, manipulation of the growth stages for specific targets by application of PGRs 

(plant growth inductors or plant growth retardants) has been adopted for seed production of many 

crops. PGRs act as plant growth inductors or growth inhibitors and some of them also have a role in 

enhancement of plant resistance against biotic and abiotic stress as a result of an improved 

morphology of the treated plants (Barr et al., 2004; Hoffmann, 1991) or in increasing the endogenous 

concentration of abscisic acid to protect plants against climatic stress (Hauser, Kwiatkowski, 

Rademacher, & Grossmann, 1990). 

Plant growth inductors 

Gibberellins consist of several GAs (around 125) which are known as plant growth inductors and the 

main functions are promotion of stem elongation, floral meristem induction, bud initiation, seed 

development and induction of hydrolytic enzymes in seed germination. It is known that GA precursors 

are produced via the 1-deoxy-D-xylulose 5-phosphate pathway of green tissues (Rademacher, 2000).  

Exogenous application of GA3 (common type of GA) has been adopted for many crops to enhance 

floral induction,  seed yield and seed quality (Bliss, 1991b). In Lolium temulentum (a long-day plant), 

GAs induced production of the FLOWERING LOCUST T gene as a floral signal (King & Evans, 2003). 

Using several GA on Arabidopsis thaliana, a long-day plant, resulted in the promotion of flowering, 

while degradation of endogenous GA reduced flowering in long-day and inhibited it in short-day plants 

(Jacobsen & Olszewski, 1993). Zeevaart et al. (1993) commented that application of GA under a mid-

night lighting treatment stimulated quick bolting in spinach plants. Metzger (1987) found that spraying 

of GA3 on herbaceous crops during the flower induction period enhanced the flowering, while 

Zeevaart (1983) reported that the application of GA to rosette spinach plants in short-days induced 

stem elongation. GA application can alter photoperiodic requirements in flowering induction 

(Nešković & Ćulafić, 1988). Riley (1987) suggested that spraying 125 mg of GA (50 ppm concentration) 

dissolved in 2400 ml of water or 125 mg of GA (200 ppm concentration) dissolved in 600 ml of water 
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induced flowering in herbaceous plants. Henny (1983) reported that spraying 250 ppm of GA3 on 

many Aglaonema species increased flower induction remarkably. The terminal inflorescences of 

Cordyline terminalis appeared 4-6 weeks after application of 500 ppm of GA3 (Fisher, 1980). Shahid et 

al. (2013) reported that okra plants sprayed with 200 ppm of GA3 and NAA produced a greater seed 

yield compared to rates of 50, 100, 150 ppm and also control plants. Spraying of GA on artichoke 

plants before flowering led to earlier flowering and harvest and spraying at the flowering stage 

improved head size and number. 

Cytokinins (6-benzylaminopurine) (BAP) are known as inducers of plant cell division and are found 

mainly in the forms of Isopentenyladenine (IP), Zeatin (Z) and dihydrozeatin (DZ) (Letham, 1994) 

Cytokinin has a key role in many functions of plant growth and developmental processes such as cell 

division, shoot and root development, seed development and response to senescence and stress. 

Exogenous application of cytokinin increased cytokinin level and as a result elevated expression of CKX 

gene family members and /or CKX function. The presence of these genes in the inflorescence meristem 

controls the number of flowers  (Jameson, 2015). Considerable research indicates that cytokinin seems 

to have a crucial role in increasing early development of fertilized embryos (Durrani, Subhan, 

Mehmood, Abbas, & Chaudhary, 2010). Durrani, Subhan, Mehmmod, et al. (2010) reported that a 

mixed foliar application of NAA and cytokinin (a concentration of 10-3 M for each) at the seedling stage 

stimulated early flowering in spinach plants. They also observed an increase in spinach plant height 

when a 10-4 M solution of cytokinin was applied. Several studies have reported on the use of cytokinin 

and its effect on pod formation in soybean (Nonokawa, Kokubuni, Nakajimat, Nakamurai, & Ybshida, 

2007; Nonokawa, Nakajima, Nakamura, & Kokubun, 2012; Yashima, Kaihatsu, Nakajima, & Kokubun, 

2005). Cytokinin applied to soybean at the first day of anthesis diminished pod-set percentage and 

seed yield, whereas applying at 7 d after anthesis significantly enhanced pod-set and seed yield 

(Nonokawa et al., 2007). Application of cytokinin to soybean at the early stage of pod set improved 

seed development, but late application did not because the cytokinin did not cross the apoplastic 

space between the seed coat and the embryo (Jameson, 2015). The impacts of cytokinin application 

on soybean’s pod setting in field conditions were unstable and therefore using synthetic cytokinin in 

soybean fields as an elevator of pod setting could not be recommended (Nonokawa et al., 2012). Foliar 

spray of BAP on spinach at one ppm at 20, 40 and 60 d after emergence resulted in increased 

vegetative yield components and maximum plant height (Durrani, Subhan, Mehmood, et al., 2010). 

Hoffman, Bellstedt, and Jacobs (2009) subjected carnivorous plants to different levels of BAP (50, 100, 

250 and 500 mg L−1) and observed bud breaking and flowering increased linearly as BAP level 

increased.  
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Plant growth retardants 

The general effects of plant growth retardants are explained by a reduction in the endogenous content 

of GAs in treated plants (Grossmann, 1991). The type of impacts on plant growth depends on the 

dosage applied. The inhibitory effects on stem elongation at a low concentration application 

suppresses cell elongation, while higher concentrations inhibit the rate of cell division (Grossmann, 

1991). 

Trinexapac ethyl (TE) (Moddus) is a plant growth inhibitor which prevents conversion of GA20 into 

GA1, which is one of the bioactive forms of GA, and reduces stem elongation in a wide range of crops 

(Rixon et al., 2007). Barley plants treated with TE showed a lower level of GA1, while the level of GA20 

was increased (Bliss, 1991). Using TE in New Zealand grass seed crops has had significant positive 

impacts on seed yield (FAR Arable Update, 2003). Chynoweth et al. (2014) reported that the 

application of 3.2 l/ha TE on perennial ryegrass  (Lolium perenne,) at Zadocks growth stage 32 

increased seed yield by 44%, and application at Zadoks growth stages 30, 32 and 39 increased seed 

yield by 59%. Rolston, McCloy, and Pyke (2004) reported that using TE on tall fescue at 200 and 300 

g/ha exceeded the control seed yield by 67 and 72% respectively. van Heerden (2014) reported that 

application of TE at 2 l/ha on sugarcane improved quality, yield and uniformity of ripening.  

Cycocel (chloroethyl ammonium chloride) (Chlormequat chloride) is a synthetic plant growth 

retardant used for dwarfing of crops or to control the vegetative growth. Several studies have shown 

that the application of cycocel at a specific growth stage increases the economic yield of some crops 

like soybean (Bora & Sarma, 2004), cotton (Prasad & Prasad, 1994) and pea (Bora & Sarma, 2006). 

Rajkumar, Singh, Kumar, and Kumar (2013) concluded that application of 450 ppm CCC on okra 

(Abelmoschus esculentus L.) at both 20 and 40 days after sowing increased seed yield components. 

Pourmohammad, Shekari, and Soltaniband (2014) found that foliar spray of 600 ppm CCC on rapeseed 

during vegetative growth was more effective than 1200 ppm. Latifkar, M. Mojaddam, and Saki Nejad 

(2014) noted that using 1500 ppm CCC on wheat plants at the 4-leaf stage improved 1000-seed weight 

and seed yield. 

Maleic hydrazide (MH) is known as a plant growth inhibitor and influences plant growth and 

phenological events in many crops (Naylor & Davis, 1950). Treatment with different concentrations of 

MH at the seedling stage, suppressed both root and shoot growth of maize, wheat and oat plants. The 

inhibition of maize root growth, unlike that of oat and wheat, was more than that of shoots  (Naylor 

& Davis, 1950).  
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Topping 

Topping is used to control apical dominance in indeterminate plants by removing the apex of the 

crops. The main target of this operation is to eliminate lodging or/and control excess vegetative 

growth and thereby increase seed quality and quantity (Marie, Ihsan, & Salih, 2007). The responses of 

crop species to times of topping at different growth stages are variable, but often seed yield is 

increased. Bud development and mitotic processes from an early stage of 

reproductive growth in crops with an indeterminate growth pattern are inhibited by apical 

dominance. Cutting or inactivating the shoot apex, stimulates growth and mitotic function in the 

lateral buds after a short time. Mitosis can be started in one-hour followed by bud growth and DNA 

synthesis. This period depends on the intensity of apical dominance and may take 4 hours (Tamas, 

1987). 

It has been suggested that Auxin (IAA) in the shoot apex and transported IAA play the main role in 

inhibition of axillary bud growth  (Tamas, 1987). Topping cotton plants at 120 cm height (reproductive 

stage) increased yield components and seed yield (Obasi & Msaakpa, 2005). Sesame crops which were 

topped at the flowering induction stage had increased seed yield (15.7%) and harvest index (Zhang & 

Wenxing, 1999). Removing the apical bud in okra increased the number of pods and seed yield 

significantly (Marie et al., 2007; Sajjan, Shekaragouda, & Badanu, 2002). Nkhabindze (2007) noted that 

cutting the apex of the stem of leaf mustard (Brassica juncea) and using 60 kg N, decreased the time 

to flowering from 74 to 68 days. 

Objective and hypothesis 

The objective was to determine the effect of the exogenous application of PGRs and topping on 

spinach reproductive growth, uniformity and seed quality. The hypothesis was that one or more PGRs 

would improve flowering uniformity in the female spinach parent line resulting in a seed quality 

improvement. Furthermore, topping of the spinach plant at a specific time during flowering and seed 

development would suppress apical dominance and lead to an enhancement of seed quality.   

4.2 Materials and methods 

Three experiments were conducted in hybrid spinach seed production fields in Canterbury provided 

by South Pacific Seeds (NZ) Ltd at three locations through two consecutive growing seasons 2015-16 

and 2016-17.  Parental seed lines in  (i) Dorie (43°40'S, 172°18'E) were SPS-3059 (F) and SPS-3060 (M), 

in (ii) Methven (43°36'S, 171°38'E) were SPS-3064 (F) and SPS-3065 (M), and in (iii) Selwyn Lake Road 

(43°40'S, 172°18'E) were SPS-9206 (F) and SPS-9207 (M). Five PGRs were used. Gibberellic acid (GA3) 

and cytokinin (6-benzylaminopurine) (BAP) act as floral inducers and trinexapac-ethyl (Moddus 
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contains 250 g/litre trinexapac-ethyl) (TE), cycocel (750g/L chlormequat-chloride) and maleic 

hydrazide (MH) are plant growth inhibitors. GA3, cytokinin and maleic hydrazide were supplied from 

Sigma Aldrich Company, and the other PGRs were the commercial product. To prepare the solution of 

the GA3, 1 g of GA3 was dissolved in 3 ml of alcohol ethanol high grade (99%). Then the solution was 

added to 500 ml of distilled water with constant shaking. To make the cytokinin solution, after adding 

3 ml of alcohol ethanol to 1 g of cytokinin in a laboratory tube, it was placed into a water bath for 

around 1 hour. The volume of each solution finally increased to 1 litre, which was 1000 ppm stock 

solution. To prepare 100 ppm solution, 100 ml of the stock solution was taken and water added to 

constitute to 1000 ml.  

The first year trial had 12 treatments in Dorie and 13 treatments in Methven including PGRs and 

topping. The number of plots was 48 with a size of 12 m2 consisting of 6 rows of the female line 4 m 

long. Parental lines had a female to male ratio of 18:4. Application times and the amount in the first 

year were applied based on recommendations from previous research on other plants and catalogue 

of the Producer Company, but in the second year they were applied based on the first year results. 

Therefore the treatments in the first year were a single foliar spray of GA3 at 150 ppm at the early 

vegetative growth stage (9 and more leaves unfolded, BBCH 19) (G1) (Figure 4-1 (a)) and before the 

inflorescence emergence stage (BBCH 49) (G2) (Figure 4-1 (b)), TE 1 Litre ha-1 at BBCH 49 (TE1), BAP 

250 ppm at BBCH 49 (Cytokinin 1), BAP 500 ppm at BBCH 49 (Cytokinin 2), cycocel at 750 g ha-1 at 

BBCH 19 (C1), cycocel at 750 g ha-1 at BBCH 49 (C2), cycocel at 1500 g ha-1 BBCH 19 (C3), cycocel at 

1500 g ha-1 at BBCH 49 (C4), topping at BBCH 71 (T1), topping at BBCH 75 (T2) topping at BBCH 79 (T3) 

and control. Treatments in the second year trial (Selwyn Lake Road) were optimised based on the first 

year results and were GA3 150 ppm at BBCH 19, Cycocel 2 L ha-1 at BBCH 49, TE 1 L ha-1 at BBCH 49 

(TE1), TE 1.5 L ha-1 at BBCH 49 (TE2), TE 1 L ha-1 + cycocel 750 g ha-1 at BBCH 49 (TE1C2), Maleic 

Hydrazide 167 g ha-1 at BBCH 49 (MH), topping at BBCH 71 (T1), topping at BBCH 75 (T2), and control. 

The volume of water, depending on vegetation cover, was from 200 to 300 litres/ha. To prevent the 

side effects of spraying between plots, each plot was separated with one row of plants. The controls 

were sprayed with the same volume of water only. A Knapsack hand operated sprayer (model Solo 

456) which had 6x110015 AIXR nozzle and 60 PSI pressure was used.  

Topping was done at early seed development stage (109 DAP, BBCH 71) (T1), the mid-seed 

development stage (121 DAP, BBCH 75) (T2) and early dough stage (131 DAP, BBCH 79) (T3) (T3 was 

applied only at Methven). Topping was implemented for all branches of the plant which were at the 

same level and consisted of removing around 8 cm of stem. The plant height was between 26 and 45 

cm (30-51 internodes) depending on plant variety and time of cutting.  
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Management including irrigation, fertilizer application, spraying, rouging and weed control was 

carried out by SPS or the farmer as per common practice in spinach seed production fields (Appendix 

4). Photosynthetic active radiation (PAR) was measured using an AccuPar Ceptometer instrument 

(model LP-80) through the spinach plant canopy (top, middle and bottom) to identify the impact of 

the PGRs on light interception and LAI (PAR measurement instruction and LAI calculation explained in 

chapter 3, section 3.2.1). Measuring was done two times in growing season 2015-16 at the mid-seed 

development stage, 109 DAP (BBCH 71) and the end of seed development stage, 145 DAP (BBCH 90), 

and three times in growing season 2016-17 at 82 DAP (BBCH 72), 88 DAP (BBCH 76) and 102 DAP 

(BBCH 87).  

 Seed yield was determined for each plot on a subsample of plants hand harvested from a 1 m2 area. 

Plants were cut at ground level once seed moisture content had reached 10%, then threshed and 

cleaned using a seed thresher-cleaning machine (Mobile belt & roller thresher, NZ) and cleaned seeds 

were weighed. To measure seed yield components on individual plants, five plants from each plot 

were at random selected, and the number of seeds per plant, thousand seed weight and seed yield at 

different positions (top, middle and base) on the inflorescence were measured. These samples were 

also measured for plant height and number of lateral branches was recorded. The total plant biomass 

of these five plants after seed harvesting was dried in an oven at 65 °C ±5 ℃ /48 h, weighed, and then 

harvest index (HI) calculated using the following formula:  

   HI =
𝑠𝑒𝑒𝑑 𝑦𝑖𝑒𝑙𝑑

𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
 × 100. 

Seed quality tests including standard germination, vigour (conductivity test) and thousand seed weight 

(TSW) were conducted according to ISTA procedures as already explained in chapter two. Hectolitre 

seed weight was measured using a hectolitre instrument (PM-600) and results expressed in gram per 

litre.  For a better understanding of the seed mass variation across the inflorescence under different 

plant densities, TSW from the top, middle and base sections of the inflorescence was measured 
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Figure 4-1   Spinach inflorescence sections (top, middle and bottom) for assessment of the seed mass 
from different sections. 

To size grade the spinach seeds, 100 g seeds harvested from each plot were size graded using a seed 

shaker for 30 secs with laboratory sieves of three mesh sizes, 2, 2.5 and 3 mm. Seed sizes were 

classified in three main grades including small (2.5 2 mm), medium (3 2.5mm) and large ( 3 mm). 

The proportion of each grade in each treatment was expressed as a percentage.  

Statistical analysis of data was done using Genstat software (18th edition). Each experiment was 

organised in a Randomised Complete Block Design with four replicates. Analysis of variance (ANOVA) 

and Fisher’s unprotected test of least significant difference (LSD) (p<0.05 and P<0.01) were used for 

agronomic and seed quality variables in both years. Moreover, to find out the relationships among 

dependent variables, regression analysis was performed. 

 

Figure 4-2 Spinach growth stages for PGRs application. a: early vegetative growth stage (9 and more 
leaves unfolded, BBCH 19). b: just before the inflorescence emergence stage (BBCH 49). 

 regre
a b 
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4.3 Results 

Seed germination 

Seed germination was not improved by any of the treatments at Dorie in 2015-16 (Table 4-1) or at 

Methven in 2015-16 (Table 4-2), but was significantly increased by topping at BBCH 71 (T1) and TE + 

CCC at BBCH 49 (TE1C2) at Selwyn Lake Road in 2016-17 (Table 4-3). However, the increases were only 

6%.   At Dorie cytokinin 500 ppm at BBCH 49 (cytokinin 2) had a lower (p 0.05) germination than TE 

and CCC 1500 g ha-1 both at BBCH 49 (TE1, C4), while at Methven cytokinin 2 also had a lower (p 0.05) 

germination than topping at BBCH 72 (T2) and CCC 1500 g at BBCH 498 (C4). For all three trials there 

were very few dead seeds (data not presented), and difference in germination were mostly explained 

by small differences in the percentage of abnormal seedlings.    

Seed vigour 

Application of PGRs or topping did not improve seed vigour, as assessed by the electrical conductivity 

test at all locations in both years (Tables 4-1, 4-2 & 4-3). Application of TE1 slightly decreased seed 

vigour at Dorie and Methven, but not at Selwyn Lake Road (Tables 4-1, 4-2 & 4-3).  

Thousand seed weight (TSW)  

Thousand seed weight was assessed for seeds both from the seed bulk and from individual plants (top, 

middle, base and the entire inflorescence). TSW for the seed bulk, for the inflorescence or for different 

sections of the inflorescence was not increased by application of PGRs or topping at both locations in 

the first year (Tables 4-1 & 4-2), but TSW of the bulk was significantly (p 0.05) improved by topping 

the plants at the early seed development stage (109 DAP, BBCH 71) and TE1C2 in the second year 

(Table 4-3), TSW from the entire inflorescence or different sections of the inflorescence in the second 

year was similar to the first year and there were no increases (Table 4-3). However, application of 

some PGRs negatively affected TSW of the seed bulk. In Dorie C1, C2, Cytokinin 1 and G2, and in 

Methven G2 significantly (p 0.05) reduced the TSW of the bulk.  

Seed size grading 

In the first year, the volume of the seeds for each replicate was insufficient to allow size grading, so a 

seed of all four replicates was combined and size graded. Differences between treatments could not 

be statistically analysed (Table 4-4). In the second year size grading was performed for each replicate 

and an analysis of variance was done (Table 4-7).  
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In the first year, application of PGRs or topping did not improve the seed size in Dorie, with 49% of the 

seed sized in the 2.8  3.5 mm category and 48% in the 3.5 4.5 mm category. At Methven the 

percentage of small (2 2.8 mm) seeds was slightly higher than the Dorie and between 70-80% of the 

seeds were at the medium (2 3.5 mm) category, with the exception of cytokinin1 when the 

percentage of seeds in the category was almost halved because of the large increase (48%) in the 3.5 

4.5  mm category (Table 4-4). 

In the second year, application of PGRs did not influence the percentage of seeds in the  2.5 mm 

category but both cutting treatments (T1 and T2) significantly (p 0.05) improved the percentage of 

the high grade seeds (3mm   ) in the seed lot (Table 4-7). 

Seed hectolitre weight 

The response of the hectolitre weight to PGRs or topping varied from site-year to site-year. In the first 

year trial at Dorie all PGRs and topping treatments significantly (p 0.05) increased the hectolitre 

weight, while at Methven, T2, TE1, C1 and C4 increased hectolitre weight (Tables 4-1& 4-2). In the 

second year at Selwyn Lake Road, no treatment increased seed hectolitre weight (Table 4-3). 
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Table 4-1   Effect of PGRs and topping on the quality of hybrid spinach seeds (Maternal line SPS-3059) at Dorie in growing season 2015-16. 

ns = Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 

Plant                                                   Germination        Abnormal   Conductivity   Hectolitre   TSW (seed bulk)   TSW (plant)   TSW (top)   TSW (mid)   TSW(base)    
manipulation                                             (%)             seedling (%)   (µS cm-1 g-1)   weight (g/l)      (g)                       (g)                   (g)                  (g)                 (g) 

 
Control                                                     88.9abc          6.5ef              93.8b              292.8b           16.2a                   8.7a                12.7a             13.6abc        0.0a 
                                                                   
Topping at BBCH 71 (T1)                       88.2abc         10.0cde          99.8ab            402.7a           15.2ab                9.3a                 13.8a             14.1ab         0.0a 
 
Topping at BBCH 75 (T2)                       87.9abc          7.5def           103.0ab          413.5a            16.4a                 10.4a                14.1a             13.2abc       3.8a 
 
Trinexapac-ethyl 1 l ha-1                                     93.1a              5.0f               106.6a             417.0a            15.5ab               10.3a               13.7a              14.7a           2.6a 
at BCH 49 (TE1) 
Chlormequat- chloride, 750 g ha-1      84.5abc          11.0bcd        100.8ab          406.2a             14.1b                 8.5a                 13.7a              11.9abc       0.0a 
at BBCH 19 (C1)                                  
Chlormequat- chloride, 750 g ha-1      84.7abc          13.0bc          103.8ab          391.0a             13.4b                8.6a                  13.0a              12.9abc        0.0a 
at BBCH 49 (C2) 
Chlormequat- chloride, 1500 g ha-1    82.1bc            14.0ab         102.1ab           402.0a            15.4ab               8.5a                  11.1a             12.3abc        2.2a 
at BBCH 19 (C3)   
Chlormequat- chloride, 1500 g ha-1      89.8ab           7.0ef            102.4ab           399.2a            14.9ab               7.2a                   10.8a             10.7c            0.0a 
at BBCH 49 (C4) 
Cytokinin 250 ppm at BBCH 49            83.9abc         12.0bc          99.7ab            399.0a            13.5b                  8.7a                  12.5a             13.7abc        0.0a 
(Cytokinin 1) 
Cytokinin 500 ppm at BBCH 49             80.1c             17.5a           99.1ab           392.2a              14.5ab               8.5a                  13.0a              12.6abc        0.0a 
(Cytokinin 2)  
GA3 at BBCH 19 (G1)                              85.5abc        11.5bc          95.6ab            407.5a             14.8ab              9.7a                   13.3a             12.5abc         3.2a 
 
GA3 at BBCH 49 (G2)                             84.0abc         14.0ab          95.7ab            402.7a             13.6b                8.5a                   11.1a             11.1bc           3.4a 
 

Level of significance                                *                       **                    *                    *                        *                    ns                       ns                    *                   ns 
LSD (5%)                                                   9.3                   3.7                  12.1               84.6                   2.0                 3.3                     3.4                   3.4                6.0 
CV (%)                                                       7.6                    48                  1.1                 14.9                    9.6                 25                      18                    18                327                                     
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Table 4-2   Effect of PGRs and topping on the quality of hybrid spinach seeds (Maternal line SPS-3064) at Methven in growing season 2015-16. 

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 
 

Plant                                        Germination   Abnormal seedling   Conductivity   Hectolitre   TSW (seed bulk)   TSW (plant)   TSW (top)   TSW (mid)   TSW(base)  
manipulation                                (%)                     (%)                   (µS cm-1 g-1)     weight (g/l)           (g)                       (g)                    (g)                   (g)                (g) 

 
Control                                         87.6ab               8.5a                   74.5bcde          388.0cd          10.27abcd              8.8ab               8.2abc              9.7a             8.7a 
                                                                   
Topping at BBCH 71 (T1)           89.6ab               7.0a                   77.7abc            386.7cd           10.50abcd             8.0ab              7.3c                   8.3a             8.5a 
       
Topping at BBCH 75 (T2)           93.6a                  4.5a                   66.2de              419.5a             11.01ab                 9.2ab              8.4abc              10.0a           9.3a 
  
Topping at BBCH 79 (T3)           87.1ab               10.5a                 65.6e                 407.0abc         11.14a                   9.4ab              9.6abc              9.4a             9.1a 
    
Trinexapac-ethyl 1 l ha-1            89.3ab                6.0a                   83.5a                 420.5a             10.73ab                7.4b                7.1c                   8.0a             7.0a 
at BCH 49 (TE1) 
Chlormequat- chloride,             90.1ab                9.0a                   74.7abcd          411.5ab            10.68abc              9.4ab             9.6abc              9.3a              9.4a 
750 g ha-1 at BBCH 19 (C1)                                  
Chlormequat- chloride,             87.3ab               7.5a                    81.1ab              387.5cd             9.79cde                8.7ab            8.9abc              8.9a              8.2a 
750 g ha-1 at BBCH 49 (C2) 
Chlormequat- chloride,             87.9ab                9.0a                   75.5abc            400.2abcd        10.39abcd            10.0a            10.5a                10.0a            9.2a 
1500 g ha-1 at BBCH 19 (C3)    
Chlormequat- chloride,             93.4a                  8.0a                   70.6cde            415.0ab            10.43abcd            9.3ab             7.8bc                 10.0a           9.9a 
1500 g ha-1 at BBCH 49 (C4) 
Cytokinin 250 ppm                     87.1ab                8.5a                  73.4bcde          393.2bcd          10.20bcd              8.4ab             7.9abc               8.6a             8.6a 
at BBCH 49 (Cytokinin1)  
Cytokinin 500 ppm                     85.8b                 10.0a                 73.4bcde          384.7d               9.76de                  9.4ab            7.0ab                 6.7a              7.4a 
at BBCH 49 (Cytokinin 2)                               
GA3 at BBCH 19 (G1)                 88.3ab                9.0a                   69.5cde            402.2abcd         10.41abcd           8.7ab             8.6abc               9.1a             8.5a 
                        
GA3 (BBCH 49) (G2)                  91.4ab                 7.0a                  69.2cde             387.2cd             8.95e                    8.0ab             7.6bc                 8.3a             8.2a 

Level of significance                    *                           ns                      **                       **                      **                           *                     *                    ns                  ns 
LSD (5%)                                       7.48                       6.1                   8.9                     21.8                   0.9                         2.44               2.69                 2.65              3.30 
CV (%)                                           5.9                         53                     8.5                     3.8                     6.1                         19.3               21.9                 20.3             26.7 
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Table 4-3   Effect of PGRs and topping on the quality of hybrid spinach seeds (Maternal line SPS-9206) at Selwyn Lake Road in growing season 2016-17. 

 
ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 
 
No seed was formed at the base of the inflorescence

Plant                                                      Germination   Abnormal seedling   Conductivity   Hectolitre   TSW (seed bulk)  TSW (plant)   TSW (top)    TSW (mid)     
manipulation                                               (%)                       (%)                      (µS cm-1 g-1)    weight (g/l)            (g)                        (g)                  (g)               (g)                

 
Control                                                        85.9bc                12.4ab                    77.8abc           400.8ab             12.38b                  8.67a                8.20a        9.15a             
                                                                   
Topping at BBCH 71 (T1)                          92.7a                  6.9c                         78.3abc          432.0ab             13.15a                   8.32a                8.95a       7.70a 
 
Topping at BBCH 75 (T2)                          87.0abc              13.0a                       73.3c              454.2a               12.83ab                 8.32a                8.20a       8.45a 
 
Trinexapac-ethyl 1 l ha-1 at BCH 49        89.3abc              9.3abc                    78.6abc           426.2ab             12.56ab                9.02a                9.35a        8.70a 
(TE1) 
Trinexapac-ethyl 1.5 l ha-1 at BCH 49     84.9c                  12.9ab                    83.5a               383.8b               12.38b                   8.72a               9.15a        8.30a 
(TE2)  
Trinexapac-ethyl 1 l ha-1                            91.6a                 9.3abc                    77.4abc           411.2ab             13.11a                   7.92a               8.1a          7.75a 
+ cycocel at BCH 49 (TE1C2) 
Maleic hydrazide at BBCH 49 (MH)         88.9abc             9.0bc                      81.7ab             396.8b               11.62c                   8.50a              7.80a         9.20a 
  
GA3 at BBCH 19 (G1)                                  90.7ab               8.6bc                     75.3bc              408.2ab            12.61ab                 9.02a               9.10a        8.95a 
 
Chlormequat- chloride 1500 g ha-1          88.9abc              9.2bc                    72.4c                 416.8ab            12.51ab                8.42a                8.25a        8.60a 
 at BBCH 49 (C4)                                                   

Level of significance                                     *                         *                            *                         *                         *                           ns                     ns               ns 
LSD (5%)                                                        5.48                    4.80                       7.98                   55.6                   0.73                      1.92                 2.08           2.27 
CV (%)                                                            5.1                      32.2                       7.1                      9.2                     4.0                        15.4                 16.7          18.2 
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Table 4-4   Effect of PGRs and topping on the percentage of hybrid spinach seed in each size grade at Dorie and Methven in growing season 2015-16. 

