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Abstract 

In Australia, a majority (85 %) of walnut (Juglans regia) production occurs in growing 

regions with a semi-arid climate. The production of orchards in these growing regions 

is limited by non-pollination-drop (NPD). NPD is a premature fruit drop linked to 

unsuccessful pollination or fertilisation processes. Environmental conditions, including 

high temperature and low relative humidity, were previously observed as possible key 

factors in NPD incidence rates, however, the relationships between NPD and climatic 

variables, and physiological mechanisms were not well understood. 

This thesis has investigated the impact of semi-arid climatic conditions on pollen 

viability, flower receptivity and pollen availability to understand causes of NPD. The 

hypothesis is that hot dry weather conditions reduce pollen availability, pollen viability 

and pistillate flower receptivity and that climate is the primary driver of NPD under 

semi-arid climate growing conditions. To test this hypothesis, data was collected to 

describe NPD rates, bloom overlap, pollen viability and climate conditions in five 

walnut cultivars over two years. To assess the impact of climatic variables on pollen 

shedding, receptivity, pollen moisture content and viability of staminate 

inflorescences, pistillate inflorescences and pollen were subjected to four temperature 

treatments, four relative humidity treatments and six vapour pressure deficit 

treatments. Finally, to understand why moisture loss leads to a loss of pollen viability, 

the molecular mechanisms that drive pollen moisture and viability loss under 

environmental extremes were investigated.  

NPD reduced walnut yield by up to 36 % and occurs when there is a lack of overlap 

between pollen shedding and receptivity and pollen viability is low. Pollen viability and 

bloom overlap are reduced under hot dry conditions during flowering, specifically 

temperatures greater than 35 °C, relative humidity lower than 20 % and vapour 

pressure deficit above 4 kPa. Later flowering cultivars are more affected by NPD 

because the timing of flowering is more likely to coincide with hot dry weather 

conditions which reduces pistillate flower receptivity and pollen viability. At an 

individual pistillate flower level, hot dry weather reduces the duration of optimal 

receptivity and stigmatic receptivity, limiting the window of opportunity for pollination 
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to occur and the capacity of the pistillate flower to support pollen functions. In 

individual catkins pollen availability was not influenced by hot dry weather. 

The viability of freshly shed pollen under semi-arid conditions is low (15 to 60 %) and 

hot dry weather during the dispersal period desiccates pollen causing further viability 

loss. Moisture loss appears to impair the integrity of the phospholipid membrane, 

compromising the ability of pollen grains to build osmotic pressure, an essential 

prerequisite to germination. Walnut pollen accumulates sucrose in response to early 

desiccation and this may be a physiochemical defence strategy to maintain pollen 

viability. 

In semi-arid climate growing regions, hot dry conditions frequently occur during bloom 

reducing pistillate flower receptivity, pollen viability and the productivity of walnut 

trees.  
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 Literature review 

1.1  Walnut production in Australia  

Increased demand for, and awareness of the health benefits of nut products, has 

driven the growth of English or Persian walnut (Juglans regia) production across the 

globe (Del Gobbo et al., 2015; Feldman, 2002; Jackson & Hu, 2014; Sánchez-González 

et al., 2017). In terms of both production volume and value, walnut is the third 

largest tree nut industry in Australia, after almond and macadamia (Table 1.1). In 

2020, Australia produced 12,800 in-shell weight equivalent tonnes (ISWE t) of walnut 

from 4,022 hectare (ha), with a farm-gate value of AUD55 million (Table 1.2). The 

Australian walnut industry is strongly focused on supplying international markets, 

exporting 2,910 – 5,399 ISWE t (worth AUD14.2 – 25.7 million per annum) between 

2014 – 2020 (Horticulture Innovation Australia Limited, 2017, 2018, 2021). 

Production capacity is projected to increase to 17,500 ISWE t in 2021 as existing 

orchards mature and new orchards are planted (ANIC, 2016). 
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Table 1.1. Production of tree nut crops in Australia over the year ending June 2020. Data sourced from Horticulture Innovation Australia Limited 
(2021). All production volumes are quoted as in-shell weight equivalent tonnes (ISWE t). 

Crop 
Production 

(ISWE t) 
Production area 

(ha) 
Production capacity  

(ISWE t ha-1) 
Farm-gate revenue 

(AUD, million) 

Almond 158,714 53,014 3.0 954.0 
Macadamia 45,200 19,750 2.3 245.1 

Walnut 12,800 4,022 3.2 55.0 
Pecan 3,732 1,800 2.1 29.7 

Pistachio 2,900 1,200 2.4 35.8 
Chestnut 1,250 1,480 0.8 9.1 
Hazelnut 1,000 2,200 0.5 3.7 
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Table 1.2. Annual walnut production in Australia between 2014 and 2020. All production volumes are quoted as in-shell weight equivalent tonnes 
(ISWE t). Values sourced from (Horticulture Innovation Australia Limited, 2017, 2018, 2021).  

Year 
Production 

(ISWE t) 
Production area  

(ha) 
Production capacity 

 (ISWE t ha-1) 
Farm-gate revenue 

(AUD, million) 

2014 11,040 2,980 3.7 43.8 
2015 11,205 2,980 3.8 46.9 
2016 6,500 3,600 1.8 23.0 
2017 13,000 3,890 3.3 33.0 
2018 11,800 3,890 3.0 38.6 
2019 12,300 3,890 3.2 43.7 
2020 12,800 4,022 3.2 55.0 
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Walnut production in Australia has expanded into areas with a semi-arid climate due 

to the availability of land and irrigation resources (Goullet & Titmus, 2010; Pollegioni 

et al., 2010; Simpson, 2016). Approximately 85 % of Australian walnuts are produced 

in semi-arid climate growing regions, characterised by low winter dominated rainfall, 

cool winters and hot summers (Horticulture Innovation Australia Limited, 2021; NSW 

Department of Planning Industry and Environment, 2021). Key semi-arid climate 

growing regions are the Riverina, Sunraysia/Murray Irrigation Area and Goulburn 

Valley (ANIC, 2016; Horticulture Innovation Australia Limited, 2021) (Figure 1.1). 

Other growing regions located in Swansea in Tasmania; Manjimup in Western 

Australia; throughout central Victoria; Southern Highlands and Central Tablelands 

regions of New South Wales; and the Adelaide Hills and Riverland regions of South 

Australia (ANIC, 2016; Horticulture Innovation Australia Limited, 2021). The primary 

cultivars planted are Chandler, Howard, Lara, Vina, Tulare, Ashley, Livermore and 

Serr; together Chandler and Howard account for 50 % of all walnut plantings (Figure 

1.2). 

Walnut production in the southern hemisphere is counter seasonal to the northern 

hemisphere, allowing Australia to meet market demand during the northern 

hemisphere off-season (ANIC, 2016; Simpson, 2016). To capitalise on this market 

advantage, optimisation of yield is essential to ensure reliability in supply and quality 

between years. Mature walnut orchards with high tree planting density 

(> 250 trees ha-1) and efficient irrigation management are expected to produce 

between 5 – 6 ISWE t ha-1 (Adem, 2010; McGranahan & Leslie, 2009). However, with 

production ranging from 1.8 – 3.8 ISWE t ha-1 Australian walnut orchards are not 

reaching the maximum production potential of walnut trees. Premature fruit drop 

contributes to the low productivity of Australian walnut orchards, reducing potential 

yield by 35 to 75 % and revenue by AUD11,300 – 18,900 ha-1 (Lang & Simpson, 2018). 

These losses are substantial and threaten the viability of Australia’s walnut industry. 

The primary types of premature fruit drop are pistillate flower abortion (PFA), non-

pollination-drop (NPD) and diseases including walnut blight (Xanthomonas arboricola 

pv juglandis), brown apical necrosis (Fusarium and Alternaria), and Botryosphaeria 

blight (Diplodia seriata). NPD alone accounts for  

10 to 30 % of potential yield losses. 
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Figure 1.1. Major walnut production regions in Australia. Figure obtained from 
Horticulture Innovation Australia Limited (2021).   

 

 

Figure 1.2. Cultivars of English or Persian walnut (J. regia) produced in Australian in 
2018. Figure adapted from Lang (2018). 

Chandler (29 %)

Howard (20 %)
Vina (19 %)

Lara (14 %)

Serr (8 %)

Other (10 %)
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1.2  Non-pollination-drop (NPD) 

NPD is associated with failed pollination or fertilisation processes in the pistillate 

flower (González et al., 2008; Lang & Simpson, 2018; Polito, 1998; Tadeo et al., 

1994). NPD is also known as unpollinated or unfertilised flowers within the literature 

(McGranahan & Leslie, 2009; McGranahan et al., 1994; Polito, 1998; Tadeo et al., 

1994). 

The timing and appearance of dropped fruitlets (Figure 1.3) are vital features to 

distinguish NPD from other types of premature fruit drop in walnut trees such as 

pistillate flower abortion (PFA) (González et al., 2008). Pistillate flowers affected by 

NPD abscise 5 to 6 weeks after flowering, are approximately 7 to 10 mm in diameter 

and have pale green, moist and fully expanded stigma (Figure 1.3) (González et al., 

2008; Lang & Simpson, 2018; McGranahan & Leslie, 2009; Polito, 1998; Tadeo et al., 

1994). This contrasts with successfully pollinated flowers, which typically have dry 

and brown stigma at this time (Figure 1.3). The resulting scar on the peduncle from 

where the flower was attached is 3 to 4 mm in diameter with a smooth white surface 

(Figure 1.3) (González et al., 2008). PFA is a type of premature drop that occurs 2 to 3 

weeks after flowering and is caused when excess pollen is deposited on the stigma 

(Krueger, 2000; McGranahan et al., 1994). Affected flowers grow to 3 to 4 mm in 

diameter, have a dull appearance and eventually both the stigma and ovary become 

necrotic (Figure 1.3). The peduncle scar that remains after PFA drop has a brown 

irregular surface and is about 2 to 3 mm diameter (Figure 1.3) (González et al., 2008).  

Annual yield losses from NPD in Australian walnut orchards between 2014 and 2017, 

were estimated to be between 10 – 30 % of potential yield (Lang & Simpson, 2018). 

This loss equates to approximately 0.5 – 1.5 ISWE t ha-1 and between AUD25,00 – 

7,500 ha-1 each year. NPD is not an issue unique to Australia, with incidences also 

reported in the United States of America (Polito, 1998), France (Tadeo et al., 1994), 

Japan (Dai et al., 2014) and Chile (González et al., 2008). NPD is 1.5 – 3-fold greater 

under semi-arid climate conditions compared to cool-temperate conditions. 

Unfortunately, 85 % of Australian walnuts are produced in regions with semi-arid 

climates (ANIC, 2016; Horticulture Innovation Australia Limited, 2021; Lang & 

Simpson, 2018).  
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High daytime temperatures and low relative humidity conditions during the 

flowering phase are frequent in semi-arid climate growing regions and are suspected 

to be the primary driver of NPD in walnut trees in Australia. Lang and Simpson (2018) 

reported increased NPD incidence in years when temperatures greater than 35 °C 

persisted for more than nine hours during the pollen shedding and pistillate flower 

receptivity period. How semi-arid growing conditions influence the reproductive 

biology (i.e., pollen availability, pollen viability, pistillate flower receptivity and/or 

pistillate flower viability) of walnut trees to result in NPD is unclear and will be 

investigated in this thesis. Increasing the knowledge in this area of study is critical to 

maximise the productivity and profitability of the Australian walnut industry.  
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Figure 1.3. Images depicting the symptoms of non-pollination-drop (NPD) (top) and 
pistillate flower abortion (PFA) (bottom) in English or Persian walnut (J. regia). 
Abscission of the pistillate (female) flower from NPD occurs when the flower is 
approximately 7 to 10 mm in diameter, one flower (indicated by the arrow) has already 
abscised from NPD (top left NPD leaves a white coloured scar approximately 3 – 4 mm 
in diameter on the peduncle from where the pistillate flower was previously attached 
(top middle). Flowers affected by NPD typically have moist, pale green and fully 
expanded stigma (top right). PFA occurs when the pistillate flower is 3 – 4 mm in 
diameter, the flower has a dull appearance, and the stigma becomes necrotic (bottom 
left). Eventually the entire flower becomes necrotic, leaving a small brown coloured 
scar on the peduncle (bottom right).  
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1.3  Winter chill and heat demand 

Walnut trees are deciduous and require 48 to 72 chill portions or 400 to 1500 chill 

hours (hours below 7 °C) to break dormancy and commence growth in spring 

(Aslamarz et al., 2009a, 2009b; Aslamarz et al., 2010; Cosmulescu & Ionescu, 2018; 

Luedeling et al., 2013; Sibbett et al., 1998). After chill demand is satisfied a period 

heat accumulation, approximately 7,165 to 14,540 growing degree hours, is required 

to initiate the flowering phase (Aslamarz et al., 2009a; Hassankhah et al., 2017; 

Luedeling et al., 2013). The timing of bud burst, therefore flowering, varies between 

walnut cultivars (Table 1.3) because of differences in winter chill and heat demand. 

Cultivars that are later flowering (i.e. Howard and Chandler) require more winter chill 

and heat accumulation than early flowering cultivars (i.e. Serr and Ashley) and thus 

break dormancy and flower in spring (Aslamarz et al., 2009a; Hassankhah et al., 

2017; Luedeling et al., 2013). In Australia, flowering occurs in spring from late-

September to mid-November (Lang & Simpson, 2018; Lang & Sulcs, 2008).  

1.4  Floral biology  

Walnuts are monecious which means they have separate male (staminate) and 

female (pistillate) flowers borne on the same tree (McGranahan & Leslie, 2009; 

Polito, 1998). This is in contrast to dioecious tree species e.g. pistachio (Pistacia 

vera), which have separate male and female flowers borne on different trees (Acar & 

Eti, 2007) and hermaphroditic species e.g. almond (Prunus dulcis), where both male 

and female reproductive structures are contained within the same flower (Yi et al., 

2006). 

Dichogamy is the temporal separation of male and female flowering; it is a common 

mechanism among flowering plants that likely evolved to promote outcrossing and 

increase genetic diversity (Luza & Polito, 1988). There are two modes of dichogamy 

known as protoandry and protogyny. In protoandrous plants, the pollen shedding 

occurs before the female flowers are receptive, while female receptivity precedes 

pollen shedding in protogynous plants (Polito, 1998; Polito & Li, 1985). Like other 

members of the Juglandaceae family, walnuts are heterodichogamous, meaning that 

both protoandrous and protogynous modes of dichogamy are present within the 

species (Luza & Polito, 1988; Polito, 1998; Polito & Li, 1985). Most walnut cultivars 
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are protoandrous, although a few such as Amigo and Chico are protogynous (Table 

1.3). Dichogamy type is linked to winter chill and heat demand of catkins and the 

terminal buds which produce the pistillate flower (Aslamarz et al., 2009a; 

Hassankhah et al., 2017). In those cultivars that are protgynous the catkins have a 

higher winter chill and heat unit requirements compared to the terminal buds. 

Whereas the terminal buds in protoandrous cultivars have higher winter chill and 

heat unit requirements than catkins. 

Bloom overlap is the period that pollen shedding, and flower receptivity coincide. 

Because of dichogamy, staminate and pistillate flowering is often poorly 

synchronised and the duration of pollen shedding may be insufficient to cover the 

entirety of receptivity resulting in poor bloom overlap (Cosmulescu et al., 2010; Lang 

& Simpson, 2018; Lang & Sulcs, 2008; Lin et al., 2016; Polito, 1998). Walnut trees are 

genetically self-fruitful and cross-compatible so the pistillate flower can be set by 

either self-pollination or cross-pollination. Therefore other varieties with more 

compatible pollen shedding timing, known as pollenisers, are used to extend pollen 

supply and improve fruit set in commercial orchards (Polito, 1998). A list of flowering 

time, bloom overlap, dichogamy modes and compatible pollinisers are provided in 

Table 1.3. 

During flowering anthers in the staminate flower split open and release pollen grains 

(Figure 1.4). Walnuts are anemophilous so wind is the pollination vector that 

transports pollen from the staminate flower to the pistillate flower (anemophily). 

Although pollen can be carried a great distance i.e. for a kilometre or more the 

effective pollination range is considered to be 30 m because walnut pollen is 

relatively short-lived (Erdogan & Ayfer, 1990; McGranahan & Leslie, 2009; Polito, 

1998; Polito et al., 2006). The stigma of the pistillate flower (Figure 1.4) captures 

pollen from the wind and after recognising compatible proteins on the surface of 

compatible pollen. Receptive surface cells on the stigma secrete an exudate to 

support pollen rehydration, germination and initial pollen tube growth (Heslop-

Harrison & Shivanna, 1977). After building enough osmotic pressure the pollen grain 

germinates (Figure 1.4), producing a pollen tube that penetrates the stigmatic 
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surface and grows intercellularly through the style towards the ovule (Luza & Polito, 

1991). 

The pollen tube penetrates the ovule approximately 5 to 7 days after pollination, and 

two male gametes or sperm cells are released into the embryo sac (Tadeo et al., 

1994). The process of double fertilisation occurs and one of the sperm cell fuses with 

the female gamete or egg cell producing a zygote that after a series of 

developmental processes ultimately forms an embryo (Polito, 1998). The remaining 

sperm cell fuses with the two polar nuclei in the central cell of the embryo sac, 

producing a watery tissue called endosperm that nourishes the developing embryo 

during early fruit growth. If fruit set does not occur the flower continues to grow for 

5 to 6 weeks before abscising, this is known as NPD (González et al., 2008; Lang & 

Simpson, 2018; Polito, 1998). Following successful fruit set, the fertilised pistillate 

flower develops into the walnut fruit over an 18-week period (Figure 1.4) (Pinney et 

al., 1998; Polito, 1998). The mature walnut fruit consists of three main components 

the hull, shell and kernel and are derived from differentiation of parts of the pistillate 

flower the involucre, ovary wall and embryo. Approximately 19 to 22 weeks after 

bloom, the walnut crop is ready for harvest, the hull splits open releasing the nut 

(Figure 1.4). 
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Table 1.3. Flowering time, bloom overlap, lateral bud fruitfulness, dichogamy mode (protoandrous, PA or protogynous, PG) and polleniser 
compatibility of English or Persian walnut (J. regia) cultivars. Data sourced from Hendricks et al. (1998) and Fruit & Nut Research & Information 
Center (2021). Staminate and pistillate flowering times are the average based five years of phenological observations of walnut trees growing in an 
orchard at the University of California, Davis (1986 – 1990). 

Cultivar 
Flowering time                               

(days after Serr leafing) 
Bloom 
overlap 
(days) 

Lateral bud 
fruitfulness 

(%) 

Dichogamy 
mode 

Compatible polleniser 
Staminate Pistillate 

Hartley 22 – 37 32 – 43 5 5 – 10 PA Cisco, Franquette 
Franquette 31 – 46 41 –57 5 5 PA  

Serr 8 – 22 16 –29 6 55 – 60 PA Not recommended 
Ashley/Payne 10 – 24 15 – 30 9 80 – 90 PA Tehama, Chico, Hartley 

Sunland 9 –22 18 –32 4 80 – 90 PA Chico, Tehama, Tulare 
Chico 19 – 35 7 – 25 6 90 – 100 PG  
Vina 14 – 30 23 –36 7 70 – 75 PA Chico, Chandler, Howard, Tehama 

Tehama 16 – 33 24 –38 9 60 – 65 PA Not recommended 
Amigo 24 – 37 16 – 30 8 70 – 75 PG  
Tulare 21 – 36 29 – 41 7 70 – 75 PA Not recommended 
Pedro 18 – 35 27 – 43 8 60 – 65 PA  

Howard 20 – 30 29 – 44 1 90 PA Cisco, Franquette, Fernette 
Chandler 21 – 36 30 – 45 6 90 PA Cisco, Franquette, Fernette 

Cisco 29 – 46 40 – 58 6 77 PA  



   

 

13 

Figure 1.4. Images depicting the flowering process in English or Persian walnut (J. 
regia) trees showing staminate (male) inflorescence shedding pollen (top left), 
pistillate (female) flower at receptivity (top middle), gemination of pollen (top right), 
pollinated pistillate flower (bottom left), mature walnut fruit on the tree (bottom 
middle) and at harvest (bottom right).  

 

1.5  Staminate inflorescence 

1.5.1 Staminate inflorescence structure 

The staminate (male) flowers of walnut are arranged helically in densely packed 

hanging clusters called catkins (Figure 1.4), usually 10 to 15 cm long (Lin et al., 2016; 

McGranahan & Leslie, 2009; Mert, 2010). Each staminate flower consists of a whorl 

of green sepals surrounding approximately 14 to 20 stamens (Mert, 2010). The 

stamen is composed of a short filament and an anther (Lin et al., 2016; Mert, 2010). 

The tissue layers surrounding the anther include the epidermis, endothecium and 

tapetum as described by Mert (2010). Each anther has four microsporangia or pollen 

sacs which are arranged in pairs of two lobes (Luza & Polito, 1988) and may produce 

up to 10,000 individual pollen grains (Mert, 2010).  
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1.5.2 Staminate inflorescence development  

Catkins are borne laterally in the axils of leaf scars on wood from the previous 

growing season (Lin et al., 2016; McGranahan & Leslie, 2009; Polito, 1998). In the 

southern hemisphere, immature catkin buds are first evident in February, during 

summer (Di Brozolo et al., 1990; McGranahan & Leslie, 2009). At this stage, the 

catkin is approximately 5 mm in length, and the anthers are well developed each 

with four pollen sacs (Di Brozolo et al., 1990; Luza & Polito, 1988). By late-May to 

early-June the catkins are cone-shaped, approximately 7 mm long and have 

developed epidermal and tapetum layers in the anther (Di Brozolo et al., 1990). 