1 The treatment was not conducted at Dorie  

 
 

      Plant                              
manipulation                     

 Dorie                                                                                      
% of seeds in each size category 

Methven                                                                                                     
% of seeds in each size category 

 2<2.8 mm          2.8<3.5 mm           3.5<4.5 mm 2<2.8 mm            2.8<3.5 mm           3.5<4.5 mm 

 

Control                                                
                                                                   
Topping at BBCH 71 (T1)                          
 
Topping at BBCH 75 (T2)  
 
Topping at BBCH 79 (T3)1                   
 
Trinexapac-ethyl 1 l ha-1 at BBCH 49 (TE1)                
 
Chlormequat- chloride, 750 g ha-1     
at BBCH 19 (C1)                                  
Chlormequat- chloride, 750 g ha-1      
at BBCH 49 (C2) 
Chlormequat- chloride, 1500 g ha-1    
at BBCH 19 (C3)   
Chlormequat- chloride, 1500 g ha-1     
at BBCH 49 (C4) 
Cytokinin 250 ppm at BBCH 49          
(Cytokinin 1) 
Cytokinin 500 ppm at BBCH 49            
(Cytokinin 2) 
GA3 at BBCH 19 (G1)             
                     
GA3 at BBCH 49 (G2) 

           
           1.5                          41.1                         56.4 
 
           1.8                          49.3                         49.0 
 
           1.5                          44.3                         53.9 
 

-                         -                                - 
  
           1.2                          42.8                          55.3 
 
           2.4                          53.4                          41.9 
 
           2.0                          52.3                          42.6 
 
           2.0                          46.2                          50.7 
  
           2.1                          50.0                          46.5 
 
           2.5                          55.0                          43.4 
 
           1.6                          51.8                          46.1                           
 
           1.6                          48.0                          49.2 
 
           1.7                         53.9                           44.1 

 
6.5                          74.2                         19.3 

 
5.7                          70.6                         23.7 

 
4.9                          75.0                         20.1 

 
5.5                          77.0                         17.5 

 
5.6                          76.8                          17.6 

 
5.7                           76.8                         17.6 

 
5.4                           72.4                        22.0 

 
6.1                           77.5                        16.4 

 
7.7                           80.1                         12.1 

 
3.5                           48.3                         48.3 

 
7.1                           76.9                         15.9 

 
6.4                            77.3                       16.3 

 
6.5                           78.3                        15.1 
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Seed yield 

PGRS or topping did not enhance seed yield at either location in the first year (Tables 4-5, 4-6). Seed 

yield at Selwyn Lake Road in the second year was significantly increased (p 0.05) by both the topping 

(T1 90% and T2 73%) and the TE1 (79%) treatments (Table 4-7). However, application of CCC 750 g ha-

1 at BBCH 19 (C1) and Cytokinin 500 ppm at BBCH 49 (cytokinin 2) at Methven only significantly 

reduced the seed yield (Table 4-6).                                   

Flowering 

In order to find out the effect of PGRs on flowering time in the spinach female parent line, the time of 

onset of the first flower on the inflorescence within treated plants at the Dorie field trial only was 

recorded. Application of GA3 either at the seedling stage (BBCH 19) or before flowering stage (BBCH 

49) significantly (p 0.05) affected the emergence of first flower on the inflorescence, because at 

BBCH 51, 77% of these plants had flowers compared to 12% for the control. The other PGRs did not 

influence the start of flowering (Table 4-5). GA3 (G1 and G2) induced emergence of the spinach 

inflorescence five days earlier than the control treatment (data not shown). 

Number of seeds per plant 

Application of PGRs or topping the plants did not increase the number of seeds per plant at both 

locations in the first year (Tables 4-5, 4-6) but the application of 1 L ha-1 TE at BBCH 49  at Selwyn Lake 

Road in the second year significantly (p 0.05) increased the number of seeds per plant (Table  4-7). 

Number of branches per plant 

The effect of PGRs or topping on the number of branches per plant among treatments was not 

significant for any of the three trials (Tables 4-5, 4-6 & 4-7). 

Plant height 

Plant height was not affected by application of PGRs or topping in Dorie and Selwyn Lake Road (Tables 

4-5, 4-7) but topping at BBCH 75 (T2) significantly (p 0.05) suppressed the plant height at Methven 

(Table 4-6).  

Harvest index (HI) 

Application of PGRs or topping did not influence HI at Dorie and Methven (Tables 4-5, 4-6) but it was 

significantly (p 0.05) increased by topping at BBCH 75 (T2) or TE1 in the second year in Selwyn Lake 

Road (Table 4-7).  
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Table 4-5   Effect of PGRs and topping on the seed yield and seed yield components of hybrid spinach (Maternal line SPS-3059) at Dorie in growing season 
2015-16. 

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 
 

      Plant                                                            Seed yield              Plant flowering           Number of seeds  Number of branches    Plant height         Harvest index 
manipulation                                                     (kg ha-1)                (BBCH 51) (%)                 (per plant)            (per plant)                          (cm)                         (%) 
 
Control                                                               2134.0abcd                12.9b                              981.4ab                    6.5ab                              52.7ab                  22.8ab                  
                                                                   
Topping at BBCH 71 (T1)                                 1587.0d                      12.9b                              992.0ab                    7.7ab                              48.5b                    20.2ab 
 
Topping at BBCH 75 (T2)                                 2417.1abc                 12.9b                              1612.4ab                  7.2ab                              57.2ab                   28.3ab 
 
Trinexapac-ethyl 1 l ha-1                                 2605.2ab                    14.0b                             1738.1a                     7.0ab                              55.5ab                   31.7a 
at BBCH 49 (TE1)  
Chlormequat- chloride, 750 g ha-1                2774.1a                       19.6b                             1535.3ab                  7.7ab                              59.7ab                   28.8ab 
at BBCH 19 (C1)                                  
Chlormequat- chloride, 750 g ha-1                1842.0bcd                  18.8b                             1804.5a                     8.7a                                54.5ab                   24.7ab 
At BBCH 49 (C2) 
Chlormequat- chloride, 1500 g ha-1              2150.2abcd               20.9b                              675.0b                       5.9b                               59.1ab                   15.6b 
at BBCH 19 (C3)    
Chlormequat- chloride, 1500 g ha-1              1934.0bcd                  11.0b                             1567.2ab                   7.5ab                             56.5ab                   21.0ab 
at BBCH 4 (C4))  
Cytokinin 250 ppm at BBCH 49                     1844.3bcd                  13.7b                             1831.7a                     8.0ab                             60.5a                     27.0ab 
(Cytokinin 1) 
Cytokinin 500 ppm at BBCH 49                     1774.1cd                    22.1b                             973.2ab                     6.5ab                             51.7ab                   21.6ab 
(Cytokinin 2) 
GA3 at BBCH 19 (G1)                                      2603.1ab                    77.1a                             1476.4ab                   7.5ab                              57.2ab                  26.6ab 
 
GA3 at BBCH 49 (G2)                                      2421.0abc                  77.1a                             1225.9ab                   5.5ab                              45.0a                    18.0ab 
 
Level of significance                                       *                                  *                                     *                                  *                                     *                               * 
LSD (5%)                                                           764.0                          17.7                                1046.7                       2.6                                  11.3                         14.0 
CV (%)                                                               25                                47                                   53                               24                                   13.9                         41 
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Table 4-6   Effect of PGRs on the seed yield and seed yield components of hybrid spinach (Maternal line SPS-3064) at Methven in growing season 2015-16. 

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 

      Plant                                                             Seed yield                   Number of seeds           Number of branches           Plant height              Harvest index 
manipulation                                                     (kg ha-1)                           (per plant)                        (per plant)                             (cm)                              (%) 
 
Control                                                                 2878.0abc                          2563.0ab                            6.1abcd                            48.5ab                         43.4abc 
 
Topping at BBCH 71 (T1)                                   2553.0bcd                         2200.0ab                            6.4abcd                            42.4abc                        35.9bc 
 
Topping at BBCH 75 (T2)                                   3135.0ab                           1993.0ab                            6.7ab                                38.0c                            35.2bc 
 
Topping at BBCH 79 (T3)                                   3047.0ab                           1894.0ab                            6.4abcd                            46.9abc                       36.2abc 
 
Trinexapac-ethyl 1 l ha-1                                   2825.0abc                         1529.0b                               5.6cd                                42.1abc                       32.5c 
at  BBCH 49 (TE1) 
Chlormequat- chloride, 750 g ha-1                  2100.0d                            1928.0ab                             6.6abc                              46.2abc                       45.0abc 
at BBCH 19 (C1) 
Chlormequat- chloride, 750 g ha-1                  2241.0cd                           2076.0ab                            6.1abcd                            47.0abc                       36.4abc 
at BBCH 49 (C2) 
Chlormequat- chloride, 1500 g ha-1                3299.0a                            2314.0ab                             6.1abcd                            50.4a                           43.3abc 
at BBCH 19 (C3) 
Chlormequat- chloride, 1500 g ha-1                2473.0bcd                        1816.0ab                             5.5d                                   43.7abc                       48.4ab 
at BBCH 49 (C4) 
Cytokinin 250 ppm at BBCH 49                       2580.0abcd                      1775.0ab                             6.1abcd                            39.2bc                         50.7a 
(Cytokinin 1) 
Cytokinin 500 ppm at BBCH 49                       2086.0d                            1754.0ab                             5.9bcd                              40.9bc                          46.6abc 
(Cytokinin 2) 
GA3 at BBCH 19 (G1)                                        3008.0ab                           2973.0a                              6.0abcd                             47.6ab                         43.5abc 
 
GA3 at BBCH 49 (G2)                                        2514.0bcd                         2846.0a                              7.0a                                   48.0ab                         45.9abc 
Level of significance                                          **                                        *                                          *                                        *                                    *                              
LSD (5%)                                                              719.9                                  1218.2                                1.08                                   9.38                              14.67                  
CV (%)                                                                  18.8                                    38.5                                     12.2                                  14.6                               24.5                   
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Table 4-7   Effect of PGRs and topping on the seed yield and seed yield components of hybrid spinach (Maternal line SPS-9206) at Selwyn Lake Road in 
growing season 2016-17. 

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 1 Harvest index 

      Plant                                     Seed yield     Number of seeds   Number of branches   Plant height     HI1              Seed grading   Seed grading     Seed grading       
manipulation                                (kg ha-1)         (per plant)               (per plant)                   (cm)                  (%)           2<2.5 mm (%)  2.5<3 mm (%)    3mm< (%)          

 
Control                                           1624.0c              1319.0bcd                 7.0ab                       47.7ab                18.9cd                 18.2abc             38.8a                43.01cd 
                                                                   
Topping at BBCH 71 (T1)            3094.0a             2031.0abc                 6.0b                        44.5b                 22.4abcd            15.4bc              30.9de              53.7ab      
 
Topping at BBCH 75 (T2)            2825.0ab           2093.0ab                  6.5ab                     46.7ab                29.1a                   12.7c                 26.6e                60.7a 
 
Trinexapac-ethyl 1 l ha-1             2910.0a              2292.0a                    6.7ab                     47.7ab                28.3ab                 19.6ab             39.2a                41.2cd 
at BCH 49 (TE1) 
Trinexapac-ethyl 1.5 l ha-1         2537.0abc         1217.0d                     5.3b                       39.0b                  17.6d                   23.2a                38.6ab              38.3d 
at BCH 49 (TE2)  
Trinexapac-ethyl 1 l ha-1 +         2164.0abc         1595.0abcd               5.3b                        41.5b                  21.6abcd             20.7ab             37.4abc            41.9cd 
Cycocel at BCH 49 (TE1C2)  
Maleic hydrazide                          1889.0bc            1679.0abcd               5.8b                        43.50b                19.8bcd                17.8abc            35.9abcd          46.3bcd 
at BBCH 49 (MH)   
GA3 at BBCH 19 (G1)                   1864.0c              1297.0cd                    8.2a                        55.25a                21.9abcd             20.5ab              33.3bcd            46.3bcd 
 
Chlormequat- chloride               2431.0abc          2080.0abc                 6.8ab                      47.0ab                27.7abc               16.2bc              32.9cd              50.9abc 
1500 g ha-1 at BBCH 49 (C4)                                                         

Level of significance                    *                          *                                  *                              *                           *                         *                      **                     ** 
LSD (5%)                                        947.4                  791.6                          1.87                         9.45                     9.05                   6.56                 5.39                  10.43 
CV (%)                                            27.4                    32.3                            20.1                        14.1                     26.9                     24.6                 10.6                 15.2 
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PAR interception 

Canopy PAR interception was recorded twice (BBCH 71 and 90) in the first year (2015-16) and three 

times (BBCH 72, 76 and 87) in the second year (2016-17) (Tables 4-8 & 4-9). In 2015-16 at the first 

recording (109 DAP) at both Dorie and Methven, application of CCC at BBCH 49 (C4) significantly 

(p 0.05) affected PAR interception, causing an increase at Dorie but a decrease at Methven. However, 

there were no significant differences in PAR interception among treatments in the second recording 

(145 DAP) at both Dorie and Methven (Table 4-8). In 2016-17 at Selwyn Lake Road, canopy PAR 

interception was not influenced by application of PGRs or topping practices in the first (82 DAP) and 

last (102 DAP) recordings, but in the second recording (88 DAP) topping at BBCH 75 (T2) and TE1 at 

BBCH 49 significantly (p 0.05) increased light interception through the spinach plants canopy (Table 

4-9).  

Leaf area index (LAI) 

The LAI was calculated based on the canopy PAR interception recordings. The relationship between 

canopy light interception and LAI differed through the growing seasons but mostly there were strong 

positive correlations (Figures 4-3, 4-4 & 4-5). 

At 109 DAP (BBCH 71) at Dorie there was a strong correlation (r2 = 0.97) between LAI and PAR 

interception, but at 145 DAP (BBCH 90) there was only a weak correlation (r2 = 0.30).  CCC at BBCH 49 

(C4) significantly (p 0.05) increased LAI at 109 DAP (BBCH71) but no differences were found among 

treatments at 145 DAP (BBCH 90) (Figure 4-3, Table 4-8). 

 At Methven, LAI and PAR interception were strongly correlated at both recording dates (r2 = 0.92, r2 

= 0.89 respectively).  There was a significant reduction (p 0.05) in LAI at 109 DAP by CCC (C3) and CCC 

(C4), but no differences were found among treatments when LAI was recorded at 145 DAP (Figure 4-

4, Table 4-8). 

 In the second year at Selwyn Lake Road, the correlation between LAI and PAR was weaker at 88 DAP 

than at 102 DAP (r2 = 0.62, r2 = 0.86 respectively). LAI at 82 DAP (BBCH 72) did not differ among the 

treatments, but it was increased by T1 (BBCH 71) when recorded at 88 DAP (BBCH 76) and CCC (C4) 

(BBCH 49) when recorded at 102 DAP (BBCH 87) (Figure 4-5, Table 4-9). 

  



 

91 
 

 

Figure 4-3   Correlation between LAI and PAR interception at 109 DAP (D1) and 145 DAP (D2) at 
Dorie. 

 

Figure 4-4   Correlation between LAI and PAR interception at 109 DAP (D1) and 145 DAP (D2) at 
Methven. 

 

Figure 4-5   Correlation between LAI and PAR interception at 88 DAP (D1) and 102 DAP (D2) at Selwyn 
Lake Road.
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Table 4-8   Effect of PGRs and topping on the LAI and light interception of hybrid spinach plants at Dorie and Methven in growing season 2015-16. The 
table shows two recording dates of PAR through the plant canopy at 109 DAP (BBCH 71) and 145 DAP (BBCH 90). 

 

 

 

 

 

 

 

 

 

 

 

        
ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 1 This treatment in Dorie was not included and in Methven plants were topped 
after BBCH 71. 
 

                                                                                                          Dorie                                                                                           Methven             

                                                                   BBCH 71 (109 DAP)                  BBCH 90 (145 DAP)                 BBCH 71 (109 DAP)              BBCH 90 (145 DAP) 

   Plant manipulation                          LAI       PAR interception          LAI       PAR interception           LAI    PAR interception     LAI   PAR interception 
                                                              (m2 m-2)             (%)                   (m2 m-2)              (%)                      (m2 m-2)              (%)             (m2 m-2)             (%)   
   Control                                              2.69b              87.5b               0.96abcd         52.9abcd             3.02ab               90.3ab           1.71abc           74.3ab 
                  
Topping at BBCH 71 (T1)                   3.09ab            91.1ab             1.09abcd         56.2abcd             2.61abcd           86.6ab           1.67abc           73.5ab 
                                                      
Topping at BBCH 75 (T2)                   2.69b               87.5b               0.94bcd           49.0bcd               2.70abc             86.6ab           1.66abc          73.0ab 
 
Topping at BBCH 79 (T3)1                      -                      -                          -                        -                               -                     -                   1.54abc           69.0ab 
 
Trinexapac-ethyl 1 l ha-1                    3.26ab             92.5ab             1.01abcd         47.0cd                 2.42abcd          77.6abc          1.48abc           69.4ab 
at BBCH 49 (TE1)        
Chlormequat- chloride,                     3.00ab             89.9ab             1.48a                38.6a                   2.18bcd            78.9abc          1.46abc           65.3b 
750 g ha-1 at BBCH 19 (C1)  
Chlormequat- chloride,                     2.87b               88.9b                0.68d               40.2d                           2.69abc            87.8ab            1.28c               63.6b 

750 g ha-1  at BBCH 49 (C2)   
Chlormequat- chloride,                     3.37ab            92.8ab              1.41ab              66.5a                   1.86cd              76.4bc            1.35bc             64.6b 
1500 g ha-1 at BBCH 19 (C3)  
Chlormequat- chloride,                                 3.74a               95.0a                0.86cd              48.0cd                 1.64d                71.2c              1.34bc             63.6b 

1500 g ha-1 at BBCH 49 (C4)    
Cytokinin 250 ppm at BBCH 49        3.03ab             90.5ab             0.43bcd            56.9abc               2.43abcd          81.8abc         2.05ab            79.5a 
(Cytokinin 1)    
Cytokinin 500 ppm at BBCH 49        3.16ab             91.2ab             1.08abcd          57.7abc              3.05ab               90.7a             2.12a               81.4a 
(Cytokinin 2)   
GA3 at BBCH 19 (G1)                         3.06ab             91.3ab              1.48a                68.1a                  3.22a                  90.8a            1.85abc          72.3ab     
                                         
GA3 at BBCH 49 (G2)                         3.00ab             90.4ab              1.34abc            65.1ab                3.22a                 90.8a            1.85abc           72.3ab 
Level of significance                            *                     *                        *                       **                         *                         *                       *                      * 
LSD                                                         0.76               5.6                     0.54                 16.4                      1.03                  13.99                0.76                14.11 
CV                                                          17.2                4.3                     33.5                 20.2                      28.4                  11.7                  32.5                13.9                               
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Table 4-9   Effect of PGRs and topping on the LAI and light interception of hybrid spinach plants at 
Selwyn Lake Road in growing season 2016-17. The table shows three recording dates of PAR through 
the plant canopy at 82 DAP (BBCH 72), 88 DAP (BBCH 76) and 102 DAP (BBCH 87). 

 

4.4 Discussion 

Seed quality 

PGR application is now commonly used in many crops to enhance seed yield and sometimes seed 

quality (Jameson, 2015; Latifkar et al., 2014). PGRs are used to promote seed germination, manipulate 

flowering, prevent lodging, delay plant senescence and for harvest date manipulation (Gianfagna, 

1987a). Topping can also enhance seed yield and seed quality, particularly for seed production of 

indeterminate crops (Obasi & Msaakpa, 2005). 

Seed germination and vigour 

Application of PGRs or topping did not improve seed germination at either trial in the first year, but in 

the second year, topping the plants at the early seed development stage (BBCH 71), or a mixed 

application of TE1 and cycocel (1 l ha-1 of each) (TE1C2) before the flowering stage (BBCH 49) produced 

                                                       BBCH 72 (82 DAP)            BBCH 76 (88 DAP)      BBCH  87 (102 DAP) 

Plant manipulation               LAI   PAR intercept      LAI   PAR intercept   LAI PAR intercept   
(                                                   (m2 m-2)        (%)                (m2 m-2)         (%)               (m2 m-2)          (%)   
 
Control                                           2.08a         80.7ab               1.85b           75.8b             2.45b             85.8a   
                                                                   
Topping at BBCH 71 (T1)             2.49a         85.8ab               3.42a           86.6ab           2.75ab           88.2a 
 
Topping at BBCH 75 (T2)             2.55a         86.1ab               2.96ab        90.4a              3.5ab             92.3a 
      
Trinexapac-ethyl 1 l ha-1              2.84a        84.1ab               2.92ab        93.2a               2.76ab          87.5a 
at BCH 49 (TE1)    
Trinexapac-ethyl 1.5 l ha-1           2.74a        88.7a                 2.73ab        83.5ab            2.73ab          88.8a 
at BCH 49 (TE2)  
Trinexapac-ethyl 1 l ha-1              2.58a        84.1ab               2.27ab        81.2ab            3.06ab          89.2a 
+ CCC at BCH 49 (TE1C2)  
Maleic hydrazide at BBCH 49     1.96a        78.1b                 2.47ab        83.9ab             2.62b            85.7a 
(MH) 
GA3 at BBCH 19 (G1)                   2.63a        84.0ab               2.25ab        82.9ab             3.23ab          89.7a 
  
Chlormequat- chloride                2.60a        87.2ab               2.34ab        82.4ab            3.86a             91.9a 
1500 g ha-1 at BBCH 49 (C4)                            
Level of significance                     ns              *                        *                  *                      *                    ns 
LSD (5%)                                         1.16          10.49                1.25            13.3                 1.2                 8.0 
CV (%)                                             32              8.5                    33               10                     27                  6 
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a small but significant increase in seed germination. This increase in germination was as a result of a 

lower percentage of abnormal seedlings which were significantly reduced by T1 and TE1 treatments. 

Most of the abnormal seedlings had roots trapped in the seed coat or stunted roots. As abnormal 

seedling production is a consequence of mechanical damage to the embryo, plant disease or defects 

in the physiological makeup of the embryo (Egli et al., 2005) the latter resulting often from high 

temperature (Rashid et al., 2018), a possible reason for a reduction in the abnormal seedling 

percentage in TE and topping treatments could be due to the effect of topping (Asfaram & Mirshekari, 

2015) and PGR (Francis, 2015) on reproductive growth. Both treatments promote earlier seed 

development, so that seeds at the top of the inflorescence experience a shorter period of higher 

temperature during their development.  

Seed vigour was not affected by the PGRs or topping at any of the three locations, except for TE 1 l ha-

1 at BBCH 49 (TE1) which had a negative effect in the first year only at Methven and Dorie. At Methven, 

this may have been due to a lower TSW of the seeds from top of the inflorescence which was 7.1 g 

compared with control 8.2 g. This condition also was the same for T1 treatment which had a lower 

TSW (7.3 g) and both of these treatments had the lowest seed vigour. At Dorie, high number of seeds 

per plant (1738 compared with control 981) resulted in a lower TSW of the seed bulk (15.5 g compared 

with control 16.2 g) which make seeds more sensitive to high temperature during the seed filling 

resulted in a lower seed vigour. 

The results are in conformity with Kasture, Chauhan, Patil, Shivankar, and Rathod (2002) who reported 

that two varieties of Indian spinach (Beta vulgaris sp.) positively responded to crop topping in 

germination percentage. Mollah et al. (2017) also found similar results for kenaf.  However, Kumar et 

al. (2007) reported that application of 100 ppm of cycocel to coriander at 40 days after sowing did not 

affect seed germination but significantly increased seed vigour.  

Topping spinach plants at the early seed development stage reduced the apical dominance, which 

resulted in a higher percentage of bigger seeds (Table 4-7) and light TSW (Table 4-3), and a small 

germination enhancement. The responses of crop species and cultivars to times of topping at different 

growth stages are variable. Bud development and mitotic processes which occur from the early stage 

of reproductive growth in crops with an indeterminate growth pattern like spinach are inhibited 

by apical dominance (Tamas, 1987). 

 This study also showed that a combined application of plant growth inhibitors (TE + CCC) had more 

positive effects on seed germination compared to these individual treatments or inductor treatments. 

The suppression of vegetative growth has a positive effect on seed mass by lowering any of the 
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competing growth sink demand for assimilate, which increases assimilate availability to the seeds.  

The current study also revealed that seed quality factors and seed yield components responded to 

time of topping in that topping at BBCH 71 produced the highest seed quality and seed yield, while 

topping at BBCH 75 or 79 did not. Topping too early may lead to the established of a secondary apex 

and topping the crop too late does not allow it time to respond (Jones, 1972). 

Thousand seed weight (TSW) and seed size grading 

The relationship between seed mass and germination percentage in spinach is contradictory. Lomholt 

(2000) showed that bigger seeds had a lower germination percentage than smaller seeds, and 

therefore would be expected to have a poorer field emergence, while Nonogaki (2006) concluded 

bigger seeds were able to establish strong seedlings. Some reports show that larger spinach seeds 

produce more vigorous seedlings due to their greater supply of nutrients which allowed superior 

germination and seedling growth (Nonogaki, 2006; Todoran, 2010). Deleuran et al. (2013) also 

reported that smaller spinach seed sizes (˂ 3.25 mm) had a lower mean germination time (MGT) than 

bigger seed sizes (˃3.25). In the present study TSW was not affected by PGRs application or topping in 

the first year, but in the second year,  TSW of the seed bulk was maximised by topping the plants at 

the early seed development stage (109 DAP, BBCH 71) or application of a combination of TE and 

cycocel. Results for the seed grading were also in the line with TSW and showed the topped plants 

produced a higher percentage of seeds . However, Kasture et al. (2002) did not find any 

increase in TSW where Indian spinach plants were topped and Rolston, Trethewey, Chynoweth, and 

McCloy (2012) also did not find any positive effects of TE application on Italian ryegrass TSW. There 

was only a very weak relationship between TSW and seed germination at Selwyn Lake Road (Figure 4-

3). Data for Dorie and Methven were not significant. So, these results do not confirm the hypothesis 

that spinach seeds with higher seed mass have a higher germination percentage.   

 

Figure 4-6   Correlation between TSW and seed germination in spinach (Selwyn Lake Road field trial). 
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Seed yield and yield components 

PGR application may lead to an increase in seed yield in many crops. Treatments with plant growth 

inhibitors such as CCC or mepiquat chloride often result in an increase in the number of seeds per 

plant. Apical topping is a well-known agronomic management for breaking the apical dominance in 

indeterminate crops such as spinach to increase seed yield and seed quality (Obasi & Msaakpa, 2005; 

Zhang & Wenxing, 1999).  

The present study has shown that application of PGRs or topping did not influence seed yield in the 

first year but topping the plants at the early seed development stage or application of 1 l ha-1 TE in the 

second year significantly increased seed yield. This was mainly due to an increase in seed mass and 

seed number in these treatments. The highest bulk seed mass was attained by the topping or TE 

treatments, and the number of seeds per plant was increased by 70% by 1 l application of TE and by 

around 50% for the two topping treatments although the latter was not significant.  

The different responses of seed yield and seed yield components to PGRs or topping among years 

might be attributed to the climatic conditions, soil structure and texture, and agronomic management 

as experiments were set up in different locations with different seed production contractors. 

These results are likely to be due to inhibition of stem elongation and reduction of apical dominance 

effects, resulting in a shift of assimilates to reproductive organs which initially lead to an increase in 

seed numbers following by a seed mass enhancement (Hoffmann, 1991). Topping suppresses stem 

elongation, resulting in a diversion of assimilate from the production of new vegetative (vegetative 

sink) organs to seed formation and development (reproductive sink).  