There are some minor differences in the timing of catkin differentiation among 

cultivars. Protoandrous cultivars have greater catkin development during the 

growing season preceding anthesis and catkin growth resumes earlier in spring 

compared to protogynous cultivars (Luza & Polito, 1988). During August and 

September catkin growth resumes as the weather begins to warm, the catkin length 

increases rapidly and pollen grain development commences within the anthers (Di 

Brozolo et al., 1990). As each staminate flower in the catkin matures the anthers 

open to release the pollen grains (Polito, 1998). 

1.6  Pollen  

1.6.1 Pollen grain structure 

The mature walnut pollen grain is bicellular with a large vegetative cell that 

surrounds the smaller male generative (sperm) cell enclosed in a thick pollen wall 

(Brewbaker, 1967; Hesse et al., 2008; Luza & Polito, 1988; Mert, 2010). The grain is 

circular in the polar view and subolate in the equatorial view (Luza-Zamora, 1986; 

Mert, 2010). The pollen grain is approximately 30 to 45 µm in diameter; similar in 

size and shape to pecan (Carya illinoensis) pollen, a member of the same family 

(Juglandaceae) as walnut (Haulik & Holtzhausen, 1988), but larger compared to the 

pollen of chestnut (Castanea sativa) (Beyhan & Serdar, 2009) and pistachio  (Belhadj 

et al., 2007; Erdogan et al., 1998). 

The outer wall of the pollen grain wall consists of two layers called exine and intine 

(Luza & Polito, 1988). Exine is the thick outer layer of the pollen wall, composed of 

sporopollenin has numerous germination pores distributed uniformly across the 
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surface (Evrenosoğlu & Misirli, 2009; Luza-Zamora, 1986; Mert, 2010; Punt et al., 

2007). Intine is the thin inner layer of the pollen wall, primarily composed of pectin 

and cellulose (Hesse et al., 2008). The intine fills the germination pores in the exine 

and together the two layers of the pollen wall completely encloses the cytoplasmic 

contents of the pollen grain (Franchi et al., 2002; Mert, 2010; Polito, 1998). The 

thickness of the intine and exine layers can vary significantly between cultivars (Mert, 

2010). 

1.6.2 Pollen grain development 

Pollen development occurs within the anther and begins approximately 20 to 30 days 

before anthesis (pollen shedding) in walnut trees (Di Brozolo et al., 1990) and is 

characterised by two distinct stages called microsporogenesis and 

microgametogenesis (Figure 1.5). Microsporogenesis produces numerous unicellular 

pollen microspores. During microgametogenesis, these microspores differentiate 

further to produce the male generative cells (gametes or sperm cells). 

1.6.2.1 Microsporogenesis 

Microsporogenesis initiates during September with the differentiation of diploid 

pollen mother cells, at this stage the catkins are 8 to 10 mm long (Di Brozolo et al., 

1990; Luza & Polito, 1988). A meiotic division occurs in late-September to early-

October when the catkins are 12 to 15 mm long, producing a tetrad of haploid 

microspores (Di Brozolo et al., 1990). A callose wall encases the tetrads, separating 

the microspores from each other and surrounding anther tissues. The tapetum is a 

single layer of highly specialised cells that surrounds each locule or pollen sac in the 

anther (Hesse et al., 2008). Callase is secreted by the tapetum to breakdown callose 

and separates the tetrad into four unicellular microspores (Goldberg et al., 1993; 

Luza & Polito, 1988). 

1.6.2.2 Microgametogenesis 

During microgametogenesis a single vacuole develops and the microspore rapidly 

increases in size (Luza & Polito, 1988). The nucleus migrates towards the microspore 

cell wall and undergoes two rounds of mitosis (Honys et al., 2006). The first round of 

mitosis (mitosis I) produces two asymmetrical daughter cells, the larger cell is the 

vegetative cell and the smaller cell the generative cell (Di Brozolo et al., 1990; Luza & 
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Polito, 1988). The cytoplasm of the vegetative cell engulfs the generative cell creating 

a ‘cell within a cell’ structure (Hesse et al., 2008). The vegetative cell, now completely 

differentiated, accumulates carbohydrates and other resources from the tapetum 

layer in the pollen sac of the anther, which is utilised during metabolic processes and 

for synthesis of the pollen tube (Ariizumi & Toriyama, 2011; Pacini et al., 1985).  

The second round of mitosis (mitosis II) occurs in the generative cell, producing two 

haploid sperm cells or gametes (Honys et al., 2006). Mitosis II occurs either before 

pollen shedding when the pollen is still within the anther (tricellular pollen) or within 

the pollen tube after pollen germination on the stigma (bicellular pollen) (Williams et 

al., 2014). Juglandaceae species are reported to be the bicellular type, and thus the 

gametes would form after pollen shedding and germination (Brewbaker, 1967). 

Bicellular type pollen would explain why Mitosis II or the presence of two generative 

cells are not reported in published studies that investigated pollen development in 

walnut catkins (Di Brozolo et al., 1990; Luza & Polito, 1988). 
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Figure 1.5. Generalised diagram of pollen grain development, adapted from Honys et 
al. (2006).  
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1.7  Pistillate inflorescence 

1.7.1 Pistillate inflorescence structure 

In walnut, the pistillate or female inflorescence is arranged in a spike, typically 

consisting one to three individual flowers (Figure 1.4, McGranahan and Leslie, 2009). 

The major components of the pistillate flower include the stigma, style, ovary, ovule 

and embryo sac (Figure 1.6). The stigma has two lobes, the surface is non-papillate 

with receptive zones concentrated in distinct ridges across the stigma surface 

(Heslop-Harrison & Shivanna, 1977; McGranahan & Leslie, 2009). The stigma 

produces very little surface secretions or exudates at the time of maturity (Heslop-

Harrison & Heslop-Harrison, 1985; Heslop-Harrison & Shivanna, 1977; Safavian et al., 

2014). A short style attaches the stigma to the ovary (Luza & Polito, 1991; Polito, 

1998). 

The ovary is the enlarged basal end of the flower and contains a single ovule (Luza & 

Polito, 1991). The embryo sac is a highly organised seven-celled structure located 

inside the ovule (Polito, 1998). The mature embryo sac has one egg cell or generative 

cell, a diploid central cell, three antipodal cells and two synergid cells (Reiser & 

Fischer, 1993).  

 

Figure 1.6. Diagram of a longitudinal section of the pistillate (female) walnut flower 
(Polito, 1998).  
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1.7.2 Pistillate inflorescence development 

The floral meristem that produces the pistillate inflorescence begins to develop 

during late spring and lies dormant over autumn and winter. In the following spring, 

floral initiation and development of the pistil structures commences a few weeks 

before budburst. In all walnut genotypes, the pistillate flower emerges from terminal 

buds on the current season’s growth, shortly after leafing. Some cultivars also 

produce pistillate flowers from short lateral shoots or spurs (Lin et al., 2016; Polito, 

1998). This type of flowering, called ‘lateral bearing’ or ‘lateral bud fruitfulness’, is 

often associated with increased crop production in young orchards. The degree of 

lateral bearing varies between cultivars (Table 1.3) and tends to decline as the 

walnut tree matures (McGranahan & Leslie, 2009). The final stages of pistil 

development including ovule and embryo sac development occur rapidly during bud 

burst (Polito, 1998; Polito & Li, 1985). 

Development of the embryo sac and the female generative cell (egg cell) occurs 

inside the nucellus of the ovule in two separate stages called megasporogenesis and 

megagametogenesis (Figure 1.7). 

1.7.2.3 Megagametogenesis 

During megasporogenisis, the diploid (2n) embryo sac mother cell or megasporocyte 

undergoes meiosis to produce four haploid (n) megaspore daughter cells. Three of 

the megaspores degenerate, leaving a single functional megaspore (Reiser & Fischer, 

1993). 

1.7.2.4 Megasporogenisis 

After megasporogenisis, the surviving megaspore enlarges and undergoes three 

rounds of nuclear divisions, producing eight nuclei within a single megaspore cell in a 

process called megagametogenesis. Three of the nuclei migrate to the bottom or 

chalazal end of the cell and differentiate into antipodal cells. Another three nuclei 

migrate toward the top or micropylar end of the megaspore cell. Two nuclei 

differentiate into synergids while the other forms the female gamete or egg cell. The 

remaining two nuclei migrate into the centre of the cell and fuse, forming a diploid 

central cell. The resulting structure is a mature seven-celled megagametophyte, or 

egg sac, which is comprised of six haploid cells and one diploid cell. 
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Figure 1.7. Generalised diagram of embryo sac development, adapted from Reiser and Fischer (1993). 
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1.8  Climatic influences on pollination and fertilisation 

This section of the literature review will investigate how climatic conditions can 

influence the process of pollination and fertilisation of walnut to result in NPD. The 

processes that will be addressed include pollen availability, pollen viability, pistillate 

flower viability and pistil-pollen interactions.  

Pollen is an essential component of the plant reproductive cycle, and for successful 

fruit set to occur, pollen must be available and viable at the time of deposition on the 

stigma. Many studies in the literature, across a range of species, suggest that the 

phases of pollen development, pollen shedding and pollen growth are incredibly 

sensitive to environmental stresses (Abiko et al., 2005; Beck-Pay, 2012; Boyle, 2001; 

Carter & McNeilly, 1975; Çetinbaş-Genç et al., 2019; De Storme & Geelen, 2014; Delph 

et al., 1997; Fonseca & Westgate, 2005).  

The pistillate flower is another key component of the reproductive phase and must be 

receptive to pollen and have a viable ovule for successful fruit set to occur. Factors 

that influence the viability of the pistillate flower include flower age (Luza & Polito, 

1991), stigma receptivity (Sanzol et al., 2003b), stigma exudates (Lora et al., 2011) and 

ovule degeneration (Cerović et al., 2000). Once pollen is deposited on the stigma, 

further development of pollen is highly controlled by the pistil. Pollen-pistil 

interactions include pollen adhesion, pollen rehydration, pollen germination and 

pollen tube growth from the stigma to the embryo sac (Soares et al., 2015). Although 

interactions between the pollen and pistil are also subjected to environmental stresses 

that may alter reproductive success, there is less research in this area due to the 

difficulty in separating stress effects on the pollen, pistil and pollen-pistil interactions 

(Snider & Oosterhuis, 2011). 

1.8.1 Pollen availability  

Walnut production in Australia has expanded into warmer production regions and 

bioclimatology studies indicate that some of these areas are marginally suitable, with 

many struggling to meet the winter chill requirements of walnut trees (Simpson, 2016). 

Insufficient winter chill accumulation causes irregularities such as delayed bud burst, 

delayed flowering, asynchronous pollen shedding and receptivity and extended 

flowering periods in walnut (Atkinson et al., 2013; Beede & Hasey, 1998; Benmoussa et 
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al., 2017; Elloumi et al., 2013; Fayek et al., 2008; Procopiou, 1973; Wang et al., 2016). 

Lang and Simpson (2018) conducted phenological studies of the walnut cultivars Serr, 

Vina, Lara, Howard and Chandler under semi-arid growing conditions in Australia over 

two consecutive years. Pollen shedding occurred for 5 to 8 days in 2015-16 and 12 to 

18 days in 2016-17. However, bloom overlap occurred for 0 to 7 (2015-16) and 0 to 11 

(2016-17) days, leaving a period of 5 to 17 and 11 to 18 days, respectively, where 

pollen was not available during flower receptivity, reducing the chances of fruit set. 

The Lang and Simpson (2018) study indicates that pollen availability is highly variable 

between cultivars and growing seasons; and is insufficient to cover the pistillate 

receptivity period entirely or at all under semi-arid growing conditions. This could be 

due to insufficient winter chilling, however Lang and Simpson (2018) did not report 

winter chill accumulation in their study. Future studies should investigate the amount 

of winter chill accumulation in major walnut growing regions in Australia and potential 

correlations between bloom overlap and NPD. 

The mechanisms that control the opening of the anther are regulated by temperature 

and relative humidity. Once mature, anthers must undergo some degree of 

desiccation, before opening, to release pollen grains (Luza & Polito, 1988; Yates & 

Sparks, 1992; Yates & Sparks, 1993). The mechanisms that drive anther opening and 

the release of pollen grains include evaporation, active removal of water from anther 

locules by the plant and swelling of pollen grains (Bianchi et al., 1959; Heslop-Harrison 

et al., 1987; Sato & Peet, 2005; Woodroof, 1930).  

In pecan, evaporation dries the anther epidermal cells causing the outer surface of the 

anther to contract in proportion to the inner surface thereby opening the anther 

(Woodroof, 1930). Low temperature (< 10 °C) and high relative humidity (> 85 % RH) 

prevents or delays anther opening and may re-close anthers that are already open 

(Woodroof, 1930; Yates & Sparks, 1989). In maize (Zea maize), pollen release does not 

commence until the vapour pressure deficit increases above 0.2 – 0.5 kPa (Jarosz et al., 

2005). Similar relationships where cool humid conditions impair anther opening are 

also reported in almond, apricot (Prunus armeniaca), peach (Prunus persica) and 

common ragweed (Ambrosia artemisiifolia) (Bianchi et al., 1959; Gradziel & 

Weinbaum, 1999). The pollen shedding process typically resumes as normal once 

temperature and relative humidity conditions become favourable. Anecdotal 
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observations suggest cool humid conditions also prevent shedding in walnut however, 

the exact combinations of temperature and relative humidity have not been reported. 

High temperature stress impairs the functioning of anther opening mechanisms and 

decreases pollen availability. High temperature (32/27 °C) during microsporogenesis 

inhibited the disintegration of the septa between pollen sacs and prevented opening 

of the anther and therefore release of pollen in common bean (Phaseolus vulgaris) 

(Gross & Kigel, 1994). While in a heat sensitive chickpea (Cicer arietinum) variety, high 

temperatures (37/22 °C) increased anther wall thickness (Devasirvatham et al., 2012). 

High temperature and high desiccation stress also reduce the amount of pollen grains 

produced and increases pollen grain size (Devasirvatham et al., 2012; Ejsmond et al., 

2011; Gross & Kigel, 1994; Harsant et al., 2013; Sato & Peet, 2005). Pollen grains are 

proposed to provide mechanical forces that aid in anther rupture; thus, a small 

number of pollen grains may not provide the force required to open the anther. 

Although not previously reported in walnut high temperature and high or low relative 

humidity conditions could impair pollen release mechanisms, preventing pollen release 

from the anther and reducing the availability of pollen.  

Once shedding has commenced the ambient air temperature and relative humidity 

conditions influence the rate of shedding and therefore have a critical effect on the 

availability of pollen. Gradziel and Weinbaum (1999) exposed almond, apricot and 

peach flowers to low (33 % RH), medium (64 % RH) and high (97 % RH) relative 

humidity at a constant temperature (25 °C). The rate of pollen shedding was highest at 

low relative humidity (almond: 0.6 to 1.4 % h-1, apricot: 0.9 to 1.4 % h-1, peach: 0.6 to 

1.2 % h-1). Increasing the relative humidity to medium (almond: 0.5 to 1.2 % h-1, 

apricot: 0.8 to 1.1 % h-1, peach: 0.2 to 1.1 % h-1) and high (almond: 0.2 to 0.7 % h-1, 

apricot: 0.3 to 0.4 % h-1, peach: 0.1 to 0.7 % h-1) levels supressed the rate of pollen 

shedding. Yates and Sparks (1993) treated pecan anthers with factorial combinations 

of temperature (10, 21, 27 and 33 °C) and relative humidity (33, 56, 64 and 97 % RH) 

and reported a monomolecular relationship between anther dehiscence and time. The 

amount of time required to reach 50 % anther dehiscence decreased as the 

temperature increased and relative humidity decreased. Unfortunately, Yates and 

Sparks (1993) do not report the parameter estimates of their fitted monomolecular 
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models and this makes it difficult to compare the rate of dehiscence between the 

environmental treatments. Similar findings are also reported for common ragweed 

which is also a wind pollinated species (Bianchi et al., 1959). A possible improvement 

on the studies by Yates and Sparks (1993) and Bianchi et al. (1959) would be to model 

pollen shedding as a function of vapour pressure deficit, given that evaporation is 

mechanism of anther opening and vapour pressure deficit is more directly related to 

atmospheric evaporative demand than relative humidity (Jarosz et al., 2005; Viner et 

al., 2010). While hot and dry conditions increase the rate of pollen shedding, the 

supply of pollen is finite and therefore pollen shedding occurs over a shorter 

timeframe, decreasing the amount of time pollen is available. Environmental 

conditions may significantly influence the availability of pollen and there is limited 

understanding of how the rate and duration of walnut pollen shedding are affected. 

1.8.2 Pollen viability 

1.8.2.1 Pollen development  

Stress during pollen development typically leads to pollen sterility (Harsant et al., 

2013; Vara Prasad et al., 2001). Meiosis is considered the most vulnerable stage of 

pollen development (Endo et al., 2009; Kim et al., 2001; Saini & Westgate, 1999). In 

walnut trees, meiosis occurs when catkins are approximately 12 to 15 mm in length, 

about one month before the onset of pollen shedding (anthesis) (Di Brozolo et al., 

1990). Stress during meiosis usually affects future microspore development and 

function rather than the meiotic divisions itself and is often associated with altered 

pollen morphology (Nava et al., 2009; Sato & Peet, 2005) or impaired tapetum function 

(Harsant et al., 2013; Oda et al., 2010; Saini et al., 1984; Sakata et al., 2000).  

Temperature stress induces abnormalities to the structure and number of pollen grains 

produced (Harsant et al., 2013; Nava et al., 2009; Sato & Peet, 2005). In peach, 

exposure of developing flowers to temperatures > 25 °C for 155 hours reduced the 

number of pollen grains and caused abnormal pollen morphology (Nava et al., 2009). 

Aborted and abnormal pollen morphology are also associated with poor fruit set in 

tomato (Lycopersicon esculentum) (Sato & Peet, 2005) and the ornamental walnut 

species Juglans hopeiensis (Dai et al., 2014). Low temperature due to spring frost was 

reported to cause abnormalities in pollen from local Georgian cultivars (Atskuri, Akura, 

Aragvi, Goruli and Kaspura) of English walnut by Kvaliashvili et al. (2006). Scanning 
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electron microscopy indicated that meiosis of the pollen mother cell was incomplete in 

affected catkins. This caused variation in the size of pollen microspores (i.e. some 

smaller or larger than normal), abnormal tetrad formation (producing triads or 

pentads) or prevented tetrad separation; this resulted in pollen sterility as the male 

gametes were not produced (Kvaliashvili et al., 2006). Typically English walnut has a 

low proportion (< 10 %) of abnormal pollen grains (Dai et al., 2014), although this has 

not been previously explored in relation to high temperature stress. 

The tapetum is a specialised layer of the anther that surrounds the pollen sac and 

provides nutrients to the pollen microspore (Pacini, 1996). Tapetum tissues undergo 

programmed cell death, disintegrating into the locular fluid of the pollen sac (anther) 

(Hesse et al., 2008; Luza & Polito, 1988; Varnier et al., 2005); this is a normal and 

essential component of pollen maturation. In walnut, tapetum degeneration occurs 

sometime between the formation of microspore tetrads (see microsporogenesis) and 

the mitosis I (see microgametogenesis) (Di Brozolo et al., 1990; Kvaliashvili et al., 2006; 

Luza & Polito, 1988). Temperature stress alters the persistence of tapetum by either 

causing it to degenerate prematurely or preventing tapetum degeneration, which has 

implications for pollen viability. High temperature is reported to induce premature 

tapetum degeneration and pollen sterility in in wheat (Triticum aestivum) (Saini et al., 

1984), purple false brome (Brachypodium distachyon) (Harsant et al., 2013), barley 

(Hordeum vulgare) (Sakata et al., 2000) and bean (Suzuki et al., 2001). Contrastingly 

low temperature (19 °C) during rice (Oryza sativa) flowering inhibited tapetum 

degeneration decreased the viability of pollen by 43 % lower compared to plants at 

higher temperature (Oda et al., 2010). Pollen is highly reliant upon nutrition supplied 

by the tapetum to provide the energy for both microspore development and early 

pollen tube growth during germination (Christensen & Horner Jr, 1974; Pacini et al., 

1985). Thus, altered tapetum function might reduce carbohydrate accumulation in 

pollen and contribute to pollen sterility and reduced germination (Jain et al., 2007).  

The impact of high temperature on tapetum function has not been investigated as a 

cause of pollen sterility in walnut. However, there is some evidence within the 

literature to suggest that this may be the case. Low temperature stress during the 

microsporogenesis phase induced premature tapetum degeneration and pollen 
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sterility during early pollen sac development in local Georgian cultivars of English 

walnut (Kvaliashvili et al., 2006). Polito et al. (1991) reported that the application of 

warm, dry air to walnut tree limbs during catkin development and flowering induced 

pollen sterility, whereas pollen was viable when warm moist air was applied to the tree 

limbs. Lang and Simpson (2018) treated shedding walnut catkins with a range of 

temperatures (23 – 40 °C) and reported that pollen viability decreased with increasing 

temperature. At ≥ 36 °C, less than 0.5 % of pollen grains were viable compared to 35 % 

in catkins at 23 °C. Neither Polito et al. (1991) or Lang and Simpson (2018) considered 

tapetum function and hypothesised that sterility was the result of excessive 

dehydration; as a previous study by Luza and Polito (1987) had shown that walnut 

pollen viability is sensitive to moisture loss (Luza & Polito, 1987). 

Lang and Simpson (2018) is the first report of walnut pollen viability in Australia. 