These results are in line with findings of  Kasture et al. (2002) who reported that topping of two Indian 

spinach cultivars significantly enhanced seed yield and Mollah, Rahman, Tareq, Hoque, and Hasan 

(2015) who stated that seed yield in the topped plants was increased compared to non-topped  plants. 

Mollah et al. (2017) also reported an increase in kenaf seed yield when the crop was topped at 45 days 

after emergence. Seed yield increases following apical topping have also reported by Marie et al. 

(2007) on okra. Chynoweth et al. (2014) also reported that treating ryegrass plants with 2.4 l/ha TE at 

Zadoks growth stage 32, resulted in a significant increase in the number of seeds per/m2 , but not in 

the TSW. 

Application of PGRs in some cases (cytokinin 500 ppm at BBCH 49 and cycocel 750 g ha-1 at BBCH 19 

in Methven) produced a negative effect on the seed yield. Seed yield loss for both treatments related 
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to a reduction in number of seeds per plant which was 28% for Cytokinin 2 and 25% for cycocel (C1) 

treatments. A reduction for TSW of the seed bulk was also documented for cytokine 2 treatment.   

There was no correlation between plant height or number of branches and seed yield (Table 4-10). It 

might be concluded that the increase yield in spinach crop mostly relate to number of seeds per cluster 

and TSW rather than number of branches or plant height. 

Table 4-10   Relationship between plant characters and seed yield. 

 

 

 

 

Flowering 

Spinach flowering is initiated primarily by day length and enhanced by integrated environmental 

factors, particularly temperature (Navazio & Colley, 2007). Photoperiodic control of stem elongation 

and subsequent floral development is mediated by GAs (Wu, Li, Gage, & Zeevaart, 1996). In this study, 

exogenous application of 150 ppm of GA3 at the seedling stage (BBCH 19) or before flowering (BBCH 

49) under an inductive photoperiodic (daylength 15 hours) significantly affected emergence of the 

first flower on the inflorescence. However, application of cytokinin or topping did not affect flower 

emergence. The effect of gibberellin on bolting might be as a result of an increase in the endogenous 

gibberellin level in the plant (Deepak et al., 2007). GA involves increased expression of LEAFY (LFY), 

which is a floral meristem gene and by activating it, LFY stimulates flowering (Sumitomo, Li, & 

Hisamatsu, 2009). The results are in conformity with the finding of Zeevaart (1983) who reported 

several brassica cultivars were induced to flower with exogenous GA3 under non-inductive 

photoperiodic conditions, a result also reported by Ravat and Makani (2015) on okra and Sumitomo 

et al. (2009) on chrysanthemum. Flower initiation in spinach in south Canterbury occurs from mid 

November to mid December, depending on sowing date, variety and climatic conditions. In some 

years, as a result of the late sowing time or low poor flowering synchrony between female and male 

lines, hybrid spinach seed production was negatively affected (J. McKay, pers. comm., 2015). 

According to the results of the study, application of GA3 at either seedling stage or before flowering 

could address this issue.  

 

Plant characters                            Seed yield (r value)            Level of significance   

 
Plant height                                              0.0622                                     ns 
 
Number of branches                               0.0808                                     ns 
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The response of plant species to PGRS or topping in height or branch number differs (Mandel, Rood, 

& Pharis, 1991; Marie et al., 2007; Pourmohammad et al., 2014). In this study plant height and number 

of branches per plant were not markedly affected by PGRs or topping. A possible reason for this result 

might be due to the variation among replicates which minimised the treatment effects. The other 

possible reason might be attributed to physiological characteristics of the spinach line which was not 

affected by the applied rate of the PGRs. Similar results were reported by Halmann (1990)  in Lisianthus 

where application of cycocel did not affect plant height. However, Durrani, Subhan, Mehmmod, et al. 

(2010) observed an increase in spinach plant height when a 10-4 M solution of cytokinin was applied. 

Harvest index (HI) 

Harvest index was not affected by PGRs or topping in the first year but it was significantly (p 0.05) 

increased when TE was applied at BBCH 49 (TE1) or the spinach plants were topped at BBCH 75 (T2) 

in the second year at Selwyn Lake Road. The higher seed yield in the topping and TE treatments, 

combined with the inhibitory effects of TE on plant canopy and vegetative growth which resulted in a 

lower dry matter (data not shown) explain this result. The variation between results of the first and 

the second year could be related to seed yield and vegetative growth variation among years. The 

potential seed yield and canopy volume are the main components of the HI and they depend on the 

cultivars and field conditions which both differed through the years. The results are in line with the 

findings of Rolston et al. (2012) who reported an increase in HI by application of TE on Italian ryegrass. 

Photosynthetic active radiation (PAR) and leaf area index (LAI) 

Spinach canopy architecture differs among varieties and there is also a relationship between spinach 

dry and fresh matter and leaf area index. Corti, Marino Gallina, Cavalli, and Cabassi (2017) reported 

that spinach plants under stress and non-stress conditions had strong correlations between LAI and 

fresh and dry matter (r2 = 0.74 and 0.72 respectively). Almond (2009) found a decrease in LAI where 

spinach plant started to flower. This also coincided with a decrease in chlorophyll concentration. 

However, LAI was lower at the start and end of the growing season. 

In this study, LAI and PAR interception were influenced by application of cycocel at BBCH 49 (C4) at 

109 DAP in Dorie and Methven. In the second year topping at BBCH 75 (T2) and TE at BBCH 49 (TE1) 

had a considerable effect on PAR and topping at BBCH 71 (T1) on LAI at 88 DAP. The results indicated 

that plant growth inhibitors such as TE and cycocel mostly affected LAI and PAR interception by their 

inhibitory effects on vegetative growth. Effect of TE on canopy structure was outlined in the second 

year when it combined with CCC.  
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Higher light interception in the plants treated by TE and topping reflected in greater seed yield and 

number of seeds which can be attributed to increased photosynthesis. Higher PAR interception and 

LAI in spinach plants lead to increasing chlorophyll content until saturation point (optimum LAI) 

Almond (2009) resulting in higher dry matter (Corti et al., 2017) which resulted in a higher seed yield, 

seed number and seed mass. Higher PAR interception and LAI in the topping treatments improved 

seed quality and seed yield. This occurs by a temporary increase in net assimilate rate (NAR) without 

increasing photosynthetic rate and probably changes the hormone balance (Jones, 1972), which 

impacts on assimilate distribution pattern in plant organs. 

Relationships between LAI and PAR interception mostly were strongly positive but differed among 

growing stages as they were predominantly stronger at the earlier growth stage than later (Almond, 

2009) This could be related to LAI optimum which occurred at a later growth stage. The results are in 

line with the findings of Lunagaria and Shekh (2006) who reported a strong correlation (r2 = 0.9) 

between LAI and PAR interception in wheat. There is a positive relationship between LAI and seed 

yield until plants reach LAI optimum because the maximum canopy net photosynthesis or CGR (crop 

growth rate) occurs on LAI optimum and then decrease (Ali, Jeffers, & Henderlong, 2003). 

4.5 Conclusion 

In these field trials, the effects of PGRs (inhibitors and inductors) and topping on reproductive growth, 

seed quality and seed yield were investigated.  

Seed germination was not affected by PGRs or topping in the first year, but in the second year topping 

the plants at early seed development stage (BBCH 71) or a mixed exogenous application of TE and 

cycocel (1 l ha-1 of each) at the before flowering stage (BBCH 49) significantly (p<0.05) enhanced seed 

germination, but only by 6%. 

Seed vigour as assessed by the electrical conductivity test, was not improved by PGRs or topping. 

However, application of TE1 slightly decreased seed vigour at Dorie and Methven, but not at Selwyn 

Lake Road. 

Thousand seed weight of the seed bulk was not affected by PGRs or topping in the first year, but in 

the second year, topping the plants at BBCH 71 or application of TE and cycocel (1 l ha-1 of each) at 

BBCH 49 increased TSW. The results for seed grading also showed the plants topped at BBCH 71 

produced the highest percentage of seeds in the 3 < 𝑚𝑚 seed grade category in all locations except 

for Dorie.  
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Seed yield was not improved by PGRs or topping treatments in the first year, but it was significantly 

(p<0.05) increased by topping at BBCH 71 or application of 1 l ha-1 of TE in the second year. 

The time of first flower appearance on the inflorescence was significantly earlier for the exogenous 

application of 150 ppm of GA3 at seedling stage (BBCH 19) or before flowering stage (BBCH 49) under 

inductive photoperiodic (daylength 15 hours) conditions. 

LAI and PAR interception mostly had a strong positive correlation. In the first year, CCC (C4) increased 

PAR interception at Dorie and decreased it at Methven when applied at 109 DAP (BBCH 71). In the 

second year, topping at BBCH 75 (T2) and TE1 at BBCH 49 increased light interception at 88 DAP (BBCH 

76). LAI was increased at 109 DAP at Dorie by CCC (C4). At Methven, CCC (C3) and CCC (C4) reduced 

LAI at 109 DAP. At Selwyn Lake Road, LAI was increased by topping at BBCH 71 when recorded at 88 

DAP and by CCC (C4) when recorded at 102 DAP.  Cycocel at Dorie and TE at Selwyn Lake Road 

increased LAI and PAR interception by inhibiting vegetative growth. Effect of TE on the canopy 

structure reflected in the higher PAR interception which resulted in a greater seed yield and number 

of seeds per plant. 

 

 

 



 

101 
 

                                                                          

Response of spinach to high temperature stress during seed 

development; a Biotron study 

5.1 Introduction 

The components of seed quality are gradually attained during seed development, reaching a maximum 

at or just after seed physiological maturity (PM) (Bewley & Black, 1994 ). Therefore environmental 

factors such as temperature that influence reproductive growth also impact seed quality (D.L. 

Dornbos, 1995). Climate change is predicted to increase the frequency of temperature stress (Meehl 

et al., 2007) According to predictions for an intermediate level of warming for most areas in New 

Zealand, the increase in mean annual temperature will be 0.9°C by 2040 and 2.1°C by 2090 (National 

Institute of Water and Atmospheric Research, 2012).   

The impacts of temperature during seed production are various. Response of seed germinability to 

lower or higher temperatures than the optimum depends on temperature intensity and seed moisture 

content. For example, Chenopodium album seeds had low germination when they had more 

accumulated days of high temperature (22  day/22  night,) during maturation compared with 

22/12  (Gutterman, 2000b). In soybean, plants which grew under a high temperature of 33/28   

after flowering produced seeds with low germination in comparison with seeds which matured under 

a temperature of 27/22  (Spears et al., 1997). However, in some instances, the response of the seed 

germinability to temperature experienced by the mother plants is reversed. For instance seeds of 

Amaranthus retroflexus which matured under a temperature of 27/22  had higher germination 

compared with 22/17   (Gutterman, 2000b). Navazio and Colley (2007) reported that a temperature 

of 28 °C during spinach pollination and the early seed development stage caused a reduction in 

germination. Spears et al. (1997) reported that increasing temperature during seed development 

reduces seed quality by elevating the number of wrinkled and abnormal seeds. High temperature 

stress before physiological maturity (PM) can reduce seed germination by affecting synthesis of 

assimilates (Hampton et al., 2013), and after PM mostly decreases seed vigour but also may reduce 

germination (Green et al., 1965). Shinohara et al. (2006) exposed two varieties of pea at the start of 

seed filling (before PM) to a day/night temperature of 30/20 °C for four days (240 °C h above a base 

temperature of 25 °C). They found this temperature stress decreased germination significantly, but 

exposure to the same stress after PM did not adversely affect germination.  Shinohara et al. (2006) 

measured hourly thermal time (HTT, °C h) during the seed development stage in pea and identified a 
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significant relationship between hollow heart percentage and temperature. Induction of hollow heart 

(a physiological seed disorder) before PM required 100 °C h but after PM there was no correlation 

between temperature and hollow heart. However, different cultivars had different responses to 

temperature. Similarity Matthews and Powell (2006) concluded that hollow heart was induced in pea 

plants which were exposed before PM to 30/25 °C for four days, but after the PM stage this did not 

occur. Rashid et al. (2017) reported that high temperature during seed development of a forage 

brassica (Brassica napus L.) influences seed germination. Heat stress before PM (80% SMC) 

significantly reduced seed germination by 6% and at PM (50% SMC) by 9%. The impacts in the second 

year were lower but also significant. The effects of high temperature on seed development and seed 

germination still need more investigation (Egli et al., 2005). 

Seed vigour loss is attributed to seed physiological deterioration (Hampton & Coolbear, 1990) through 

biochemical, cytological and genetic causes, which arise following lipid peroxidation (McDonald, 

1999). Lipid peroxidation leads to cellular degeneration through free radical attack on crucial cellular 

molecules (Wilson & McDonald, 1986). Shinohara et al. (2006) noted that seed cell membranes were 

deteriorated by high temperature during reproductive growth. High temperature stress resulted in 

mitochondrial deterioration, decreasing ATP accumulation and reducing amounts of oxygen uptake 

during imbibition of the wheat embryo (Grass & Burris, 1995). Rashid et al. (2017) also reported that 

brassica plants subjected to a high temperature stress both before and after PM produced seed with 

lower vigour. High temperature (33/28°C) during seed development in soybean did not influence seed 

germination but decreased seed vigour  (Adam, McDonald, & Henderlong, 1989 ). 

High temperature may diminish seed mass due to an increased seed growth rate and a reduction in 

the seed filling period (Young et al., 2004). Individual seed growth depends on cotyledon cell number 

determined at the starting of seed filling, and is associated with assimilate supply during cell division. 

After the onset of seed filling the seed growth rate does  not change, but can be reduced if 

photosynthesis activity cannot produce the assimilate demand for seed filling (Munier-Jolain & Ney, 

1998). Rashid et al. (2017) reported that the effect of high temperature during seed development on 

TSW of brassica varied. They found that temperature stress before PM decreased thousand seed 

weight by 8% and 6% in the first and second year respectively, but heat stress after PM did not reduce 

TSW. Seeds of Amaranthus retroflexus which matured at a higher temperature had a lower seed 

weight, however, than those produced at a lower temperature (Gutterman, 2000a).   

 

Seed yield components and therefore seed yield are influenced by environmental factors, especially 

temperature and solar radiation (Egli, 1994). Navazio and Colley (2007) reported that a temperature 
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of 28 °C during pollination and the early seed development stage of spinach caused a reduction 

in seed size and seed yield. 

Long-term weather data for Canterbury New Zealand during November to January show a mean 

temperature of less than 20 , but maximum daily temperature often exceeding 30  (Hampton, 

2004). Extreme heat events are also predicted to become more frequent, longer and intense than 

previously (Meehl et al., 2007). Climatic conditions during November to January (Table 5-1) are 

important for spinach seed production, because this is the time of flowering and seed development. 

Many authors have reported the adverse effects of temperature stress on seed quality of different 

crops (Adam et al., 1989 ; Rashid et al., 2017). 

Table 5-1   Mean & maximum daily temperature (°C) during the spinach growing season at Selwyn 
Lake Road, Canterbury, New Zealand over the last five growing seasons.  

Month             September              October                November               December             January       
GS* (BBCH)            0-9                         13-17                      18-51                       52-69                    71-99           
  Year             Mean      Max        Mean      Max        Mean     Max           Mean     Max       Mean      Max    
 
2016-17          8.7        20.9          11.2       24.6          13.2      27.7            14.7     27.9             16        31.6 
  
2015-16         7.4         20.1          11.7       25.6          11.7      25.9             13.3     31.3             14.4      28.7 
 
2014-15          8.7        20.1           10.4       23.4          12.3       27.3             14.4     28.8             16.9      32.5 
  
2013-14          9.1       19.8           12.1       25.7         13.2       27.8             15.3      27.9           16.5        - 
 
2012-13          9.3        22.1           10.8       23.8          11.3       25.4             16.3      28.4            16.8      33.0 
 
Average         8.6       20.6            11.2      24.6         12.3        26.8            14.8      28.8           16.5       31.5 

                                                                                                                                                                           

Source: HARVEST.com, Selwyn Lake Road. * GS: Growth stage, GS 0-9 germination, 10-19 leaf 

development, 33-39 rosette growth, 41-49 development of vegetative growth, 51-59 inflorescence 

emergence, 60-69 flowering, 71-79 development of seed, 81-89 seed ripening, 92-99 senescence. 

Objective and hypothesis 

The objective of this study was to determine the effect of high temperature stress during seed 

development on spinach seed yield and quality. The hypothesis was that high temperature stress both 

before and after PM would reduce seed quality (germination, vigour and TSW) and seed yield. 

5.2 Materials and methods 

A Biotron experiment was conducted at Lincoln University, New Zealand in the 2016-17 season. A 

hybrid spinach seed production field was provided by South Pacific Seeds (NZ) Ltd at Selwyn Lake Road 
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(43°40'16.5"S 172°18'28.4"E) in August 2016. Parental seed lines were SPS-9206 (F) and SPS-9207 

(M). Seeds of the female line were sown in 8.5 litre pots filled with field soil and then covered with 1 

cm of potting mix. The plants which emerged were left in the pots in the field until the start of the 

seed development stage. Pot were arranged so that there were 13 treatments and 4 replicates of each 

treatment. Each treatment included 2 pots (one plant per pot) per replicate. Plants in the control 

treatment were left in the pots in the field until seed harvest. Treatments were time of heat stress at 

developing seed moisture contents (SMC) of 75%, 50% and 35%,  and four durations of temperature 

stress  1, 2, 3, and 4 days at 30 °C  day/25 °C  night (60, 120, 180 & 240 ℃ hour respectively) plus the 

control. The hourly thermal time (HTU ℃ h) was calculated for heat stress treatments by using the 

formula (Ʃ [(T max + Tmin)/2 −  Tb]), where T max, T min and Tb, are maximum (30 ℃), minimum (25 ℃) 

and base temperatures (25 ℃) respectively.  

To determine the time of moving the plants in the pots to the Biotron, SMC was monitored weekly 

using the oven method as described in chapter 2 (section 2.2.2). As the seed maturity in indeterminate 

crops decreases along the inflorescence from bottom to top, SMC was measured for seeds produced 

at the middle of the inflorescence to determine the seed development stage. The first set of pots (32 

pots) were transferred from the field to the Biotron (Figure 5-1) at 75% SMC, the second set at 50% 

SMC and the third set at 35% SMC. The Biotron chamber used was 3 × 4 m, with cool white fluorescent 

lamps (model 840, Phillips), CO2 controller, and a clear glass barrier above adjusted to a 12-h 

photoperiod at 400 𝜇mol m-2 s-1 PAR and 30 ℃, 12 h dark at 25℃, and 40% relative humidity (this RH 

was selected based on field weather data where RH was around 40% when temperature was 30℃; 

see appendix 5) (Figure 5-2). Each set of pots (32 pots) was divided into four equal groups of 8 pots 

and subjected to 30/25 °C (day/night) for either 1, 2, 3 or 4 days. After this period they were returned 

to the field until harvest maturity. Harvest time was the same as used commercially, which was around 

8 – 10 % SMC. Plants were cut at the pot soil surface, then seeds were hand threshed and cleaned.  

Seed quality tests including standard germination, vigour (conductivity test), and thousand seed 

weight (TSW) were conducted according to ISTA procedures as already explained in Chapter 2. In order 

to identify whether the seed positions in the inflorescence (top, middle and base) responded 

differently to temperature stress the inflorescence was divided into three sections and germination 

and thousand seed weight assessed for seeds from all three positions. While for the germination test, 

two methods, between paper (BP) and pleated paper (PP) can be used (ISTA, 2018), pleated paper 

was used for this experiment because it is the method predominantly used by the seed laboratory of 

South Pacific Seeds (NZ) Ltd for testing spinach seed (Figure 5-3).  

To measure the seed yield per plant, seeds from two plants from each experiment unit were hand 

threshed, cleaned and weighed, then average seed yield per plant was calculated. The seed number 
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per plant was calculated based on the bulk TSW.  The total biomass of the two plants after seed 

harvesting was dried in an oven at 65 °C ±5 ℃ /48 h, weighed, and then harvest index (HI) calculated 

using the following formula:  

   HI =
𝑠𝑒𝑒𝑑 𝑦𝑖𝑒𝑙𝑑

𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
 × 100. 

Statistical analysis of data was done using Genstat software (18th edition). The experiment was 

organised in a Randomised Complete Block Design with four replicates. An analysis of variance 

(ANOVA) for four blocks with a 3 × 4 factorial and a control treatment (4 per block) and the 

unprotected test of least significant difference (LSD) (p<0.05 and P<0.01) were used for seed quality 

and seed yield component variables. Furthermore, to the relationships among dependent variables, 

regression analysis was performed. 

 

Figure 5-1   Spinach plants at the time of transferring pots from the field to the Biotron at 50% SMC.  
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Figure 5-2   Spinach plants under the high temperature stress in the Biotron. 

 

Figure 5-3   Seed germination testing. Pleated paper test method. 
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5.3 Results 

Seed germination 

The germination of spinach seeds from plants exposed to different periods of high temperature during 

seed development differed significantly (p 0.001) for both heat stress timing (HST) and heat stress 

duration (HSD)  (p 0.001)  (Table 5-2). A germination of 88% was recorded for the control. Heat stress 

at 75% SMC almost halved the germination (p 0.001), but while heat stress at 50% and 35% SMC also 

reduced germination significantly, the reduction was very small (Table 5-2). Increasing heat stress 

duration (  h) also significantly reduced germination (main effect, p 0.001), a trend also evident in 

the significant interactions between time and duration of heat stress (Table 5-2). At each time of heat 

stress, increasing the heat stress duration significantly reduced germination, but the germination 

losses were greater (p 0.001) at 75% SMC than 50%, or 35% SMC (Table 5-2). The adverse effects of 

heat stress on germination were greater before PM (75 & 50 SMC%) than at PM (35% SMC).  

Abnormal seedlings were significantly  (p 0.001) increased by heat stress when the stress  was applied  

at 75% or 50% SMC, but not at 35% SMC. Abnormal seedlings were also significantly (p 0.001) 

increased by all heat stress levels and were the highest when plants received 240  h. The interaction 

between timing and duration of heat stress significantly (p 0.001) increased abnormal seedlings, 

except for stress at 35% SMC for 1-3 days and 75% SMC for 3 days (Table 5-2). 

Heat stress timing, duration and the interaction between them significantly (p 0.001) increased dead 

seed percentage. Dead seeds increased as timing and level of the heat stress increased, and were also 

increased by the interaction effects of heat stress timing and duration (Table 5-2).   

Heat stress at 75% SMC, particularly for 1 and 2 days induced dormancy as the percentage of fresh 

ungerminated seeds was increased (p 0.001). Interaction effects of heat stress timing and duration 

did not influence ungerminated fresh seeds at 35% and 50% SMC for all durations, but it was increased 

by heat stress at 75% SMC at all levels (Table 5-2).  

The germination reductions following heat stress were because of an increase in dead seeds (4-50%), 

abnormal seedlings (6-14%) and ungerminated fresh seeds (0.05-15%) (Table 5-2) (Figure 5-4). 
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Figure 5-4   Germination test ready to assess after 21 days. Abnormal seedlings and un-germinated 
seeds: (a) Yellow and stunted seedlings, (b) roots trapped in the seed coat, (c) un-germinated fresh 
seed. 

Germination of seeds harvested from different inflorescence positions top (T), middle (M) and base 

(B) was significantly (p 0.001) influenced by both timing and duration of heat stress. Germination of 

seeds from the top position was reducd by heat stress at 75% and 50% SMC, but not at 35% SMC. All 

stress levels reduced germination of seeds from the top of the inflorescence. Interaction of time and 

duration of heat stress reduced germination of seeds from the top position at 75% and 50% SMC for 

all levels of heat stress, but at 35% SMC only when heat stress reached 240  h was germination 

significantly reduced (Table 5-2).  

Germination of seeds harvested from both middle and base inflorescence positions was also 

significantly (p 0.001) reduced at all heat stress timings and durations. A significant interaction 

between timing and duration of heat stress on germination was also observed for seeds from both 

middle and base inflorescence positions with the exception of the heat stress durations of 1 or 2 days 

(Table 5-2).  

 Germination percentage pattern along the spinach inflorescence increased from the top to the  base 

with heat stress (66% 71% 74%) or without stress (77%  89%),  top middle base 

respectively. To find out whether these differences were statistically different, analyses of variance 

for germination were done between seeds from the different positions, M & T, B & T and M & B and 

there was a significant difference between all positions (p 0.05 and p 0.01) with or without stress 

(Table 5-3). The highest difference in germination was recorded between seeds from the top and the 

a b c 
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base. Temperature stress at both 50 and 75 % SMC reduced the gap in the germination between 

positions. A similar effect was observed for heat stress duration. However, there was no significant 

difference in germination between seeds from the middle and top position when stressed at 75% SMC.  
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Table 5-2   Effect of heat stress (HS) during seed development on germination of hybrid spinach 
seeds. 

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, ***= Significant at p< 0.001, 1 Significance of linear 
trend in HST (75%, 50% and 35%), 2 Significance of linear trend in HSD (1, 2, 3 and 4 days), 3 Significance of interaction 

between linear trends in HST and HSD; germination of seeds from the top, middle and base of the inflorescence.  

Treatments                  Germination   Abnormal     Dead seed   Ungerminated                  Germination (%)4__                      
Heat stress timing (HST)     (%)         seedlings (%)      (%)          fresh seed (%)     Top            Mid          Base 

HST    
Control (no HS)                      88.5             6.7                   4.2                   0.5                77.1            88.0        89.0 

HS at 75% SMC                      41.6             11.2                 37.1                 9.9                45.7            51.7        55.8 

HS at 50% SMC                      80.5             11.2                 8.0                   0.4                74.7            78.4        79.8 

HS at 35% SMC__                  86.2             6.8                   6.7                   0.3                77.1            83.0        87.0 

LSD (5%)                                  0.6               0.5                   0.8                   0.4                 0.5              0.6          0.6 

Significance of difference1   ***              ***                 ***                  ***                 ***            ***          *** 
____________________________________________________________________________________                         
Heat stress duration (HSD)      

Control (no HS)                      88.5            6.7                   4.2                  0.5                  77.1          88.0         89.0                 

HSD 1 day (60 ℃ h)               77.6            9.6                  10.9                 5.4                  69.2          76.2        78.8 

HSD 2 days (120 ℃ h)           75.9            9.6                  14.0                 4.5                  67.2          71.0        74.7 

HSD 3 days (180 ℃ h)           72.2            8.7                  21.5                 3.0                  65.5          69.7        72.3       

HSD 4 days (240 ℃ h)           71.1            10.9                22.5                1.2                   61.7          67.3        71.0 

LSD(5%)(Ctrl vs a HSD)          0.7              0.5                   0.8                  0.5                   0.6            0.6          0.6 

LSD(5%)(HSD treatments)    0.7              0.5                   0.9                  0.5                   0.6            0.6          0.6 
Significance of difference2   ***             ***                  ***                 ***                  ***           ***         *** 
___________________________________________________________________________________                   
HST and HSD                      
Control (no HS)                      88.8            6.7                  4.2                 0.5                   78.5         88.0           89.0 

HS at 75% SMC 1 day            50.0           14                   21.0              15.0                  55.0         61.0           66.0              

HS at 75% SMC 2 days          43.5           14.6               28.4               13.1                  49.0         54.0          54.2 

HS at 75% SMC 3 days          36.1            7.0                  48.2              8.6                   40.0         46.0           52.0 

HS at 75% SMC 4 days          37.0            9.2                 50.7               2.9                    39.0         46.0          51.0 

HS at 50% SMC 1 day            84.0            9.9                 5.4                 0.7                    77.5          81.7         82.0 

HS at 50% SMC 2 days          83.5            8.0                 8.1                 0.0                    73.0          80.0         80.7 

HS at 50% SMC 3 days          79.2           12.5               7.9                  0.4                    73.0         79.0          80.0 

HS at 50% SMC 4 days          74.9           14.2               10.4                0.5                   70.0         72.0          76.0 

HS at 35% SMC 1 day           88.1            5.0                  6.4                 0.5                    79.3         87.2          88.2 

HS at 35% SMC 2 days          87.6            6.2                 5.6                 0.5                    78.5         87.3          89.0  

HS at 35% SMC 3 days          85.0            6.7                 8.2                 0.0                    78.0         86.0          85.0 

HS at 35% SMC 4 days          84.0            9.1                 6.5                 0.4                    76.0         85.0          86.0 

LSD(5%)(Ctrl vs a HS)            1.0              0.7                 1.2                 0.7                     0.9           0.9            0.9 

LSD(5%)(HS treatments)      1.3              0.9                 1.5                 0.8                     1.1           1.1            1.1 

Significance of difference3   ***            ***                ***                ***                    ***          ***           *** 
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 Table 5-3   Differences in germination and TSW of seeds from heat stressed hybrid spinach plants 
between different inflorescence positions. 

An * indicates the difference (e.g. M-T) is significantly different from zero, so M and T have significant difference 
at p < 0.05. ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, ***= Significant at p< 0.001 
1 Difference of seeds from middle (m) and top (T) inflorescence positions in germination or TSW. 2 Difference of 
seeds from base (B) and top inflorescence positions in germination or TSW  3 Difference of seeds from middle 
and base inflorescence positions in germination or TSW. 4 Significance of linear trend in HST (75%, 50% and 35%), 
5 Significance of linear trend in HSD (1, 2, 3 and 4 days), 6 Significance of interaction between linear trends in HST 
and HSD. 

Treatments                                                   Germination (%)___                                          TSW (g)________      
Heat stress timing (HST)                     M-T1            B-T2            M-B3                     M-T1          B-T2          M-B3   

HST    

Control (no HS)                                    10.9*           11.9*          -1.0*                       1.0*           1.2*         -0.2 

HS at 75% SMC                                     6.0               10.1*         -4.1*                        0.3             0.7           -0.4 

HS at 50% SMC                                     3.7*             5.1*           -1.4*                        0.5             0.7           -0.2 

HS at 35% SMC__                                 5.9*             9.9*            -4.0*                       0.7             0.5            0.2 

LSD (5%)                                                 0.8               0.8               0.7                         1.0             1.2            1.4   

Significance of difference4                  *                   **                 *                            ns               ns             ns_                         

Heat stress duration (HSD)       

Control (no HS)                                   10.9*           11.9*          -1.0*                       1.0*           1.2*         -0.2 

HSD 1 day (60 ℃ h)                            7.1*             9.7*            -2.6*                       0.7             0.4            0.3 

HSD 2 days (120 ℃ h)                        3.8*             7.5*            -3.7*                       0.4             0.9           -0.5 

HSD 3 days (180 ℃ h)                        4.2*             6.8*            -2.7*                       0.6             0.6            0.0 

HSD 4 days (240 ℃ h)                        5.7*             9.3*            -3.7*                       0.4             0.7           -0.3 

LSD(5%)(Ctrl vs a HSD)                       0.9               0.8               0.8                          1.0             1.2            1.5 

LSD(5%)(HSD treatments)                 0.9               0.8               0.8                          1.1             1.3            1.6 

Significance of difference5                **                 *                  *                             ns              ns              ns_                

HST and HSD                       

Control (no HS)                                 10.9*            11.9*           -1.0                        1.0             1.2           -0.2 

HS at 75% SMC 1 day                       6.0*             11.0*            -0.5                        0.2             0.9           -0.7 

HS at 75% SMC 2 days                     5.0*              5.2*             -0.2                         0.1            0.7           -0.6 

HS at 75% SMC 3 days                     6.0*             12.0*           -6.0*                       0.7            0.1            0.6 

HS at 75% SMC 4 days                     7.0*             12.0*           -5.0*                       0.4            1.0           -0.7 

HS at 50% SMC 1 day                       4.2*             5.0*             -0.7                         0.7            0.2            0.5 

HS at 50% SMC 2 days                     7.0*             7.7*             -0.7                         0.6             1.2           -0.5 

HS at 50% SMC 3 days                     1.5*             1.5*              0.0                          0.3            0.9           -0.6 

HS at 50% SMC 4 days                     2.0*             6.0*             -4.0*                       0.2            0.4           -0.2 

HS at 35% SMC 1 day                       11*              13.0*          -2.0*                        1.1            0.1            1.0 

HS at 35% SMC 2 days                     -0.5              9.5*            -10.0*                      0.4           0.7           -0.3 

HS at 35% SMC 3 days                      5.0*            7.0*            -2.0*                        0.7            0.6            0.0 

HS at 35% SMC 4 days                      8.0              10.0             -2.0*                       0.7            0.6            0.1 

LSD(5%)(Ctrl vs a HS)                        1.3              1.2                1.2                           1.5           1.8            2.2 

LSD(5%)(HS treatments)                  1.6              1.6                1.5                           1.9           2.3            2.8 

Significance of difference6               **               **                  **                           ns            ns               ns 
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Seed vigour 

Seed vigour as assessed by the electrical conductivity (EC) test was significantly (p 0.001) affected by 

heat stress timing, duration and the interaction between the two (Table 5-4). Seed vigour loss 

increased most at the two earlier timings. Vigour loss for heat stress at PM was also significant but 

less than at the earlier timings. Increasing heat stress duration (  h) also significantly reduced vigour 

(main effect, p 0.001), a trend also evident in the significant interactions between timing and 

duration of heat stress (Table 5-4). At each time of heat stress, increasing the heat stress duration 

significantly reduced vigour, but the losses were greater (p 0.001) at 75% SMC than 50%, or 35%SMC 

(Table 5-4). The reduction in vigour was greater where seeds were exposed to heat stress at the early 

stages of seed development (75% and 50% SMC) than at PM (35% SMC). 

Thousand seed weight (TSW)  

TSW of spinach was measured for the entire inflorescence and also for seeds harvested from different 

inflorescence positions (top, middle and base). Heat stress at 75% and 50% SMC significantly (p 0.05) 

reduced TSW but heat stress at 35% did not. No major variation was found in TSW among heat stress 

durations (1-4 days) but high temperature for 3 or 4 days significantly (p 0.05) reduced TSW 

compared with the nonstressed control. The interaction effects between HST and HSD on TSW was 

not large, but TSW of seeds from plants under heat stress for 3 or 4 days at 75% SMC was significantly 

reduced (p 0.05) (Table 5-4) compared with the nonstressed control. In general, spinach plants 

exposed to heat stress for 3 or 4 days at the seed filling stage (75% SMC) had the largest reduction in 

TSW.  

The effect of temperature stress on TSW of seeds from different inflorescence positions differed. TSW 

of the seeds from all positions did not respond to high temperature at 35% SMC (PM) but it was 

reduced at 50 or 75% SMC (p 0.05, p 0.001) (Table 5-4). A short period of heat stress for one day 

did not affect TSW from all positions, but longer stress reduced TSW of seeds from the top and middle 

of the inflorescence. Seeds from the base of the inflorescence were more tolerant to heat stress than 

those from the top and middle, however their TSW was reduced when heat stress was longer (3 or 4 

days). The interactions effects of heat stress timing and duration on TSW of seeds from different 

positions also showed seeds from the base of the inflorescence were more tolerant to heat stress than 

those from the other positions. TSW of seeds from the top and middle was significantly reduced by 

heat stress at 50 and 75% SMC but seeds from the base were not affected even at 50 and 75% SMC 

for 1 or 2 days (Table 5-4).  

 TSW of seeds from control plants harvested from the different inflorescence positions significantly 

differed when compared between middle and top (M-T) and base and top (B-T), but it did not differ 
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for seeds from the middle and base (M-B). TSW of seeds from the different inflorescence positions 

from plants under all the heat stress treatments did not differ (Table 5-3). 

Harvest index (HI) 

Temperature stress significantly (p 0.001) reduced HI where spinach plants received heat stress at 

50 and 75% SMC. There was no major difference in HI among heat stress duration treatments, but 

there was a significant (p 0.05) difference in HI between non-stressed plants and plants exposed to 

any period of the heat stress. The interaction effects between heat stress timing and duration on HI 

among heat stress treatments were not significant, but there was significance (p 0.05) when the 

interaction effects were compared with non-stressed plants. Spinach plants subjected to heat stress 

for 1-4 days at 75% SMC or 3-4 days at 50% SMC had a significantly reduced HI (Table 5-4). 

Seed yield per plant 

Seed yield per plant was significantly (p 0.001) reduced when heat stress was applied at 75 or 50% 

SMC and decreased with increasing heat stress (p 0.05). The interaction effects of heat stress timing 

and duration on seed yield among heat stress treatments were not significant, but there was 

significance (p 0.05) when the interaction effects were compared with non-stressed plants. Spinach 

plants exposed to heat stress for 1-4 days at 75% or 50% SMC had  a significantly lower seed yield. 

Increasing stress from 60 to 240  h at 30% SMC did not affect seed yield (Table 5-4). 

Seed number per plant 

Seed number per plant was significantly (p 0.001) decreased by heat stress applied at 75 or 50% SMC. 

However, heat stress at PM (30% SMC) did not affect seed number. Spinach plants also responded to 

heat stress duration and had significantly fewer seeds than non-stressed plants when exposed to heat 

stress of 120-240  h. Heat stress of 60  h did not influence seed number. The interaction effects 

between heat stress timing and duration on seed number when compared to nonstressed plants were 

significant (p 0.05). All heat stress levels at 75% and 50% SMC reduced seed number, but this did not 

occur for heat stress at 35% SMC at any heat stress level (Table 5-4). 
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Table 5-4   Effect of heat stress (HS) on hybrid spinach seed vigour, thousand seed weight, seed yield.  
and seed number. 

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, ***= Significant at p< 0.001. 
1 Significance of linear trend in HST (75%, 50% and 35%), 2 Significance of linear trend in HSD (1, 2, 3 
and 4 days), 3 Significance of interaction between linear trends in HST and HSD. 

Treatments                         Conductivity       Thousand seed weight (g)__          HI      Seed yield   Seed no           
Heat stress time (HST)    (µS cm-1 g-1)   Plant      Top          Mid           Base         (%)   per pl-1 (g)   (per pl-1) 

HST 

Control (no HS)                          57.5           9.2          8.7           9.7             9.9            39.1          29.8            3406 

HS at 75% SMC                          78.5           7.7          7.2           7.5             7.9            13.8          10.0            1326 

HS at 50% SMC                           71.5           8.2          7.7           8.2             8.4            20.5          16.0            2379 

HS at 35% SMC__                      64.0           8.5          8.7           9.4             9.2           34.2          25.1            3308 

LSD(5%)                                       1.5            0.9          0.6           0.7             1.1            7.7             5.1              864 

Significance of difference1          ***           ns           ***          ***             *               ***           ***              *** 

__________________________________________________________________________________ 

Heat stress duration (HSD)   

Control (no HS)                            57.5          9.2          8.7           9.7             9.9            39.1          29.8            3406                         

HSD 1 day (60 ℃ h)                     65.6         8.6          8.4           9.1              8.8            26.3         20.5             2630 

HSD 2 days (120 ℃ h)                 69.0         8.5          7.9           8.3              8.8            24.2         17.1             2266 

HSD 3 days (180 ℃ h)                 72.7         7.9          7.7           8.3              8.3            22.1         17.1             2421 

HSD 4 days (240 ℃ h)                 78.0         7.7          7.3           7.7              8.0            18.8         13.4             2034 

LSD(5%)(Ctrl vs a HSD)              1.6          1.0          0.6          0.8             1.2             8.3           5.5            934 

LSD(5%)(HSD treatments)        1.7          1.1          0.7          0.9             1.3             8.9           5.8            998                                        

Significance of difference2           ***          ns           ***         ***             ns              ns            *                 ns 

_________________________________________________________________________________                   

HST and HSD                      

Control (no HS)                            57.5        9.2          8.7          9.7              9.9           39.2          29.8             3406 

HS at 75% SMC 1 day                  71.5        8.5          7.8          8.1              8.8           19.5           15.2            1816 

HS at 75% SMC 2 days                71.7        8.2          7.5          7.6              8.2           12.0           10.1            1464 

HS at 75% SMC 3 days                82.2        7.2          7.2          7.9              7.3           13.1           8.1              1148 

HS at 75% SMC 4 days               88.5       7.1          6.2          6.5             7.2          10.8           6.5              875 

HS at 50% SMC 1 day                  65.7        8.7          8.4          9.2              8.7           23.2           21.1           2355 

HS at 50% SMC 2 days                70.7        8.5          7.6          8.2              8.8          28.6           19.1            2435 

HS at 50% SMC 3 days                71.5        8.0          7.6          7.9              8.5          19.5           14.5            2396 

HS at 50% SMC 4 days                78.0        7.7          7.4          7.6              7.8          10.8           9.5e            2330 

HS at 35% SMC 1 day                 59.6        8.7          9.1         10.2             9.1           36.3          25.3            3717 

HS at 35% SMC 2 days                64.5        8.7          8.7          9.2             9.5           31.9          22.1            2898 

HS at 35% SMC 3 days                64.5        8.4          8.5          9.5             9.1           33.8          28.8            3718 

HS at 35% SMC 4 days                67.5        8.4          8.5          9.2             9.1           34.8          24.3            2897 

LSD(5%)(Ctrl vs a HS)                  2.3          1.5          0.9          1.2             1.8          12.2           8.0              1367 

LSD(5%)(HS treatments)            3.0          1.8          1.2          1.5             2.3          15.4           10.1            1729 

Significance of difference3            ***          ns           ns            ns               ns            ns               ns               ns 
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5.4 Discussion  

Germination 

Environmental conditions can affect physiological and morphological states of seeds which influence 

seed quality (C. C. Baskin & J. M. Baskin, 2014). There have been many reports that environmental 

conditions experienced by maternal plants during seed development affect seed germination(Fenner, 

1991). Temperature stress during the seed filling stage has been reported to reduce seed germination 

in soybean (Egli et al., 2005; Spears et al., 1997; Zanakis, Ellis, & Summerfiel, 1994), in spinach  

(Navazio & Colley, 2007), in pea (Shinohara et al., 2006) and in brassica (Rashid et al., 2017).  

The current study showed that heat stress during seed development and at PM for different periods 

reduced germination. The reduction in germination differed among timings and duration of the heat 

stress. The highest reduction occurred at the earliest application time (75% SMC) combined with the 

longest period (4 days). Heat stress at the earlier seed filling stages (75% & 50% SMC) had a more 

severe negative effect on germination than stress at PM. Temperature stress for a short period (1 day, 

60  h) at PM did not affect germination percentage. Highly significant correlations were found 

between heat stress timing and duration and seed germination (r2 = 0.93 and r2 = 0.96 respectively) 

(Figure 5-5). Seed germination decreased when the timing of heat stress was early and when the 

duration of heat  stress was longer.  

  

Figure 5-5   Relationship between heat stress and spinach seed germination, a: correlation between 
heat stress timing and germination, b: correlation between heat stress duration and germination. 

 

The germination reduction was mainly a result of a high number of dead seeds and to a lesser extent 

the number of abnormal seedlings.  
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In the current study, heat stress at higher SMC affected seed germination more negatively than at 

lower SMC.  Bailly, El-Maarouf-Bouteau, and Corbineau (2008) explained that loss of seed viability as 

a result of heat stress depends on the seed moisture content. When SMC in sunflower was above a 

threshold (21% SMC) high temperature caused oxidative damage by lipid peroxidation which lead to 

a decrease in seed viability, but when SMC was less than the threshold, oxidative damage did not 

occur. However, the threshold must differ among species because for spinach seeds were not affected 

by heat stress at 35% SMC. What is not known is the actual threshold SMC for spinach. It may be 

greater than 35%, but this needs to be determined. The content of reactive oxygen species (ROS) such 

as hydrogen peroxide (H2O2) is high during early seed development to allow metabolic activities. The 

ability of seeds to germinate depends on a balance being maintained between ROS and antioxidant 

enzymes (Bailly et al., 2008). Heat stress decreases the activity of the ROS scavenging antioxidant 

enzymes, including superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and 

glutathione reductase (GR) which leads to a build up of ROS resulting in seed deterioration following 

lipid peroxidation. Seeds developed under temperature stress also have other disturbances to their 

metabolic system including a decrease in ATP (adenosine triphosphate) and AEC (adenylate energy 

charge). Cell membranes and mitochondria are also damaged, resulting in a decrease in mitochondrial 

ATP, which is a main source of energy for the active oxidative phosphorylation needed to complete 

the germination process. Seed deterioration as a result of oxidative stress is considered to be a major 

cause of decreased structural integrity and increased mortality of seeds (Bailly et al., 2008). 

Abnormal seedlings were the second contributor to germination loss. Most of the abnormal seedlings 

had at least one of these features, a short radicle, a stunted hypocotyl, a root trapped in the seed coat 

or yellow cotyledons. Abnormal seedlings are a consequence of mechanical damage to the embryo, 

plant disease or defects in the physiological makeup of the embryo (Egli et al., 2005). As seeds were 

cleaned by hand and no pathogen infection was observed during the germination test, the production 

of abnormal seedlings in the absence of disease or mechanical damage can be attributed to the high 

temperature stress. In stress environmental conditions oxidative stress as well as resulting in seed 

death can also result in the production of abnormal seedlings (Bailly et al., 2008).  

The results of this study are very similar to the findings of Rashid et al. (2017) who reported a reduction 

in seed germination for forage rape under heat stress conditions both before and after physiological 

maturity. The results  are also in conformity with the findings of Egli et al. (2005) who reported that 

dead seed was the reason for low germination in soybean when plants were exposed to heat stress 

during the seed filling stage. 
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Recent weather data for Canterbury shows that high temperature stress (temperature above 25 ) 

predominantly occurs during the spinach seed filling stage which start from about 10 December and 

continue by the end of seed filling stage about 20th February for 9 weeks (see Appendix 6 & 7). Heat 

stress intensity differed throughout the years and included short and serious stresses. The heat stress 

occurrence were more frequent in late January and during February which is coincident with the seed 

filling stage (75 - 50% SMC) which can seriously affect seed germination (Table 5-2). Heat stress 

( 25 ) during seed filling stage was 312 , 879  and 788  in 2016-17, 2017-18 and 2018-

19 growing seasons respectively. The serious heat stress ( ) was 5 , 21.5  and 19  

during this period (see Appendix 6 & 7). Therefore, regarding the results of the current experiment, 

these heat stresses during the seed filling stage particularly at the early stage (75% SMC) can 

negatively affect germination of spinach seed produced in Canterbury.  

 

 

Figure 5-6   Dead seeds following heat stress at 75% for 3 days at the end of the germination test.  

Seed vigour 

High temperature stress during seed filling negatively influences seed vigour (Rashid et al., 2017; 

Shinohara et al., 2006). The effects depend on the heat stress intensity, stage of seed development 

and cultivar. Reduction in seed vigour has been reported following heat stress either before PM (Egli 

et al., 2005; Shinohara et al., 2006) or after PM  (Hampton, 2000; Rashid et al., 2017). 
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The present study has shown that seed vigour as assessed by the electrical conductivity (EC) test was 

negatively influenced by heat stress, and there was a strong correlation between heat stress timing 

(r2= 0.97) and duration (r2= 0.99) with seed vigour (p  (Figure 5-7). Spinach plants exposed to 

heat stress either before or at PM produced seed with low vigour. The results also showed that spinach 

seed germination and vigour had a similar response to heat stress under different timing and periods. 

However Rashid et al. (2017) reported that in brassica heat stress which was not severe enough to 

reduce germination, did reduce seed vigour, which explains why high germinating seed lots can have 

poor vigour.  

Negative correlations were also found between seed germination and electrical conductivity (positive 

correlation with seed vigour) (r2=0.62 (Figure 5-8). Seeds with high germination had greater seed 

vigour (low conductivity).  

 

Figure 5-7   Relationship between heat stress and conductivity, a: correlation between heat stress 
timing and conductivity, b: correlation between heat stress duration and conductivity. 

 

Figure 5-8   Relationship between germination and seed vigour of heat stressed seeds. 

Heat stress during seed development can influence different processes associated with seed filling 

such as nutrient uptake, assimilate supply, partitioning and remobilization of nutrients and/or 
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physiological and biochemical events and ultimately seed composition (Kaushal, Bhandari, Siddique, 

Nayyar, & Tejada Moral, 2016). It also may alter the contribution of assimilate supply from both 

current assimilation or pre-anthesis stored reserves (Blum, 1998). The reduction of assimilation may 

cause weaker membrane integrity (Powell, 1988) leading to increased electrical conductivity. 

Seed vigour loss is as a result of seed deterioration (aging) and the main factor for seed deterioration 

is the constant generation of ROS during aerobic metabolism as a consequence of environmental 

stress such as a high temperature (K. Chen, Fessehaie, & Arora, 2012). Increasing the ROS (H2O2) 

concentration as a consequence of heat stress causes progressive oxidative damage to lipids, proteins, 

carbohydrates and DNA chains. The hydroxyl radicle (OH-) and superoxide radicle O-
2 are unpaired 

electrons. They can cause lipid peroxidation as free radicals by deterioration of polyunsaturated fatty 

acids (Repetto, Boveris, & Semprine, 2012). Lipid peroxidation occurs following oxidative stress which 

damage the membranes of cells containing polyunsaturated fatty acids (PUFA) (Dix & Aikens, 1993). 

PUFA are sensitive to attack by ROS. Increasing peroxidation decreases membrane fluidity, resulting 

in an increase in leakage of cell contents (Moller, Jensen, & Hansson, 2007) and subsequently vigour 

loss  (McDonald, 1999). While the outcomes of this oxidative damage is ultimately cell death, cell 

deterioration does not always proceed to this point, and seeds are still able to germinate in the 

absence of seed bed stress. These seeds are classified as having low vigour (Rashid et al., 2017).   

Heat stress increased conductivity ( and therefore decreased vigour)in pea and (Castillo, Hampton, & 

Coolbear, 1993; Shinohara et al., 2006) in soybean (Spears et al., 1997). Rashid et al. (2017) recently 

reported that exposure of forage rape (Brassica napus L.) plants both before and at PM to heat stress 

(30  day/25  night) for 4 days in a controlled environment significantly reduced seed vigour. Rashid 

et al. (2018) also found that forage rape at any stage of seed development (80% SMC to HM) 

responded negatively to heat stress for seed vigour, and the loss was greater as heat stress increased. 

Similar results were reported by Spears et al. (1997) in soybean in which seed vigour had a negative 

correlation with temperature stress intensity. The results of the current study are in line with these 

findings.  

 Seed mass 

Seed mass is a seed quality factor which is influenced by genetic factors, seed position within an 

inflorescence, seed maturity, and water and nutrient availability . High temperature may diminish 

seed mass due to an increased seed growth rate and a reduction in the seed filling period (Hampton 

et al., 2013)(Hampton et al., 2013) or a decrease in the rate of seed dry matter accumulation (Gibson 

& Paulsen, 1999). However Peltonen et al. (2011) stated that seed mass was not influenced by 
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increasing temperature. There is usually  no relationship between seed mass and seed quality 

attributes (Hampton et al., 2013)  and a reduction in seed mass does not necessarily mean a decrease 

in seed germination (Castro et al., 2006) or seed vigour (Powell, 2006). Spinach seed development, 

like for other species, includes three phases: cell division (phase I), seed filling (phase II) and 

desiccation (phase III) (Severino & Auld, 2013). Cell division starts with fertilization of the ovule and 

ends once the seed reaches the maximum number of cells. Accumulation of reserves (oil, protein, 

carbohydrate and minerals) during this phase is negligible. Then, the seed filling phase begins with a 

linear increase in dry weight and ends when the seeds reach PM, they are at their maximum dry 

weight. In the desiccation phase, the vascular connection of seeds with the mother plant ceases and 

seed moisture is lost (Egli, 1998; Munier-Jolain & Ney, 1998). High temperature, drought conditions 

and pest damage during phase II influence seed development by affecting assimilate supply to the 

seeds  (Munier-Jolain & Ney, 1998). 

The current study revealed that heat stress of plants at 75% SMC and 50% reduced thousand seed 

weight but not at 35% (PM) because seed filling stops once seeds reach physiological maturity. A short 

period of high temperature (1 or 2 days) did not influence seed mass, but increasing the period to 3 

or 4 days significantly reduced seed mass. There was also a strong negative relationship between 

timing and duration of heat stress and TSW (r2 = 1, r2 = 0.95 respectively), as seed mass decreased the 

earlier the heat stress was applied, and when heat stress duration was longer.  

 

Figure 5-9   Relationship between heat stress and TSW, (a): correlation between heat stress timing 
and TSW, (b): correlation between heat stress duration and TSW. 

TSW was significant correlated with seed vigour (conductivity) (r2 = 0.99) and seed germination (r2 = 

0.7) (Figure 5-10); seed germination and vigour increased as TSW increased. 
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Figure 5-10   Relationship between TSW, seed germination and vigour in spinach. The graph shows 
the correlation between TSW of spinach plants under stressed and nonstressed conditions with 
germination and vigour. The highest TSW (9.16 g) referred to nonstressed plants and the lowest 
TSW (7.7 g) referred to the plants subjected to heat stress at 75% SMC for 4 days. Note that the 
relationship between conductivity and seed vigour is inverse. The lower the conductivity the higher 
the vigour. 

High temperature induced reductions in seed mass depend on cotyledon cell number at the start of 

seed filling, and are associated with assimilate supply during cell division. After the onset of seed filling 

seed growth can be reduced if the plant’s photosynthetic activity cannot produce the assimilate 

demanded for seed filling (Munier-Jolain & Ney, 1998). Hampton et al. (2013) also demonstrated that 

elevating temperature may reduce seed mass due to an acceleration in seed growth, resulting in a 

reduction in seed filling duration. The  current results are in line with the findings of Rashid et al. (2017) 

who reported temperature stress before PM decreased thousand seed weight of brassica by 8% and 

6% in the first and second year respectively, but after PM it did not.  

Seed position and seed quality 

Several researchers have reported that in various crops, maternal factors such as inflorescence 

position on the mother plants or seed position in the inflorescence affect germination of the harvested 

seeds (Gray & Thomas, 1982; Gutterman, 1992). Seed position has been reported to affect quality 

attributes such as seed size, embryo size, germination and vigour depending on plant morphology, 

photosynthetic productivity and seed maturity (Hampton, 2000). The relationship between seed 

position and quality factors differs among plant species. In a study on three Spanish grasses, seeds 

from the base and centre of the inflorescences had significantly higher germination percentage than 

apical seeds (Gonzalez-Rabanal et al., 1994). In contrast in celery, seeds in the primary umbels (low 

position on the plant) had lower germination percentage compared with secondary, tertiary and 

quaternary umbels, although they had heavier seed mass (Thomas, Biddington, & O’Toole, 1979). 
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The present study indicated that heat stress reduced germination in all three positions with the 

exception of the stress at PM for 1 or 2 days.  There was also a considerable difference in germination 

within seed positions with or without temperature stress. Germination was higher in seeds from the 

base of the inflorescence than from the top, in both nonstressed and stressed conditions. The possible 

interpretation of these results could be due to the SMC variation of seeds from different positions 

because there were more undeveloped seeds in the upper position. Spinach has an indeterminate 

growth habit and produces flowers on the inflorescence constantly for around two months. Flowering 

begins at the base and moves upwards. Therefore, during seed development, SMC is higher at higher 

positions. The results are in line with the findings of Rashid (2016) who reported heat stress at 80% 

SMC reduced seed germination for seeds from all positions in brassica. Similar results were reported 

by  Gonzalez-Rabanal et al. (1994) in Spanish grass and Khalil et al. (2010) in soybean. However, Adam 

et al. (1989 ) stated that soybean seeds from the upper pod positions had higher germination and 

vigour than those from a lower position.   

Seed mass variation across the inflorescence has been documented for many crops. Keigley and 

Mullen (1986) reported that soybean seeds harvested from the middle of the soybean stem had 

heavier seed mass compared with seeds from other stem locations. Ghassemi-Golezani, Mousabeygi, 

Yaeghoob, and Aharizad (2010) reported that seeds from the base position of chickpea (Cicer 

arietinum L.) were superior in quality than seeds from the middle and top positions. These results are 

in line with the findings of the current study. Seed mass differed through the inflorescence positions 

and was significantly heavier at the lower positions for control plants but it was not for stressed plants. 

The variation in seed mass is the result of different amounts of carbohydrate being received by the 

seeds, depending on their positions within a plant (Deleuran et al., 2013). Seeds at the top position do 

not receive the same amount of assimilate as received by seeds at lower positions which can result in 

weaker seeds at the upper parts (Baskin & Baskin, 1998; Gonzalez-Rabanal et al., 1994). 

Seed yield and seed yield components 

The effect of heat stress on seed yield has been reported for many species including castor (Ricinus 

communis L.), soybean (Glycine max L.), maize (Zea maize) and wheat (Triticum aestivum) (Egli & 

Wardlaw, 1980; Severino & Auld, 2013; Soffield, Evans, Cook, & Wardlaw, 1977; Tollenaar & 

Bruulsema, 1988). Seed yield components and therefore seed yield are influenced by temperature 

and solar radiation during the seed filling stage (Egli, 1994).  

In this study, seed yield per plant was reduced when heat stress was applied during the seed filling 

stage (i.e. before physiological maturity). There was also a strong correlation between heat stress 
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timing (r2 = 0.93) and duration (r2 = 0.89) with seed yield per plant (Figure 5-11). Spinach plants also 

responded to the length of the heat stress as seed yield decreased as the heat stress period increased.  