Unfortunately, a critical limitation of the study is that pollen viability was not 

determined in freshly shed pollen and this information is essential to identify any 

issues with pollen development. The findings of Polito et al. (1991) and Lang and 

Simpson (2018) strongly indicate an association between heat stress during pollen 

development and pollen sterility. High temperature stress during this time has the 

capacity to alter tapetum function and/or pollen morphology with severe implications 

for the viability of walnut pollen. Given that high temperatures (above 35 °C) coincide 

with walnut flowering in some growing regions in Australia (Lang & Simpson, 2018), 

this is an important area that requires further research.  

1.8.2.2 Desiccation of pollen 

Pollen grains are typically dehydrated to some extent at the time of dehiscence 

(Nepi et al., 2001). The extent of dehydration varies substantially among species with 

pollen moisture content reported between 4 – 70 % across a range of species (Fonseca 

& Westgate, 2005; Franchi et al., 2002; Heslop-Harrison, 1979; Luza & Polito, 1987; 

Nepi et al., 2001). Depending on a  species’ tolerance to dehydration stress, the 

moisture content of pollen has severe implications for pollen viability (Fonseca & 

Westgate, 2005). There are inconsistencies in the literature as to the moisture content 

of Persian walnut pollen at the time of pollen shedding. In Italy, a study by Franchi et 

al. (2002) reported that Persian walnut pollen has  
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> 30 % moisture content at dehiscence; while in the United States, Luza and Polito 

(1987) found moisture content ranged between 4.6 to 12.1 %. The dissimilar findings 

between these studies may be due to differences in cultivar, growing region, 

environmental conditions, seasonal variation, or the experimental methodology 

employed. 

Excessive dehydration reduces pollen viability and the susceptibility of pollen to 

dehydration is dependent on the presence of desiccation tolerance mechanisms (Beck-

Pay, 2012; Boyle, 2001; Buitink et al., 2000; Fonseca & Westgate, 2005; Hoekstra et al., 

2001; Luza & Polito, 1987; Walters et al., 2002). The loss of viability in dehydrated 

pollen is associated with altered phospholipid membrane structure (Shivanna & 

Heslop-Harrison, 1981) which impacts germination by reduced ability to withstand 

turgor pressure during rehydration or increasing the time required to sufficiently 

rehydrate pollen. Additionally pollen desiccation may cause reactive oxygen species to 

accumulate, affecting metabolic activity (Jia et al., 2017). Some species have developed 

mechanisms that prevent dehydration and protect against damage (Gaff & Oliver, 

2013; Hoekstra et al., 2001), for example, pollen may accumulate soluble sugars 

(Hoekstra et al., 1989), decreasing surface area, i.e. Wodehouse or harmomegathic 

effect (Katifori et al., 2010; Wodehouse, 1935), and possibly accumulate heat 

stabilising proteins (Wolkers et al., 2001). Comprehensive reviews of the damage 

caused by desiccation and desiccation tolerance mechanisms in pollen are provided by 

Walters et al. (2002) and Buitink et al. (2002). 

Approximately 10 % of all angiosperm species produce pollen that is desiccation 

intolerant (Gaff & Oliver, 2013). Generally, plants with bicellular pollen are thought to 

be more desiccation tolerant than those with tricellular pollen (Towill & Walters, 

2000). However, this is not always the case, for example, pumpkin (Cucurbita pepo L.) 

produces bicellular pollen grains that are intolerant of desiccation (Digonnet-Kerhoas 

et al., 1989). Many economically important food crops such as barley, rye (Secale 

cereale), rice, maize, walnut, pistachio, pumpkin, pecan and hazelnut (Corylus avellana 

L.) have pollen intolerant to desiccation (Digonnet-Kerhoas et al., 1989; Franchi et al., 

2002; Gaff & Oliver, 2013; Hoekstra et al., 1989; Nepi et al., 2001). These species often 
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produce large pollen grains with limited ability to mitigate water loss (Afshari et al., 

2008; Franchi et al., 2011; Haulik & Holtzhausen, 1988; Mert, 2010). 

Given a potential lack of mechanisms to prevent the loss of water, the moisture 

content and therefore viability in desiccation intolerant species could be strongly 

influenced by environmental conditions. Both moisture content and viability of pollen 

rapidly decline in environments with high evaporative demand, i.e. those with low 

humidity and high temperature or high vapour pressure deficit (Aylor, 2003; Beck-Pay, 

2012; Fonseca & Westgate, 2005; Franchi et al., 2011). Fonseca and Westgate (2005) 

showed that increasing vapour pressure deficit drastically shortens the duration of 

pollen viability pollen from 150 minutes to 40 minutes in maize. Similarly, in Parietaria 

judaica, exposure to low relative humidity (30 % RH) reduced pollen viability by 60 %, 

while high relative humidity (> 50 % RH) maintained viability at 60 – 80 % (Franchi et 

al., 2007). 

The relationship between pollen moisture content and viability in walnut has been 

previously investigated; pollen viability is high at > 5 % moisture content and becomes 

non-viable at < 3 % moisture content (Luza & Polito, 1987). Walnut pollen has a short 

lifespan and remains viable for 3 – 4 days at 55 – 60 % relative humidity and 22 – 23 °C 

(Luza & Polito, 1985, 1987; Ozcan et al., 2019). However, the influence of 

environmental conditions on pollen viability and moisture content during dispersal of 

walnut is unknown. Given the responses of other sensitive species, e.g. black wattle 

(Acacia mearnsii) and maize (Aylor, 2003; Beck-Pay, 2012; Fonseca & Westgate, 2005), 

increases in the rate of desiccation and loss of pollen viability are expected with rising 

vapour pressure deficit, low relative humidity and/or high temperature. As walnut is a 

wind-pollinated species, it spends a period exposed to the atmospheric environment 

before pollination of the stigma, the occurrence of temperature and/or relative 

humidity stress during this time has the potential to excessively dry pollen and reduce 

viability. Desiccation could cause pollen sterility and reduce productivity of walnut in 

the semi-arid climate growing regions within Australia, therefore this is an essential 

area of research that requires further investigation.           
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1.8.3 Pistillate flower viability  

1.8.3.1 Pistillate flower age  

The capacity of the pistil to support pollen varies considerably with age and therefore 

the timing of pollination can have a marked effect on reproduction outcomes (Vezvaei 

& Jackson, 1995). Flowers that are young or too advanced can have limited or no 

ability support pollination and fertilisation processes. In young walnut flowers, 

approximately 1 to 3 days after stigma emergence, receptive regions are scattered 

inconsistently across the stigma. Pollen germination on these flowers is poor and 

delayed, possibly due to a lack of stigmatic exudates (Luza & Polito, 1991). In some 

species, such as almond (Yi et al., 2006), pecan (Woodroof, 1928) and peach (Herrero 

& Arbeloa, 1989), the embryo sac is immature at the time of pollination. While these 

flowers support pollen germination and early pollen growth, penetration, and 

fertilisation the ovule is delayed until the embryo has sufficiently developed.  

The optimal flower age for pollination and fertilisation of English walnut occurs 3 to 6 

days after stigma emergence when the stigma lobes have opened to an angle < 45° (Liu 

et al., 2011; Luza & Polito, 1991). At this stage, pollen germination commences quickly, 

within 6 hours, and pollen germination is high (> 90 % germination). In contrast, a 

study by Hu et al. (2017) identified that the optimal flower age of iron walnut (Juglans 

sigillata) occurred when the stigma lobes were expanded between 45 to 120 °. It is 

unclear if this is because of the differences between species, cultivar and or 

experimental methods used in these studies. Luza and Polito (1991) assessed stigma 

receptivity in vivo, by pollinating flowers and staining with aniline blue; a fluorochrome 

that indicates the presence of callose which is a component of the pollen grain and 

pollen tube (Shivanna & Rangaswamy, 1992). Hu et al. (2017) and Liu et al. (2011) used 

the benzidine-H202,, peroxidase-esterase reagent and sudan III methods to determine 

stigma receptivity and these are known to produce false responses (Dafni & Maués, 

1998; Souza et al., 2016). Thus the results of these assays should be confirmed by in 

vivo pollen germination which is a limitation of Hu et al. (2017) and Liu et al. (2011).  

Older pistillate walnut flowers, > 6 days after stigma emergence, produce little or no 

exudates. The pistillate flower cannot capture pollen or provide the resources required 

for pollen rehydration and germination (Luza & Polito, 1991; Polito, 1998). Winged 

tissues (integument) that surround the ovule have also grown, blocking the micropylar 
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end of the stylar canal (Luza & Polito, 1991). Thus, even if pollen were to germinate on 

advanced flowers the pollen tube is unlikely to be able to enter the stylar canal to 

reach and fertilise the ovule.  

Temperature influences the rate of flower aging. Typically pistil development 

accelerates with increases in temperature as reported in sweet cherry, peach and 

almond (Hedhly et al., 2003, 2005a; Kodad et al., 2013). Polito et al. (1991) placed a 

polyethylene enclosure over the branches of dormant walnut trees and applied 

warmed air to increase the air temperature to 30 °C/15 °C (day/night) during flower 

development. The pistillate flowers emerged up to 21 days earlier than pistillate 

flowers grown under ambient conditions at 22 °C/5 °C. A similar method was used in 

apricot trees to increase air temperature by 6 – 7 °C  (Rodrigo & Herrero, 2002a). As 

with walnut, the higher temperature accelerated bud development and induced earlier 

flowering in apricot. However, the development of the female reproductive organs 

was no different to control flowers and resulted in the premature flowering of flowers 

with underdeveloped pistils.  

1.8.3.2 Stigma receptivity  

Pistillate flowers must have a receptive stigma in order to support pollen hydration, 

germination and pollen tube growth. The duration of stigma receptivity determines 

how much time is available for pollination and fertilisation processes. Many 

commercially produced food crops have a short period of stigma receptivity which 

limits the effective pollination period and reduces the time available fruit set (Hedhly 

et al., 2005a; Kodad et al., 2013; Sanzol & Herrero, 2001; Sanzol et al., 2003a, 2003b). 

In kiwifruit, stigma are receptive for four days after anthesis (González et al., 1995), 

after five days fruit set reduces by 44 % and no fruit set occurs after seven days. 

Receptivity in apricot followed a similar pattern (Egea & Burgos, 1992), pollen 

germination and fruit set are high for four days post anthesis. After six days, stigma 

receptivity markedly decreased producing poor pollen germination and fruit set.  

In walnut trees, stigma receptivity usually extends over 6 – 7 days from stigma 

emergence, however this is dependent upon weather conditions and hot dry weather 

tends to reduce the period of optimal receptivity (Luza & Polito, 1991; Polito, 1998). 

Information of how much control weather conditions has on the stigma receptivity in 
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walnut is lacking in the literature. In peach flowers, stigmas are receptive for eight days 

at 20 °C , but at 30 °C stigma receptivity was reduced to three days (Hedhly et al., 

2005a). Similarly, high temperature is reported to shorten the duration of receptivity in 

almond (Kodad et al., 2013), sweet cherry (Hedhly et al., 2003) and Annona cherimola 

(Lora et al., 2011) but not in chickpea (Devasirvatham et al., 2012). Contrastingly, low 

temperature and high relative humidity  are reported to extend the duration of 

stigmatic receptivity (Hedhly et al., 2003; Lora et al., 2011).  

Lang and Simpson (2018) reported a correlation between high temperatures (≥ 35 °C) 

during receptivity and increased non-pollination-drop in walnut trees. This indicates 

that walnut flowers are susceptible to extreme heat during stigma receptivity, 

however not considering other environmental variables such as relative humidity or 

vapour pressure deficit is a limitation of the study. Additionally, receptivity was 

determined by phenological flower stage, a subjective assessment which does not 

guarantee that the stigma is receptive to pollen. Receptive regions of the stigma may 

be identified by esterase presence, using an esterase test solution as described by 

(Dafni & Maués, 1998), which stains the stigma blue if esterase is present. This method 

was successfully used by Hu et al. (2017) to determine stigma receptivity in iron walnut 

and iron walnut x English walnut (J. sigillata x J. regia) flowers. Thus there is substantial 

opportunity to build upon the initial findings of Lang and Simpson (2018) by using 

esterase presence to determine how much of the stigma surface is actually receptivity 

and if this changes in response to environmental variables.  

1.8.3.3 Stigmatic exudates  

Stigma exudates are an essential component of the receptive stigma and thus are 

critical for pistillate viability. Exudates are secreted by cells on the stigma surface of 

receptive pistillate flowers and provide a medium to facilitate the capture and 

rehydration of pollen (Heslop-Harrison & Heslop-Harrison, 1985; Polito, 1998; Rejón et 

al., 2013). Without exudates, pollen is unable to adhere to the stigma or build the 

turgor pressure required to germinate and penetrate the style (González et al., 1995; 

Hedhly et al., 2003, 2005a). Stigma exudates may also provide chemical signals to 

direct the orientation  of pollen tube growth across the stigma surface (Rejón et al., 
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2013). Therefore, anything that alters the production of exudates has the potential to 

compromise pollination and fertilisation.  

The production and persistence of exudates are sensitive to environmental conditions. 

While rainfall does not wash off pollen grains already deposited and adhered to the 

stigma, it can dilute the stigmatic exudates, impacting  the number of pollen grains 

which adhere to the stigma in future pollinations (Ortega et al., 2007; Yang et al., 

2011). In almond (Ortega et al., 2004), beans (Gross & Kigel, 1994) and A. cherimola 

(Lora et al., 2011) high temperature and low relative humidity dried out the stigma 

surface and desiccated stigmatic exudates. In contrast, stigma exudates persist for a 

longer time in cool and humid conditions, prolonging stigmata receptivity (Lora et al., 

2011; Lora et al., 2012).  

Exudates are rich in proteins and have a highly metabolically active environment 

(Rejón et al., 2013). In plants, protein and enzyme activity is regulated by temperature 

and supra-optimal temperatures can lead to reduced activity or denaturisation (Fields, 

2001). More than 50 proteins have been identified in the stigmatic exudates of lily 

(Lilium longiflorum) and olive (Olea europea) (Rejón et al., 2013). However, work in this 

area is still early and many exudates proteins have yet to be identified and as such the 

effect of temperature on the activity and production of stigma exudates and the 

consequences this has for plant sexual reproduction remains unknown. Research on 

stigma exudates of walnut is not available, presumably because walnuts have a dry 

type stigma (Heslop-Harrison & Shivanna, 1977) and therefore do produce copious 

amounts of exudate, making collection of exudate samples difficult.    

1.8.3.4 Ovule degeneration  

The female reproductive structures in walnuts are surrounded by several layers of 

plant tissue and traditionally are considered more tolerant of stress than male 

reproductive structures (Saini, 1997). This may explain why there are few examples in 

the literature that investigate temperature stress on female development. As 

discussed above, the female gametophyte or egg sac is located inside the ovule and 

forms the embryo of the developing fruit after fusing with the male gametes from 

pollen during fertilisation (Pinney & Polito, 1983; Polito, 1998). A short period of ovule 

viability limits the time available for pollination, germination, pollen tube growth and 
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fertilisation (Cerović & Ružić, 1992; Postweiler et al., 1985). Irrespective of successful 

pollination and early pollen growth, fertilisation with fail if the ovule is not viable when 

pollen tubes arrive (Herrero & Gascon, 1987). 

Japanese plum (Prunus salicina) (Guerra et al., 2011), the ornamental walnut Juglans 

hopeiensis (Dai et al., 2014) and apricot (Eaton & Jamont, 1965) are prone to low ovule 

viability or abnormal ovule development irrespective of environmental conditions. 

While heat stress to plum (Prunus domestica) (Cerović et al., 2000), pear (Pyrus 

communis L.) (Tromp & Borsboom, 1994) and peach (Nava et al., 2009) ovules induces 

premature degeneration and abnormal development. Ovules can be susceptible to 

temperature stress during flower development (Beppu et al., 2005), pollination or 

fertilisation (Cerović & Mićić, 1999; Hedhly et al., 2007; Postweiler et al., 1985; Tomita 

et al., 2016). The timing that the ovule is vulnerable to heat stress appears to be linked 

to when embryo sac maturation takes place. For example,  in peach  the ovule is 

immature at the time of pollination (Herrero & Arbeloa, 1989), therefore high 

temperature after pollination could induce ovule degeneration.  

In sweet cherry (Prunus avium) and sour cherry (Prunus cerasus) varieties, the ovules 

of flowers treated at 5 °C remained viable for up to 5 days, but at 20 °C they 

degenerated after 1-2 days, (Postweiler et al., 1985). Tomita et al. (2016) and Beppu et 

al. (2001) also found that high temperature reduced ovule viability and fruit set in 

several sweet cherry varieties. Usually, ovule viability in English walnut is high (Dai et 

al., 2014), however, the effect of temperature on ovule viability are unknown. Further 

study is required to resolve this and determine if heat stress impacts ovule viability in 

walnut and contributes to poor fruit set of walnut trees grown in semi-arid climate 

growing regions. 

1.8.4 Pollen and pistil interactions  

Hot and dry environments prematurely shorten stigma receptivity (Hedhly et al., 2003, 

2005a; Kodad et al., 2013; Polito, 1998) and desiccate stigma exudates (Gross & Kigel, 

1994; Kodad et al., 2013). This has been associated with reduced pollen adhesion, 

germination and pollen tube penetration of the stigma in food crop species (Gross & 

Kigel, 1994; Hedhly et al., 2004; Hedhly et al., 2005a; Kodad et al., 2013). While 

temperature stress reduces germination of walnut pollen (in vitro) (Luza & Polito, 
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1987; Luza et al., 1987) and pollen cannot germinate on the stigma of post-receptive 

pistillate flowers (Luza & Polito, 1991), the capacity of the stigma to support pollen 

adhesion and pollen tube penetration following temperature stress is unknown. 

Many in vitro studies have demonstrated that pollen growth is sensitive to 

temperature (Acar & Kakani, 2010; Hedhly et al., 2005a, 2005b; Mert, 2009; Sato & 

Peet, 2005; Simpson et al., 2021; Sorkheh et al., 2011; Yates & Sparks, 1989). 

Germination of walnut pollen is optimal between 26 to 30 °C (Luza et al., 1987; Mert, 

2009) and inhibited by low (< 14 °C) and high temperature (> 66 °C). Temperature also 

influences the growth rate of pollen tubes in both in vitro (Acar & Kakani, 2010; Luza et 

al., 1987; Pirlak, 2002; Van Herpen & Linskens, 1981; Yates & Sparks, 1993) and in vivo 

(Hedhly et al., 2004; Hedhly et al., 2005a) studies. Depending on the species, supra-

optimal temperatures may accelerate (Hedhly et al., 2005a, 2007) or slow pollen tube 

growth (Luza et al., 1987; Snider et al., 2011). Pollen tube elongation in walnut is 

maximised at 32 °C and extremes in temperature (< 14 °C and > 37 °C) inhibits pollen 

tube elongation (Luza et al., 1987). Thus, supra optimal temperature during flowering 

can impact pollen germination and pollen tube growth, preventing pollen from 

reaching and fertilising the ovule and resulting in NPD of walnut pistillate flowers. 

It is important to consider that in vitro responses of pollen germination and tube 

elongation are not necessarily predictive of in vivo pollen performance given that the 

pistil controls pollen behaviour and may modulate the effect of stresses (Hedhly et al., 

2005b; Heslop-Harrison, 1977). Within the flower systems, it is difficult to determine if 

poor germination is caused solely by stress to the pollen alone as stress is also 

experienced by the pistillate flower. High temperature adversely affects flower age, 

stigma receptivity and stigma exudate production; and all these limit pollen 

performances as previously discussed. Depending on the timing and intensity of stress 

exposure, poor germination in flowers may be a combination of these factors.   

The energy used to drive germination and early pollen tube growth is initially provided 

by pre-existing carbohydrate reserves in the pollen grain which accumulate during 

development (Goldberg et al., 1993). After these reserves are exhausted pollen tubes 

switch to heterotrophic metabolism and the pollen tube is reliant on carbohydrates 

provided by the pistil along the transmitting tract of the style (Herrero & Arbeloa, 
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1989). As with pollen development, heat stress reduces soluble carbohydrate content 

and consequently the production of ATP in the pistil tissues (Snider et al., 2009). The 

pollen tube growth rate is highly correlated with the soluble carbohydrate content of 

the pistil (Snider et al., 2011). An insufficient supply of energy would explain why fewer 

pollen tubes are present at the base of the stylar canal (Hedhly et al., 2004; Hedhly et 

al., 2007), and slow and abnormal pollen tube growth (Yates & Sparks, 1993) in heat 

stressed flowers. Environmental conditions appear to affect the availability of energy 

reserves required to support later pollen tube growth; possibly delaying or even 

preventing pollen tube growth and thus diminish the potential of successful 

fertilisation and fruit set.  

High temperature during flowering interferes with pollen-pistil interactions that are 

essential for successful reproduction. Reduced fruit set may be caused by disruption to 

one or multiple pollen-pistil interactions depending on the timing, duration and 

intensity of stress exposure. For example, drying of the stigma surface would limit 

availability and production of exudates, prematurely ending stigma receptivity. With 

little or no exudates, fewer pollen grains adhere to the stigma and pollen may fail to 

sufficiently rehydrate and therefore fail to germinate. Additionally, pollen on the 

surface of the stigma may dry out, requiring more time to rehydrate or in severe cases 

becoming unable to germinate. With reduced germination rates, fewer pollen tubes 

will penetrate the style, where a lack of energy resources could reduce pollen tube 

growth rate and pollen might not reach the ovule before the flower becomes too 

mature or the ovule degenerates; both of which are accelerated at elevated 

temperatures. Thus, environmental stresses pose a significant risk to sexual 

reproduction and fruit set of walnut, particularly in semi-arid regions of Australia 

where such events frequently occur during flowering.  