  

Figure 5-11   Relationship between heat stress and seed yield per plant, (a): correlation between 
heat stress timing and seed yield, (b): correlation between heat stress duration and seed yield. 

Loss of seed yield in the heat stress treatments was associated with a significant reduction in seed 

mass and seed number per plant. There were positive correlations between seed yield and TSW (r² = 

0.76) and seed yield and seed number per plant (r² = 0.85) (Figure 5-12). 

 

Figure 5-12   Relationship between seed yield, TSW and seed number per plant in spinach. The graph 
shows the correlation between seed yield of spinach plants under stressed and nonstressed 
conditions with TSW and seed number. The highest seed yield (29.8 g) referred to nonstressed plants 
and the lowest seed yield (6.5 g) referred to the plants subjected to heat stress at 75% SMC for 4 
days. 

Temperature stress damages cell division and amyloplast replication resulting in a depletion of seed 

sinks and finally seed yield (Gan et al., 2004; Hatfield & Prueger, 2015; Navazio & Colley, 2007). 

Decreases in seed number as a result of heat stress have been reported in many crops including 
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sorghum (Djanaguiraman, Prasad, & Seppanen, 2010), chickpea (Devasirvatham et al., 2012), wheat 

(Gulioni, Wery, & Tardieu, 1997) and snap bean (Tsukaguchi, Kawamitsu, Takeda, Suzuki, & Egawa, 

2003). The results of the current study showed 60% reduction in seed number when the heat stress 

was applied at 75% SMC and a 30 % reduction at 50% SMC. Generally seed number in plants can be 

affected by heat stress during the cell division phase (phase I) which is from ovule fertilization to 

around 90% SMC and also seed filling stage which starts at the ending of phase I and ends at PM (Egli, 

1998). In the current study heat stress was applied during the seed filling stage, so the reduction in 

the number of seeds can be attributed to the physiological conditions of the mother plants and their 

ability to supply the seed with assimilates. Under stress conditions, plants will abort seeds if the 

assimilate supply is insufficient (Egli, 1998). Seed abortion was more severe when the stress was early 

in seed filling (high SMC), as seed number reduction at 75% SMC was greater than 50 % and it was 

negligible at 35%. Increasing temperature to 30-35℃ for a few days in chick pea, resulted in reduced 

photosynthesis and electron flow, and an interrupted metabolic pathway which reduced seed filling 

and decreased seed yield (Gaur et al., 2015). Heat stress also disrupted sucrose metabolism and supply 

to developing seeds in mung bean (Kaur, Bains, Bindumadhava, & Nayyar, 2015). The results of the 

current study are in conformity with the findings of  Ferris, Ellis, Wheeler, and Hadley (1998) who 

stated that a short high temperature stress decreased the number of seeds per ear and seed mass in 

wheat. Reduction of seed number in wheat by excessive heat during seed filling  also was confirmed 

by  (Barlow, Christy, O’Leary, Riffkin, & Nuttall, 2015). 

Heat stress significantly reduced harvest index because of the reduction in seed yield.  The heat stress 

timing had no effect on spinach non-reproductive biomass (data not shown). The results are in line 

with the findings of  Hatfield and Prueger (2015)  who reported that when sorghum and rice were 

exposed to temperature stress above 33℃, harvest index was reduced because seed yield was 

reduced.  

5.5 Conclusions 

Extreme heat events are predicted to become more frequent, longer and intense (Meehl et al., 2007). 

Long-term weather data for Canterbury New Zealand during November to January show mean 

temperature can exceed 20℃ and maximum daily temperature often exceeds 30 ℃ (Hampton, 2004) 

More extreme temperature incidents will influence plant growth and productivity. Seed filling is one 

of the most sensitive phenological growth stages of spinach to temperature stress, affecting seed 

quality and seed yield. The results of the current study showed that: 

 A short period of heat stress during seed filling reduced germination 
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 Seed germination for all heat stress application times decreased with increasing heat stress 

period (from 1 to 4 days or 60 to 240℃ hour), with the reductions being greatest the earlier 

the stress was applied during seed development. 

 Germination of seeds harvested from different inflorescence positions (top, middle and base) 

was  reduced by both heat stress timing and heat stress duration. 

 Germination of seeds harvested from the upper positions on the inflorescence was lower than   

for seeds from the lower positions. 

 Heat stress significantly reduced seed vigour.  

 Heat stress applied at 75 and 50% SMC reduced TSW but stress at 35% SMC did not. 

 Seed yield per plant was significantly reduced when heat stress was applied at 75 or 50% SMC, 

because the number of seeds / plant and TSW were reduced. 
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Effects of harvest methods on spinach seed quality 

6.1 Introduction 

Because of the indeterminate growth habit of spinach, seed maturity along the inflorescence is not 

uniform.  In commercial seed production, spinach seeds are therefore commonly harvested before all 

of them are fully matured to prevent losses because of adverse weather conditions. Harvest usually 

occurs around 4-5 months after sowing depending on the variety. When the colour of the lowest seed 

clusters turns yellow or olive green, they are considered mature and ready to be harvested (SPS, 2012). 

Seed moisture content at this stage is around 30%. The crop is either chemically desiccated at 30% 

SMC then direct harvested at about 10% SMC, or the plants are windrowed at 30% SMC and combine 

harvested 6-9 days later (SPS, 2012). Seeds after harvesting are dried to a moisture content of around 

10% for safe storage.  

Harvest time and harvest method can affect seed germination and vigour either because of physical 

damage or physiological damage associated with the seed desiccation process. Seeds harvested at 

over 10% SMC must be dried, and this process of moisture reduction may influence seed vigour   

 (Hampton, 1992). Seed deterioration can be considered as the major reason for reduced seed vigour 

(Hampton & TeKrony, 1995a). Seed deterioration following unfavourable weather conditions can 

often take place after PM (Hampton, 2000). Gray and Steckel (1985) reported that in parsnip seed a 

moisture loss of 10% daily because of a temperature of 28  and RH 60% reduced seed viability and 

vigour. Gray and Steckel (1985) reported that parsnip seeds collected from windrowed, field-dried 

crops had 0.7 days earlier seedling emergence than those from bin-dried crops. Seeds that are 

harvested immature or undeveloped and then immediately dried, cannot complete the 

developmental process to implement protective mechanisms, and therefore, they have lower viability 

in comparison with seeds harvested fully mature and dried naturally on the mother plant. Less mature 

seeds of cabbage had lower vigour and germination compared with mature seeds. Seed lots with a 

higher proportion of less matured seeds had fewer normal seedlings  (Groot, Soeda, & Geest, 2007). 

 Gray (1987) reported that combine harvesting vegetable seeds at PM led to seed deterioration as a 

result of physical damage to cell contents. Gane et al. (1984) stated that garden pea harvested at 15% 

SMC had more harvest damage and a reduced seed quality compared with seeds harvested at 25% 

SMC. Seeds at 25% SMC were better able to withstand the shock of mechanical harvesting as they 

encountered less physical damage and also had a lower exposure to high temperature and humidity 
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than seeds harvested at 15% SMC (Castillo, 1992). Mechanical damage to maize seed at harvest 

negatively affected seed vigour (Bruggink, Kraak, Dijkema, & Bekendam, 1991). 

Objective and hypothesis 

The objective was to evaluate the effect of harvest methods on seed quality. The hypothesis was that 

harvest methods, including using a chemical desiccant, windrowing and direct harvest is a cause of 

decrease spinach seed quality.   

6.2 Materials and Methods 

The experiment was conducted in a field provided by South Pacific Seeds (NZ) Ltd at Southbridge 

Canterbury, New Zealand (43° 50' S 172° 15' E) in the 2016-17 season. Parental seed lines were SPS-

9090 (F) and SPS-9091 (M). Plots of spinach (Spinacia oleracea) were assigned in an experiment 

arranged in a randomized complete block design with 10 treatments and four replications. The total 

number of plots was 40 (10 T × 4 R), each plot consisting of six rows of the female line four metres 

long (12 m2). Two spinach seed harvest methods are currently used by seed companies: i. the plants 

are windrowed at 30% SMC and combine harvested 6-9 days later; ii. the crop is chemically desiccated 

by diquat (Reglone diquat desiccant; Syngenta Crop Protection, Greensboro, N.C. 240 g/l diquat at 2 l 

product/ha) at 30% SMC then direct harvested at about 10% SMC. These methods were considered 

as the controls and compared with eight different harvest methods (Table 6-1) as follows: (I) cutting 

and threshing the plants at 30% SMC followed by drying seeds to reach 10% SMC; (II) cutting  at 30% 

SMC and drying plants to reach 15% SMC followed by threshing and drying seeds; (III) cutting at 30% 

SMC and drying plants to reach 10% SMC followed by threshing; (IV) cutting at 30% SMC and leaving 

plants in the swath for 2 days followed by threshing and drying seeds; (V) cutting at 30% SMC  and 

leaving plants in the swath for 4 days followed by threshing and drying seeds; (VI) cutting at 30% SMC 

and leaving plants in the swath for 6 days followed by threshing and drying seeds; (VII) cutting at 30% 

SMC and leaving plants in the swath for 8 days followed by threshing and drying seeds; (VIII) cutting 

at 10% SMC then threshing (Figure 6-1). To determine harvest time for each treatment, sampling for 

seed moisture content consisted of removing four randomly selected plants from each treatment (1 

plant from each replicate), three times per week starting about three weeks before the harvest time. 

Seeds were then hand threshed and from a subsample seed moisture content was measured using 

the method described in chapter 2-2-2. A Knapsack hand operated sprayer (model Solo 456) which 

had 6x110015 AIXR nozzle and 60 PSI pressure was used for spraying the diquat.  
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For drying, entire plants or harvested moist seeds were left in a well ventilated air drying room at a 

temperature of 30℃ . The drying duration differed depending on the sample SMC (Table 6-1). 

Crop management including irrigation, fertilizer application, spraying, rouging and weed control was 

carried out by SPS or the farmer as per common practice in spinach seed production fields. Irrigation 

was carried out by applying 30-50 mm per time. Male lines were removed when the female line had 

finished flowering. Plants from 1.5 m2 in each plot were hand harvested, and seeds were threshed 

using a thresher (Mobile belt & roller thresher, NZ). Seed yield was determined for each plot on a 

subsample of plants hand harvested from a 1.5 m2 area. Subsamples were taken from the seed lot 

from each plot to measure seed quality. Seed quality tests including standard germination, vigour 

(conductivity test), thousand seed weight (TSW), were conducted according to ISTA procedures as 

already explained in Chapters two and three. Hectolitre seed weight was measured using a hectolitre 

instrument (PM-600) and results expressed in gram per litre. Seed size grading was done for all 

treatments as described in Chapter four. 

Statistical analysis of data was done using Genstat software (18th edition). The experiment was 

organised in a Randomised Complete Block Design with 10 treatments and four replicates. Analysis of 

variance (ANOVA) and Fisher’s unprotected test of least significant difference (LSD) (p<0.05 and 

P<0.01) were used for seed quality data and agronomic factors.  

 

Figure 6-1   Spinach harvesting methods, a: cutting plants and leaving in swath for two to eight days, 
b: cutting plants and moving to a drying room at a temperature of 30℃. 

 
 

(b) (a) 
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Table 6-1   Process for the different harvest treatments from cutting to drying. 

 
1 Cutting at 30% SMC, leaving in swath, then harvesting at 10% SMC, 2 spraying at 30% SMC and 
harvesting and threshing at 10% SMC, 3 cutting and threshing at 30% SMC, 4 cutting at 30% SMC and 
threshing at 15% SMC, 5 cutting at 30% SMC and threshing at 10% SMC, 6 cutting at 30% SMC, leaving 
in swath for 2 days then threshing, 7 cutting at 30% SMC, leaving in swath for 4 days then threshing, 8 
cutting at 30% SMC, leaving in swath for 6 days then threshing, 9 cutting at 30% SMC, leaving in swath 
for 8 days then threshing, 10 cutting and threshing at 10% SMC, 11 date of cutting or spraying. 12 The 
SMC of treatment C30% W2 T6 after two days windrowing was 33% as a result of a light rainfall (0.6 
mm) (Table 6-2) and high relative humidity before harvesting. 

6.3 Results  

Weather conditions 

Harvest began on 24th February 2017 and finished on 6th March 2017. Weather conditions including 

maximum, minimum and average temperature, relative humidity and precipitation for the harvest 

period were obtained from the local weather station (Leeston, 43° 76' S, 172°  30' E) (Table 6-2). 

 

 

 

Treatments          SMC             Days             SMC when             SMC             Harvested seed      Days 
                           at cutting      in Swath        plants went     at threshing     SMC going           in dryer 
                                                                           into dryer (%)                             into dryer(%)    
Control 11                        30%               9                        -                           10                      nil                       nil 
 

Control 22                        30%              nil                       -                           10                      nil                       nil 
 

C30% T30%3                 30%              nil                       -                           30                      30                        3 
 

C30% T15%4                 30%              nil                      30                         15                      15                        1 
 

C30% T10%5                 30%              nil                      30                         10                      nil                       nil 
  

C30% W2 T6                  30%              2                         -                           33                     3312                        3 
 

C30% W4 T7                 30%               4                         -                           21                     21                        2 
 

C30% W6 T8                 30%               6                         -                           18                     18                        2 

   

C30% W8 T9                 30%               8                         -                           11                     11                       nil 

 

C10% T10%10              30%              nil                        -                           10                     nil                       nil 
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Table 6-2   Climate conditions during seed harvest at Southbridge in the 2016-17 season. 

 

Seed germination 

Germination (percentage normal seedlings) differed significantly ( ) between the two 

control methods, as desiccation reduced germination by around 10% (Table 6-2). Of the eight 

experimental harvest treatments, only cutting at 30% SMC and threshing at 15% SMC, cutting at 30% 

SMC and threshing at 10% SMC, cutting at 30% SMC and threshing after 8 days in the swath, and 

cutting and threshing at 10% SMC did not reduce germination compared with the first control (cutting 

at 30% SMC, swathing for 6-9 days and threshing at 10% SMC). All others treatments reduced 

germination (Table 6-3).   

A significant difference (  in abnormal seedlings among harvest methods was also 

identified. Generally, treatments with lower germination had a higher percentage of abnormal 

seedlings (Table 6-3).  

There was considerable variation (  in ungerminated fresh seeds among harvest method 

treatments, with a high percentage of fresh seeds recorded for the treatments cutting at 30% SMC 

then windrowing for 2 and 4 days, and cutting and threshing at 30% (Table 6-3).  

Statistically significant differences (  were evident among the treatments for dead seeds 

percentage, although they were very small (Table 6-3). Cutting at 30% SMC, swathing for 6-9 days and 

    Date                            ____Temperature (°C)    ____              RH (avg)                    Precipitation  
                                           Max             Min              Avg                    (%)                              (mm)                      
23/02/2017                      26.2             12.8             19.5                     83                                 0 

24/02/2017                      25.3             9.0               17.2                     78                                 0                         

25/02/2017                      23.4             12.1             17.7                     85                                 0 

26/02/2017                      18.4             12.8             15.6                     83                                 0.6 

27/02/2017                      23.0             11.2             17.1                     78                                 0                         

28/02/2017                      22.8             9.8               16.3                     86                                 0                  

01/03/2017                      22.0            13.2              17.6                     86                                 0 

02/03/2017                      25.7            10.7              18.2                     75                                 0 

03/03/2017                      28.1            14.2              21.1                     67                                 0                          

04/03/2017                      21.6            11.6              16.6                     76                                 0 

05/03/2017                      30.4            7.9                18.8                     68                                 0 

06/03/2017                      23.4            10.9              17.1                     80                                 0                          
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threshing at 10% SMC and cutting and threshing at 10% SMC had the lowest dead seed percentage. 

All others treatments did not differ (Table 6-3). 

Seed vigour 

Seed vigour as assessed by the electrical conductivity test was not affected by harvest methods except 

for the treatments cutting at 30% SMC and threshing at 30%, and cutting at 30% SMC and threshing 

at 15% SMC which significantly reduced seed vigour (Table 6-3). However the vigour losses were very 

small.  
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Table 6-3   Effect of harvest methods on the quality of hybrid spinach seed at Southbridge in growing season 2016-17. 

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 1 Cutting at 30% SMC, leaving in swath, then harvesting at 10% SMC, 2 desiccated 
spraying at 30% SMC and harvesting and threshing at 10% SMC, 3 cutting and threshing at 30% SMC, 4 cutting at 30% SMC and threshing at 15% SMC, 5 cutting 
at 30% SMC and threshing at 10% SMC, 6 cutting at 30% SMC, leaving in swath g for 2 days then threshing, 7 cutting at 30% SMC, leaving in swath for 4 days 
then threshing, 8 cutting at 30% SMC, leaving in swath for 6 days then threshing, 9 cutting at 30% SMC, leaving in swath for 8 days then threshing, 10 cutting 
and threshing at 10% SMC. 

Harvest method                             Germination                Abnormal seedlings            Fresh seeds                 Dead seeds               conductivity             
                                                                   (%)                                      (%)                                   (%)                                 (%)                         (µS cm-1 g-1)                                                                                                               

Control 11                                             91.4ab                                 4.1cd                                3.9def                           0.5abc                          85.2c 
  
Control 22                                                                       81.5cd                                 8.4a                                  9.1cd                             1.0a                              86.0abc 

 
C30% T30%3                                         82.4c                                   5.8bc                                11.6bc                           0.3bc                            91.4ab 
 

C30% T15%4                                         96.3a                                   2.2d                                  1.3f                                0.1bc                            91.9a 
 

C30% T10%5                                         89.7b                                  6.2abc                               3.7ef                             0.4bc                            88.8abc   
 

C30% W2 T6                                          74.2e                                  8.6a                                   17.2a                            0.0c                              87.3 abc 
    
C30% W4 T7                                         76.9de                                7.8ab                                 15.0ab                          0.3bc                           88.3 abc 
 
C30% W6 T8                                         81.8cd                                 8.5a                                  9.0cde                           0.7ab                           89.2abc 
 
C30% W8 T9                                         85.4bc                                 8.1a                                  6.2cdef                         0.3bc                            90.6abc 
  
C10% T10%10                                       89.7b                                   5.1bc                                4.6def                           0.4bc                            85.7bc 
 

Level of significance                            ***                                     ***                                    ***                               *                                     * 
LSD (5%)                                                 6.4                                      2.8                                     5.4                               0.6                                 5.9   
CV (%)                                                     5                                         30                                      46                                109                                 5 
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Thousand seed weight 

Thousand seed weight was not affected by the different harvest methods (Table 6-4).  

Seed size grading 

Harvest methods significantly (p < 0.05) influenced the proportion of seeds within each seed size 

category (small, medium and large) in the lot. Cutting at 30% SMC and threshing at 10% SMC (C30% 

T10%) produced a higher proportion of bigger sized seed (  3mm) than control 1, control 2, C30% 

T15%, C10% T10% treatments but not the other treatments. C30% T10% also produced a lower 

proportion of small sized seeds (2.5 2 mm) than control1, control 2, C30% T15%, C30% W6, C10% 

T10% treatments but not other treatments. The proportion of medium seed size (3  2.5 mm) was 

lower in C30% T10% than C30% T15% but not other treatments (Table 6-4).  

Hectoliter weight 

Hectolitre weight was not affected by different harvest methods (Table 6-4). 

Seed yield 

Seed yield did not differs from the two controls for six of the eight harvest methods (Table 6-4). 

However cutting and threshing at 30% SMC, and cutting at 30% SMC and leaving in the swath for two 

days before threshing significantly (p < 0.001) reduced seed yield (Table 6-4).
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Table 6-4   Effect of harvest methods on seed weight, size and seed yield of hybrid spinach at Southbridge in growing season 2016-17. 

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 1 Cutting at 30% SMC, leaving in swath, then harvesting at 10% SMC, 2 spraying at 
30% SMC and harvesting and threshing at 10% SMC, 3 cutting and threshing at 30% SMC, 4 cutting at 30% SMC and threshing at 15% SMC, 5 cutting at 30% 
SMC and threshing at 10% SMC, 6 cutting at 30% SMC, leaving in swath for 2 days then threshing, 7 cutting at 30% SMC, leaving in swath for 4 days then 
threshing, 8 cutting at 30% SMC, leaving in swath for 6 days then threshing, 9 cutting at 30% SMC, leaving in swath for 8 days then threshing, 10 cutting and 
threshing at 10% SMC. 

Harvest method                 Hectolitre weight        Thousand seed weight    ________% of seeds in each size category                            Seed yield       
                                                       (g/l)                                        (g)                                   2.5>2 mm                3> 2.5 mm            > 3 mm                 (kg ha-1) 

Control 11                                   507.5a                                   15.0a                                   5.5ab                          18.9ab                  75.5b                   3856ab                        
  
Control 22                                                     507.8a                                   15.2a                                   5.4abc                         19.0ab                 75.5b                   4109a                  

 
C30% T30%3                                                 529.0a                                   15.7a                                   4.4de                           19.4ab                 76.2ab                2931c 
 

C30% T15 %4                                               508.5a                                   15.0a                                   5abcd                          19.7a                    75.2b                  3650ab                                              
 

C30% T10%5                    513.8a                                   15.4a                                   3.7e                             16.4b                    79.9a                  3657ab 

 

C30% W2 T6                                                528.8a                                                         15.4a                                                      4.5cde                                       18.5ab                            77.0ab                3040c 
    
C30% W4 T7                                 512.2a                                                         15.8a                                   4.1de                           17.5ab                 78.3ab                3338bc 
 
C30% W6 T8                                  522.8a                                    15.4a                                   4.7bcd                         18.3ab                 77.0ab                3795ab 
   
C30% W8 T9                                                537.0a                                    15.5a                                   4.5de                          19.2ab                  76.3ab                3636ab 
 
C10% T10%10                 507.8a                                    15.0a                                   5.7a                             19.2ab                 75.0b                  3944a 
 

Level of significance                ns                                             ns                                        *                                   *                             *                         *** 
LSD (5%)                                    31.0                                          1.0                                      0.9                               3.3                         3.7                      523                     
CV (%)                                        4                                                5                                         13                                12.1                       3                          10 
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6.4 Discussion 

Weather conditions 

Climatic conditions (i.e. temperature, rainfall and relative humidity) during the harvest period were 

moderate, as no remarkable rain (once 0.6 mm) occurred and there were two days with a maximum 

temperature greater than 25  (28.1  and 30.4 ) and RH of 67% and 68% respectively (Table 6-2). 

Hourly weather data showed that the lowest RH occurred when the temperature was the highest and 

vice versa (see Appendix 8). Therefore, during the harvest period, seeds were not exposed to climate 

conditions (high temperature and RH) likely to cause seed deterioration. Because of these weather 

conditions, seed colour did not change among the different harvest methods (Figure 6-2).  

 

                  Figure 6-2   Colour of seeds from the different harvest methods. 

Seed germination  

Harvest time and harvest method can affect seed germination because of physical damage or by 

increasing seed deterioration.  Using diquat as a preharvest desiccant in vegetable seed production is 

a concern as there is potential for seed germination loss. Several studies on different crops showed 

that crop seeds respond differently in seed quality after diquat treatment, and many authors  (Miller 

(2002) in spinach,  Austin and Longden (1968) in red beet, Gubbels and Kenaschuk (1981) in flax, (He 

et al., 2015)in rice and Roberts and Griffiths (1973) in ryegrass) reported germination reductions 

following diquat application. These losses were mainly a result of application timing; applying diquat 

while seeds were still filling (ei. Before PM) allowed diquat access to the embryo, resulting in seed 

death.  
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The results of the current study showed that seed germination was decreased by 10% when spinach 

plants were sprayed with Reglone 2 l/ha (240 g/l diquat, 0.48 kg/ha) (control 2). Diquat application 

resulted in a small but significant increase in the percentage of abnormal seedlings. The results are in 

line with the findings of Miller (2002) who reported that in a two year study, application of 0.56 kg/ha 

diquat at normal spinach swathing time (presumably 30% SMC, but this was not stated) of spinach did 

not affect seed germination, but applying a higher rate (1.12 kg/ha) significantly reduced  germination 

by 12% in the first year and 33% in the second year compared to control plants. He also recorded a 

significant reduction in germination for coriander treated with a high rate (1.12 kg/ha) of diquat in the 

first year but not in the second year. He et al. (2015)  also reported that pre-harvest application of 

diquat (240 g/ha) on two different rice varieties in two growing seasons had a negative effect on seed 

germination by increasing the production of abnormal seedlings. Similarly, Roberts and Griffiths 

(1973) found that perennial ryegrass treated with diquat produced seeds with lower germinability and 

higher abnormal seedlings compared to nontreated plants. However, the application of diquat on 

alfalfa (Moyer, Acharya, Frase, Richards, & Foroud, 1996) and coriander (Miller, 2002)  did not affect 

seed germination. Trivedi, Townshend, and Hampton (2010) also reported that diquat application at 

a rate of 600 ml/ha on carrot reduced germination by increasing the percentage of dead seeds, while 

200 ml/ha application increased germination and 400 ml/ha application rate had a marginal effect on 

germination. An increase in abnormal seedlings following diquat application after the PM may can be 

connected with the spinach seed coat structure where a tiny hole at the top side of the seeds is 

accompanied sometimes by a small crack on the seed coat (see Chapter 8). This may allow diquat 

access to the embryo, resulting in an increase in abnormal seedling percentage. 

While germination (percentage normal seedlings) of five other treatment was significantly lower than 

the germination of control 1, this result is confounded by the data from ungerminated seeds. Such 

seeds are diefined by ISTA (2018) as viable, but were not able to germinate because dormancy has not 

been completely broken (Katzman, 1999). If the data for germination and from ungerminated seeds 

are combined, then the potential germination was over 90% for all treatments. Although seeds were 

prechilled (ISTA, 2018) to break dormancy prior to being placed for germination , the method did not 

completely break dormancy. In subsequent research a more effective method for breaking dormancy 

was identified (see chapter 7). What is not known is if the variation in these results among the 

treatments is simply a reflection of random sampling variation (ISTA, 2018), or if any particular harvest 

method lead to an increase in dormancy (Samarah, Allataifeh, Turk, & Tawaha, 2004). This requires 

further investigation. 
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There were small but significant increase in the percentage of abnormal seedlings for all the 

treatments which included leaving plants in the swath from 2 to 8 days. This damage to seeds is 

unlikely to have occurred in the seed drying process; both control 1 and swathing for 2 days produced 

seed which was at around 30% SMC going into the dryer, and both lots of seed were dried for 3 days 

at 30 , yet the swathing treatment ended up with double the percentage of abnormal seedling. 

Additionally, seed in the swath for 8 days did not go into the drier. The reason for this result for the 

swathing treatments is not known as the benign weather conditions during the time in the swath were 

not conducive to seed deterioration (weathering). This requires further investigation.  

Seed vigour 

Seed vigour can be affected by harvest method as a consequence of physical damage while seed 

physiological deterioration following unfavourable weather conditions can often take place after PM 

(Hampton, 2000).  

In the present study, seed vigour was not affected by harvest methods except for the treatments C30% 

T30% and C30% T15% where there was a very small but statistically significant decrease. High seed 

moisture content at threshing could result in physical damage but in treatment C30% W2 T6 when 

seed was threshed at 32% SMC seed vigour was not decreased. It is possible that the differences in 

vigour among the treatments were a result of random sampling variation (ISTA, 2018), but as seeds 

were not retested this could not be confirmed. These results are in conformity with the findings of 

Miller (2002) who reported that application of diquat as a preharvest desiccant on spinach, beet and 

coriander did not affect seed vigour.  

Thousand seed weight (TSW) 

The response of seed mass to harvest methods can differ among plant species, varieties and years 

Miller (2002). However the current study showed no difference in TSW among harvest methods. One 

of the common harvest methods for spinach in New Zealand is using diquat as a preharvest desiccant. 

The results of the present study did not show a major difference in TSW between plants treated with 

diquat and nontreated. These results are in line with the findings of Miller (2002) who reported that 

application of diquat 0.56 or 1.12 kg/ha on spinach and coriander did not affect TSW in either year. 

Similar results were reported for rice (He et al., 2015). However, changing the rate or time of diquat 

application may affect seed mass due to seeds depending when they have acquired desiccation 

tolerance (Kermode, Bewley, Dasgupta, & Misra, 1986). Desiccant application before seeds have 

become desiccation tolerance causes cell rupture, resulting in a release of destructive hydrolytic 

enzymes (Bewley & Black, 1994 ). TSW loss following diquat application was reported in sunflower 

(Gubbels & Dedio, 1985), and in beet Miller (2002). Coriander seeds also showed a different response 
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to diquat during a two year study by Miller (2002). In the first year, nontreated plants produced the 

highest TSW while in the second year treated plants had a higher TSW. He also reported that an 

application rate of 1.12 g/ha diquat in table beet did not change the TSW in the first year but in the 

second year application of 0.56 g/ha and 1.12 g/ha reduced TSW compared with nontreated plants. 