1.9  Research objectives 

NPD is a specific type of premature fruit drop linked to failures in pollination or 

fertilisation processes and accounts for 10 – 30 % of potential yield loss in Australian 

walnut orchards. Environmental conditions, including high temperature and low 

relative humidity, were observed as possible key factors in NPD incidence rates (Lang 

& Simpson, 2018; Simpson et al., 2021). As discussed, in this review environmental 



   

 

36 

conditions influence pollination and fertilisation processes in plants including bloom 

overlap, pollen availability, pollen viability, stigma receptivity, and ovule viability.  

I hypothesise that:  

• later flowering walnut cultivars are more susceptible to NPD as bloom overlap 

is low and the timing of pollen shedding and pistillate flower receptivity of 

these cultivars are more likely to coincide with hot and dry environmental 

conditions compared to earlier flowering cultivars. 

• hot and dry weather conditions accelerate the rate of pollen shedding and 

reduces the duration of pistillate flower receptivity, reducing bloom overlap. 

• hot and dry weather conditions during pollen dispersal reduces pollen moisture 

content, or desiccates pollen, leading to a reduction in pollen viability.  

• desiccation of walnut pollen grains impairs the integrity of the phospholipid 

membrane of the vegetative cell altering the osmotic potential and preventing 

germination 

The research objectives are: 

• to quantify the severity of NPD in major walnut cultivars grown in a semi-arid 

climate in Australia and investigate if environmental conditions during pollen 

shedding and pistillate flower receptivity are associated with NPD (Chapter 2);  

• determine the critical environmental conditions (elevated temperature, low 

relative humidity, elevated vapour pressure deficit) on the rate and duration of 

pollen shedding and pistillate flower receptivity, on individual catkins and 

pistillate flowers (Chapter 3); 

• investigate the impact of temperature, relative humidity and vapour pressure 

deficit on pollen viability (Chapter 4); and 

• investigate cellular functions within pollen grains to understand why pollen 

becomes less viable at lower moisture content (Chapter 5). 

The general discussion (Chapter 6) is a summative assessment of the findings of the 

experimental chapters (Chapter 2-5), including identification of persistent knowledge 

gaps and recommendations for industry and research that arise from this thesis.  
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 Environmental stresses during bloom increases non-

pollination-drop of walnut in a semi-arid climate 

2.1  Introduction  

Overlap between pollen shedding and flower receptivity is critical to ensure adequate 

pollination and fruit set in walnut trees. Due to dichogamy, bloom overlap of individual 

cultivars is often poor in walnut and there may be periods where pollen is not available 

during flower receptivity (Cosmulescu et al., 2010; Lang & Sulcs, 2008; Lin et al., 2016; 

Polito, 1998) Warm temperatures in winter and spring can influence the timing of 

flowering, affecting the duration of bloom overlap (Aslamarz et al., 2009a; Beede & 

Hasey, 1998; Luedeling et al., 2009). As such, factors that influence overlap between 

pollen shedding and flower receptivity may exacerbate the incidence of non-

pollination-drop (NPD) of walnut.  

Plant reproduction processes are sensitive to environmental stress. For example, NPD 

is correlated with extreme heat events during flowering of walnut (Hendricks et al., 

1998; Lang & Simpson, 2018). Once pollen grains are mature, environmental 

conditions regulate the release of pollen from anthers. High temperature and low 

relative humidity accelerate pollen shedding (Gradziel & Weinbaum, 1999; Yates & 

Sparks, 1993) and may reduce pollen viability (Fonseca & Westgate, 2005; Luza et al., 

1987; Nava et al., 2009). Walnut pistillate flowers are usually receptive for 6 – 7 days 

after stigma emergence; however, this may be influenced by environmental conditions 

(Luza & Polito, 1991; Polito, 1998). Hot and dry weather may shorten receptivity by 

accelerating flower ageing (Hedhly et al., 2003, 2005a; Kodad et al., 2013), reducing 

ovule viability (Cerović et al., 2000; Nava et al., 2009; Postweiler et al., 1985; Tomita et 

al., 2016; Tromp & Borsboom, 1994) or drying out stigmatic exudates (Gross & Kigel, 

1994; Lora et al., 2011). All these stresses potentially contribute to NPD of walnuts 

grown in a semi-arid climate. 

The aim of this chapter was to quantify the severity of NPD in major walnut cultivars 

grown in a semi-arid climate in Australia and investigate if environmental conditions 

during pollen shedding and pistillate flower receptivity are associated with NPD. The 

hypothesis is that late-flowering walnut cultivars are more susceptible to NPD as the 

timing of pollen shedding and pistillate flower receptivity of these cultivars are more 
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likely to coincide with hot and dry environmental conditions compared to earlier-

flowering cultivars. 

2.2  Methods 

2.2.1 Site description and tree plot selection 

A commercial walnut orchard located in the semi-arid region of New South Wales 

(NSW) near Leeton (34°30’00” S, 146°27’18” E) was selected for this study. The orchard 

was established in 2007 as a high-density (312.5 trees ha-1) hedgerow design with 8 × 4 

m inter-row and tree-row spacing, respectively. The orchard consisted of cultivars Serr, 

Vina, Lara, Howard and Chandler, and except for cultivar Serr, had polliniser trees 

interspersed at regular intervals at a density of 15.6 trees ha-1, or 5 % of main cultivar 

plantings. The trees were grafted onto a mixture of Northern California black (J. 

hindsii) and Paradox hybrid (J. hindsii x J. regia) rootstocks.  

Cultivars selected for this study included early (Serr), mid (Lara and Vina), late 

(Howard) and very late (Chandler) leafing and bloom dates and represented the main 

cultivars grown in Australia. For each cultivar, 1 – 2 limbs on each of five single-tree 

plots were selected for phenology and non-pollination-drop assessments. Selected 

trees within a cultivar were at least 0.5 km away from other cultivars and were 

representative of trees within the orchard. Study sites were managed in accordance 

with commercial agronomic practices for walnuts.  
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Figure 2.1. Locations of experimental sites for cultivars Serr (white), Vina (green), Lara 
(blue), Howard (red) and Chandler (yellow) and the weather station at Leeton, NSW, in 
2018 and 2019.  



   

 

40 

2.2.2 Temporal development of pistillate and staminate flowers 

Phenological assessments were conducted in cultivars Serr, Vina, Lara, Howard and 

Chandler between September and November in two consecutive years (2018 and 

2019). For each single-tree plot, 1 to 2 limbs with at least 30 catkins in total were 

selected 1 to 2 weeks prior to temporal flower development from the lower tree 

canopy (1.5 to 2 m above ground level). The numbers of catkins with shedding pollen 

and receptive pistillate flowers were counted between 8.00 and 11.30 AM at 3 to 4-

day intervals until the end of bloom. 

Pollen shedding catkins and receptive pistillate flowers were identified using walnut 

phenological stages as described by Germain et al. (1999). Pollen shedding catkins, or 

Fm stage (Figure 2.2), were distinguished from immature catkins by the release of 

pollen grains on touch and/or the presence of opened anthers. Pistillate flowers were 

deemed to be receptive between stigma emergence (Ff) and the conclusion of optimal 

receptivity (Ff1), defined as when stigma lobes were opened to approximately 45° 

(Figure 2.3). Pistillate flowers were considered post-receptive once the stigma had 

recurved (Ff2) or developed signs of browning/necrosis (Ff3). 
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Figure 2.2. Phenology stages of English or Persian walnut (J. regia) male inflorescence or catkin. The catkin is mature and releases pollen grains at the 
Fm stage (g). According to Germain et al. (1999) the stages of catkin development are a) Amg: dormant catkin during winter, b) Bm: resumption of 
growth, c) Cm: individualisation of staminate flowers, d) Dm: separation of staminate flowers, e) Dm2 opening staminate flowers, anthers are visible, 
f) Em: separation of anthers and g) Fm: anthesis (pollen shedding). Figure obtained from (Germain et al., 1999). 
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Figure 2.3. Phenology stages of English or Persian walnut (J. regia) female inflorescence or pistillate flower. The pistillate flower is pre-receptive at 
the Ef stage (a), receptive at Ff-Ff1 stage (b, c) and post-receptive at Ff2-Ff3 stage (d, e) described by Germain et al. (1999). The stages of pistillate 
flower development are (a) Ef: pistillate flower developed but stigma not present, (b) Ff: stigma has emerged, (c) Ff1: optimal receptivity, stigma 
lobes started to separate, (d) Ff2: stigma lobes recurved to > 45o angle and (e) Ff3: appearance of browning or necrosis on stigma. Figure obtained 
from (Germain et al., 1999). 
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2.2.3 Non-pollination-drop 

Non-pollination-drop (NPD) was monitored in cultivars Serr, Vina, Lara, Howard and 

Chandler on the same limbs as those used for phenological assessments. Clusters of 

pistillate flowers were tagged at the onset of flowering, with the number of flowers in 

each cluster recorded at the time of tagging. The total number of pistillate flowers 

within clusters was counted at weekly intervals between the onset of flowering and 

after fruitlets were greater than 12 mm diameter. Premature fruit drop from pistillate 

flower abortion and NPD were recorded at each assessment. Symptoms used to 

identify pistillate flower abortion were the size of flowers (2 – 3 mm diameter) and 

timing of necrosis (2 – 3 weeks after flower receptivity) (McGranahan et al., 1994). 

Symptoms used to identify NPD were the size (7 – 8 mm diameter) and timing of fruit 

drop (7 – 10 weeks after flower receptivity) (González et al., 2008). 

2.2.4 Weather data 

A weather station (Onset Computer Corporation, Bourne, Massachusetts, USA) was 

installed at a central location within the orchard (Figure 2.1) to record temperature 

and relative humidly at 15-min intervals during the walnut flowering period 

(September to November). The ground below the weather station (5 × 5 m area) was 

cleared of vegetation and covered with artificial turf to limit interference from 

evapotranspiration and radiant heat. 

2.2.5 Data Analysis 

All statistical analysis was undertaken using R (R Core Team, 2020; RStudio Team, 

2020) and Microsoft Excel. The R package agricolae (De Mendiburu, 2020) was used to 

perform Tukey HSD test and graphs were constructed using the ggplot2 package 

(Wickham, 2016). 

Daily counts of shedding catkins and receptive pistillate flowers in cultivars Serr, Vina, 

Lara, Howard and Chandler were reported as a proportion of the total catkins and 

pistillate flowers observed on limbs. The mean proportion of shedding catkins and 

receptive pistillate flowers were calculated for each assessment day with time 

reported as the number of days after the 1st September to standardise the time scale 

between years. Temporal flowering progression curves for each cultivar were 

constructed by graphing the mean proportion of catkins shedding pollen and receptive 
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pistillate flowers against time to allow comparative analysis of pollen shedding and 

receptivity over two consecutive years. The logistic growth model was applied as 

described by Madden et al. (2007). Prior to analysis, observed mean values of 0 and 1 

were adjusted to 0.001 and 0.999 respectively and the means were then logit 

transformed. Linear regressions of the transformed mean against time were fit 

separately for each flower type, cultivar and year combination. A proportion of 0.025 

and 0.975 represent the onset and end of flowering. The regression parameters were 

then used to predict the onset and end dates of pollen shedding (Table 2.1) and flower 

receptivity (Table 2.2). The duration of pollen shedding and receptivity was calculated 

as the number of days between the predicted onset (2.5 %) and end (97.5 %). The 

duration of bloom overlap was calculated from the number of days from the onset of 

receptivity to the end of pollen shedding. The pollination potential was calculated as 

the percentage of flowers receptive when overlap occurred. 

The incidence of NPD, reported as a proportion of the total number of pistillate flowers 

present at the onset of flowering that dropped with symptoms of NPD, was calculated 

for cultivars Serr, Vina, Lara, Howard and Chandler. A two-way ANOVA (p < 0.05) with 

mean comparisons by Turkey’s HSD post hoc was performed to determine the effects 

of cultivar and year on NPD incidence. NPD was logit transformed to meet the 

assumptions of normality and equal variance. 

The mean, standard error, minimum and maximum values of ambient temperature, 

relative humidity and vapour pressure deficit were calculated for the duration of 

pollen shedding and flower receptivity in each cultivar and year. The total number of 

hours with elevated temperature (≥ 35 °C), low relative humidity (≤ 20 %) and high 

vapour pressure deficit (≥ 4.0 kPa) was calculated for each cultivar and year. These 

thresholds were selected based on environmental conditions observed at the study 

site, and from previous studies at the study site (Lang and Simpson, 2018). 

Linear regression analysis was performed using pooled data from individual cultivars to 

determine correlations between NPD incidence and temporal flower development 

(pollen shedding, pistillate flower receptivity, overlap between pollen shedding and 

flower receptivity and pollination potential), and between NPD and the duration of 

environmental conditions of elevated temperature (≥ 35 °C), low relative humidity 
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(≤ 20 %) and high vapour pressure deficit (≥ 4.0 kPa) for each year. An assumption 

required to undertake these analyses was that NPD of individual cultivars responded 

similarly to independent physiological and environmental variables. 

2.3  Results 

2.3.1 Temporal development of staminate flower and pistillate flowers 

The temporal progression of flowering followed a consistent pattern across both years 

with the onset of pollen shedding and pistillate flower receptivity earliest in Serr, 

followed by Vina, Lara, Howard and Chandler (Table 2.1, Figure 2.4). The onset and 

conclusion of pollen shedding always preceded the onset and conclusion of flower 

receptivity, for all cultivars and occurred between 25th September to 30th October in 

2018 and 25th September to 3rd November in 2019 (Table 2.2). 

A very-strong (logistic) correlation was observed between the proportion of pollen 

shedding catkins and time in Serr, Vina, Lara, Howard and Chandler in 2018 (R2 = 0.96 – 

0.99, p < 0.001) and 2019 (R2 = 0.96 – 0.97, p < 0.001) (Table 2.1). Similarly, a strong 

non-linear (logistic) correlation was observed between flower receptivity and time 

(2018: R2 = 0.93 – 0.99, 2019: R2 = 0.88 – 0.97, p < 0.001). 

Pollen shedding, when pooled across all cultivars, occurred over a period of 25 days in 

2018 (25th September to 20th October) and 24 days in 2019 (25th September to 20th 

October) (Table 2.2). The order of the onset of pollen shedding was Serr < Vina < Lara < 

Howard < Chandler in 2018 and Serr < Vina < Lara and Howard < Chandler in 2019. The 

duration of pollen shedding ranged from 7 to 10 days (2018) and 9 to 11 days (2019). 

The duration of pollen shedding in 2019 was 1 day longer in Serr, Lara and Chandler, 

and 2 days longer in Vina and Howard than in 2018.  

The duration of flower receptivity, when pooled across all cultivars, was shorter in 

2018 (4th October to 30th October, 26 days) than in 2019 (28th September to 3rd 

November, 36 days). The order of receptivity onset was Serr < Vina < Lara < Howard < 

Chandler in both years. The onset of flower receptivity in 2019 was 6 days earlier in 

Serr and between 1 to 3 days earlier in Lara, Vina, Howard and Chandler than in 2018. 

The duration of flower receptivity within each cultivar ranged from 9 to 13 days (2018) 

and 8 to 17 days (2019), with receptivity 1 day shorter in Serr and Howard, but 3 to 5 

days longer in Vina, Lara and Chandler in 2019 compared to 2018.  
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The overlap of pollen shedding and flower receptivity within cultivars occurred for 0 to 

2 days in 2018 and 0 to 7 days in 2019 (Table 2.3). There was no overlap in Serr (2018), 

Lara (2018) and Howard (2018 and 2019) as pollen shedding ended 1 to 4 days before 

the start of flower receptivity. Chandler had limited overlap in both years (i.e. 2 days) 

and represents an estimated pollination of only 12 to 17 % of the receptive flowers in 

2019 and 2018 respectively. The greatest overlap occurred in Serr, Vina and Lara in 

2019 and lasted for 7 (88 % potential pollination of receptive flowers), 6 (40 %) and 5 

(31 %) days respectively.  



   

 

47 

 

 

Figure 2.4. Temporal progression of observed and predicted catkins shedding pollen and 
receptive pistillate flowers in five walnut cultivars (Serr, Vina, Lara, Howard and 
Chandler) at Leeton orchard in 2018 and 2019. Time is calculated as number of days 
from 1st September in each respective year. Each data point represents the observed 
mean pollen shedding (circle) and receptivity (triangle) of five replicates. Error bars are 
the standard error of the observed mean. The curves represent the back-transformed 
values pollen shedding (solid line) and receptivity (dotted line) from the linear models 
presented in Table 2.1. 
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Table 2.1. Regression parameters of mean proportion of pollen shedding from catkins and receptivity from pistillate flowers over time in five walnut 
cultivars at Leeton orchard in 2018 and 2019. Time is calculated as number of days from 1st September in each respective year. Regression 
parameters are logit transformations of the mean proportion of observed shedding catkins and receptive flowers. 
All p < 0.001. 

Year Cultivar 
Pollen shedding  Receptivity 

n Intercept Slope  R2  n Intercept Slope  R2 

2018  

Serr 8 -25.75 0.90 0.97  7 -36.40 0.98 0.97 

Vina 7 -35.12 1.04 0.99  11 -27.97 0.67 0.93 

Lara 7 -39.44 1.15 0.96  11 -29.47 0.66 0.99 

Howard 6 -42.05 1.21 0.98  10 -30.88 0.64 0.93 

Chandler 9 -36.65 0.83 0.97  10 -36.05 0.68 0.97 

2019 

Serr 10 -21.45 0.75 0.96  7 -32.83 1.07 0.96 
Vina 8 -29.01 0.84 0.97  11 -21.71 0.52 0.92 
Lara 8 -33.12 0.91 0.97  12 -21.51 0.49 0.97 
Howard 8 -32.50 0.90 0.96  8 -31.22 0.64 0.88 
Chandler 9 -30.23 0.70 0.99  13 -25.30 0.46 0.88 
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Table 2.2. The predicted onset (2.5 %) and end (97.5 %) date of pollen shedding and flower receptivity, the duration of pollen shedding and 
receptivity, the duration of overlap between the onset of receptivity and end of pollen shedding and the pollination potential in five walnut cultivars 
(Serr, Vina, Lara, Howard and Chandler) from Leeton, NSW in spring 2018 and 2019.  

Year Cultivar 

Pollen shedding x  Flower receptivity x 
Overlap y 

 (days) 

Pollination 
potential z 

(%)  
Onset  
(date) 

End  
(date)  

Duration 
(days) 

 Onset  
(date) 

End  
(date) 

Duration 
(days) 

2018 

Serr 25-Sep 3-Oct 9  4-Oct 12-Oct 9 0 0.0 
Vina 1-Oct 8-Oct 8  7-Oct 18-Oct 12 2 16.7 
Lara 2-Oct 9-Oct 8  10-Oct 21-Oct 12 0 0.0 
Howard 3-Oct 9-Oct 7  13-Oct 25-Oct 13 0 0.0 
Chandler 11-Oct 20-Oct 10  19-Oct 30-Oct 12 2 16.7 

2019 

Serr 25-Sep 4-Oct 10  28-Sep 5-Oct 8 7 87.5 
Vina 1-Oct 10-Oct 10  5-Oct 19-Oct 15 6 40.0 
Lara 3-Oct 11-Oct 9  7-Oct 22-Oct 16 5 31.3 
Howard 3-Oct 11-Oct 9  14-Oct 25-Oct 12 0 0.0 
Chandler 9-Oct 19-Oct 11  18-Oct 3-Nov 17 2 11.8 

x Predicted values derived from linear regression analysis of observed pollen shedding and receptivity (y) versus time (x) for each cultivar and year, 
where ln(y/1-y)) is the linearized from of the logistic models as reported in Table 2.1. 

y The number of days between the predicted onset (2.5 %) of receptivity and end of pollen shedding (97.5 % receptivity). 

z The percentage of pistillate flowers receptive during bloom overlap. 
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2.3.2 Non-pollination-drop 

Non-pollination-drop (NPD) ranged between 0.2 and 19.5 % in 2018 and 0.1 and 

35.5 % in 2019 (Table 2.3). A statistically significant interaction occurred between 

cultivar and year on NPD (Two-way ANOVA, p < 0.05). In both years greater NPD 

occurred in cultivar Chandler (19.5 and 26.1 % in 2018 and 2019 respectively) than in 

cultivar Serr (≤ 0.2 % in both years). In 2019 greater NPD occurred in mid-flowering 

cultivars (Vina: 14.6 %; Lara: 6.0 %) and late-flowering cultivars (Howard: 35.5 %) than 

the early-flowering cultivar Serr. There was greater NPD in Vina in 2019 (14.6 %) than 

2018 (0.2 %). 

Table 2.3. Incidence of non-pollination-drop (NPD) in five walnut cultivars from a semi-
arid Australian orchard (Leeton, NSW) in spring 2018 and 2019. Values represent the 
mean of five replicates (± standard error). Means accompanied with the same letter 
are not significantly different (Two-way ANOVA, p > 0.05).  

Cultivar 
NPD (%)  

2018 2019 

Serr 0.2 (0.2) cd 0.1 (0.0) d 

Vina 0.2 (0.2) cd 14.6 (4.8) ab 

Lara 1.2 (1.2) bcd 6.0 (6.9) abc 

Howard 1.4 (1.5) abcd 35.5 (17.8) a 

Chandler 19.5 (5.9) ab 26.1 (3.5) ab 

 

2.3.3 Temperature, relative humidity and vapour pressure deficit during pollen 

shedding and flower receptivity 

Ambient temperature during pollen shedding and pistillate flower receptivity ranged 

between 1.0 – 32.6 °C (mean = 16.8 – 18.4 °C) in 2018 and 1.3 – 37.3 °C (mean = 16.5 – 

17.8 °C) in 2019 (Table 2.4). Maximum ambient temperature was nearly 5 °C higher in 

2019 (37.3 °C) than in 2018 (32.6 °C). The later-flowering cultivars, Howard and 

Chandler, were exposed to longer periods of elevated temperatures (≥ 35 °C) in 2019 

i.e., from 3.0 to 4.8 hours respectively, than earlier-flowering cultivars i.e., 0.0 to 1.8 

hours. Elevated temperatures were not observed in any cultivar during 2018. 