Seed size grading 

The effects of harvest methods on the proportion of seed in each size grade (small, medium and large) 

were not significant, with the exception of cutting at 30% / threshing at 10% SMC. This treatment 

increased the proportion of the large seed size by 4.4% and decreased the proportion of the small 

seed size by 1.8%. Although this difference is statistically significant it is unlikely to be important in 

practice. Possible reasons for increasing the proportion of the large seeds in this harvest method could 

be related to the desiccation conditions or random sampling variation. 

 Seed yield 

Harvesting at a determined SMC is necessary to avoid a reduction in seed yield and seed quality, 

although these factors can be affected by harvest methods (Biddle, 1981, as cited in George, 2009). 

The results of the current study showed that spinach plants responded negatively in seed yield to 

harvest methods when they were cut at 30% SMC and seed threshed at between 21-33% SMC (Table 

6-1). Seed yield loss was 24%, 21% and 13% respectively compared with control 1. The results of the 

current study are in conformity with the findings of Desai et al. (1997) who reported that harvesting 

crops at SMC below 20% SMC decreased mechanical damage to seed. 

The high seed moisture content of these treatments made it difficult to remove them from the 

inflorescence during threshing. Although plants were put through the thresher three times, very little 

additional seed was recovered from the second and third passes. These methods were not suitable 

for spinach harvesting. 

6.5 Conclusion 

This study showed that seed quality can be negatively affected by harvest methods. Diquat use 

application as a preharvest desiccant in spinach seed production should be reevaluated, particularly 

when seed quality may already be marginal (as spinach seed germination is often low). The current 

Reglone rate used in spinach seed production in Canterbury is 2-2.5 litre/ha (480-600 g/ha diquat), 

which is a rate equivalent to the 560 g/ha which Miller (2002) reported can result in germination loss 

in spinach. More research is required to evaluate application rates and timing of desiccation in order 

to avoid any possible negative impacts on the quality of the harvested seed.   
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Apart from a small reduction in germination for the Reglone treatment, spinach seed quality was not 

greatly affected by the other harvest methods. This study did identify failure to break dormancy as a 

potential problem, and this is addressed in chapter 7. 

Trying to thresh spinach when SMC was 20% or above did not improve seed quality, but did reduce 

seed yield significantly. Spinach seeds must be around 10-15% SMC before the threshing process can 

be successful. 
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Pretreatments for breaking spinach seed dormancy 

7.1 Introduction 

Dormancy is defined as the absence of germination of viable seeds under favourable conditions (C.C. 

Baskin & J.M. Baskin, 2014). The main types of dormancy are: physical dormancy, resulting from a 

water impermeable seed coat; physiological dormancy, because of hormones and/or chemicals within 

the seed which prevent embryo growth; morphological dormancy which occurs when the embryo is 

immature or not fully developed; and morphophysiological dormancy which is a combination of 

physiological dormancy and morphological dormancy and occur in fresh seeds (C.C. Baskin & J.M. 

Baskin, 2014). 

 Seed dormancy is a feature of  spinach seed lots (Katzman et al., 2001). Parental seeds are usually 

fresh and as a result of dormancy often have uneven emergence (SPS, 2012). Both physical and 

physiological dormancy have been identified for spinach seeds (Katzman et al., 2001). Exogenous and 

endogenous factors can induce dormancy in spinach. Germination inhibitors have been identified in 

the embryo, endosperm and seed coats. Physical characteristics or/and chemical inhibitors in the testa 

(pericarp) can reduce germination by blocking radicle emergence or/and limiting oxygen availability 

for the embryo (Katzman et al., 2001). Removing the pericarp (de-coating) at 30 enhanced spinach 

seed germination which was attributed to removing the inhibitory effects of the pericarp. It is assumed 

that the pericarp physically limits the intake of oxygen required by the embryo during imbibition, while 

the presence of inhibitors in the pericarp inhibits embryo development at high temperature. Water-

soluble inhibitors occur in spinach seed (Atherton & Farooque, 1983). The germination of leached 

seeds (inhibitors removed) was improved in comparison with non-leached seeds. (Basra, Farooq, & 

Tabassum, 2005). Leaching spinach seeds with H2O2 or NaOCL also removed chemical inhibitors from 

the seed coat and broke dormancy. The integrated practice of leaching and decoating increased 

spinach seed germination to 96%  (Atherton & Farooque, 1983). 

Seed treatments have been reported to mitigate the effects of seed dormancy on germination by 

improving the condition of germination in the early phases (Katzman et al., 2001). The effect of seed 

treatment in breaking seed dormancy is associated with metabolic repair and mechanisms during seed 

imbibition (Basra et al., 2005). 
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 Gibberellic acid treatment is reported to break seed dormancy in crops which need to receive a 

chilling period to proceed with their growth. Gibberellins are involved in cell division and cell 

enlargement. Seed treatment with gibberellins accelerates the metabolic process of seed germination 

(C.C. Baskin & J.M. Baskin, 2014; Gianfagna, 1987b). The efficacy of GA3 in breaking seed dormancy 

has been reported by many authors. Application of GA3 at 100 ppm increased seed germination of 

spinach varieties (Prakash et al., 2017). Dunand (1991) found that seed treatment of rice with GA3 at 

10 mg kg seed-1 increased germination but that increasing the rate to 100 mg kg seed-1 did not further 

increase germination. Saritha (2004) reported a 50% increase in germination by application of GA3 

500 ppm. He also observed that lower GA3 concentrations (250 ppm & 100 ppm) also significantly 

improved germination. 

Potassium nitrate pretreatment has been used to break seed dormancy and increase germination in 

wheat (Matus-Cádiza & Hucl, 2003), seashore paspalum (Basra et al., 2005), and several other crops 

(C.C. Baskin & J.M. Baskin, 2014). Basra et al. (2005) reported that pretreatment of seashore paspalum 

seeds with 0.2% or 0.5% KNO3 for 72 hours at a temperature of 30   increased germination 

percentage and uniformity. They also found a positive correlation between duration of priming and 

germination percentage. 

The internationally recommended method for breaking spinach seed dormancy is prechillng (keeping 

imbibing seeds at a temperature of 5 to 10   for an initial period of up to 7 days) (ISTA, 2018). 

Objective and hypothesis 

The objective of this study was to compare different seed dormancy breaking methods to identify the 

most effective method for breaking spinach seed dormancy. This objective arose from the harvest 

methods trial (Chapter 6) where the tetrazolium test indicated that the prechilling method did not 

completely break spinach seed dormancy. The hypothesis was that at least one alternative method 

would be more effective in breaking spinach seed dormancy than the prechilling method.   

7.2 Materials and methods 

Two experiments were conducted using seeds from two cultivars (SPS 9090 and SPS 9206) harvested 

in 2017 (almost fresh) (experiment 1) and seeds from another two cultivars (SPS Scot and SPS Evan) 

which were harvested in 2015 (experiment 2). The six dormancy breaking methods were (I) the 

internationally agreed method (prechill at 5  for 7 days) (ISTA, 2018) as the control; (II) applying 150 

ppm GA3; (III) applying 200 ppm GA3; (IV) applying 0.2% KNO3; (V) applying 150 ppm GA3 plus 

prechilling; and (VI) applying 0.2% KNO3 + prechilling.  The GA3 treatments used in experiment 1 of 



 

142 
 

150 ppm and 200 ppm were increased to 200 ppm and 250 ppm in experiment 2. The experiments 

were conducted in the laboratory of the Seed Research Centre at Lincoln University.  

GA3 (experiment 2) and KNO3 were supplied from Sigma Aldrich Company but for experiment 1 GA3 

was a commercial type (Projibb, USA, 40 % GA3). To prepare GA3 solution concentrations of 150 ppm 

and 200 ppm, 150 mg and 200 mg of GA3 were separately dissolved in 3 ml of alcohol ethanol (95%). 

Then the solutions were added to 1000 ml of water which made a 150 ppm and 200 ppm stock solution 

respectively. To prepare a 0.2 % KNO3 solution, 2 g KNO3 was dissolved in 1000 ml water. Seed 

treatments were conducted by moistening the germination papers and seeds with 100 cc solution for 

each replicate of the treatments (ISTA, 2018). The germination test method for experiment 1 was 

between paper (BP), and for experiment 2 it was pleated paper (PP), with 50 seeds per replicate as 

already described in Chapter 2.  

Tetrazolium test 

A tetrazolium test was conducted at the end of the seed germination test to evaluate viable and non-

viable ungerminated fresh seeds (Figure 7-1) (ISTA, 2018). To prepare ungerminated seeds for 

staining, seeds were cut transversely through the embryo and ¾ of the endosperm, starting from the 

hilum. Care was taken to avoid embryo damage. Then seeds were immersed in a plastic container 

containing 1% tetrazolium solution (pH = 7). To protect the solution from direct light, plastic containers 

were covered with aluminium foil and left in the incubator at 30 °C for 8 hours (Figure 7-2). At the 

end of the staining period, the solution was separated from the seeds and the seeds rinsed with water 

and examined. Seeds were cut longitudinally and the embryo examined using a binocular microscope 

and appropriate light source. Both seed halves were examined. Seeds with more than 1/3 of the 

radicle or 1/3 of the distal end of the cotyledons nonstaining were considered as non-viable (Figure 7-

3) (see Appendix 9) (ISTA, 2018).  

Statistical analysis of data was done using Genstat software (18th edition). The experiments were 

organised in Randomised Complete Block Designs with four replicates. The number of treatments was 

6 and 7 (each for 2 cultivars) for experiment 1 and 2 respectively.  An analysis of variance (ANOVA) for 

four blocks with a 2  6 factorial (exp. 1) and 2  7 factorial (exp. 2) and the unprotected test of least 

significant difference (LSD) (p<0.05 and P<0.01) were used for germination and viability factors.  
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Figure 7-1   Ungerminated fresh seeds at the end of the germination test. 

 

 

Figure 7-2   plastic containers containing tetrazolium solution and seeds in the incubator. 
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Figure 7-3   The tetrazolium viability test results for the ungerminated spinach seeds at the end of 
the germination test. (a) a viable seed as the entire embryo (cotyledon & radicle) is stained; (b) a 
non-viable seed as areas of the embryo were not stained properly. 

7.3 Result  

Experiment one 

Seed germination 

Cultivar SPS9090 had a significantly (p  0.001) lower germination than cultivar SPS9206 because the 

former had over 50% fresh ungerminated seeds at the end of the germination test period. For 

treatment means, germination was lower (p  0.001) for the two GA3 treatments because of more 

fresh ungerminated seeds and a small increase in abnormal seedlings (Table 7-1). 

Within the cultivars, the KNO3 plus prechilling treatment increased (p  0.001) germination of cultivar 

SPS9090 (+13%) by reducing the percentage of fresh ungerminated seed (-14%) but no others 

treatment increased germination over that of the prechilling control. For cultivar SPS9206 the KNO3 

treatment significantly (p  0.001) increased germination (+10%), by reducing the percentage of fresh 

ungerminated seeds (-8%). No other treatment improved germination (Table 7-1). 

Abnormal seedlings 

Small differences in the percentage of abnormal seedling were also recorded between the cultivars 

(p  0.05), among the treatments (p  0.001) and for their interactions (p  0.05). Both GA3 200 ppm 
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and KNO3 + prechilling increased the percentage of abnormal seedlings, the former only in cultivar 

SPS9090 and the latter only in cultivar SPS9206 (Table 7-1). 

Fresh ungerminated seed        

Fresh seed percentage was not reduced by any treatment, but significantly increased by the two GA3 

treatments (Table 7-1).  This occurred for both cultivars. As already noted, KNO3 + prechilling 

significantly (p< 0.001) reduced fresh ungerminated seeds of cv. SPS9090, but not in cv. SPS 9206 

(Table 7-1).                                                 

Dead seed  

Dead seed occurred only in the Control SPS 9206 treatment, and was not significant within other 

treatments (Table 7-2). 

In this experiment the viability of the fresh ungerminated seeds was not determined. 
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Table 7-1   Effect of dormancy breaking methods on spinach seed germination (Experiment 1). 

Treatments                          Germination        Abnormal         Fresh seed          Dead seed                                          
                                                       (%)               seedling (%)               (%)                      (%)                                                                                                                                       

Cultivars 

SPS9090                                        34.9                    12.4                      52.9                    0.6                                                                   

SPS9206                                        73.4                    15.1                     11.0                     1.4               

Level of significance                   ***                      *                           ***                       ns                   
LSD (5%)                                        4.0                       2.9                       4.0                       1.26 
CV (%)                                             -                           -                           -                            -                     

Treatment                      

Prechilling (control)                    56.5a                  11.3bc                 28.3cd                3.81a               

GA3 150 ppm                                41.3b                  15.4ab                 43.1a                  0.53b             

GA3 200 ppm                                47.7b                  16.9a                   38.1ab                0.00b               

GA3 150 ppm + P1                        59.2a                   8.9c                     31.3bc               0.55b            

KNO3                                              59.3a                  13.8ab                29.2c                   0.00b               

KNO3 + P                                       60.9a                  16.5a                   21.5d                  1.09b             

Level of significance                     ***                     ***                      ***                      *                       
LSD (5%)                                         7.0                      4.3                       7.0                      2.19                   
CV (%)                                             12.7                   30.8                     21.6                     345                    

Cultivar × Treatment 

Control SPS9090                           39.7f                   11.5b                  47.8c                  1.07b                

Control SPS9206                           73.4bc                11.2b                  8.9fg                   6.35a                 

GA3 150 ppm SPS9090                 21.8g                  12.5b                  65.2a                  0.51b                

GA3 150 ppm SPS9206                 60.7de               17.8ab                20.9e                  0.54b                                    

GA3 200 ppm SPS9090                 22g                     19.0a                  59.1ab                0.00b                                                              

GA3 200 ppm SPS9206                 73.4bc               14.7ab                17.1ef                 0.00b                

GA3 150 ppm + P SPS9090           38.4f                   6.9b                   54.2bc                0.51b                                       

GA3 150 ppm + P SPS9206           80.1ab               10.8b                  8.5fg                   0.58b                 

KNO3 SPS9090                                35.2f                  12.2b                  57.2abc              0.00b                 

KNO3 SPS9206                                83.5a                15.3ab                 1.2g                    0.00b                  

KNO3 + P SPS9090                         52.3e                 12.3b                   33.8d                 1.54b                  

KNO3 + P SPS9206                         69.5cd               20.7a                   9.2fg                  0.64b                                               

Level of significance                      ***                     *                          ***                     *                         
LSD (5%)                                          9.9                     6.1                       9.9                      3.10                           
CV (%)                                              6.7                     30.8                     21.6                    345                            

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 1 prechilling. 

 



 

147 
 

Experiment Two 

The second experiment was conducted with two different seed lots, a different germination test 

method and also a change in GA3.  

Seed germination 

There was a very small, but significant difference in germination between the cultivars (p  0.05) with 

SPS Evan  SPS Scot. Two dormancy breaking methods, GA3 200 ppm and KNO3 + prechilling 

significantly (p 0.001) increased germination compared with the prechilling control, but germination 

was lower than the control for all the other methods (Table 7-2).   

Within cultivars GA3 200 ppm, GA3 200 ppm + prechilling and KNO3 + prechilling significantly 

increased germination for cv. Scot, while for cv. Evan only KNO3 + prechilling increased germination. 

Abnormal seedlings 

Abnormal seedlings did not differ between the cultivars, but treatments had a significant (p 0.001) 

impact, with three of the GA3 treatments having an increase in abnormal seedlings and the two KNO3 

treatments decreasing abnormal seedlings in comparison with the prechilling control (Table 7-2). 

Abnormal seedling percentage was greater in cv. Scot than cv. Evan for the control, but not always for 

the treatments, particularly the GA3 treatments, when apart from GA3 200 ppm, abnormal seedlings 

were higher in cv. Evan than cv. Scot (Table 7-2).  

Fresh seed 

Fresh seed percentage did not differ between the cultivars (Table 7-2), but GA3 200 ppm, GA3 200 

ppm + prechilling and KNO3 + prechilling significantly (p 0.001) reduced fresh seed percentage. 

Conversely, GA3 250 ppm, GA3 250 ppm + prechilling, and KNO3 significantly increased fresh seed 

percentage, the latter two by a large margin. This increase was similar for both cultivars. However, for 

the three treatments which reduced fresh seed percentage, the response occurred only in cv. Evan 

and not cv. Scot (Table 7-2).  

Dead seed 

Dead seed did not occur in the control and three of the treatments (Table 7-2). Where they did occur 

their presence was more likely to be a result of random sampling variation than any treatment effect 

(Table 7-2). 

Viable and nonviable seeds 

Seeds which appeared to be fresh ungerminated at the end of the germination test period were 

assessed for viability using the tetrazolium test. Cv. Evan had more fresh ungerminated seeds which 

were viable than cv. Scot, and cv. Scot had more which were non-viable (Table 7-2). 
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For the two treatments which produced a high percentage of fresh ungerminated seeds, (GA3 250 

ppm + prechilling and KNO3), most of these seeds were viable. With the exception of GA3 200 ppm, 

the other treatments had fewer viable fresh seeds than the control. Difference in non-viable seed 

percentages were small but significant (p<0.001) (Table 7-2). 

Within cultivars, the treatment effects for viable and nonviable seeds occurred in both cultivars. The 

highest viable seed percentage in both cultivars was for the KNO3 and GA3 250 ppm plus prechilling 

treatments. The other treatments, except for GA3 250 ppm for cv. Scot, had lower viable fresh seeds 

than their controls. There was a small, but significant variation in nonviable fresh seeds within 

cultivars. 
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Table 7-2   Effect of dormancy breaking methods on spinach seed germination (experiment 2). 

Treatments                        Germination     Abnormal      Fresh seed      Dead seed    __Tetrazolium test__   
                                                     (%)             seedling (%)         (%)                    (%)              Viable     non-viable                                                                                                                              

Cultivars 

SPS Scot                                     54.8                  19.4                  25.2                  0.56              15.9              9.4           

SPS Evan                                    56.3                  18.8                  24.6                  0.31              20.1              4.5 

Level of significance                *                         ns                     ns                     ns                  ***                *** 
LSD (5%)                                     1.36                   1.1                   1.3                    0.41              0.86              0.82             

Treatment                      

Prechilling (control)                62.9c                 19.6d                17.5d               0.00c            11.7d            5.8c      

GA3 200 ppm                            73.0b                 12.6e                12.9e              1.5a               4.2ef             8.7b                    

GA3 250 ppm                            46.7e                 28.9b                23.5c              0.91ab          15.4c            8.1b 

GA3 200 ppm + P1                    54.1d                 36.5a                8.8f                 0.64bc           5.3e             3.5d 

GA3 250 ppm + P                     29.7g                  26.4c                43.9b              0.00c             32.3b          11.6a 

KNO3                                          38.5f                  2.2g                  59.3a              0.00c             53.5a           5.9c 

KNO3 + P                                   84.1a                 7.5f                   8.4f                 0.00c             3.5f              4.9cd 

Level of significance               ***                     ***                    ***                   ***               ***             ***  
LSD (5%)                                    2.55                    2.1                    2.4                   0.77               1.6              1.5 
CV (%)                                        4.5                      10.9                   9.4                   176               8.8              22 

Cultivar × Treatment 

Control SPS Scot                     53.3e                 37.5a               9.0ij                   0.00c             5.0g             4gh              

Control SPS Evan                    72.3c                 1.69e               26.0f                  0.00c            18.5d           7.5de 

GA3 200 ppm Scot                  71.8c                 13.7d               13.7gh               0.81bc          2.2h             11.4b 

GA3 200 ppm Evan                 74.2bc               11.5d               12.1hi                2.2a              6.1fg            6.0efg 

GA3 250 ppm Scot                  48.1fg               20.1c                30.0e                 1.8ab            20.0d          10bc 

GA3 250 ppm Evan                  45.2g                37.8a               17.0g                  0.00c           10.8e           6.2ef 

GA3 200 ppm + P Scot            57.8d                33.9b               7.0j                     1.3ab           2.6h            4.5fgh 

GA3 200 ppm + P Evan           50.3ef               39.1a              10.7hi                  0.00c           8.1f             2.5hi 

GA3 250 ppm + P Scot            40.2h                18.6c               41.2d                  0.00c           23.0c          18.2a 

GA3 250 ppm + P Evan           19.1j                 34.3b               46.7c                  0.00c           41.6b          5.0fg 

KNO3  Scot                                36.2i                1.3e                  62.5a                   0.00c           53.3a          9.2cd 

KNO3 Evan                                40.7h              3.1e                  56.2b                  0.00c           53.6a          2.6hi 

KNO3 + P Scot                          76.0b              10.8d                13.2h                  0.00c            4.9g            8.4cd 

KNO3 + P Evan                         92.2a               4.1e                  3.6k                    0.00c            2.1h            1.5i 

Level of significance              ***                   ***                   ***                      ***              ***             *** 
LSD (5%)                                   3.6                   2.9                    3.4                       1.1               2.3              2.2 
CV (%)                                       4.5                   10.9                   9.4                      176              8.8               22 

ns= Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01, 1 prechilling. 
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7.4 Discussion 

Low germination in spinach because of dormancy is a challenge for seed production (Katzman et al., 

2001). The recommended method for breaking spinach seed dormancy is prechilling (ISTA, 2018). 

However, some spinach seed lots do not always respond to prechilling and dormancy is not fully 

broken (McKay, pers. comm, 2017). The current study compared the effect of different dormancy 

breaking methods on spinach seed germination. 

Germination 

The response of the spinach cultivars to dormancy breaking methods differed. Over the experiments, 

KNO3 + Prechilling reduced dormancy and therefore increased germination of cultivars SPS9090 (13%), 

SPS Scot (23%) and SPS Evan (20%), while germination was increased 10% in cultivar SPS 9206  by the 

KNO3 treatment only. However no treatment completely broke dormancy, as fresh ungerminated 

seeds were still present at the end of the test period.  

The varying response to dormancy breaking methods in germination within the cultivars might be due 

to the differences in morphological structures of spinach seed including seed coat thickness and the 

percentage of irregular pores (refer to Chapter 8) which may affect the effectiveness of dormancy 

breaking methods (Katzman et al., 2001). 

Germination increase following the KNO3 + Prechilling treatment in cultivars SPS 9090 and SPS Evan 

was because of a decrease in the percentage of fresh seeds, while in cv, Scot it was associated with a 

reduction in abnormal seedling percentage compared with the control treatment. GA3 200 ppm with 

and without prechilling also increased germination of cv. Scot by decreasing abnormal seedlings. 

Applying GA3 250 ppm had a negative effect on germination in both the cultivars (Scot & Evan) as a 

result of an increase in the fresh seeds and abnormal seedlings respectively.    

Pretreatment has been associated with metabolic repair and seed activity during water imbibition 

(Richars, 1998). Low growth potential of the embryo in dormant seeds may be because of a loss of K+ 

and othebasrar ions, which can be compensated by KNO3 treatment (C.C. Baskin & J.M. Baskin, 2014). 

Nitrate has been reported to have a direct effect on the Krebs cycle, which in turn results in induction 

of germination (Matus-Cádiza & Hucl, 2003).  

Seed treatment with gibberellins accelerates the metabolic process in seed germination (Shim, Moon, 

Jang, Raymer, & Kim, 2008). GA3 is synthesized in the embryo during the imbibition stage for 

breakdown of starch, and for the energy transfer process (Matus-Cádiza & Hucl, 2003). GA3 treatment 

caused an  increase in RNA and DNA synthesis in pea (Johri & Varner, 1968). C.C. Baskin and J.M. Baskin 
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(2014) reported that levels of GA3 are higher in non-dormant than in dormant seeds of Fagus 

sylvatica. Seeds with physiological dormancy differ depending the strength of the physiological 

inhibiting mechanism response to GA3 (C.C. Baskin & J.M. Baskin, 2014). Soaking wheat seeds in GA3 

improved germination by accelerating the α- amylase activity which hastened the consumption of 

starchy endosperm during the 7 days of seed imbibition (L. L. Wang, Chen, Yang, Wang, & Xiong, 2016). 

The results from these experiments are in line with the findings of Matus-Cádiza and Hucl (2003) who 

reported that 0.01 M KNO3 + prechilling pretreatment led to ≥95% germination in dormant wheat 

genotypes. Applying 0.02 M KNO3 appeared to retard germination and using KNO3 alone was 

ineffective in breaking dormancy of wheat seeds.  Basra et al. (2005) also reported that pretreatment 

of seashore paspalum seeds with 0.2% or 0.5% KNO3 for 72 hours at a temperature of 30℃  increased 

germination percentage. C.C. Baskin and J.M. Baskin (2014) reported an increase in germination of 

Hygrophila auriculata seeds following KNO3 pretreatment.   

The results almost corroborate the findings of Prakash et al. (2017) who reported that application of 

GA3 at 100 ppm increased seed germination of spinach varieties by 64%. This increase was explained 

by a reduction of 40% in abnormal seedlings.  GA3 application to palm seed increased germination 

due to weakening the resistance of the micropylar endosperm, while it enhanced germination of 

Berchemilla wilsoni seeds containing germination inhibitors (physiological dormancy) in the embryo 

by probably inactivating the chemical inhibitors (C.C. Baskin & J.M. Baskin, 2014). The results are also 

in line with the findings of Saritha (2004) and Dunand (1991) who found that GA3 was effective in 

breaking dormancy in rice. 

The use of a higher rate of GA3 (250 ppm) supressed germination by increasing the percentage of 

abnormal seedlings. Similarly, Matus-Cádiza and Hucl (2003) reported that GA3 pretreatment greater 

than 0.0006 M led to an increase in abnormal or etiolated seedling in wheat genotypes. G. Z. Wang et 

al. (2000)  also reported that seeds of three vegetable species treated with a low concentration of GA3 

increased germination percentage, but a high concentration inhibited germination. GA3 has been 

reported to affect endosperm structural including protein storage vacuoles and the cell nucleus in the 

aleurone layer cells in wheat during 5 days of seed imbibition (L. L. Wang et al., 2016).  

However, it has been reported that KNO3 did not improve germination of Stellera chamaejasme and 

Arbutus andrachne seeds and also GA3 did not promote germination of Primula vulgaris and Nicotiana 

benthamiana seeds (C.C. Baskin & J.M. Baskin, 2014).  
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Fresh seed 

Fresh but viable seeds, other than hard seeds, which have not germinated by the end of the 

germination test, are considered as dormant seeds (ISTA, 2018). Fresh seeds were increased by GA3 

at 150 and 200 ppm for both cultivars (SPS 9090 and SPS 9206) in the first year, but with changing the 

GA3 from commercial to a scientific type, in the second year, application at 200 ppm decreased the 

fresh seed percentage in both the cultivars and applying at 250 ppm increased it only in cv. Scot.  GA3 

has been reported to break the seed dormancy of several crops. The effectiveness of GA3 on dormancy 

depends on the concentration and plant species (C.C. Baskin & J.M. Baskin, 2014). Therefore, the 

different results of the GA3 over the two years most likely refer to the cultivars, which differed 

between the years.  

7.5 Conclusion 

Seed dormancy is common in spinach (Prakash et al., 2017) and could be considered as a major reason 

for low germination in Canterbury produced seed lots. This study revealed that the current method 

(prechilling) for breaking spinach seed dormancy was not effective. While none of the methods 

assessed completely removed dormancy in any of the four seed lots used, pretreatment of seeds with 

0.2% KNO3 plus prechilling allowed a significant increase in germination for three of the seed lots. 

GA3 150 ppm plus prechilling and GA3 200 ppm could also be considered as an alternative method for 

breaking spinach seed dormancy but GA3 at a concentration above 200 ppm reduced germination by 

increasing the percentage of abnormal seedlings produced.  

KNO3 pretreatment improved germination percentage in one seed lot as a result of a reduction in 

both fresh seeds and abnormal seedling percentage.  