Ambient relative humidity (RH) ranged between 9.4 – 98.9 % in 2018 and 12.0 – 98.2 % 

in 2019 during pollen shedding and pistillate flower receptivity. Periods of low RH 

(≤ 20 % RH) were greater in 2019 (18 – 47 hours) compared to 2018 (12 – 36 hours). In 

both years, low RH events were substantially longer during the flowering of later-
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flowering cultivars (Howard: 24 – 41 hours; Chandler: 36 – 47 hours) compared to 

early-flowering (Serr: 18 – 25 hours) and mid-flowering cultivars (Vina: 17 – 25 hours; 

Lara: 12 – 24 hours). 

Ambient vapour pressure deficit during pollen shedding and pistillate flower 

receptivity ranged between 0.0 – 4.3 kPa (mean = 1.1 – 1.2 kPa) in 2018 and 

0.0 – 5.5 kPa (mean = 1.2 – 1.3 kPa) in 2019 (Table 2.4). The maximum vapour pressure 

deficit was 1.2 kPa higher in 2019 (5.5 kPa) compared to 2018 (4.3 kPa). High ambient 

vapour pressure deficit (≥ 4.0 kPa) was observed during the flowering of Howard and 

Chandler in 2018 and in all cultivars in 2019. There were substantial differences in how 

long high vapour pressure deficit conditions persisted. The later-flowering cultivars, 

Howard and Chandler, were exposed to longer periods of high VPD i.e., from 3 – 6 

hours in 2018 and 24 – 26 hours in 2019 than early-flowering (Serr) and mid-flowering 

(Vina and Lara) cultivars i.e., 0 hours in 2018 and 5 – 11 hours in 2019. 
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Table 2.4. Mean, standard error (SE), minimum (min) and maximum (max) values of temperature, relative humidity and vapour pressure deficit 
during pollen shedding and flower receptivity of five walnut cultivars at Leeton, NSW, in spring 2018 and 2019. The duration of elevated temperature 
(≥ 35 °C), low relative humidity (≤ 20 % RH) and high vapour pressure deficit (≥ 4.0 kPa) are presented as the number of hours (h) where temperature 
exceeded 35 °C, relative humidity dropped below 20 % RH and vapour pressure deficit exceeded 4.0 kPa. 

Year Cultivar 
Temperature (°C)  Relative humidity (%)  Vapour pressure deficit (kPa) 

Mean (± SE) Min Max h ≥ 35 °C  Mean (± SE) Min Max h ≤ 20 %  Mean (± SE) Min Max h ≥ 4.0 kPa 

2018 Serr 16.8 (0.1) 1.0 30.5 0.0  48.1 (0.5) 14.9 98.9 25.3  1.2 (0.0) 0.0 3.7 0.0 
2018 Vina 18.3 (0.1) 3.1 30.5 0.0  54.1 (0.5) 14.9 98.9 17.0  1.1 (0.0) 0.0 3.7 0.0 
2018 Lara 18.4 (0.1) 5.5 31.8 0.0  55.2 (0.5) 14.9 98.9 12.0  1.1 (0.0) 0.0 3.7 0.0 
2018 Howard 18.1 (0.1) 5.5 31.9 0.0  55.2 (0.5) 11.6 98.9 23.5  1.1 (0.0) 0.0 4.1 2.8 
2018 Chandler 18.0 (0.2) 4.2 32.6 0.0  53.3 (0.7) 9.4 97.0 35.8  1.2 (0.0) 0.0 4.3 5.5 
2019 Serr 16.5 (0.2) 1.8 33.7 0.0  49.4 (0.7) 12.5 92.1 17.8  1.3 (0.0) 0.1 4.5 4.8 
2019 Vina 17.3 (0.2) 1.3 35.9 1.8  52.0 (0.5) 12.5 98.2 25.3  1.2 (0.0) 0.0 5.1 10.3 
2019 Lara 16.9 (0.2) 1.3 35.9 1.8  54.1 (0.5) 12.5 98.2 24.0  1.2 (0.0) 0.0 5.1 11.0 
2019 Howard 17.8 (0.2) 1.3 37.3 4.8  51.8 (0.5) 12.2 98.2 41.0  1.3 (0.0) 0.0 5.5 24.3 
2019 Chandler 17.8 (0.2) 1.3 37.3 3.0  53.6 (0.5) 12.0 98.2 47.0  1.3 (0.0) 0.0 5.5 26.3 
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2.3.4 Influence of temporal pollen shedding and flower receptivity, and 

environmental conditions on NPD   

2.3.4.1 Temporal pollen shedding and flower receptivity 

The duration of overlap between pollen shedding and flower receptivity (Figure 2.5) 

and the pollination potential (Figure 2.6), calculated as the percentage of percentage 

of flower receptivity where bloom overlap occurred, significantly affected NPD 

incidence in 2019, but not 2018 (Table 2.5). There were significant negative linear 

correlations between NPD incidence and the duration of overlap (R2
 = 0.88, p < 0.05) 

and with pollination potential (R2
 = 0.78, p < 0.05,). NPD was not observed when 

overlap duration and pollination potential are high i.e., 7.5 days and 80 % respectively. 

Reductions in the overlap and pollination potential caused considerable increase in 

NPD incidence (4.7 % day-1 and 0.4 % %-1). When there is no overlap between pollen 

shedding and flower receptivity, 35 % NPD is predicted. The duration of pollen 

shedding, and female flower receptivity did not affect NPD, irrespective of year 

(Table 2.5). 

Figure 2.5. Impact of the duration of overlap between pollen shedding and flower 
receptivity on the observed (triangle) and predicted (dashed line) non-pollination-drop 
incidence (%) of walnut at Leeton, NSW in 2019. 
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Figure 2.6. Impact of pollination potential on the observed (triangle) and predicted 
(dashed line) non-pollination-drop incidence (%) of walnut at Leeton, NSW in 2019. 
Pollination potential is calculated as the percentage of the flower receptivity period 
that coincides with overlap.
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Table 2.5. Regression parameters of linear models describing predicted non-pollination-drop incidence (% NPD) with the number of days of overlap 
between pollen shedding and flower receptivity (overlap) and the percentage of pistillate flowers receptive during overlap (pollination potential) at 
Leeton, NSW, in 2018 and 2019.  

Year Variable n Intercept Slope R2 p-value 

Predicted (days or %) 

10 % 
NPD 

20 % 
NPD 

30 % 
NPD 

2018 Pollen shedding 5 -42.02 5.53 0.56 0.14 – – – 
2018 Flower receptivity 5 -7.86 1.07 0.04 0.75 – – – 
2018 Overlap 5 0.93 4.45 0.34 0.30 – – – 
2018 Pollination potential 5 0.93 0.53 0.34 0.30 – – – 

2019 Pollen shedding 5 12.75 0.38 0.97 0.97 – – – 
2019 Flower receptivity 5 -0.47 1.24 0.10 0.61 – – – 
2019 Overlap 5 35.13 -4.67 0.88 < 0.05 5.4 3.2 1.1 
2019 Pollination potential 5 29.34 -0.37 0.78 < 0.05 52.3 25.2 -1.8 
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2.3.4.2 Environmental conditions 

There were significant positive linear correlations between NPD incidence and the 

duration of elevated temperature (≥ 35 °C, R2
 = 0.92, p < 0.001,) and low relative 

humidity (≤ 20 % RH, R2
 = 0.81, p < 0.05,), and high vapour pressure deficit (≥ 4.0 kPa, 

R2 = 0.85, p < 0.05) in the year 2019 (Table 2.6). In 2018, there was a significant 

positive linear correlation between NPD incidence and high vapour pressure deficit 

(≥ 4.0 kPa, p- value < 0.05, R2 = 0.85) but not elevated temperature (≥ 35 °C) or low 

relative humidity. 

The rate of NPD was 5 to 7-fold greater with elevated temperature (7.8 % h-1) 

compared to low relative humidity (1.1 % h-1) and high vapour pressure deficit (1.4 % h-

1). Short periods of elevated temperature (≥ 35 °C) were predicted to increase NPD 

considerably i.e., 30 % NPD after 4 hours (Figure 2.7).  

Extended periods of low relative humidity (44 hours, Figure 2.8) and high vapour 

pressure deficit (10 – 25 hours, Figure 2.9) were predicted to increase NPD by 30 %. 

The response of NPD to high vapour pressure deficit varied between years and was 

two-fold greater in 2018 (3.0 % h-1) compared to 2019 (1.4 % h-1). 

 

Figure 2.7. Influence of the duration of elevated temperature (≥ 35 °C) during 
flowering on the observed (triangle) and predicted (dashed line) non-pollination-drop 
incidence (%) of walnut at Leeton, NSW in 2019. 
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Figure 2.8. Influence of the duration of low relative humidity (≤ 20 % RH) on the 
observed (triangle) and predicted (dashed line) non-pollination-drop incidence (%) at 
Leeton, NSW in 2019. 

 

 

Figure 2.9. Influence of the duration of high vapour pressure deficit (≥ 4.0 kPa) during 
flowering on the observed (symbol) and predicted (line) non-pollination-drop 
incidence (%) at Leeton, NSW in 2018 (circle, solid line) and 2019 (triangle, dashed 
line).
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Table 2.6. Regression parameters of linear models describing predicted non-pollination-drop incidence (% NPD) with the number of hours (h) at 
elevated temperature (≥ 35 °C), low relative humidity (≤ 20 % RH) and high vapour pressure deficit (≥ 4.0 kPa) during the pollen shedding and 
receptivity period at Leeton, NSW, in 2018 and 2019. 

Year Variable n Intercept Slope R2 p-value 

Predicted (h) 

10 % 
NPD 

20 % 
NPD 

30 % 
NPD 

2018 ≥ 35 °C 5 * * * * * * * 
2018 ≤ 20 % RH 5 -12.40 0.74 0.64 0.10 – – – 
2018 ≥ 4.0 kPa 5 -0.54 3.04 0.79 < 0.05 3.5 6.8 10.1 

2019 ≥ 35 °C 5 -1.40 7.83 0.92 < 0.001 1.5 2.7 4.0 
2019 ≤ 20 % RH 5 -16.22 1.05 0.81 < 0.05 24.9 34.4 43.9 
2019 ≥ 4.0 kPa 5 -5.25 1.42 0.85 < 0.05 10.8 17.8 24.9 

* Elevated temperature (≥ 35 °C) did not occur during the flowering period in the year 2018
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2.4  Discussion 

The duration of overlap between pollen shedding and pistillate flower receptivity 

has considerable impact on non-pollination-drop (NPD) of pistillate flowers in 

walnut. However, even with no overlap only 35 % NPD was predicted in one of two 

years. Bloom overlap is a critical factor for walnut production, as pollen provides 

the male generative cells (sperm cells) which fertilise the ovule to set walnut fruit 

(McGranahan & Leslie, 2009; Polito, 1998). Flowers that became receptive after 

bloom overlap are at risk of NPD if other sources of pollen were not available. 

Pollen shedding in this study was only assessed within selected tree limbs, and 

other potential sources of pollen from polleniser cultivars, neighbouring trees and 

limbs higher or lower within the canopy of the same tree were not assessed. Future 

studies examining all potential pollen sources may provide a stronger linkage 

between overlap and NPD than described in this study. 

Non-pollination-drop (NPD) is considerably greater in the very-late flowering 

cultivar, Chandler, in both years and in the mid-flowering cultivars, Vina and Lara, 

and the late-flowering cultivar, Howard, in one year. In contrast, minimal NPD 

occurred in the early-flowering cultivar, Serr. Similarly, Lang and Simpson (2018) 

reported that NPD reduced walnut yield by up to 30 % in Vina, Lara, Howard and 

Chandler in walnut orchards from a semi-arid climate in Australia, and that NPD was 

1.5 to 3-fold greater in a semi-arid climate than in cool-temperate climate. 

Differences in environmental conditions at the time of flowering in a semi-arid 

climate explain some of the differences in the increased susceptibility of mid-, late- 

and very–late-flowering cultivars to NPD. 

Elevated ambient temperature, low relative humidity, and high vapour pressure 

deficit influence NPD rate in walnut. Hot and dry conditions were observed during 

the pollen shedding and flower receptivity period, with greater frequency of these 

conditions generally following the order of temporal flowering. In one year of the 

study the duration of elevated temperature (≥ 35 °C), low relative humidity (≤ 20 %) 

and high vapour pressure deficit (≥ 4.0 kPa) were significantly correlated with NPD. 

The findings of this study concur, in part, with Lang and Simpson (2018)whom 

previously reported that ambient temperatures of ≥ 35 °C during flowering were 
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associated with NPD. However, Lang and Simspon (2018) did not explore the 

potential impact of relative humidity and vapour pressure deficit on NPD. 

Information on optimal relative humidity and vapour pressure deficit conditions for 

walnut flowering has not been previously reported; as such, further studies are 

required to validate the effect of these environmental conditions on NPD from the 

current study. 

The effects of temperature on reproductive processes have been extensively 

studied in walnut. For example, optimal pollen germination occurs between 26 °C 

and 30 °C and pollen tube growth rate maximised at 32 °C (Luza et al., 1987; Mert, 

2009). Whereas temperatures above 35 °C induce pollen sterility during catkin 

shedding reduce or inhibit pollen germination, prevents pollen tube elongation and 

is reported to induce NPD in walnut (Lang & Simpson, 2018; Luza et al., 1987). Hot 

and dry weather conditions are also reported to desiccate pollen (Beck-Pay, 2012; 

Fonseca & Westgate, 2005), shorten receptivity (Hedhly et al., 2003, 2005a; Kodad 

et al., 2013), dry stigmatic exudates (Gross & Kigel, 1994; Lora et al., 2011), 

degenerate ovules (Cerović et al., 2000; Nava et al., 2009; Postweiler et al., 1985; 

Tomita et al., 2016; Tromp & Borsboom, 1994) and impair pollen-pistil interactions 

including pollen hydration, germination, and pollen tube growth (Hedhly et al., 

2004; Hedhly et al., 2005a, 2005b; Yates & Sparks, 1989). Thus, growing regions that 

regularly have maximum temperatures ≥ 35 °C during flowering, as was observed in 

this study, may be at risk of NPD of walnut. 

In summary, this study found that NPD reduces fruit-set by almost 40 % in late-

flowering cultivars, and that these cultivars were more affected by NPD than early- 

and mid-flowering cultivars. NPD was associated with the duration of overlap 

between pollen shedding and pistillate flower receptivity and the occurrence of 

high temperature (≥ 35 °C), low relative humidity (≤ 20 % RH) and high vapour 

pressure deficit (≥ 4.0 kPa) during the pollen shedding and receptivity period. The 

timing of receptivity in mid, late- and very-late-flowering cultivars often coincides 

with extended periods of hot and dry weather, which may be unfavourable for 

sexual reproduction. Having found that hot dry environmental conditions decrease 

bloom overlap, the work went on to investigate the effect of critical environmental 
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conditions (elevated temperature, low relative humidity, elevated vapour pressure 

deficit) on the rate and duration of pollen shedding and pistillate flower receptivity, 

on individual catkins and pistillate flowers. 
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 High vapour pressure deficit reduces pistillate 

receptivity and pollen shedding is delayed or suppressed by 

low vapour pressure deficit  

3.1  Introduction  

Ambient temperatures greater than 35 °C, relative humidity (RH) less than 20 % and 

vapour pressure deficit (VPD) greater than 4.0 kPa are relatively common during 

walnut flowering in semi-arid growing regions in Australia and increase the 

incidence of non-pollination-drop of flowers (Chapter 2). Furthermore, these 

environmental conditions have an impact on the duration of overlap between 

pollen shedding and pistillate flower receptivity, and thereby may affect the 

potential for pollination of female flowers.  

The structure of staminate and pistillate flowers, and the physiological 

characteristics of pollen shedding and pistillate flower receptivity are described in 

Sections 1.5.1 and 1.7.1. To summarise, the catkin contains staminate (male) 

flowers grouped in hanging clusters; each flower contains up to 40 stamens that 

terminate with the pollen bearing organ, the anther. Each anther contains 

thousands of microscopic pollen grains. Pistillate (female) flowers are grouped in 

clusters of up to 3 flowers; each pistillate flower contains two stigma lobes, which 

are attached to the ovary by a short style. During flowering anthers in the staminate 

flower split open and release pollen grains which are dispersed by wind. The stigma 

of the pistillate flower captures pollen from the wind and secretes an exudate that 

facilitates pollen germination. The pollen grain then produces a pollen tube that 

travels through the stigma, style, and ovary tissues to fertilise the ovule.   

Elevated temperature during the heat accumulation, staminate flower development 

and bloom phases accelerated the development of walnut catkins and pollen 

shedding in Iran (Hassankhah et al., 2017), Romania (Cosmulescu et al., 2010) and, 

United States of America (Polito et al., 1991). According to Cosmulescu et al. (2010), 

warm spring temperatures have greater impact on catkin development than 

pistillate flower female development. This is reflected in the study by Hassankhah et 

al. (2017) where increased temperature from 10 to 16 °C during the heat 

accumulation phase accelerated catkin development. In contrast, Ionescu and 
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Cosmulescu (2017) reported that high mean temperature (14 to 17 °C versus 9 to 12 

°C) during flowering shortened the duration of pistillate flower receptivity by 5 to 6 

days but did not pollen shedding duration. However, environmental conditions in 

these orchards are relatively mild compared to those that can occur during bloom in 

Australia.  

Field surveys conducted over two years described temporal pollen shedding and 

pistillate flower from entire limbs within walnut trees in a semi-arid growing region 

in Australia (Chapter 2). The aim of Chapter 3 is to determine the critical 

environmental conditions (elevated temperature, low relative humidity, elevated 

vapour pressure deficit) on the rate and duration of pollen shedding and pistillate 

flower receptivity, on individual catkins and pistillate flowers, and the potential for 

inciting non-pollination-drop. The hypothesis is that a hot and dry climate 

accelerates the rate of pollen shedding and reduces the duration of pistillate flower 

receptivity. 

3.2  Methods 

3.2.1 Plant material 

Catkins and pistillate flowers from cultivars Lara and/or Chandler were sourced 

from a semi-arid growing region at Leeton, NSW, from an orchard described 

previously (Section 2.2.1). A full description of the collection of catkins and pistillate 

flowers from Leeton is provided below in Sections 3.2.3 and 3.2.4. The experiments 

were conducted between 2017 to 2019. 

3.2.2 Manipulation of temperature, relative humidity and vapour pressure 

deficit 

Anthers, staminate flowers, catkins and pistillate flowers were exposed to different 

environmental conditions by manipulation of temperature and relative humidity in 

treatment chambers (Table 3.1). Treatment chambers consisted of plant growth 

cabinets (LMIRL-R, Lindner and May, Windsor, Queensland, Australia) to manipulate 

temperature and humidity cabinets developed from glass petri dishes (Sigma-

Aldrich, Castle Hill, New South Wales, Australia) and 8.5 L plastic containers (The 

Décor Corporation Pty. Ltd., Dandenong South, Victoria, Australia), with specific 

saturated salt solutions, to manipulate relative humidity. 
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To develop humidity chambers, glass petri dishes were utilised for anthers and 8.5 L 

plastic containers for staminate flowers, catkins and pistillate flowers (Figure 3.1). 

Saturated salt solutions of NaOH (10 %), LiCl (15 %), MgCl2 (33 %), Mg(NO3)2 (55 %), 

NaCl (75 %), NaCO3 (85 %), CuSO4 (97 %) (Merck, Bayswater, Australia) were added 

to petri-dishes (3 mL per petri-dish) and plastic containers (200 mL per plastic 

container) to regulate relative humidity (Young, 1967, Fonseca and Westgate, 

2005). Petri dishes and plastic containers were then placed into plant growth 

cabinets (24-hour photoperiod) at constant temperature of 24, 28, 32 or 36 °C and 

equilibrated overnight before experiments commenced.  

Temperature and relative humidity in staminate flower, catkin and pistillate flower 

treatment chambers were monitored at 5-minute intervals for the duration of 

experiments (HOBO temp/RH 2.5 % data logger UX100-011, Onset Computer 

Corporation, Bourne, United States of America). Temperature and relative humidity 

inside the anther treatment chambers could not be measured as chambers were 

too small to fit data loggers.  

Table 3.1. The environmental conditions (temperature, relative humidity, vapour 
pressure deficit (VPD) examined for the onset, rate and duration of pollen shedding 
from anthers (A), staminate flowers (SF) and catkins (C), and the onset, rate and 
duration of receptivity from pistillate flowers (PF).  

Anther (A) 
Staminate flower (SF) 

Catkin (C) 
Pistillate flower (PF) 

Temperature 
(°C) 

Relative 
humidity 

(%) 

VPD 
(kPa) 

A 28 10 - 
SF, C, PF 28 15 3.2 

A, SF, C, PF 28 33 2.5 
SF, C, PF 28 55 1.7 
SF, C, PF 28 85 0.6 

A 28 97 0.1 
A, SF, C, PF 32 33 - 
A, SF, C, PF 36 33 - 

SF, C, PF 36 33 4.0 
A, SF, C, PF 36 10 5.4 
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Figure 3.1. Treatment chambers (not to scale) used for the control of temperature, relative humidity, and vapour pressure deficit during 
pollen shedding experiments on anthers (a), and staminate flowers, catkins and stigma receptivity in pistillate flowers (b). Treatment 
chambers were developed from plant growth cabinets and humidity chambers, derived from petri dishes for anthers and 8.5 L plastic 
containers for staminate flowers, catkins and pistillate flowers. A saturated salt solution was placed inside each petri dish and plastic 
container to regulate relative humidity at the desired level. Plant growth cabinets with a 24-hour photoperiod was used to regulate 
temperature. 
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3.2.3 Pollen shedding from anthers, staminate flowers, and catkins 

3.2.3.1 Detached anthers 

Pollen shedding from detached anthers was investigated using the method described 

by Yates and Sparks (1993), with modifications. In summary, catkins at anthesis (Fm), 

or pollen shedding stage (Figure 3.2), were removed from trees at the Leeton orchard 

using secateurs between 8.00 – 11.30 AM and immediately placed into paper bags 

within an insulated cooler box. Catkins were transported to the laboratory by 12.00 

PM.  

Staminate flowers were removed from the catkin rachis using tweezers within 2 hours 

of returning to the laboratory. Mature unopen anthers were then removed from the 

staminate flower, under a dissecting microscope, using micro dissection tools. Once 

detached, anthers were placed in a sealed petri dish with moist paper towel at 4 °C 

and equilibrated overnight (Figure 3.2). After equilibrating, anthers were examined, 

and any damaged anthers discarded. Anthers were then randomly assigned 

temperature, relative humidity treatments or vapour pressure deficit treatments 

(Table 3.1) and placed in treatment chambers. 

The experiment was replicated four times with three anthers per plot. The number of 

shedding anthers was assessed at 0, 1, 2, 3, 4, 5, 6, 9 and 24 hours after 

commencement of the treatment. An anther was considered to have shed pollen if at 

least pollen sac had split open (Figure 3.3). Pollen shedding was expressed as a 

proportion of the total number of anthers assessed.  
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Figure 3.2. Anthesis (Fm) or pollen shedding stage of walnut (Germain et al., 1999) 
(left) and dissected mature unopen anthers equilibrating in a petri dish with moist 
paper towel at 4 °C (right).  

 

Figure 3.3. Individual anthers in the frontal (left) and transverse plane (middle, right). 
Anthers were considered non-shedding when pollen sacs were closed (left, middle) 
and shedding when at least one pollen sac was open (right). 

 

3.2.3.2 Pollen shedding from staminate flowers 

Catkins attached to stems, or catkin sticks, with 25 – 50 % pollen shedding from 

anthers (Figure 3.2) were removed from trees at the Leeton orchard using secateurs 

between 8.00 – 11.30 AM. Excess plant material (vegetative shoots and catkins) was 

removed to reduce evapotranspiration (Figure 3.4), before placing catkin sticks into an 

insulated container with ice and transporting to the laboratory.  

In the laboratory, the stem end of each catkin stick was trimmed under water, to 

prevent cavitation, to approximately 15 cm length before placing in a 250 mL flask with 
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150 mL of water. Plasticine was used to seal the opening of the flask to prevent the 

evaporation of water from the flask (Figure 3.4) and interfering with treatment 

conditions within the treatment chamber. The catkin was viewed under a dissecting 

microscope to select a single staminate flower that did not have any open anthers. The 

tip of the selected staminate flower was marked with acrylic paint (Chromacryl, 

Chroma Australia Pty. Ltd., Kuring-gai, New South Wales, Australia) for identification 

during assessments. The samples were randomly allocated temperature, relative 

humidity, and vapour pressure deficit treatments (Table 3.2) and then placed into the 

treatment chambers. The experiment was replicated four times with one catkin stick 

per treatment chamber. 

Pollen shedding was assessed by counting the number of anthers that were open 

within the staminate flower at 0, 3, 6, 9, 12, 24, 48 and 72 hours (Figure 3.5), and 

expressed as a proportion of the total number of anthers in the staminate flower. 

 

Figure 3.4. Stems with attached catkins (catkin sticks) after removal from trees 
(cultivar Lara) at the Leeton, NSW, orchard (left) and with excess plant material 
(vegetative shoots and catkins) removed to reduce evapotranspiration, and a plasticine 
seal inserted to reduce evaporation of water from the flask prior to treatment 
applications (right). 
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Figure 3.5. Staminate flowers collected from trees (cultivar Lara) at Leeton, NSW, with 
no pollen shedding (0 % of anthers open) (left), partial pollen shedding (50% of anthers 
open) (middle) and complete pollen shedding (100 % of anthers open) (right). 

3.2.3.3 Pollen shedding from catkins 

Catkins with staminate flowers that were within 1 to 2 days of pollen shedding (Fm, 

Figure 3.2), were removed from trees using secateurs between 8.00 – 11.30 AM. The 

catkins were transported, and catkin sticks prepared as described previously. Catkin 

sticks were then randomly assigned to temperature, relative humidity, and vapour 

pressure deficit treatments (Table 3.2), and then placed into treatment chambers. The 

experiment was replicated four times with one catkin stick per treatment chamber.  

Pollen shedding was assessed at 0, 3, 6, 9, 12, 24, 48 and 72 hours after the treatment 

commenced by measuring the total catkin length (cm) and the length of the catkin that 

had completed shedding, identifiable by all anthers in a staminate flower turning black 

(Figure 3.6). Pollen shedding was expressed as a proportion of the total catkin length.  
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Figure 3.6.  Pollen shedding from catkins collected from trees (cultivar Lara) at Leeton, 
NSW. The solid white line represents the length of the catkin that has completed 
pollen shedding, as indicated by the presence of staminate flowers with black 
coloured, open anthers. The dashed white line is the total catkin length.   

 

3.2.4 Stigma receptivity of pistillate flowers 

3.2.4.1 Duration of stigma receptivity 

Pistillate flower clusters with two pre-receptive or Ef stage (Figure 3.7) flowers per 

cluster were removed from trees (cultivar Chandler) using secateurs between 8.00 – 

11.30 AM. Excess plant material was removed before placing the ‘pistillate sticks’ into 

an insulated container with ice and transportation to the laboratory.  

In the laboratory the stem end of each pistillate stick was trimmed under water to 

approximately 15 cm length before placing the pistillate stick in a 250 mL flask with 

150 mL of water, as described for catkin sticks (Section 3.2.3.2). Plasticine was used to 

seal the opening of each flask, as described previously. The samples were randomly 

assigned to temperature, relative humidity, and vapour pressure deficit treatments 

(Table 3.2), and then placed into treatment chambers. The experiment was replicated 

four times with one pistillate stick per treatment chamber.   

Temporal receptivity was assessed at 24-hour intervals with optimal receptivity, or Ff1 

stage (Figure 3.7) characterised by V shaped stigma lobes opened to approximately 45 

° angle from the longitudinal axis of the ovary, as described by Germain et al. (1999). 

The period of optimal receptivity was complete once the stigma was recurved beyond 
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a 45 ° angle, or when stigmas developed signs of necrosis. The number of days at 

optimal stigma receptivity was calculated by summing the days at Ff1 stage for each 

pistillate stem.   
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Figure 3.7. Stages of stigma receptivity in the pistillate flower of walnut: a) Pre-receptive (Ef), b) early receptivity (Ff), c) optimal receptivity 
(Ff1) and d) post-receptive (Ff2) (Germain et al., 1999). Pistillate flower receptivity is considered optimal when the stigma lobes are  
V-shaped and opened to approximately 45 ° angle.
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3.2.4.2 Surface area of receptive stigma 

Pistillate flower clusters that contained flowers at the pre-receptive, or Ef, stage 

(Figure 3.7) were collected from cultivar Chandler trees at the Leeton orchard, and 

excess foliage removed as previously described. 

In the laboratory pistillate sticks were trimmed to 15 cm length and placed in 50 mL 

centrifuge tube with 40 mL water. Tubes were sealed with plasticine as previously 

described. Samples were then placed in plant growth chambers at 24 °C and 24-hour 

photoperiod for three days for flowers to develop to optimal receptivity (Ff1). Samples 

were then randomly assigned to vapour pressure deficit treatments (Table 3.2) and 

placed into treatment chambers. Vapour pressure deficit was selected as the 

environmental variable based on the results of the ‘duration of stigma receptivity’ 

experiment (Section 3.2.4.4). 

Stigma receptivity was assessed at 0, 3, 6, 12, 24 and 48 hour intervals post the 

treatment commencing using the Peroxtesmo test. The Peroxtesmo test stains areas 

the stigma blue, if esterase enzymes are present. Esterase enzymes are considered to 

be a reliable marker for stigmatic receptivity (Dafni & Maués, 1998). This method was 

selected to assesses stigma receptivity because it is a simple, rapid, compatible with 

dry type stigmas and has been previously used in walnut pistillate flowers (Dafni & 

Maués, 1998; Hu et al., 2017; Liu et al., 2011). The Peroxtesmo test solution was 

prepared by soaking three Peroxtesmo KO test papers (Macherey-Nagel GmbH & Co. 

KG, Dueren, Germany) in 1 mL of distilled water. In preliminary experiments a 1 – 3 µL 

droplet of the Peroxtesmo test solution was applied directly to the stigma as per the 

methodology described by Dafni and Maués (1998); however, this was insufficient to 

coat the broad and ridged surface of the walnut stigma evenly and adequately. Hence, 

the method was modified by dipping the stigma directly into the Peroxtesmo test 

solution for 3 seconds with the blue staining of the stigma measured after three 

minutes as a proportion of the stigma surface area.  

3.2.5 Data Analysis 

All statistical analysis was undertaken using Microsoft Excel and R (R Core Team, 2020; 

RStudio Team, 2020). The R package agricolae (De Mendiburu, 2020) was used to 
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perform Tukey HSD test and graphs were constructed using the with the ggplot2 

package (Wickham, 2016).  

Temporal pollen shedding progression curves were constructed by graphing the 

percentage of pollen shedding against time (hours) in anthers, staminate flowers, and 

catkins against temperature (low: 28 °C, medium: 32 °C, high: 36 °C), relative humidity 

(low: < 20 %, medium: 30-40 %, high: > 80 %) and vapour pressure deficit (low: < 1.0 

kPa, medium: 2.0 – 3.0 kPa, high: > 5.0 kPa). The area under the pollen shedding curve 

(AUPSC) was calculated by the trapezoidal method and standardised (sAUPSC) by 

dividing AUPSC by the duration (hours) of pollen shedding, an adaption of Simko and 

Piepho (2012). Two-way ANOVA with mean separation by Tukey HSD post-hoc was 

used to analyse pollen shedding (sAUPSC) of different floral structures (anthers, 

staminate flowers, catkins) against environmental treatments (temperature, relative 

humidity, vapour pressure deficit).  

Temporal pollen shedding progress curves were constructed for comparative analysis 

between pollen shedding from catkins (catkin shedding) and six VPD treatments (0.6, 

1.7, 2.5, 3.2, 4.0, 5.4 kPa). The Gompertz model was applied when data required linear 

transformation following the approach described by Madden et al. (2007) using the 

equation: 

�̂� = 𝑒(−𝐵𝑒−𝑟𝐺𝑡) 

In which �̂� = the predicted proportion of catkin shedding, 𝐵  = a constant of integration 

(−ln (𝑦0)), 𝑟𝐺 = the rate parameter,  𝑡 = the time in hours, and 𝑦0 = proportion of 

catkin shedding at 𝑡 = 0. Prior to analysis 𝑦 values of 0 and 1 were adjusted to 0.0001 

and 0.9999 respectively.  

The mean proportion of catkin shedding (𝑦) was linearized according to the equation:  

−ln(−(ln(𝑦)) = −ln(−ln (𝑦0)) + 𝑟𝐺𝑡 

where −ln(−(ln(𝑦)) = the transformed value of proportion catkin shedding, 𝑦 = the 

mean observed proportion of catkins shedding at each assessment time, 

−ln(−ln (𝑦0)) = the intercept and 𝑟𝐺 = the slope. Regression analysis was performed 

to identify correlations between the amount of catkin shedding and time for each 
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vapour pressure deficit treatment; and between the rate of catkin shedding and 

vapour pressure deficit. Vapour pressure deficit was log transformed to meet the 

assumptions of normality.    

The duration of temporal pistillate flower receptivity were calculated for early (Ff), 

optimal (Ff1) and total (Ff + Ff1) receptivity. One-way ANOVA (p < 0.05) with mean 

comparisons by Turkey’s HSD post hoc was performed to determine significant 

temperature (28 and 36 °C), relative humidity (15 – 85 % RH) and vapour pressure 

deficit (0.6 – 5.4 kPa) treatments.  

Regression analysis was performed to determine correlations between relative 

humidity and vapour pressure deficit and the duration of early (Ff), optimal (Ff1) and 

total (Ff + Ff1) receptivity.  

Temporal progression curves of observed receptive stigma area were constructed by 

graphing the percentage of esterase staining against time (day) at low (0.6 kPa), 

medium (2.5 kPa) and high (5.4 kPa) vapour pressure deficit. The standardized area 

under the receptive stigma area curve (sAURSAC), was calculated and one-way ANOVA 

with mean separation by Tukey HSD post hoc performed to determine significant 

differences between low, medium and high vapour pressure deficit treatments.  

3.3  Results  

3.3.1 Pollen shedding from anthers, staminate flowers, and catkins 

The effect of temperature, relative humidity and vapour pressure deficit on the 

temporal progression of pollen shedding varied within and between anthers, 

staminate flowers and catkins. 

Pollen shedding at high relative humidity and low vapour pressure deficit was 

incomplete and the onset delayed in anthers (5 hours) and staminate flowers 

(24 hours), whereas in catkins pollen shedding was suppressed indefinitely (Figure 3.8). 

Under high relative humidity and low vapour pressure deficit conditions, pollen was 

observed to clump together and often remain inside the anther in all components of 

the floral structure (anther, staminate flower and catkin). Staminate flower and catkin 

samples at high relative humidity and low vapour pressure deficit dropped from the 

catkin stick 48 – 72 hours after the experiment commenced.  
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Mean pollen shedding from staminate flowers and catkins, reported here as the 

standardized area under the pollen shedding curve (sAUPSC), varied significantly in 

response to changes in relative humidity (Table 3.2). Pollen shedding from anthers, 

staminate flowers and catkins was two-fold greater, or more at low relative humidity 

(< 20 % RH) than at medium (30 – 40 % RH) and high relative humidity (> 80 % RH) (17 

%-hour and 44 – 52 %-hour respectively). Low relative humidity also increased pollen 

shedding from catkins (49 %-hour) and staminate flowers (57 %-hour) compared to 

high relative humidity (0 – 14 %-hour).  

For vapour pressure deficit, pollen shedding from anthers, staminate flowers and 

catkins at medium (2.0 – 3.0 kPa) and high (> 5.0 kPa) vapour pressure deficit was 

greater (44 – 53 %-hour) than with low (< 1.0 kPa) vapour pressure deficit  

(17 %-hour, Table 3.2). Medium and high vapour pressure deficit also increased pollen 

shedding from catkins (35 – 58 %-hour) and staminate flowers  

(44 – 52 %-hour) compared to low pressure deficit (0.0 – 14 %-hour).  

Changes in temperature did not alter pollen shedding from anthers, staminate flowers 

and catkins (Table 3.2).
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Figure 3.8. Mean percent pollen shedding over time (hours) from different floral structures (anther, staminate flower, catkin) in cultivar 
Lara at different temperature (low: 28 °C, medium: 32 °C, high: 36 °C), relative humidity (low: < 20 %, medium: 30 – 40 %, high: > 80 %) 
and vapour pressure deficit (low: < 1.0 kPa, medium: 2.0 – 3.0 kPa, high: > 5.0 kPa). Data points represent the mean (n = 4) pollen 
shedding at each assessment.  
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Table 3.2. Mean pollen shedding as the standardised area under the pollen shedding 
curve (sAUPSC) of different floral structures (anther, staminate flower, catkin) from 
cultivar Lara at various temperature (low: 28 °C, medium: 32 °C, high: 36 °C), relative 
humidity (low: < 20 %, medium: 30-40 %, high: > 80 %) and vapour pressure deficit 
(VPD) (low: < 1.0 kPa, medium: 2.0 – 3.0 kPa, high: > 5.0 kPa) on pollen shedding. 
Values are the mean sAUPSC (± SE) for each environmental parameter (n = 12), 
staminate inflorescence part (n = 12) or environmental parameter and staminate 
inflorescence part interaction (n = 4). Means accompanied with the same letter are not 
significantly different at p < 0.05. 

Treatment 
 sAUPSC (%.h)  

Temperature 
Relative 
humidity 

Vapour pressure 
deficit 

Environment  
Low 44.6 (9.7) a 51.9 (9.7) a 17.0 (18.7) b 
Medium 51.5 (8.6) a 43.5 (9.7) a 43.5 (9.7) a 
High 51.1 (9.7) a 17.0 (18.7) b 53.3 (12.9) a 

 
Floral structure 

Anther 50.7 (2.4) a 46.3 (11.2) a 46.3 (11.2) a 
Staminate flower  51.4 (12.0) a 38.2 (20.2) a 36.4 (21.1) ab 
Catkin 41.4 (10.8) a 27.9 (23.4) b 31.1 (26.2) b 

 
Interaction 

Low anther 52.1 (4.2) a 50.0 (0.0) a 36.9 (16.1) ab 
Medium anther 50.0 (0.0) a 52.1 (4.2) a 52.1 (4.2) a 
High anther 50.0 (0.0) a 36.9 (16.0) a 50.0 (0.0) a 
Low staminate flower 46.6 (8.7) a 57.2 (4.1) a 14.0 (10.4) bc 
Medium staminate 
flower 57.8 (12.5) a 43.5 (9.4) a 43.5 (9.4) a 
High staminate 
flower 50.1 (14.5) a 14.0 (10.4) bc 51.8 (19.6) a 
Low catkin 35.1 (6.9) a 48.6 (16.6) a 0.0 (0.0) c 
Medium catkin 46.9 (5.8) a 35.0 (6.8) ab 35.1 (6.9) ab 
High catkin 53.1 (11.1) a 0.0 (0.0) c 58.1 (13.4) a 
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The temporal progression of pollen shedding in vapour pressure deficit treated catkins 

was described well by the Gompertz model, with time accounting for 91 – 93 % of the 

variance in pollen shedding at 1.7 – 5.4 kPa (Figure 3.9, Table 3.3). No pollen shedding 

occurred at any time interval at 0.6 kPa. The predicted onset of pollen shedding was 

earliest between 3.2 – 5.0 kPa (4 – 5 hours), slightly delayed at 1.7 – 2.5 kPa (8 – 12 

hours) and completely inhibited at 0.6 kPa. The duration of pollen shedding (5 – 95 %) 

lasted for 22 – 28 hours between 1.7 – 5.4 kPa and 0 hours at 0.6 kPa. At 2.5 kPa (28 

hours), the duration of shedding was 5 – 6 hours longer than at 1.7 kPa (22 hours) and 

4.0 – 5.4 kPa (23 hours). The rates of pollen shedding (slope = 0.14 – 0.18) were similar 

across all vapour pressure deficit treatments between 1.7 – 5.4 kPa. 

 

 

Figure 3.9. Temporal progression of observed and predicted pollen shedding in catkins 
treated with vapour pressure deficit (VPD) between 0.6 – 5.4 kPa. Each data point 
represents the mean of n = 4 replicates. Predicted curves represent the back 
transformed values of predicted pollen shedding at different VPD (0.6, 1.7, 2.5, 3.2, 4.0 
and 5.4 kPa) from the linear models presented in Table 3.3.
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Table 3.3. Regression parameters of the linearized form of the Gompertz model describing the relationship between mean proportion of 
pollen shedding and time (hours) and the predicted onset (5 %), conclusion (95 %) and duration (5 – 95 %) of pollen shedding in catkins 
treated at vapour pressure deficits (VPD) between 0.6 – 5.4 kPa.  

VPD 
(kPa) 

Slope  Intercept 
R2 p-value 

Predicted time (h) 

estimate SE  estimate SE onset end duration  

0.6 * *  * * * * * * *  
1.7 0.18 0.02  -2.56 0.69 0.93 < 0.001 7.9 30.0 22.1  
2.5 0.14 0.02  -2.82 0.60 0.91 < 0.001 12.0 40.4 28.4  
3.2 0.18 0.02  -1.94 0.65 0.93 < 0.001 4.8 28.0 23.2  
4.0 0.18 0.02  -1.83 0.68 0.92 < 0.001 4.1 26.6 22.5  
5.4 0.18 0.02  -2.05 0.64 0.93 < 0.001 5.3 27.8 22.5  

* Pollen shedding did not occur at any time interval at 0.6 kPa 
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3.3.2 Stigma receptivity of pistillate flowers 

The duration of pistillate flower receptivity varied significantly in response to changes 

in vapour pressure deficit (Figure 3.10, Table 3.4). Increasing vapour pressure deficit 

reduced the duration optimal and total flower receptivity in pistillate flowers, 

explaining 82 to 84 % of the variation in receptivity duration respectively. It is 

predicted that the duration of optimal receptivity and total receptivity is 2 days shorter 

at 5.4 kPa compared to 0.6 kPa. There was no correlation between vapour pressure 

deficit and the duration of early flower receptivity. 

There was no correlation between the duration of early, optimal or total flower 

receptivity and relative humidity (Table 3.4). For the four relative humidities examined 

(15, 55, 85 and 85 % RH) the mean duration of receptivity was 0.5 to 1.5 days (± 0.3 – 

0.4 days) for early receptivity, 0.5 to 2.3 days (± 0.3 – 1.4 days) for optimal receptivity 

and 2.0 to 3.3 days (± 0.0 – 1.8 days) for total receptivity. 

Pistillate flowers at 28 °C (early = 1.0 ± 0.4, optimal = 1.8 ± 0.8 and total = 2.8 ± 0.9 

days) were receptive for 0.3 to 1.3 days longer than flowers at 36 °C  

(early = 1.3 ± 0.5, optimal = 0.3 ± 0.3 and total = 1.5 ± 0.5 days); however, this 

difference was not significant (p = 0.71, 0.14 and 0.30 respectively).  