Further research is needed to investigate the effects of removing chemical inhibitors from the spinach 

seed coat as reported by  Atherton and Farooque (1983). Spinach seed germination was increased 

when they removed chemical inhibitors from the seed coat by leaching the seeds at 30oC. In the 

current study, this method was not included, because this paper was found after setting up the 

treatments.                                                                                
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The impacts of physical and mechanical seed properties of hybrid 

spinach cultivars on seed quality attributes  

8.1 Introduction 

The morphological seed structures of spinach cultivars have been reported to be significantly different 

in terms of seed shape, the presence of spines, and surface reticulation of the seed coat including the 

depth of interspaces, sidewall angle and the bottom of interspaces. Cultivars wilt a thinner seed coat 

may incur more damage during harvesting or processing (Meng et al., 2017). However no differences 

have been found among cultivars in the internal seed structure based on micro-computed tomography 

imaging (Meng et al., 2017).  

Spinach seed germination can be low even under optimal conditions (Ziaf, 2017). Physical 

characteristics or/and chemical inhibitors in the testa (pericarp) can prevent germination by blocking 

radicle emergence or/and limiting oxygen availability for the embryo (Katzman et al., 2001). The 

spinach seed pericarp may also provide a physical barrier for radicle emergence, or restrict oxygen 

availability for embryo germination (Katzman et al., 2001).  Therefore seed germination may be 

enhanced by removing the pericarp (D.I. Leskovar, V Esensee, & H. B. Miller, 1999). Soaking of spinach 

seeds in sodium hypochlorite (bleach) or in a combination with H2O2  lead to removing physical and 

chemical inhibitors from the pericarp, resulting in germination enhancement (Katzman et al., 2001). 

Physical dormancy has been reported mostly as a result of the physical barriers to water uptake by 

the seed coat or pericarp which restricts germination because of the lack of water availability (C.C. 

Baskin & J.M. Baskin, 2014). 

Seed coat colour has been associated with seed development, where seeds with a brighter coat colour 

are smaller and less developed, while those with a dark brown coat colour are more developed (Olesen 

et al., 2015). In castor seeds classification to into three coat colours revealed that all yellow seeds and 

13% of grey seeds were dead, while all black seeds were viable (Olesen et al., 2015). Seed colour is a 

feature which has been used for identifying the age of seeds and presence of fungal contamination. 

For instance, the colour of old rice seeds was grey yellow, fresh seeds were golden yellow and in 

fungus- contaminated seeds some areas of the seed coat were black yellow or grey-yellow (Lurstwut 

& Pornpanomchai, 2017).  
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In general, large seed size and greater seed mass are considered to allow stronger seedling growth 

before photosynthesis begins (Nonogaki, 2006; Pracharoenwattana, Zhou, & Smith, 2010). Seed mass 

is strongly correlated with seed size (Bagheri et al., 2013). A significant correlation between seed size 

and seed germination in Castor (Ricinus cummunis) was observed as smaller seeds had lower 

germination than larger seeds (Olesen et al., 2015; Severino & Auld, 2013). However Lomholt (2000) 

reported that bigger seeds had a lower germination percentage than smaller seeds, and therefore 

would be expected to have a poorer field emergence. Some reports show that larger spinach seeds 

produce more vigorous seedlings due to their greater supply of nutrients which allowed superior 

germination and seedling growth (Nonogaki, 2006; Todoran, 2010). Deleuran et al. (2013) also 

reported that smaller spinach seed sizes (  3.25 mm) had a lower mean germination time (MGT) than 

bigger seed sizes ( 3.25 mm).  

Objective and hypothesis 

The study was initiated to determine the effect of spinach seed morphological features on seed quality 

factors. The hypothesis was that some physical features have major effects on spinach germination, 

vigour and seed mass. 

8.2 Materials and methods 

The experiment was conducted with two spinach cultivars; SPS Scot and SPS Evan which were 

produced in Canterbury. A sample of 500 g seeds of each cultivar was size graded using standard 

laboratory sieves (Figure 8-2). Then treatments were categorised based on the morphological features 

including; (I) control (original sample); (II) seeds with a dark brown seed coat; (III) seeds with a brown 

seed coat; (IV) seeds with a white seed coat; (V) seeds sized between 2.5  2. mm; (VI) seeds sized 

between 3  2.5 mm; (VII) seeds sized between 3.5  3 mm; (VIII) seeds sized between 3.5  4 mm; 

(IX) seeds  4 mm and (X) seeds with seed coat cracked or irregular pore.  The morphological factors 

measured in each category were; percentage of seeds with cracked seed coat (a crack or a pore) 

(Figure 8-3), percentage of seeds in each seed colour category (dark brown, brown and white) (Figure 

8-1), weight of seed coat, weight of seed reserves (embryo & endosperm), seed germination, 

vigour and hundred seed weight (HSW). To measure seed coat and seed reserves, 25 seeds for each 

replicate were cut from 1/3 of the top of the seeds, seed coats and seed reserves were separated and 

weighed (Figure 8-4).  Seed colour categorising was done by eyes.  

Seed quality tests including standard germination, vigour (conductivity test), and HSW (because of the 

low amount of seeds, seed mass was measured based on the average weight of four replicates of 100 

seeds) were conducted according to ISTA procedures as already explained in Chapter 2. 
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Statistical analysis of data was done using Genstat software (18th edition). The experiment was 

organised in a Randomised Complete Design (RCD) with four replicates and the unprotected test of 

least significant difference (LSD) (p<0.05 and P<0.01) was used for seed quality variables. Furthermore, 

to determine the relationships among dependent variables, regression analysis was performed. 

 

Figure 8-1   Spinach seeds categorised based on the seed coat colour.  

 

 

Figure 8-2   Spinach seeds categorised based on seed size.  
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Figure 8-3   Electron microscope images of spinach seed coats. (a), (b), (c), and (d) have seed coat 
cracks, (e) has a cracked and torn seed coat (f) has an irregularly shaped pore. 

 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 8-4   Separating the spinach seed coat and seed reserve; (a) seed coat, (b) seed reserves.  

Seed imbibition  

To evaluate the response of the spinach cultivars to seed imbibition period in relation to their seed 

coat features, an experiment was conducted with two cultivars (Scot and Evan; already used for the 

seed morphology experiment) and four replicates. The variables were time of imbibition taking the 

seeds of each cultivar randomly selected from the seed lot for each replicate were soaked in 5 ml of 

deionized water in a plastic container then were placed in an incubator at 15 °C. The first weight was 

taken before soaking (T0), then the imbibed seeds were weighed at time intervals of 2.5 hours up until 

12.5 hours (T2.5 – T12.5), and the final weight taken at 24 hours (T24). To weigh the imbibed seeds, seeds 

of each container were separated from the liquid by using a sieve, were dried gently using a paper 

towel then were weighed using digital balance (of four digit), then returned to the containers with 

deionized water.    

8.3 Result  

Cultivars 

Spinach cultivars used for the experiment differed in seed size as cv. SPS Scot had a smaller seed size 

than cv. SPS Evan (Table 8-1). The percentage of seeds in the smallest seed size category (2.5  2 mm) 

for cv. SPS Scot was 2.3%, while it was 0% for cv. SPS Evan. In contrast, the percentage of seeds in the 

largest seed size category ( 4 mm) for cv. SPS Scot was only 3.7% while for cv. Evan, it was 76.6% 

(Table 8-1). Variation in seed size between cultivars led to differences in other physical features (seed 

coat weight, seed reserves weight, percentage of seed with cracked seed coat and/or irregular pores).  

 

a 

b
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Table 8-1   the percentage of seeds in each seed coat colour category and each seed size category 
for two spinach cultivars. 

 

Seed germination 

Cultivar SPS Scot 

Germination of the control was 65% (Table 8-2). Among the seed coat colour categories, seeds with a 

brown seed coat had a significantly higher germination (p 0.001) than the control and the other two 

seed coat colours, while seeds with a white seed coat had a lower (p 0.001) germination than the 

control. The germination increase (brown seed coat) was because of a significant reduction in 

abnormal seedlings and fresh ungerminated seeds, while the germination decrease (white seed coat) 

was because of a significant increase in both abnormal seedlings and fresh ungerminated seeds (Table 

8-2). 

Separating the seeds into different size grades produced some interesting differences in germination 

(Table 8-2). Germination of seeds in the 3 3.5 mm and 3.5 4 mm categories did not differ from the 

control, but the germination of seeds in the two smallest and the largest seed size category was 

significantly greater (p 0.001) than the control. Seeds in these three categories had fewer abnormal 

seedlings and fewer fresh ungerminated seeds than the control (Table 8-2). 

Category                                                SPS Scot (%)                                      SPS Evan (%) 

   

Dark brown seed coat                                               18.0                                                         24.7 

Brown seed coat                                        42.0                                                        60.8 

White seed coat                                         6.0                                                          14.5 

---------------------------------------------------------------------------------------------------------------------------------- 

Seeds 2.5  2 mm                                     2.3                                                           0.0 

Seeds 3  2.5 mm                                     25.2                                                        1.7 

Seeds 3.5  3 mm                                     51.0                                                        8.2 

Seeds 4  3.5 mm                                     17.8                                                       13.5 

Seeds 4 mm                                             3.7                                                         76.6 
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Cracked seeds also had a high (p 0.001) germination than the control, because they had fewer fresh 

ungerminated seeds (Table 8-2). 

Cultivar SPS Evan 

Overall, seed germination for cv. Evan was higher than for cv. Scot. Germination of the control was 

90% (Table 8-3). Among the seed coat colour categories, seeds with a brown seed coat had a 

significantly lower germination (p 0.001) than the control and the other two seed coat colours, while 

germination in the other two seed coat colours did not differ from the control. The germination 

decrease (brown seed coat) was because of a significant increase in both abnormal seedlings and fresh 

ungerminated seeds (Table 8-2). 

Germination of seeds in the two larger seed size did not differ from the control, but germination of 

seeds in the 2.5 3 mm and  3 3.5 mm categories was significantly (p 0.001) lower than two other 

categories and the control. Probably because of an increase in abnormal seedlings (Table 8-3). 

Cracked seeds had a lower (p 0.001) germination than the control because they had higher fresh 

ungerminated seeds and abnormal seedlings (Table 8-2). 

Seed vigour 

Cultivar SPS Scot  

Seed vigour as measured by the electrical conductivity test was significantly (p 0.001) higher (lower 

conductivity) for the dark brown seed coat category than the control and the two other seed coat 

colours (Table 8-2). The other seed coat categories did not differ. 

No difference was found between the vigour of seed size grade categories and the control, but there 

was a significant (p 0.001) difference between seed size 3 2.5 mm category and 4   mm 

category and it was higher in the latter (Table 8-2). There were not enough seeds in categories 2.5 2 

mm and 4 mm for the seed vigour test. 

Cracked seeds had a lower (p 0.001) vigour than the control (Table 8-2). 

Cultivar SPS Evan 

Seed vigour was significantly (p 0.001) lower in seeds with white seed coats than the control and the 

two other seed coat colours. No difference was found between the two other seed coat colours and 

control (Table 8-3). 
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Seed vigour in the 3  mm and 3.5 3 mm categories was significantly (p 0.001) lower than in 

the two other seed sizes and the control (Table 8-3). 

There was no difference in seed vigour between the cracked seed category and the control (Table 8-

3). 

 Hundred seed weight (HSW) 

Cultivar SPS Scot  

HSW of the control was 1.1 g. Among the seed coat colour categories, seeds with dark brown and 

white seed coat colours had a significantly higher HSW (p 0.001) than the control and the brown seed 

coat colour (Table 8-2).  

There was a significant variation (p 0.001) in HSW among size grade categories and HSW was 

increased as size grade increased (Table 8-2). Size grade  3.5mm category had a higher and size grade 

3  2 mm category had a lower HSW than the control (Table 8-2). 

Cracked seeds also had a lower (p 0.001) HSW than the control (Table 8-2). 

Cultivar SPS Evan 

HSW of the control was 2.33 g. Among the seed coat colours, seeds with dark brown seed coat had a 

significantly higher HSW (p 0.001) than the control and the other two seed coat colours, while the 

white seed coat had a lower HSW than the control and the brown seed coat.(Table 8-3).  

There was a significant variation (p 0.001) in HSW among size grade categories and HSW was 

increased as size grade increased (Table 8-3). Seeds with size grade  4 mm had a higher HSW than 

the control, while the other size grade categories had a lower TSW than the control (Table 8-3). 

Cracked seeds also had a lower (p 0.001) HSW than the control (Table 8-3). 

Cracked seed 

There were significant (p 0.001) variations among seed categories in cracked seed percentage in both 

the cultivars (Tables 8-2 & 8-3). Seeds in categories dark brown seed coat and size grades 3.5 mm 

had a lower percentage of cracked seeds than the control in both the cultivars. The other categories, 

except for the brown seed coat category in cv. Scot had a higher percentage of cracked seeds (Tables 

8-2 & 8-3).   



 

161 
 

The relationship between seed coat weight and seed reserves weight with 
seed physical features  

Cultivar SPS Scot  

The ratio of seed coat weight (SCW) to seed weight (SW) was significantly (p 0.05) lower for the white 

seed coat category compared with the control, but did not differ from the other two seed coat colours 

(Table 8-2).  

No difference was found between seed size grade categories and control in the ratio of SCW to SW 

(Table 8-2).   

Cracked seeds also had a lower ratio of SCW to SW (p 0.05) than the control (Table 8-2). 

Cultivar SPS Evan 

The ratio of SCW to SW was significantly (p 0.05) lower for white seed coat colour category compared 

with the control and the other two seed coat colour. No difference was found between the other seed 

coat colour categories and the control (Table 8-3). 

The ratio of SCW to SW for seed grade 4 mm  was significantly higher (p 0.05) than the other seed 

grade categories, but it was not for the control.  The other seed size categories had a lower ratio of 

SCW to SW than the control (Table 8-3).   

The ratio of SCW to SW for the cracked seeds did not differ compared with the control (Table 8-3). 
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 And Table 8-2   Effect of physical and mechanical properties of hybrid spinach cv. SPS Scot on seed quality factors.  

ns = Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01 
 1 hundred seed weight, 2 seed coat weight / seed weight, 3embryo weight / seed weight, 4 seeds insufficient to do the test 
 
 

Treatment                                 Germination         Abnormal         Fresh         Dead        Conductivity       HSW 1           Cracked         SCW/SW 2         EW/SW 3          
                                                             (%)                  seedlings         seeds         seeds            (µS cm-1 g-1)      (g)                (seeds                  (%)                     %                    
                                                                                          (%)                 (%)             (%)                                                                  (%)                 

Control                                             65.3d                    26.1ab           7.4d           1.2bc            76.1bcd            1.1e                 33.5f                42.4a                 57.6c 
   
Dark brown seed coat                   65.2d                     23.7ab          10.5b         0.5bc            65.4e                1.3c                 10h                  41.0ab               60.0bc                                                                                                

 
Brown seed coat                             77.4b                    17.2f             5.3e            0.0c              80.1bc              1.1e                 34f                   39.9ab              60.1bc           
 

White seed coat                             59.6e                    21.1cde         19.3a          0.0c              84.1ab             1.2d                 38e                  36.8bc              63.2ab 
                                       

Sized seeds 2 < 2.5 mm                73.5c                    22.2cd           2.5fg          1.9b                   -4                  0.6h                 74.0b                  -                       - 
 

Sized seeds 2.5 < 3 mm                       74.0c                                 20.7de          3.05f          1.8b              77.7bc              0.7g                 65.0c               38.9ab              61.1bc 

                                             
Sized seeds 3 < 3.5 mm               63.6d                    26.6a             8.1cd          1.8b              74.7cd             1.1de               40d                 39.9ab            
 
Sized seeds 3.5 < 4 mm               66.5d                   19.1ef            9.6bc          4.8a              68.6de             1.6b                 15g                  41.9a                58.1c 
 
Sized seeds 4 mm <                      89.9a                   10.2g              0.0h           0.0c                  -                     1.9a                 11h                   -                          - 
  
Cracked seeds                                72.0c                    25.8ab           1.1gh         1.1bc             91.6a                0.9f                 100a                 33.8c                66.2a 
                                      

Level of significance                      ***                      ***                 ***             ***               ***                    ***                  ***                   *                        * 
LSD (5%)                                           2.98                    2.57                1.5             1.48              8.6                     0.05                 1.02                  5.1                     5.1 
CV (%)                                               2.9                       8.4                 15.5            79                 7.6                     3.2                   1.7                    8.9                     5.8   
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Table 8-3   Effect of physical and mechanical properties of hybrid spinach cv. SPS Evan on seed quality factors. 

ns = Non significant, *= Significant at p < 0.05, ** = Significant at p < 0.01 
 1 hundred seed weight, 2 seed coat weight/seed weight, 3embryo weight/seed weight,  

Treatment                                 Germination        Abnormal         Fresh           Dead       Conductivity          HSW 1          Cracked         SCW/SW 2        EW/SW 3          
                                                             (%)                  seedling          seed             seed        (µS cm-1 g-1)           (g)                 seed                  (%)                     %                    
                                                                                          (%)                 (%)              (%)                                                                   (%)                 

Control                                                 89.7a                6.2de             3.6de           0.5bc            66.7cd               2.33b              11.0e                43.5a               56.5e                          
  
Dark brown seed coat                       90.9a                5.6e               3.0def          0.5bc            66.9cd               2.52a               3.5g                 42.3ab             57.7de 

   
Brown seed coat                                84.2b                8.9c                6.9c              0.0c             69.7cd                2.32b              13d                   42.4ab             57.6de 
 

White seed coat                                 91.3a                8.7cd              0.0g             0.0c              77.9b                 2.06c              41.0b               35.6de             64.4ab 
                                       

Sized seeds 2.5 < 3 mm                             79.8c                14.4b              4.3d              1.6b              91.6a                0.95e               41.0b               34.3e                65.7a 

                                             
Sized seeds 3 < 3.5 mm                   67.2d                20.4a              11.9b           0.5bc            85.4a                1.40d              17.0c               37.7cde           62.4abc 
 
Sized seeds 3.5 < 4 mm                   88.6a                9.3c                2.1f               0.0c              73.1bc              2.02c               6.0f                 38.6bcd           61.4bcd 
 
Sized seeds 4 mm <                          89.8a               7.1cde            2.5ef             0.5bc           66.2d                2.52a               4.0g                 42.5ab             57.5de 
  
Cracked seeds                                    67.1d               14.5b              15.1a            3.4a             70.7cd               2.33b               100a                 41.4abc           58.6cde 
                                      

Level of significance                         ***                  ***                   ***              ***                ***                    ***                  ***                  ***                   *** 
LSD (5%)                                             3.7                    2.67                 1.29            1.28                6.7                    0.05                 1.34                 4.30                  4.30 
CV (%)                                                 3.1                    17                    16                113                 6                       1.7                    3.5                   7.4                    4.9 
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Seed imbibition 

Seed imbibition rate differed significantly (p 0.001) between the cultivars 2.5 hours when cv. Evan 

had a faster rate, but did not differ for the other imbibition times except for T10 which was statistically 

significant but was very small (Table 8-4). The weight of imbibed seeds during the period also had the 

same trend for both cultivars (Figure 8-5). 

Table 8-4   Seed imbibition rate over a period of 24 hours in cultivars SPS Scot and SPS Evan. 

Cultivar                          SDW (g)1  ____________Seed imbibition rate (g/h)2___________________ 
                                           T0               T2.5                T5               T7.5                   T10               T12.5                 T24                                       
SPS Scot                             0.2261         0.0553         0.0051         0.0017        0.0042      0.0001        0.0052 

SPS Evan                            0.4879         0.1213         0.0043         0.0001        0.0015       0.0014       0.0089 

Level of significance           ***             ***                 ns                 ns                **               ns                ns 
LSD (5%)                             0.0350       0.0095          0.0081         0.0025       0.0019        0.0019        0.0044 
CV (%)                                      5                 6                   99                158              37              138              36 

1 Seed dry weight, 2 Seed imbibition rate during time 0 (T0) to time 24 hours (T24) 

 

 

Figure 8-5   Seed weight during imbibition over a period of 24 hours in cultivars SPS Scot and SPS 
Evan. 

8.4 Discussion 

Germination 

Spinach seed coat features have been reported to affect germination by restricting oxygen availability 

for embryo or radicle emergence (Katzman et al., 2001). In this study, the responses of the cultivars in 

relation to physical features to germination differed. 
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Seed germination differed among cultivars in relation to seed colours as for cv. SPS Scot white colour 

seeds had a lower germination (6%) but in cv. SPS Evan, it was for brown colour (6%) seeds compared 

with the control. Low germination in the white seeds (cv. Scot) and brown seeds (cv. Evan) was related 

to an increased number of fresh ungerminated seeds (19.3% and 6.9% respectively). So the difference 

is once again in the failure to fully break dormancy and likely white seeds had a deeper dormancy.   

Seed germination in response to seed size differed within cultivars. There was not a germination 

increase trend with increasing seed size within cultivars, but seeds sized grade >4mm produced the 

highest germination in both cultivars. While in cv. SPS Scot small sized seeds (3>2 mm) had higher 

germination, in cv. SPS seed size 3.5>2.5 mm produced lower germination than the control. Higher 

germination among seed sizes in cv. Scot was associated with a reduction in abnormal and fresh seed 

percentage. The different responses to germination in different seed grades within cultivars can be 

attributed to the great difference in TSW between cultivars (SPS Scot 11 g and SPS Evan 23 g). It is 

assumed that the variation between small and medium seed size in germination is most likely related 

to random sampling variation as the difference is low but significant. The higher germination in the 

large seeds is attributed to their greater supply of nutrients which would allow superior germination 

and subsequent seedling growth (Nonogaki, 2006; Todoran, 2010). There was also a weak but non-

significant correlation between seed size and germination for both cultivars (Figure 8-6). These results 

are almost in line with the findings of Deleuran et al. (2013) who reported that smaller spinach seed 

sizes (˂ 3.25 mm) had a lower mean germination time (MGT) than bigger seed sizes (˃3.25). Similar 

findings were also reported for castor bean (Olesen et al., 2015; Severino & Auld, 2013).   

There were highly negative correlations between germination percentage and abnormal seedling (r2 

=0.8) and fresh seed (r2 = 0.9) percentages in cv. Evan and a weaker correlation (r2 = 0.6) in cv. Scot. 

Seed germination decreased as abnormal and fresh seeds increased (Figures 8-7 & 8-8). Seed 

germination loss was mainly due to the high rate of abnormal seedlings rather than the fresh seeds in 

both the cultivars (Figures 8-7 & 8-8). No correlation was found between cracked seeds and seed 

coat thickness with germination percentage in both cultivars (Table 8-5).  
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Figure 8-6   Relationship between seed size and seed germination in two spinach cultivars. 

 

Figure 8-7   Relationship between germination, abnormal seedlings and fresh seed percentage in cv. 
Scot. 

 

Figure 8-8   Relationship between germination, abnormal seedlings and fresh seed percentage in cv. 
Evan. 
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Table 8-5   Regression (r2) between seed quality factors and seed physical features in two spinach 
cultivars. 

1 seed coat weight/seed weight, 2 seed reserves/seed weight 

Seed vigour 

Seed vigour differed among seed coat colours for both the cultivars. The white seed coat colour in 

both cultivars produced the lower vigour (higher conductivity) than the other seed colours. These 

reductions in cv. Scot was attributed to the higher proportion of cracked seeds (38%) but in cv. Evan, 

it may have been connected with the lower seed coat thickness (SCW/ SW) (35.6%) compared with 

the other seed colours. Both these features can increase conductivity by allowing increased leaching 

cell contents. Spinach cultivars with a thin seed coat are more readily damaged during harvesting, 

cleaning and processing (Meng et al., 2017) which can affect seed vigour. 

Seed vigour was affected by seed size in both cultivars. There were strong correlations (r2= 0.96 for cv. 

Scot and 0.98 for cv. Evan) between seed size and seed vigour. Conductivity decreased (vigour 

increased) as seed size increased (Figure 8-9).  These results are in conformity with the findings of 

Todoran (2010) and Nonogaki (2006) who reported that larger spinach seeds had a higher vigour and 

produced more vigorous seedlings due to their greater supply of nutrients which allowed superior 

germination and seedling growth. 

 

                        Figure 8-9   Relationship between seed size and conductivity. 
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Cracked seeds in cv. Scot produced the highest conductivity (91.6 µS cm-1 g-1) (the lowest vigour), while 

this did not occur in cv. Evan. This difference in response can be explained by the different types of 

cracking within the cultivars. A cracking in cv. Scot was associated with a weak and thinner seed coat. 

In cv. Evan the pore which is a genetic trait (Figure 8-10). The high correlation (r2= 0.72 between 

cracked seed percentage and seed vigour in cv. Scot and a weak correlation (r2= 0.02) in cv. Evan 

supports this hypothesis (Figure 8-11). The strong and significant (p<0.001) correlation (r2 = 0.76 & 

0.80) between seed coat thickness and vigour in both cultivars also support this explanation (Figure 

8-12).  

 

 

Figure 8-10    (a) Irregular pore in cultivar SPS Evan and (b) crack in the seed coat of SPS Scot. Cv. 
Evan has a thick seed coat and is more resistant to mechanical damage but cv. Scot has a thin seed 
coat which is more easily damaged. 

 

Figure 8-11   Relationship between cracked seed and germination in two spinach cultivars (a) cultivar 
SPS Scot and (b) cultivar SPS Evan. 
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Figure 8-12   Relationship between the ratio of seed coat weight/ seed coat (thickness) and 
conductivity in two spinach cultivars (a) cultivar SPS Scot and (b) cultivar SPS Evan. 
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Significant differences in HSW were evident among the seed coat colours in, and seeds with a dark 

brown seed coat had the maximum HSW in both cultivars. The variation in HSW within seed coat 

colours is possibly associated with seed development duration with brighter seeds were younger than 

darker colour seeds. These results corroborate the findings of Olesen et al. (2015) who reported that 

castor bean seeds with brighter coat colour were smaller than the dark brown colour.       

Seed imbibition 
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weight (thickness) which were almost similar for both the cultivars (Scot = 42.4% & Evan = 43.5%).     

8.5 Conclusion 

Seed germination in response to seed coat colour differed and white seeds in cv. SPS Scot and brown 

seeds in cv. SPS Evan produced a lower germination than the other seed colours. The white seeds also 

produced the lowest seed vigour among the seed colours in both cultivars. Hundred seed weight 

(HSW) was higher for dark brown seed colour than the other seed colours in both cultivars. 

The largest seed size ( 4 mm) produced a higher germination percentage and vigour than all the other 

sizes in both the cultivars.  
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Seed thickness (seed coat weight/seed weight) was strongly correlated (r2 = 0.78) with seed vigour in 

both the cultivars, but not with germination. 

Cracked seeds had a negative and significant correlation with seed vigour in cv. SPS Scot, but not in 

cv. SPS Evan. There was no relationship between cracked seeds and germination percentage in both 

cultivars. 

The results of these experiments can explain the different responses of spinach cultivars to breaking 

seed dormancy methods which examined in the previous chapter. The results of the current study 

indicated that spinach cultivars differ in some seed coat features and some of them such as crack/pore 

and imbibition rate can be connected with the effectiveness of seed dormancy breaking methods. It 

is assumed that, cultivars with higher seed coat thickness or having or not a crack or pore may have 

different response to breaking seed dormancy methods. In the previous chapter, seed treatment of 

cv. SPS Evan and SPS 9090 with KNO3 plus prechilling, reduced ungerminated fresh seeds, but it did 

not in cv. Scot. And SPS 9206. The main difference between cultivars Scot and Evan was mostly being 

a crack on Scot seed coat while it was an irregular pore in cv. Evan. 
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Outcomes, general discussion and future research 

The aim of this research was to determine if the quality of hybrid spinach seed produced in Canterbury, 

New Zealand could be improved. This involved determining the impacts of sowing and harvesting time, 

flowering and seed development, heat stress during seed development, plant density, PGRs, and seed 

morphology on seed quality, and an investigation of the effects of dormancy breaking method on seed 

germination. As a full discussion was included in each of the chapters, this chapter presents only a 

summary of the results, overall discussion and future research requirements.  

New Zealand companies contract with overseas companies to produce and export hybrid spinach 

seeds. Canterbury is the major centre of herbage and vegetable seed production and about 90% of 

New Zealand’s production is from this region (Hampton et al., 2012). Hybrid spinach seeds are 

produced by South Pacific Seeds (SPS) (NZ) Ltd. SPS produces several hybrid spinach cultivars by 

contracting with farmers in the south of Canterbury.  Over recent years, the trend in spinach seed 

production has been for strong growth. However, some seed lots have failed to meet the contracted 

standard of 85% germination (J. McKay, pers. comm., 2015). This issue is a potential threat for the 

continuation of spinach seed exports. This research programme investigated some methods for 

improving seed quality, particularly seed germination and vigour, in hybrid spinach seed produced in 

Canterbury. 