At the time of abscission, flowers were either atypical (necrotic and 2 mm in diameter) 

or typical (7 mm in diameter with fleshy recurved stigmas) (Figure 3.11). Atypical 

development was observed at high temperature (36 °C) and high vapour pressure 

deficit (≥ 3.2 kPa) with the flowers abscising 3 – 8 days after treatment. Development 

was typical at low temperature (28 °C), all relative humidity (15 – 85 % RH) and at low 

to medium vapour pressure deficit (≤ 3.2 kPa) and flowers abscised 8 – 14 days after 

treatment. 
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Figure 3.10. Observed (symbols) and predicted (lines) mean number of days of optimal 
receptivity (Ff1; circle, solid line) and total receptivity (Ff + Ff1; triangle, dashed line) of 
pistillate flowers in cultivar Chandler with vapour pressure deficits (0.6 – 5.4 kPa). Each 
data point represents the mean of n = 4 replicates. Predicted lines represent values of 
predicted receptivity from the linear models presented in Table 3.4. 

 

 

Figure 3.11. Atypical (left) and typical (right) development of pistillate flowers. Atypical 
flowers were small (2 mm) and failed to develop beyond the pre-receptive stage 
whereas typical flowers were larger (7 mm) and progressed to post receptivity (Ff2). 
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Table 3.4. Regression parameters describing the relationship between mean duration of early receptivity (Ff), optimal receptivity (Ff1) 
and total pistillate flower receptivity (Ff + Ff1) in cultivar Chandler with vapour pressure deficits (VPD) between 0.6 – 5.4 kPa. 

Treatment Stage 
slope  intercept 

R2 P-value 

Predicted duration 
(days) 

estimate SE  estimate SE 
0.6 
kPa 

2.5 
kPa 

5.4 
kPa 

VPD Ff -0.02 0.12  1.00 0.39 0.00 0.90 – – – 
VPD Ff1 -0.46 0.11  2.41 0.35 0.82 < 0.05 2.1 1.3 -0.1 
VPD Ff + Ff1 -0.47 0.11  3.42 0.36 0.83 < 0.05 3.1 2.2 0.9 
RH Ff -0.01 0.01  1.34 0.43 0.29 0.45 – – – 
RH Ff1 0.02 0.01  0.52 0.48 0.73 0.14 – – – 
RH Ff + Ff1 0.02 0.01  1.19 0.53 0.34 0.12 – – – 
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The receptive area of stigmas varied over time at different vapour pressure deficits. 

Between 16 to 18 % of the surface area of stigmas were initially receptive; however, 

this increased to 28 to 30 % of stigmas within 12 to 24 hours in low (0.6 kPa) and 

medium (2.5 kPa) vapour pressure deficit environments (Figure 3.12). In contrast, only 

10 to 11 % of the stigma remained receptive within 12 to 24 hours with high (5.4 kPa) 

vapour pressure deficit. 

The mean stigma receptive area, reported here as the standardized area under the 

receptive stigma area curve (sAURSAC), was significantly reduced by high vapour 

pressure deficit (5.4 kPa) compared to low (0.6 kPa) and medium (2.5 kPa) vapour 

pressure deficit (Figure 3.12). Receptivity was 8.3 % stigma area-hour (high VPD) and 

16.0 % stigma area-hour (low and medium VPD). 

Figure 3.12: The observed receptive area of stigmas over time (left) and standardised 
area under the receptive stigma area curve (sAURSAC) (right) in pistillate flowers from 
cultivar Chandler at various vapour pressure deficit (VPD) treatments (low: 0.6 kPa, 
medium: 2.5 kPa, high: 5.4 kPa). Data points represent the mean of four replicates 
± SE. Columns accompanied by the same letter are not significantly different at  
p < 0.05.
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3.4  Discussion 

 This study reports for the first time the impact of hot and dry weather conditions on 

the rate and duration of pistillate flower receptivity in walnut. Hot and dry weather 

conditions reduced receptivity duration and the amount of the stigma surface that 

was receptive to pollen, this affects the duration of overlap between pollen shedding 

and flower receptivity and therefore the opportunity for fruit set. Vapour pressure 

deficit is the primary driver of receptivity loss in walnut pistillate flowers, increasing 

vapour pressure (0.6 to 5.4 kPa) shortened the duration of receptivity by 2.4 days. 

The findings of the current study support the hypothesis that high vapour pressure 

deficit causes NPD by shortening receptivity and explains the correlation between 

NPD incidence and the occurrence of high vapour pressure deficit (≥ 4.0 kPa) during 

the period of pollen shedding and receptivity (Chapter 2). Hot dry conditions may 

reduce receptivity by accelerated flower development (Hedhly et al., 2003, 2005a; 

Lora et al., 2011; Polito et al., 1991; Rodrigo & Herrero, 2002b), desiccation of the 

stigmatic surface or exudates (Gross & Kigel, 1994; Lora et al., 2011; Ortega et al., 

2004) and sterilisation of the ovule (Cerović & Ružić, 1992; Cerović et al., 2000; 

Tomita et al., 2016).  

At low temperature (28 °C), low to moderate vapour pressure deficit (≤ 2.5 kPa) and 

across all relative humidity treatments (15 – 85 %) pistillate flowers followed the 

classical phenological stages as described by Germain et al. (1999). At the time of 

abscission (8 – 14 days after treatment commenced) the flowers were approximately 

7 mm in diameter and had fleshy recurved stigma which is consistent with the 

symptoms of non-pollination-drop as described by González et al. (2008). The 

atypical development (small necrotic flowers) observed at high temperature (36 °C) 

and high vapour pressure deficit (≥ 3.2 kPa) was not consistent with those associated 

with either pistillate flower abortion or NPD as described by González et al. (2008). 

This type of fruit drop has not previously been reported in walnut trees.  

Temperature and relative humidity independently did not affect the duration of 

receptivity in pistillate flowers. This contrasts with previous studies conducted in 

peach (Hedhly et al., 2005b), almond (Ortega et al., 2004) and sweet cherry (Hedhly 

et al., 2003). It is possible the authors of these studies were inadvertently testing a 
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combination of temperature and relative humidity (or vapour pressure deficit) rather 

than temperature alone as the relative humidity between temperature treatments 

was not controlled. Temperature influences pistillate flower viability and the capacity 

to support pollen pistil interactions, and this may be the cause of atypical 

development and/or the association between NPD and high temperatures during 

flowering reported in Chapter 2 and by Lang and Simpson (2018), rather than 

receptivity duration. Ovule viability in English walnut is usually very high (> 90 %) (Dai 

et al., 2014), but in plum (Cerović et al., 2000), pear (Tromp & Borsboom, 1994), 

peach (Nava et al., 2009) and, cherry (Beppu et al., 2001; Postweiler et al., 1985; 

Tomita et al., 2016) high temperature induces ovule degeneration, effectively 

sterilising the pistils and reducing fruit set. Temperature ≥ 37 °C inhibits pollen grain 

germination and pollen tube elongation in walnut (Luza & Polito, 1987; Luza et al., 

1987) and therefore successful fruit set is extremely unlikely to occur at high 

temperature (36 °C) even if the pistillate flower remains receptive.      

This study reports for the first time the effect of temperature, relative humidity, and 

vapour pressure deficit on the rate of pollen shedding in different levels of the male 

walnut inflorescences (anther, staminate flower and catkin). Anthers, staminate 

flowers, and catkins responded similarly to high relative humidity (≥ 85 % RH) and 

low vapour pressure deficit (≤ 0.6 kPa, 28 °C/85 % RH); pollen shedding was 

incomplete and delayed or supressed completely. Previous studies in almond, 

apricot, common ragweed, Douglas fir, maize, peach, and pecan have also shown 

that high relative humidity and low vapour pressure deficit conditions delay and 

supress pollen shedding (Bianchi et al., 1959; Fashler & El-Kassaby, 1987; Gradziel & 

Weinbaum, 1999; Jarosz et al., 2005; Woodroof, 1930; Yates & Sparks, 1989). Pollen 

shedding in the catkin commenced when the vapour pressure deficit increased to 

1.7 kPa (28 °C/55 % RH) and, once started, occurred at a constant rate  

(1.4 – 1.8 % h-1), except at 0.6 kPa. Therefore, hot dry weather (1.7 – 5.4 kPa) during 

flowering does not accelerate the rate or duration of pollen shedding in walnut trees; 

however, it may have implications for the viability of pollen (Fonseca & Westgate, 

2005; Lang & Simpson, 2018; Luza & Polito, 1987; Luza et al., 1987).  
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Cool and humid environmental conditions (i.e. during rainfall, overnight or when 

morning dew is present) prevents the evaporation of water from anther tissues, the 

primary mechanism that drives anther opening and pollen release (Woodroof, 1930). 

Typically, suppression is temporary and normal pollen shedding resume once 

conditions become more favourable (Yates & Sparks, 1993). However, the current 

study indicates that walnut catkins will abscise from the tree, either without pollen 

shedding or incomplete pollen shedding, following extended periods (48 – 72 hours) 

of cool humid weather conditions (> 85 % RH or < 0.6 kPa, 28 °C/85 % RH), thus 

reducing pollen availability. Extended periods of high relative humidity and low 

vapour pressure deficit during walnut flowering is atypical for semi-arid climate 

walnut orchards in Australia, however, this may be an issue for those orchards in 

cool-temperate climatic regions.  

In conclusion, high vapour pressure deficit reduces the duration of pistillate flower 

receptivity and the amount of the sigma surface that is receptive to pollen. In 

contrast, high relative humidity and low vapour pressure deficit prevents the release 

of pollen and reduces the availability of pollen. Hence, hot dry weather conditions 

associated with a semi-arid environment in Australia reduces the potential for 

pollination of walnut pistillate flowers in Australia by reducing receptivity. Having 

found that hot dry weather does not influence the rate of pollen shedding, the work 

went on to investigate if these conditions have implications for pollen viability.   
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 Low relative humidity and high vapour pressure deficit 

desiccates pollen and reduces viability.  

4.1  Introduction  

In walnut, pollination with viable pollen is essential for fertilisation and fruit set of the 

pistillate flower. Previous studies conducted in USA, Iran and Italy report the viability 

of walnut pollen is high (50 – 80 %) (Golzari et al., 2010; Luza & Polito, 1987; Vergano 

et al., 1990), however, the viability of walnut pollen in Australia is unknown. As 

discussed previously (Chapter 2), the rate of NPD is different between walnut cultivars, 

with late-flowering cultivars (Howard and Chandler) more affected than early-

flowering (Serr) and mid-flowering (Vina and Lara) cultivars. Low pollen viability is 

associated with poor fruit set (Dai et al., 2014) and could contribute to NPD in 

Australian walnut orchards. 

Elevated temperature (≥ 35 °C), low relative humidity (≤ 20 %) and high vapour 

pressure deficit (≥ 4.0 kPa) occur during the flowering period and are correlated with 

NPD at the experimental study site (Leeton, NSW), as described in Section 2.2.1. High 

temperature reduces the viability of walnut pollen at multiple stages of its lifecycle 

including during development in the anther (Polito et al., 1991), pollen shedding (Lang 

& Simpson, 2018) and early growth within the pistil (Luza et al., 1987; Mert, 2010; 

Ozcan et al., 2019). Viability is reduced by desiccation, or moisture loss, and walnut 

pollen becomes non-viable at low (< 3 %) moisture content (Luza & Polito, 1987). As 

walnut is wind pollinated, pollen may be exposed to fluctuations in atmospheric 

temperature and relative humidity during the dispersal period, this may have 

implications for moisture content and viability (Fonseca & Westgate, 2005; Loupassaki 

et al., 1997; Yates & Sparks, 1989). The impact of temperature, relative humidity and 

vapour pressure deficit on pollen moisture content and viability during dispersal are 

poorly understood in walnut and will be investigated in this study.  

 The aims of this chapter were to investigate the impact of temperature, relative 

humidity, and vapour pressure deficit on pollen viability. The hypothesis is that hot and 

dry weather conditions during pollen dispersal reduces pollen moisture content, or 

desiccates pollen, leading to a reduction in pollen viability.  
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4.2  Materials and methods 

4.2.1 Plant material 

Catkins from cultivars Serr, Vina, Lara, Howard, Chandler and Fernette were collected 

from a semi-arid growing region at Leeton, NSW, from an orchard described previously 

(Section 2.2.1) between 2017 and 2020. Catkins with at least 50 % of staminate flowers 

having dehiscent anthers were removed from trees using secateurs, immediately 

placed into paper bags, and transported to the laboratory in an insulated cooler box. 

Catkins were removed from trees between 8 – 11.30 AM and transported to the 

laboratory by 12.00 PM. 

Pollen was collected in the laboratory using the method described by Luza and Polito 

(1987). In summary, catkins were arranged in a single layer on wire mesh trays and 

placed in ‘pollen shedding rooms’ for 2 to 16 hours at 20 to 24 °C. Paper sheets were 

placed 1 cm underneath the wire mesh trays prior to catkins being placed on trays to 

capture shedding pollen. The catkins were gently shaken to dislodge pollen grains from 

open anthers after two hours (fresh pollen) and after 12 to 16 hours. The pollen was 

then collected, passed through a 75 µm sieve to remove any catkin debris, prior to 

experiments being conducted.  

4.2.2 Pollen moisture content 

Pollen moisture content was measured as described by Luza and Polito (1987), with 

some modification. A subsample of pollen was placed into pre-weighed glass vials and 

weighed (fresh weight) before drying in an oven at 80 °C until there was no further 

weight loss. The samples were then placed in a bell jar with silica beads (to prevent any 

moisture reabsorption) and cooled to ambient temperature for 30 min before the dry 

weight was taken. Pollen moisture content was calculated by determining the 

difference between fresh and dry weights and expressed as a percentage of the fresh 

weight (% fw). 

4.2.3 Pollen viability 

The amount of pollen that germinated on agar plates containing 20 % (w/v) sucrose, 

0.65 % (w/v) agar, 1.0 mM CaCl2 and 1.6 mM H3BO3 (Merck, Bayswater, VIC, Australia) 

was used as a measure of walnut pollen viability (Luza & Polito, 1987). A uniform layer 

of pollen was applied to the plates by dipping a fine paintbrush (Royal & Langnickel, 
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Gold Taklon Fibert size 6, Royal Brush Manufacturing Inc., Munster, Indiana, USA) into 

the pollen sample and gently tapping the brush from a 10 cm height onto the agar 

surface. After incubation for 24 hours at 28 °C, the plates were sprayed with a mixture 

of glacial acetic acid (Sigma-Aldrich, Castle Hill, NSW, Australia) and ethanol (Sigma-

Aldrich, Castle Hill, NSW, Australia) in a 3:1 (v/v) ratio, to fix pollen growth. Samples 

were then stored at 4 °C until assessment (Luza et al., 1987). The agar plates were 

placed directly onto a light microscope (Olympus BX51, Olympus Australia Pty Ltd, 

Notting Hill, VIC, Australia) stage and viewed under brightfield at 4 × objective. Five 

fields per agar plate were randomly selected, photographed (Olympus DP70, Olympus 

Australia Pty Ltd, Notting Hill, VIC, Australia) and scored for pollen germination. Pollen 

was counted as viable if the pollen grain germinated and produced a pollen tube 

longer than the diameter of the pollen grain (Luza and Polito, 1987) (Figure 4.1). A 

minimum of 300 individual pollen grains were assessed for each replicate. Pollen 

viability was expressed as a percentage of the total number of pollen grains assessed. 

Figure 4.1. Viable and non-viable English or Persian walnut (J. regia) pollen grains. 
Viable pollen (V) germinates, producing a pollen tube longer than the diameter of 

pollen grain. Non-viable pollen (NV) wither does not germinate or produces a pollen 
tube shorter than the diameter of the pollen grain. Approximately 50 % of pollen 
grains in the image are viable. 

  

V 
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4.2.4 Control of temperature, relative humidity and vapour pressure deficit 

Pollen was exposed to different environmental conditions (temperature, relative 

humidity and vapour pressure deficit) by manipulation of temperature and relative 

humidity (Table 4.1) in treatment chambers, constructed from 3 L plastic containers 

(Sistema KLIP IT rectangular containers, Sistema Plastics, Mangere, Auckland New 

Zealand). Saturated salt solutions of NaOH (10 % RH), LiCl (15 % RH), MgCl2 (33 % RH), 

Mg(NO3)2 (55 % RH), NaCl (75 % RH) or NaCO3 (85 % RH) (Merck, Bayswater, VIC, 

Australia) were prepared and added to relative humidity chambers to regulate relative 

humidity. Relative humidity chambers were then placed into plant growth cabinets at 

constant temperatures of 24, 28, 32 or 36 °C. Relative humidity chambers were left to 

equilibrate overnight before the experiment commenced. The temperature and 

relative humidity in each treatment chamber was monitored using a data logger 

(HOBO temp/RH 2.5 % data logger UX100-011, Onset Computer Corporation, Bourne, 

Massachusetts, USA) for the duration of the experiment.  
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Table 4.1. Temperature, relative humidity and vapour pressure deficit conditions 
established in treatment chambers to study their effect on pollen moisture content 
and viability. 

Environmental 
condition tested 

Temperature 
(°C) 

Relative humidity 
(%) 

Vapour pressure 
deficit 
(kPa) 

Temperature 24 55 - 
 28 55 - 
 32 55 - 
 36 55 - 
    

Relative humidity 28 15 - 
 28 33 - 
 28 55 - 
 28 75 - 
 28 85 - 
    

Vapour pressure 
deficit 

28 85 0.6 

 28 75 0.9 
 24 55 1.3 
 28 55 1.7 
 28 33 2.5 
 28 15 3.2 
 32 10 4.4 
 36 15 5.1 

 

4.2.5 Viability and moisture content of fresh walnut pollen 

Catkins were collected from five walnut cultivars (Serr, Vina, Lara, Howard and 

Chandler) in spring over two consecutive years (2018 and 2019) as described 

previously. Pollen viability and moisture content was determined immediately after 

pollen collection as previously described with four replicates per cultivar. 

4.2.6 Effect of temperature, relative humidity and vapour pressure deficit on 

the moisture content of walnut pollen  

Fernette pollen was collected in spring 2017 and stored at -20 °C in the presence of 

saturated MgCl2 solution (to maintain relative humidity at 33 % RH during storage) as 

described by Luza and Polito (1985). On the day of the experiment, the pollen sample 

was removed from storage and allowed to thaw on the laboratory bench for 30 min. 

Four replicate aliquots of pollen (70 mg) were placed into pre-weighed glass vials and 

hydrated for three hours in a bell jar over water at 25 °C to increase moisture content 
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to that observed in fresh pollen (approximately 14 %). The pollen was treated with 

temperature, relative humidity and vapour pressure deficit (Table 4.1) for three hours 

and the pollen moisture content measured as described previously. 

4.2.7 Effect of vapour pressure deficit and time on moisture content of walnut 

pollen  

From the results of the previous experiment (Section 4.2.6), VPD was selected as a 

suitable environmental parameter for use in further experimentation. To investigate 

pollen dehydration as a function of vapour pressure deficit and time, Chandler pollen 

was collected from the orchard in spring 2019 and four replicate aliquots (250 mg) of 

pollen was treated at 0.6, 1.7 and 5.1 kPa (Table 4.1). Pollen moisture content was 

determined after 0, 1, 3 and 6 hours. 

4.2.8 Relationship between moisture content and viability in walnut pollen 

To determine how changes in pollen moisture content affects the viability of walnut 

pollen, Lara pollen was collected from the orchard in spring 2019. Four replicate 

aliquots of pollen (2.0 g) was treated at a vapour pressure deficit of 2.5 or 3.2 kPa. 

Pollen viability and moisture content was determined in subsamples collected at 0, 45, 

90, 135, 180, 270, 360 and 1440 min. 

4.2.9 Effect of vapour pressure deficit on pollen moisture content and viability  

To confirm that vapour pressure deficit controls the moisture content and viability of 

walnut pollen, pollen from the cultivar Lara was collected from the orchard in two 

consecutive years (2019 and 2020). Four subsamples of pollen (250 mg) was placed 

into pre-weighed glass vials before incubating at vapour pressure deficits of 0.6, 0.9, 

1.7, 3.2 and 5.0 kPa for one hour. Pollen viability and pollen moisture content was 

determined before and after treatment. 

4.2.10 Data analysis  

All statistical analysis was undertaken using R (R Core Team, 2020; RStudio Team, 

2020) and figures generated using the R-package ggplot2 (Wickham, 2016). Shapiro-

Wilk’s test and Bartlett’s test were performed to check that the assumptions of 

normality and equal variance were met for ANOVA and regression analysis. 

Differences in viability and moisture content of fresh pollen between cultivars and 

years was determined by Two-way ANOVA (p < 0.05) with means separation by 
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Tukey HSD post hoc, using the R-package agricolae (De Mendiburu, 2020) was 

performed. Pollen viability (logit) and moisture content (log) was transformed to meet 

the assumption of normality and equal variance. 

Regression analysis was performed to determine linear correlations between 

temperature, relative humidity, and vapour pressure deficit on the moisture content of 

Fernette walnut pollen. Pollen moisture content was log transformed for relative 

humidity and vapour pressure deficit to meet the assumptions of normality. 

Regression analysis was performed to explore Chandler pollen moisture content as a 

function and time of VPD. VPD was treated as a categorical variable, producing a 

regression model with separate slopes and intercepts for each VPD treatment 

condition.  

Mean viability and moisture content were calculated for each VPD treatment 

(2.5 or 3.3 kPa) and sample time, regression analysis was performed to determine a 

linear correlation between pollen viability and pollen moisture content. 