9.1 Summary of outcome and discussion 

Spinach (Spinacia oleracea L.) is an annual crop of the Amaranthaceae family with an 

indeterminate flowering pattern initiated primarily by day length and enhanced by integrated 

environmental factors (Navazio & Colley, 2007). Environmental factors can affect seed production 

and quality (Adkins et al., 2007). There are several seed production factors which may have an impact 

on germination. 

The initial work examined the effects of sowing date and harvesting time on seed quality. Sowing time 

may influence seed quality if there is high temperature stress during the flowering or seed 

development stages. Moreover, sowing dates can affect photoperiodic induction and flowering period 

which are vital stages in seed crops. The critical photoperiod for spinach is between 13-15 hours (C. 

Chun et al., 2001). Harvesting time is an important factor affecting seed quality, and seed moisture 

content (SMC) is the most important parameter to determine seed maturity and harvest time (Desai 
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et al., 1997). Early harvest leads to the inclusion of immature and underdeveloped seeds that will have 

a lower germination and vigour, and their higher seed moisture will increase the chance of fungal 

infections. Delaying harvest due to inclement weather late in the season will impact negatively on 

seed quality, and may increase  the rate of seed shattering or shedding (Yadav et al., 2005).  

There were no significant differences in germination among different sowing dates or harvesting 

dates, but seed vigour was significantly affected by both sowing and harvesting date. The maximum 

seed vigour (AA test and EC test) was attained in seeds from the first sowing (September 7) 

accompanied by harvesting at 20% SMC (S1H2). Thousand seed weight for the first and second sowing 

dates (September 7 & 21) did not differ, but was reduced significantly at the last sowing (October 7). 

Significant variations in seed yield were found among different sowing and harvesting dates. The 

highest seed yield was in the first sowing following harvesting at 30% SMC (S1H1) as a result of higher 

a seed mass and seed number per plant, and the lowest seed yield was in the third sowing with 

harvesting at 10% SMC (S3H3).  

Plant density is an other factor which may affect seed quality. Seeds sown at a within row spacing of 

13.5 cm had a statistically (p< 0.05) higher germination than the other spacings, but no differences 

were found among the other densities. However, the difference of 3% germination was not 

biologically large. This small increase in seed germination may possibly be explained by random 

sampling variation (ISTA, 2018) within a seed lot, rather than the impacts of plant density. This 

reasoning is supported by the seed vigour results which did not differ among the plant densities. There 

was a positive correlation between TSW and plant spacing, with TSW reducing with increasing density. 

Spinach plants showed considerable plasticity by being able to adjust seed yield components and 

therefor seed yield under a wide range of plant densities (13.3 - 33.3 pl. m-2). Variation in plant density 

did not influence seed yield.   

To improve spinach plant uniformity and also seed quality attributes three experiments were 

conducted using five PGRs, including GA3 and cytokinin which act as floral inducers and trinexapac-

ethyl (TE) (Moddus), cycocel (chlormequat-chloride) and maleic hydrazide (MH) which are plant 

growth inhibitors. Topping was also used as an alternative to the use of chemicals. Seed quality and 

seed yield were not affected by PGRs application or topping the plants in the first year, but in the 

second year by changing or modifying the PGRS, a mixed exogenous application of TE and cycocel (1 l 

ha-1 of each) at the before flowering stage (BBCH 49), and topping the plants at early seed 

development stage (BBCH 71) significantly (p<0.05) enhanced seed germination, but only by 6%. Seed 

vigour as assessed by the electrical conductivity test, was not improved by PGRs or topping. Topping 

the plants at BBCH 71 or application of TE and cycocel (1 l ha-1 of each) at BBCH 49 increased TSW. 
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Seed yield was increased by topping at BBCH 71 or application of 1 l ha-1 of TE in the second year. The 

different responses of seed yield and seed yield components to PGRs or topping among years might 

be attributed to the climatic conditions, soil structure and texture, and agronomic management as 

experiments were set up in different locations with different seed production contractors. 

Temperature stress during the seed filling stage has been reported to reduce seed germination in 

spinach  (Navazio & Colley, 2007) and  several other crops (Rashid et al., 2017; Shinohara et al., 2006). 

A Biotron experiment was set up to investigate the effects of temperature stress (30/25 °C, day/night, 

Tb= 25°C) for 1, 2, 3, and 4 days (60, 120, 180 & 240 ℃ hour respectively) at different seed moisture 

contents (75%, 50% & 35%) on seed quality to identify the stages of seed development particularly 

sensitive to high temperature stress. A short period of heat stress during seed filling reduced 

germination. Seed germination for all heat stress application times decreased with increasing heat 

stress period (from 1 to 4 days or 60 to 240 ℃ hour), with the reductions being greatest the earlier 

the stress was applied during seed development. Temperature stress for a short period (1 day, 60 ℃ 

h) at PM did not affect germination percentage. Germination of seeds harvested from different 

inflorescence positions (top, middle and base) was  reduced by both heat stress timing and heat stress 

duration. Germination of seeds harvested from the upper positions on the inflorescence was lower 

than for seeds from the lower positions. The germination reduction was mainly a result of a high 

number of dead seeds and to a lesser extent the number of abnormal seedlings. High temperature 

causes oxidative damage by lipid peroxidation which lead to a decrease in seed viability  (Bailly et al., 

2008). Heat stress either before or at PM reduced seed vigour. Seed vigour loss is as a result of seed 

deterioration (aging) and the main factor for seed deterioration is the constant generation of ROS 

during aerobic metabolism as a consequence of environmental stress such as a high temperature (K. 

Chen et al., 2012). Heat stress applied at 75 and 50% SMC reduced TSW but stress at 35% SMC did 

not. This is because the seed filling phase begins with a linear increase in dry weight and ends when 

the seeds reach PM; they are then at their maximum dry weight. Seed yield per plant was significantly 

reduced when heat stress was applied at 75 or 50% SMC, because the number of seeds / plant and 

TSW were reduced. 

Physical and mechanical properties of the seed coat including colour, ratio of seed coat to seed 

reserves, presence or absence of a crack or a pore (at the base of the seed, a genetic feature), and 

seed size may affect seed quality. Seed germination in two cultivars in response to seed coat colour 

differed, and white and brown seeds produced a lower germination than dark brown seeds. The white 

seeds also had the lowest seed vigour among the seed colours in both cultivars. Hundred seed weight 

(HSW) was higher for dark brown seed colour than the other seed colours in both cultivars. The largest 
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seeds (>4 mm) produced a higher germination percentage and vigour than smaller seeds in both 

cultivars. Seed thickness (seed coat weight/seed weight) was strongly correlated (r2 = 0.78) with seed 

vigour in both the cultivars, but not with germination. Cracked seeds had a negative and significant 

correlation with seed vigour in one cultivar, but not in the other. There was no relationship between 

cracked seeds and germination percentage in either cultivar. 

The plant density experiment showed that, variation in plant density did not influence seed yield. The 

current plant population for spinach seed production is 267000 plants ha-1 ( 7.5 cm apart in the row 

and 50 cm between rows). Decreasing the current plant population from 266600 to 153800 pl ha1 

(from 7.5 cm to 13.5 cm apart in the row) should be considered. Seed yield and quality would not be 

negatively impacted, but there would be a production cost saving, as the  parental line sowing rate 

would be reduced. 

Field management for spinach seed production in Canterbury is based on the seed production 

companies’ recommendations, and mostly without research confirmation. Spinach sowing time 

usually begins in early September and continues until October. Seed development studies using three 

sowing dates, 7 Sep. (S1), 21 Sep. (S2) & 7 Oct. (S3) indicated that, start of flowering and subsequently 

seed filling differed among sowing dates. Flowering began on 30 November, 3 December and 19 

December for S1, S2 and S3 respectively. Recent weather data for Canterbury show that high 

temperature stress (temperature above 25 ℃) predominantly occurs from about 10 December and 

continues to about 20th February (9 weeks), which coincides with the spinach seed filling stage (75 - 

50% SMC). Heat stress during this time can seriously reduce germination and vigour. The results of the 

Biotron study showed that a short period of heat stress during seed filling reduced germination. Seed 

germination for all heat stress application times decreased with increasing heat stress period (from 1 

to 4 days or 60 to 240 ℃ hour), with the reductions being greatest the earlier the stress was applied 

during seed development. It is possible that the poor germination of some Canterbury produced 

spinach seed lots is a consequence of heat stress during seed filling, but this requires confirmation.  

Sowing time in Canterbury should be arranged as early as possible, due to the negative effects of high 

temperatures during December and January on flowering and seed development, and consequently 

seed germination and vigour. Moreover, a shorter seed filling period resulting from a later sowing 

time negatively influences seed yield and seed quality. Delayed sowing of spinach also meant that 

seed develop under a higher temperature in late December and early January which consequently 

lowered seed yield and seed vigour. A change in sowing date may reduce exposure of the crop to high 

temperature at sensitive phenological stages, leading to higher seed germination and vigour.  
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Climate change is predicted to increase the frequency of temperature stress (Meehl et al., 2007). Long-

term weather data for Canterbury New Zealand during November to January show maximum daily 

temperature often exceeding 30 ℃ (Hampton, 2000). Extreme heat events are also predicted to 

become more frequent, longer and intense than previously (Meehl et al., 2007). According to 

predictions for an intermediate level of warming for most areas in New Zealand, the increase in mean 

annual temperature will be 0.9°C by 2040 and 2.1°C by 2090. With this increasing trend in temperature 

stress for Canterbury, earlier sowing maybe able prevent to avoid exposure to high temperatures 

stress during seed filling. This also needs to be confirmed. 

The variation in seed quality and also seed yield between years could be explained by temperature 

stress, cultivars and the interaction effects between them during the reproductive growth, which 

differed among the growing seasons.  

Spinach harvest time for SPS seed crops is at 30% SMC. The results of the harvest time study showed 

that harvesting at 30% SMC produced a lower seed vigour than harvesting at 20% SMC, possibly 

because spinach seed at 30% SMC is more sensitive to the shocks of mechanical harvesting than the 

dried seed. 

Two spinach seed harvest methods are currently used by SPS: i. the plants are windrowed at 30% SMC 

and combine harvested 6-9 days later; ii. the crop is chemically desiccated by diquat (Reglone diquat 

desiccant; Syngenta Crop Protection, Greensboro, N.C. 240 g/l diquat at 2-2.5 l product/ha) at 30% 

SMC then direct harvested at about 10% SMC. Either applying chemical desiccants or cutting at 

different seed moisture contents can influence seed germination and vigour because of physical 

damage or physiological damage associated with the seed desiccation process. The results of the 

harvest method study showed a significant difference between the two methods, as desiccation 

(diquat) reduced germination by around 10%. The current Reglone (240 g/l diquat) rate used in 

spinach seed production in Canterbury is 2-2.5 litre/ha (480-600 g/ha diquat), which is a rate 

equivalent to the 560 g/ha which Miller (2002) reported can also result in germination loss in spinach. 

Therefore, Diquat use as a preharvest desiccant in spinach seed production should be reevaluated, 

particularly when seed germination may already be marginal. Spinach seed quality was not greatly 

affected by the other harvest methods. This study did identify failure to break dormancy as a potential 

problem, and this was addressed in a later experiment. Trying to thresh spinach when SMC was 20% 

or above did not improve seed quality, but did reduce seed yield significantly because seeds remained 

in unthreshed pods. Spinach seeds must be around 10-15% SMC before the threshing process can be 

successful. 
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Seed dormancy is common in spinach (Prakash et al., 2017). An inability to successfully fully break 

seed dormancy was identified to be a cause for a poor germination in SPS spinach seed lots. Many 

nongerminated seeds were still viable (fresh ungerminated), but could not germinate. Internal and 

external factors are reported to be responsible for germination inhibition or dormancy in spinach 

(Katzman, 1999). This study revealed that the current ISTA method (prechilling) for breaking spinach 

seed dormancy was not fully effective. While none of the methods assessed completely removed 

dormancy in any of the seed lots used, pretreatment of seeds with 0.2% KNO3 plus prechilling allowed 

a significant increase in germination for three of the four seed lots. Low growth potential of the 

embryo in dormant seeds may be because of a shortage of K+ and other ions, which can be 

compensated by KNO3 treatment (C.C. Baskin & J.M. Baskin, 2014). Nitrate has been reported to have 

a direct effect on the Krebs cycle, which in turn results in induction of germination (Matus-Cádiza & 

Hucl, 2003). GA3 150 ppm plus prechilling and GA3 200 ppm could also be considered as an alternative 

method for breaking spinach seed dormancy but GA3 at a concentration above 200 ppm reduced 

germination by increasing the percentage of abnormal seedlings produced. GA3 has  been reported 

to improve germination by accelerating α- amylase activity and hastened the consumption of starchy 

endosperm during seed imbibition (L. L. Wang et al., 2016). Therefore, according to these results, a 

failure to complety break seed dormancy could be one of the major causes of low germination in some 

SPS seed lots. Replacing the prechilling method (ISTA, 2018) with KNO3 plus prechilling is 

recommended. 

9.2 Recommendations 

Low germination is a common problem in many spinach seed lots produced in Canterbury. 

Investigation of production factors associated with several spinach seed lots produced in Canterbury 

reveal that harvest method and high temperature during seed development are the major causes for 

spinach germination and vigour loss, while a failure to fully break dormancy also reduced germination.   

 The current method (prechilling) for breaking spinach seed dormancy (ISTA, 2018) is not fully 

effective. Replacing the prechilling method with KNO3 plus prechilling to break dormancy 

improved seed germination by reducing the percentage of fresh ungerminated seeds.  

 The current recommended desiccant application rate of 2-2.5 litre/ha (480-600 g/ha diquat can 

significantly reduce spinach seed germination. Diquat application rate and timing require further 

investigation.  

 Recent weather data for Canterbury show that high temperature stress (temperature above 25 ℃) 

predominantly occurs during the spinach seed filling stage which starts about 10 December and 
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continues for 9 weeks until about 20th February. Earlier sowing may be able to prevent exposure 

to high temperatures stress during seed filling. 

 Topping the plants at early seed development stage (BBCH 71) or a mixed exogenous application 

of TE (Moddus) and cycocel (1 l ha-1 of each) at the before flowering stage (BBCH 49) enhanced 

germination by decreasing the percentage of abnormal seedlings. A possible reason for a reduction 

in the abnormal seedling percentage in TE and topping treatments could be due to the effect of 

topping (Asfaram & Mirshekari, 2015) and PGR (Francis, 2015) on reproductive growth. Both 

treatments promote earlier seed development, so that seeds at the top of the inflorescence 

experience a shorter period of higher temperature during their development.  

 The current plant population for spinach seed production is 266600 plants ha-1 ( 7.5 cm apart in the 

row and 50 cm between rows). Decreasing the plant population to 153800 pl ha-1 (13.5 cm apart 

in the row) should be considered. Seed yield and quality would not be negatively impacted, but 

there would be a production cost saving, as the  parental line sowing rate would be reduced. 

9.3 Future research 

In this study, the effects of sowing date and harvesting time on seed quality were investigated and the 

earliest sowing time and harvesting at 20% SMC produced the highest seed vigour. These results need 

to be confirmed by using different cultivars because harvesting at 30% SMC is a common harvest time 

for spinach in Canterbury. 

In this study, seeds sown at a spacing of 13.5 cm apart in the row had a slightly higher germination. 

Because of the effect of environmental factors among years (temperature), these results need to be 

repeated in one more year. 

As part of this study, a mixed application of TE and cycocel and also topping the plants at BBCH 71 

enhanced seed germination. These findings need to be repeated, particularly for topping which need 

to be retested on a field scale.   

This study showed that application of Diquat at a rate of 2 litre/ ha negatively affected seed 

germination. More research is required to evaluate application rates and timing of desiccation in order 

to avoid any possible negative impacts on the quality of the harvested seed.   

This study revealed that the current method (prechilling) for breaking spinach seed dormancy was not 

effective. While none of the methods assessed completely removed dormancy in any of the seed lots 

used, pretreatment of seeds with 0.2% KNO3 plus prechilling allowed a significant increase in 
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germination for three of the seed lots. There is also scope for more research in this direction to identify 

the effect of chemical inhibitors on the spinach seed coat on dormancy, and the best method removing 

them. 

This study identified relationships between seed coat colour, seed coat ratio, seed size and cracked 

seeds with seed quality for two cultivars. There is scope for more research in this area to investigate 

these features on a wider range of spinach cultivars and set a model based on the relationship 

between spinach seed coat features and seed quality (germination, vigour and TSW).  
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          Appendices 

Appendix 1    Phenological growth stages and BBCH-identification keys of leaf vegetables 
                        (Spinacia oleracea, Lactuca sativa and Brasica oleracea) (Meier et al., 2001). 

 
            Code                  Description       

 
Principal growth stages 0: Germination 

 
00 Dry Seed 

01 Beginning of imbibition: seeds begin to take up water 

03 Seed imbibition complete (pellet cracked) 

05 Radicle emerged from seed (pellet) 

07 Shoot emerged from seed (pellet) 

09 Emergence: shoot emerges through soil surface    

 
Principal growth stages 1: Leaf development (Main shoot) 

 
10                First leaf visible (pinhead-size): cotyledons horizontally unfolded 

11 First pair of leaves visible, not yet unfolded (pea-size)2nd true leaf unfolded 

12 2 leaves (first pair of leaves) unfolded 

14 leaves (2nd pair of leaves) unfolded 9 or more true leaves unfolded 

15 5 leaves unfolded 

1. Stages continuous till … 

19 9 and more leaves unfolded 

 
Principal growth stages 3: Stem elongation of rosette growth  

 
33                   Leaves has reached 30% of the expected diameter 

35                   Leaves has reached 50% of the expected diameter 

37                   Leaves has reached 70% of the expected diameter 

39                  Rosette development completed 

 
Principal growth stages 4: Development of harvestable vegetative plant parts 

 
41                   10% of the leaf mass typical for the variety reached 

48                   80% of the leaf mass typical for the variety reached 

49                   Typical leaf mass reached  

 
Principal growth stages 5: Inflorescence emergence 

 
51                   Main shoot begins to elongate 

                       Main inflorescence visible between uppermost leaves 

53                   30% of the expected height of the main shoot reached 

55                   First individual flowers of main inflorescence visible (still closed) 

59                   First flower petals visible; flowers still closed 
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Principal growth stages 6: Flowering 

 
60                 First flowers open 

61                 Beginning of flowering: 10% of flowers open 

62                 20% of flowers open 

63                 30% of flowers open 

64                 40% of flowers open 

65                 Full flowering: 50% of flowers open 

67                 Flowering finishing: majority of petals fallen or dry 

69                 End of flowering 

 
Principal growth stages 7: Development of fruit

 

71                 First fruit formed 
72                 20% of fruit have reached typical size  
78                 80% of fruit have reached typical size 
79                 Fruits have reached typical size 

 
Principal growth stages 8: Ripening of fruit and seed

 
81                 Beginning of ripening: 10% of fruits ripe 
85                 50% of fruits ripe 
88                 80% of fruits ripe 
89                 Fully ripe: seeds on the whole plant of typical colour and hard 

 
Principal growth stages 9: Senescence

 
92              leaves and shoots beginning to discolour 
95               50% of leaves yellow or dead 
97              Plants dead 
99              Harvested product (seeds) 
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Appendix 2    Maximum tolerated range between four replicates of 100 seeds in 
germination percentage test (ISTA, 2018). 
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Appendix 3    Maximum tolerated range between four replicates within a conductivity test 
(ISTA, 2018). 
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Appendix 4    Spinach crop management (South pacific seeds Ltd). 
 

Herbicide 

Date Trade name Active ingredients Proportion Application 
per /ha 

Pre emergence Goltix 
Chloridazon 

Magistar 

Metamitron 
 

clomazone 

700g/kg 
430g/lt 
360g/l 

1 kg 
6lts 

200mls 

Emerging time Betanal Forte + 
Asulox + 

D-C Tron oil 

Phenmedipham desmedipham 
Asulam 

 

160g/l 
160g/l 
400g/l 

440 ml+ 
2 l +       250 

ml 

2 weeks later Betanal Forte + 
Asulox + 

D-C Tron oil 

  125 ml+ 
2 l + 

100 ml 

Insecticide 

2 weeks later Lorsban Chlorpyrifos 500g/l 600mls 

Post flowering Lorsban Chlorpyrifos  700mls 

Fungicide 

Bud initiation Protec Carbendazim 500 g/l 1.5 l 

Bud initiation Folicur Triazole  440 ml 

start of pollen Pristine Boscalid + Strobilurin 252g/kg – 
128g/kg 

400 gms 

start of pollen  Mancozeb  2 kg 

Mid seed set Proline prothioconazole 250g/l 800 ml 

Mid seed set Canon Difenoconazol+Chlorothalonil  2l 

Mid seed set Mancozeb Dithiocarbamate  2 kg 

Mid seed set Kocide Opti Copper Hydroxide  1 kg 

At seed fill Protec Carbendazim  1.5 l 

At seed fill Rovral Flo Iprodione  1.5 l 

Fertilizer 

Sowing time 
 

Nitrophoska 
12.10.10 + 
Kieserite 

N: 12%, P: 10%, K: 10%  150 kg 
50 kg 

Bud setting Nitrogen N 46%  150 kg 

Irrigation 

Date    Amount 

emerging 1st   15mm 

6-8 le 2nd   25mm 

Pre flower 3rd   50mm 
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Appendix 5    Temperature and relative humidity in a summer day at Selwyn Lake Road.  

 



 

186 
 

Appendix 6    Temperature and number of hours above 25℃ and 30℃ during the seed filling stage (Dec-Feb)1 over the years 2016-2019 at 
Selwyn Lake Road Canterbury, New Zealand. 

 

 

Growing year 2016-17 Growing year 2017-18 Growing year 2018-19 

Date Temp.  
>25℃ 

No. of 
hours 
>25℃ 

No. of 
hours     

> 30℃ 

Date Temp  
>25℃ 

No. of 
hours 
>25℃ 

No. of 
hours     >

30℃ 

Date Temp  
>25℃ 

No. of hours 
>25℃ 

No. of hours     
> 30℃ 

Dec-10 26.2 2  Dec-01 27.4 5  Dec-09 27 4  

Dec-21 26.5 2  Dec-02 27.7 8  Dec-17 27 4.5  

Dec-27 27.9 5  Dec-04 28.5 7  Dec-29 29.4 6  

Jan-01 28.3 11  Dec-05 26.9 4  Jan-02 30.3 11 0.5 

Jan-11 29.1 5  Dec-08 30.9 10 1 Jan-03 28.7 3.5  

Jan-12 26.9 2.5  Dec-09 30.3 7 0.5 Jan-05 29.9 7.5  

Jan-15 26.8 4  Dec-10 28.8 5.5  Jan-09 26.8 3  

Jan-17 27.4 7  Dec-11 28.9 7.5  Jan-19 30.5 6 0.5 

Jan-26 27.4 7  Dec-15 29.6 5  Jan-22 29.8 9.5  

Jan-29 26.8 1  Dec-16 26.4 2  Jan-23 31.1 8 3 

Jan-31 31.6 9 2.5 Dec-17 29.1 6  Jan-27 26.2 1.5  

Feb-4 28.8 7  Dec-24 29.9 8  Jan-28 26.6 1  

Feb-5 31.6 8 2.5 Dec-25 30.5 7 0.5 Jan-30 29.7 9.5  

Feb-6 29.3 8  Dec-31 28.2 3  Jan-31 29.5 6  

Feb-12 27.9 5  Jan-03 28.3 3  Feb-1 28.3 2  

Feb-21 28.4 5  Jan-14 31.1 10 2.5 Feb-4 34.3 10 7 

    Jan-15 27.2 6  Feb-5 31.1 7 0.5 

    Jan-16 29 7.5  Feb-9 31.8 10 3 

    Jan-17 26.2 3  Feb-10 30.4 9 0.5 

    Jan-20 29.1 8  Feb-11 28.9 7  

    Jan-23 28.8 7.5  Feb-12 27.4 8  

    Jan-24 34.4 12 6 Feb-13 26.8 2  

    Jan-25 32.9 6 2 Feb-14 30.3 9 0.5 
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Continue from Appendix 6 

1 Data presented for days temperature above 25℃ only. 

 

 

 

 

 

 

 

Growing year 2016-17 Growing year 2017-18 Growing year 2018-19 
Date Temp.  

>25℃ 
No. of 
hours 
>25℃ 

No. of 
hours     

> 30℃ 

Date Temp  
>25℃ 

No. of 
hours 
>25℃ 

No. of hours     
> 30℃ 

Date Temp  
>25℃ 

No. of 
hours 
>25℃ 

No. of hours     
> 30℃ 

    Jan-27 27 6  Feb-18 28.6 4.5  

    Jan-28 27 2  Feb-19 30.3 9 0.5 

    Jan-30 34.4 10.5 6 Feb-20 25.5 0.5  

    Jan-31 29.6 11  Feb-21 30.8 9 3 

    Feb-1 32.7 6 3 Feb-22 27.2 1.5  

    Feb-5 26 2.5  Feb-27 25.8 2.5  

    Feb-12 29.3 4.5      

    Feb-13 28.2 3.5      

    Feb-15 29.3 6      

    Feb-16 29.5 6      

    Feb-18 28.3 3      
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Appendix 7    Hourly thermal time (HTT) during seed development stage of spinach (Dec & Feb) over the years 2016- 2019 at Selwyn Lake 
Road, Canterbury, New Zealand, (Tb = 25 ℃).

Growing year 2016-17 Growing year 2017-18 Growing year 2018-19 
Date No. of hours 

>25℃ 
Temp       

Max ℃ 
HTT ℃ h Date No. of hours 

>25℃ 
Temp        

Max ℃ 
HTT ℃ h Date No. of hours 

>25℃ 
Temp       

Max ℃ 
HTT ℃ h 

Dec-10 2 26.2 3 Dec-10 5.5 28.8 20.9 Dec-09 4 27 8 

Dec-21 2 26.5 3 Dec-11 7.5 28.9 29.2 Dec-17 4.5 2.7 9 

Dec-27 5 27.9 14.5 Dec-15 5 29.6 23 Dec-29 6 29.4 26.4 

Jan-01 11 28.3 36.3 Dec-16 2 26.4 2.8 Jan-02 12 30.3 63.6 

Jan-11 5 29.1 20.5 Dec-17 6 29.1 24.6 Jan-03 3.5 28.7 13 

Jan-12 2.5 26.9 4.7 Dec-24 8 29.9 39.2 Jan-05 7.5 29.9 36.8 

Jan-15 4 26.8 7.2 Dec-25 7 30.5 36.5 Jan-09 3 26.8 5.4 

Jan-17 7 27.4 16.8 Dec-31 3 28.2 9.6 Jan-19 6.5 30.5 35.8 

Jan-26 7 27.4 16.8 Jan-03 3 28.3 9.9 Jan-22 9.5 29.8 45.6 

Jan-29 1 26.8 1.8 Jan-14 10 31.1 61 Jan-23 8 31.1 48.8 

Jan-31 9 31.6 59.4 Jan-15 6 27.2 13.2 Jan-27 1.5 26.2 1.8 

Feb-4 7 28.8 26.6 Jan-16 7.5 29 30 Jan-28 1 26.6 1.6 

Feb-5 8 31.6 52.8 Jan-17 3 26.2 3.2 Jan-30 9.5 29.7 44.6 

Feb-6 8 29.3 34.4 Jan-20 8 29.1 32.8 Jan-31 6 29.5 27 

Feb-12 5 27.9 14.5 Jan-23 7.5 28.8 28.5 Feb-1 2 28.3 6.6 

Total   312.3 Jan-24 12 34.4 112.8 Feb-4 10 34.3 93 

    Jan-25 7 32.9 55.3 Feb-5 7 31.1 42.7 

    Jan-27 6 27 12 Feb-9 10 31.8 68 

    Jan-28 2 27 4 Feb-10 9 30.4 48.6 

    Jan-30 10.5 34.4 99.3 Feb-11 7 28.9 27.3 

    Jan-31 11 29.6 50.6 Feb-12 8 27.4 19.2 

    Jan-31 11 29.6 50.6 Feb-13 2 26.8 3.6 

    Feb-1 6 32.7 46.2 Feb-14 9 30.3 47.7 

    Feb-5 2.5 26 2.5 Feb-18 4.5 28.6 16.2 

    Feb-12 4.5 29.3 19.3 Feb-19 9 30.3 47.7 

    Feb-13 3.5 28.2 11.2 Total   788.4 

    Feb-15 6 29.3 19.8     

    Feb-16 6 29.5 21     

    Feb-18 3 28.3 9.9     

    Total   879.3     
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Appendix 8    Temperature, relative humidity and rainfall for two days during seed harvest. 
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Appendix 9  Tetrazolium test protocol (ISTA, 2011). 
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