The effect of VPD on the viability of Lara pollen in 2019 and 2020 was analysed by 

logistic regression as described previously (Section 2.2.5). Regression analysis was 

performed to determine a linear correlation between VPD on the moisture content of 

Lara pollen in 2019 and 2020. The moisture content was log transformed to meet the 

assumption of normality. 

4.3  Results 

4.3.1 Viability and moisture content of fresh walnut pollen  

There were significant differences in pollen viability between cultivar (p < 0.001), year 

(p < 0.001) and the interaction between cultivar and year (p < 0.001). The viability of 

pollen ranged between 32 – 66 % in 2018 (Chandler and Serr respectively) and 15 – 

55 % in 2019 (Chandler and Lara respectively, Table 4.2). Pollen viability was 6 % lower 

in 2019 (37 %) compared to 2018 (43 %). Pollen viability was lower in late-flowering 

cultivars (Chandler: 23 %; Howard: 29 %) than mid-flowering (Vina: 47 %; Lara: 50 %) 

and early-flowering (Serr: 56 %) cultivars.  

There were significant differences in the moisture content between cultivar (p < 0.001) 

and year (p < 0.001), but not the interaction between cultivar and year (p = 0.31). The 
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pollen moisture content (PMC) of freshly shed walnut pollen ranged between 10.6 – 

14.9 % in 2018 (Howard and Serr respectively) and 8.6 – 13.2 % in 2019 (Howard and 

Serr respectively, Table 4.2). The moisture content was 2.1 % greater in 2018 

(12.4 % PMC) compared to 2019 (10.3 % PMC). The early flowering cultivar Serr had 

the highest pollen moisture content (14.0 % PMC) compared to all other cultivars. 

Pollen moisture content was significantly lower in Howard (9.5 %) and Lara (10.2 %) 

compared to Vina (11.1 % PMC), Chandler (12.1 % PMC) and Serr (14.0 % PMC). There 

was difference in moisture content between Chandler and Vina, Vina and Lara or Lara 

and Howard. 
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Table 4.2. Pollen viability (PV) and pollen moisture content (PMC) at the time of 
shedding, termed fresh pollen, from five cultivars (Serr, Vina, Lara, Howard and 
Chandler) at Leeton, NSW, over two years (2018 and 2019). Values are the back 
transformed means (± SE) for each cultivar (n = 8), year (n = 20) or cultivar year 
interaction (n = 4). Means accompanied with the same letter are not significantly 
different at p < 0.05. 

Effect 
PV 

(%) 
PMC 

(% fw) 

Cultivar   
Serr 56.2 (4.3) a 14.0 (0.6) a 
Vina 46.6 (2.2) b 11.1 (0.5) bc 
Lara 49.7 (2.2) b 10.2 (0.5) cd 
Howard 28.8 (1.5) c 9.5 (0.5) d 
Chandler 22.5 (3.4) d 12.1 (0.3) b 

Year   
2018 43.4 (3.1) a 12.3 (0.4) a 
2019 36.6 (4.0) b 10.4 (0.4) b 

Interaction   
Serr 2018 66.2 (1.1) a 14.9 (1.1) a 
Serr 2019 45.7 (3.6) bc 13.2 (0.03) a 
Vina 2018 43.6 (3.2) c 11.9 (1.0) a 
Vina 2019 49.6 (2.5) bc 10.3 (0.04) a 
Lara 2018 44.3 (1.0) c 11.6 (0.3) a 
Lara 2019 55.2 (1.3) b 9.0 (0.2) a 
Howard 2018 31.5 (2.3) d 10.6 (0.6) a 
Howard 2019 26.2 (1.3) d 8.6 (0.1) a 
Chandler 2018 32.3 (1.7) d 12.7 (0.5) a 
Chandler 2019 15.0 (0.5) e 11.6 (0.2) a 

 

4.3.2 Effect of temperature, relative humidity, and vapour pressure deficit on 

the moisture content of walnut pollen  

The moisture content of pollen was correlated with temperature, relative humidity, 

and vapour pressure deficit (Figure 4.2, Table 4.3). Increases in temperature 

(20 to 36 °C) and vapour pressure deficit (0.6 to 5.1 kPa) and decreases in relative 

humidity (85 to 15 % RH) reduce pollen moisture content.  

The rate of moisture loss was highest with vapour pressure deficit treatment 

(0.6 % kPa-1) followed by temperature (0.14 % °C-1) and relative humidity (0.03 % % RH-

1, Table 4.3). Desiccation was greater with vapour pressure deficit (12.0 % PMC) and 

relative humidity (10.4 % PMC) than temperature (1.6 % PMC). The implication of 
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these findings is that hot and dry weather conditions drive the desiccation of walnut 

pollen; hence, vapour pressure deficit was selected for further investigation.    
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Figure 4.2. Observed (closed symbols) and predicted (solid line) pollen moisture content (PMC, % fw) of pollen grains (cultivar Fernette) 
against temperature (left), relative humidity (middle) and vapour pressure deficit (right). Predicted curves represent values from pollen 
moisture content and temperature, relative humidity and vapor pressure deficit models presented in Table 4.3. Data points represent the 
mean of n = 4 replicates. 
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Table 4.3. Regression parameters of the linear model and linearized exponential model (exp) describing the relationship between pollen 
moisture content (PMC, % fw) in cultivar Fernette against temperature (Temp) between 24 – 36 °C, relative humidity (RH) between 15 – 
85 % and vapour pressure deficit (VPD) between 0.6 – 5.1 kPa, and predicted pollen moisture content at temperature (a = 24, b = 30 and 
c = 36 °C), relative humidity (a = 15, b = 55, c = 85 % RH) and vapour pressure deficit (a = 0.6, b = 2.5 and c = 5.1 kPa). 

Treatment Model 
slope  intercept 

R2 p-value 
Predicted PMC (% fw) 

estimate SE  estimate SE a b c 

Temp linear -0.14 0.04  9.69 1.28 0.43 < 0.01 6.3 5.5 4.7 
RH exp 0.03 0.00  0.35 0.08 0.96 < 0.001 2.2 6.7 15.6 

VPD exp -0.60 0.04  2.92 0.11 0.90 < 0.001 12.9 4.1 0.9 
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4.3.3 Effect of vapour pressure deficit and time on the moisture content of 

walnut pollen  

Pollen moisture content was correlated with time at medium (1.7 kPa) and high 

(5.1 kPa) vapour pressure deficit but not at low (0.6 kPa) vapour pressure deficit 

(Figure 4.3, Table 4.4). Pollen moisture content decreased over time at medium and 

high vapour pressure deficit. However, the rate of desiccation was two-fold greater at 

high vapour pressure deficit compared to medium vapour pressure deficit, 1.6 and 

0.8 % h-1 respectivly. After six hours of treatment at medium and high vapour pressure 

defict it is predicted that the moisture  decreased by 4.3 % and 9.6 % respectivly. At 

low vapour pressure deficit, the moisture content of pollen remained consistently high 

(> 12 %) irrespective of time. The implication of these results is that desiccation of 

pollen during dispersal is a function of the vapour pressure deficit level and the 

duration of exposure.  

Figure 4.3. Observed (symbols) and predicted (lines) pollen moisture content (PMC, 
% fw) in cultivar Chandler against vapour pressure deficit at 0.6 kPa (closed circle, solid 
line), 1.7 kPa (open square, dashed line) and 5.1 kPa (closed triangle, dotted line) over 
time. Predicted curves represent values from pollen moisture content and vapor 
pressure deficit models presented in Table 4.4. Data points represent the mean of n = 
4 replicates.
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Table 4.4. Regression parameters of the linear model describing the relationship between pollen moisture content (PMC, % fw) and time 
(hours) in cultivar Chandler at vapour pressure deficit (VPD) of 0.6, 1.7 and 5.1 kPa and predicted PMC after 0, 3 and 6 hours of 
treatment.  

VPD 
Slope  Intercept 

R2 p-value 
Predicted PMC (% fw) 

estimate SE  estimate SE 0 h 3 h 6 h 

0.6 kPa 0.16 0.16  12.26 0.53 0.07 0.32 12.3 15.5 18.5 
1.7 kPa -0.78 0.07  12.75 0.25 0.89 < 0.001 12.3 10.4 8.0 
5.1 kPa -1.61 0.18  11.28 0.62 0.85 < 0.001 11.3 6.5 1.7 
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4.3.4 Relationship between moisture content and viability of walnut pollen 

The viability of Lara pollen was correlated with moisture content (Figure 4.4, Table 

4.5). The viability of pollen was already reduced at the time that the experiment 

commenced. Desiccation reduces viability at a rate of 3.0 % for every 1.0 % decrease in 

the moisture content. Lara pollen is predicted to be 50 % viable at 18.5 % PMC with 

Lara pollen non-viable (0 % viability) at 2.0 % moisture content.  

 

Figure 4.4. Observed (symbols) and predicted (solid line) pollen viability in cultivar Lara 
against pollen moisture content (PMC, % fw). Predicted lines represent values from 
pollen viability and pollen moisture content model presented in Table 4.5. Data points 
represent the mean of n = 4 replicates. 
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Table 4.5. Regression parameters of the linear model describing the relationship between the percentage viability (PV) and moisture 
content (PMC, % fw) of pollen from cultivar Lara predicted viability at 5, 10 and 15 % PMC. 

Slope  Intercept R2 p-value Predicted PMC (% fw) 

estimate SE  estimate SE 0 % PV 25 % PV 50 % PV 

3.0 0.94  -6.0 0.94 0.94 < 0.01 2.0 10.3 18.5 
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4.3.5 Effect of VPD stress on viability and moisture content and viability of 

walnut pollen 

Viability (PV) and moisture content (PMC) of Lara pollen was correlated with vapour 

pressure deficit in 2019 and 2020 (Figure 4.5, Table 4.6). Increases in vapour pressure, 

from 0.6 to 5.1 kPa, reduced pollen viability and moisture content in both years. 

The logistic model explained 89 to 91 % of the variation in viability and the exponential 

model explained 59 to 76 % of the variation in moisture content. The rate of viability 

loss with was higher in 2019 compared to 2020, whereas the rate of desiccation was 

similar between years (0.2 to 0.3 % PMC). The regression models predict that at low 

vapour pressure deficit (0.6 kPa), pollen is 62 to79 % viable and has moisture content 

of 6.4 to 7.8 %. High vapour pressure deficit (5.1 kPa) decreased viability and moisture 

content to 0.2 to 3.4 % and 2.4 to 2.8 % respectively       

Prior to the experiment commencing the viability and moisture content of Lara pollen 

was 35 % and 1.8 % greater in 2020 (PV = 73 %, PMC = 7.5 %) compared to 2019 (PV = 

38 %, PMC = 5.7 %).  

 

Figure 4.5. Observed (symbols) and predicted (lines) pollen viability (left) and pollen 
moisture content (right) in cultivar Lara against vapour pressure deficit (kPa) in 2019 
(closed circle, solid line) and 2020 (open circle, dashed line). Predicted lines represent 
values from pollen viability and pollen moisture content models presented in Table 
4.6. Data points represent the mean of n = 4 replicates.
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Table 4.6. Regression parameters of the linearized logistic and exponential models of describing the relationship between the proportion of viable 
pollen (PV) and pollen moisture content (PMC) from the cultivar Lara and vapour pressure deficit (VPD, 0.6 – 5.0 kPa) in two years (2019 and 2020). 
Predicted values are the percentage viability or moisture content at 0.6, 2.5 and 5.1 kPa. 

Year Variable 
Slope  Intercept 

R2 p-value 

Predicted  
PV (%) or PMC (% fw) 

estimate SE  estimate SE 
0.6 
kPa 

2.5 
kPa 

5.1 
kPa 

2019 PV -1.57 0.13  1.42 0.36 0.89 <0.001 61.8 7.5 0.2 
2020 PV -1.05 0.13  1.93 0.37 0.81 <0.001 78.6 33.2 3.4 
2019 PMC -0.19 0.04  1.98 0.11 0.59 <0.001 6.4 4.5 2.8 
2020 PMC -0.27 0.04  2.23 0.11 0.76 < 0.001 7.9 4.7 2.4 
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4.4  Discussion 

Hot dry environmental conditions during pollen dispersal desiccates walnut pollen and 

this reduces viability of walnut pollen. Pollen desiccation is an evaporation response 

driven by the amount of water vapour in the air, as evidenced by the significant 

reduction in both pollen moisture content and viability with increases in relative 

humidity and vapour pressure deficit. Vapour pressure deficit was the most suitable 

parameter to quantify abiotic stress on pollen as it measures the amount of water 

vapour in the atmosphere, and, unlike relative humidity, is independent of 

temperature (Viner et al., 2010).  

The severity and rate of pollen desiccation in walnut pollen is a function of the vapour 

pressure deficit and the duration of exposure, like the impact of vapour pressure 

deficit on maize pollen (Fonseca & Westgate, 2005). In cultivars Fernette and Lara, 

pollen moisture content decreased exponentially by 0.2 to 0.6 % per kilopascal of 

vapour pressure deficit (% kPa-1). The rate of desiccation was greater in cultivar 

Fernette (0.6 % kPa-1) than cultivar Lara (0.2 % kPa-1), likely due to a longer vapour 

pressure deficit exposure (Fernette: 3 hours, Lara: 1 hour) and a smaller pollen sample 

size (Fernette: 70 mg, Lara: 250 mg). In cultivar Chandler pollen, high vapour pressure 

deficit and longer duration was strongly correlated with reductions in pollen moisture 

content, suggesting the osmotic potential of pollen is impacted significantly by 

environmental water vapour availability. 

Desiccation has implications for the viability of walnut pollen as pollen becomes non-

viable at extremely low moisture levels (≤ 2 % pollen moisture content (PMC)). The 

rate of viability loss with pollen desiccation (3 % per 1 % loss in moisture content) was 

substantially lower than Luza and Polito (1987) reported i.e., 61 % per 1 % loss in 

moisture. This disparity may be due to differences in cultivar, initial pollen viability or 

climate. Cultivar Lara was not tested in the Luza and Polito (1987) study and this 

cultivar may potentially have pollen that is more sensitive to desiccation. Additionally, 

the Luza and Polito (1987) study was conducted under Mediterranean climate 

conditions and pollen viability was greater than the current study. The implication of 

these findings is that walnut pollen viability is very sensitive to desiccation, therefore 

conditions which reduce moisture content may also impact viability. Further work 
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should be invested to explore the relationship between pollen viability and pollen 

moisture content across a range of walnut cultivars. Identifying cultivars that are more 

tolerant of pollen desiccation and able to maintain viability at lower a moisture 

content will indicate cultivars suitable for walnut production in regions with semi-arid 

climates.  

This study reports, for the first time, on the low viability of walnut pollen produced in a 

semi-arid climate in Australia compared to the viability of pollen from Mediterranean 

climates. The viability of pollen from cultivars Serr, Vina and Chandler was 15 to 65 % 

lower compared to pollen from the same cultivars in Italy (Serr: 80 %; Vina: 74 %) and 

USA (Chandler: 80 %) (Luza & Polito, 1985; Vergano et al., 1990). Pollen moisture 

content (8.6 to 5.1 %) was similar to that reported by Luza and Polito (1987) (4.6 to 

12.1 %) and therefore desiccation is unlikely the cause of reduced viability at this time. 

Conditions in the semi-arid climate growing region may be antagonistic to pollen 

viability as walnut prefers a climate with cold winters and mild summers (Leslie & 

McGranahan, 1998). High temperature at other stages can reduce pollen viability in 

walnut and other crops (Lang & Simpson, 2018; Polito et al., 1991; Sakata et al., 2000) 

and this should be the focus of further research.  

In conclusion, under semi-arid climatic conditions the intrinsic viability of walnut pollen 

is poor. Additionally, late-flowering cultivars have lower viability than earlier flowering 

cultivars. Unfavourable weather conditions during the pollen dispersal periods 

dehydrate pollen, exacerbating reductions in pollen viability. The mechanisms behind 

this loss of viability will be investigated in the following chapter.
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 Desiccation of walnut pollen disrupts the integrity of 

the vegetative cell membrane and alters sucrose and fructose 

content  

5.1  Introduction 

Mature walnut pollen is bicellular with a larger vegetative cell and a smaller generative 

cell (Brewbaker, 1967; Di Brozolo et al., 1990; Luza & Polito, 1988). The cytoplasm of 

the vegetative cell contains carbohydrates and accumulates other resources from the 

tapetum layer in the pollen sac of the anther, which is utilised during metabolic 

processes and for synthesis of the pollen tube (Ariizumi & Toriyama, 2011; Pacini et al., 

1985). The generative cell produces two haploid sperm cells, or gametes, within the 

pollen tube after pollen germination on the stigma (Williams et al., 2014). Walnut 

pollen is considered recalcitrant, however, as the viability of a pollen grain is sensitive 

to moisture loss (Franchi et al., 2002; Luza & Polito, 1987; Nepi et al., 2001). 

In Chapter 4, elevated temperature, low relative humidity, and high vapour pressure 

after pollen dispersal from catkins was involved in moisture loss from pollen grains and 

associated with a reduction in pollen viability. Moisture loss or desiccation may cause 

changes in metabolic activity, phospholipid membrane integrity and carbohydrate 

composition (Firon et al., 2012; Franchi et al., 2011; Walters et al., 2002); however, it is 

often difficult to determine if these metabolic and anatomical changes are the reason 

that pollen is non-viable or is a homeostatic defence mechanism to prevent water loss.  

Desiccation may reduce pollen viability by destabilising the phospholipid membrane 

structure, preventing pollen from building the turgor pressure required for 

germination (Heslop-Harrison, 1979; Shivanna & Heslop-Harrison, 1981). Previous 

studies have speculated that altered membrane integrity may be the cause of viability 

loss in desiccated walnut pollen (Luza & Polito, 1987); however, this theory has not 

been confirmed. 

Exhaustion of carbohydrate reserves shortens the longevity of pollen and has 

implications for germination and pollen tube growth rates (Fu et al., 2011). In pollen, 

carbohydrates are predominantly found in the form of polysaccharides (starch, fructan 

and callose), monosaccharides (glucose and fructose) and disaccharides (sucrose) 

(Pacini, 2000; Stanley & Linskens, 1974). The concentration of carbohydrates is not 
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known in walnut pollen, and it is unclear if changes in the carbohydrate profile are 

associated with desiccation. 

Starch is generally the most common polysaccharide and functions as a metabolic 

energy reserve for bioenergetic metabolic process including respiration during pollen 

dispersal and early growth in the pistil in pollen (Franchi et al., 1996). Sucrose, glucose, 

and fructose are the most common soluble carbohydrates in pollen (Franchi et al., 

1996; Hoekstra et al., 1989; Speranza et al., 1997). During desiccation, starch reserves 

are hydrolysed to sucrose which replaces the water molecules at hydrogen bonding 

sites in the phospholipid membrane, preserving the integrity of the membrane 

structure and increasing turgor pressure in the pollen grain (Firon et al., 2012; 

Hoekstra, Crowe, & Crowe, 1992; Hoekstra & van Roekel, 1988; Nepi et al., 2010). The 

presence of starch in walnut pollen is disputed, however, with Calzoni et al. (1990) 

reporting the presence of starch whereas Baker and Baker (1979) found that it was 

starchless. This anomaly needs investigation because of the importance of starch in 

bioenergetic reserves of pollen grains. 

Unfavourable environmental conditions induce changes to reactive oxygen species 

(ROS) production in pollen, resulting in oxidative damage and reduced viability (Jia et 

al., 2018; Jia et al., 2017; Wang et al., 2010). ROS are free radicals are produced in cells 

during oxidative – reductive reactions and are critical for normal physiological 

functions within the pollen grain (De Storme & Geelen, 2014; Duan et al., 2014; 

Potocký et al., 2007; Smirnova et al., 2009). Desiccation of pollen may result in 

metabolic imbalances through excessive production of ROS, inducing oxidative damage 

that can lead to protein denaturation, nucleic acid denaturation, disruption of cell 

membrane integrity and cell death.   

Cellular membranes, lipids, and other molecules high in polyunsaturated fatty acids 

can also be affected by lipid peroxidation, a type of oxidative damage (Halliwell & 

Whiteman, 2004; Jia et al., 2017). Malondialdehyde (MDA), a toxic product of lipid 

peroxidation that interacts with proteins and DNA, causing altered protein function 

and DNA mutations, is often used as a biomarker of lipid peroxidation and oxidative 

stress (Du & Bramlage, 1992; Tsikas, 2017).  
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The aim of this chapter is to investigate different cellular functions within pollen grains 

to understand why pollen becomes less viable at lower moisture content. The 

hypothesis is that desiccation of walnut pollen grains impairs the integrity of the 

phospholipid membrane of the vegetative cell altering the osmotic potential and 

preventing germination. 

5.2  Materials and methods 

5.2.1 Plant material 

Catkins from cultivar Lara were collected from a semi-arid growing region at Leeton, 

NSW, from an orchard described previously (Section 2.2.1). When collected, catkins 

with at least 50 % of staminate flowers having dehiscent anthers were removed from 

trees using secateurs, immediately placed into paper bags within an insulated cooler 

box on ice and transported to the laboratory. Catkins were removed from trees 

between 8 – 11.30 AM and transported to the laboratory by 12.00 PM.  

In the laboratory catkins were arranged in a single layer on wire mesh trays, with paper 

sheets placed 1 cm underneath the trays to capture shedding pollen, and placed in 

pollen shedding rooms for 12 to 16 hours at 20 to 24 °C. The catkins were gently 

shaken to dislodge pollen grains from open anthers, and then passed through a 75 µm 

sieve to remove any catkin debris, prior to experiments being conducted.  

The experiments were conducted in 2019 and/or 2020. 

5.2.2 Manipulation of vapor pressure deficit 

Vapour pressure deficit treatments (Table 5.1) were created by manipulation of 

temperature and relative humidity in treatment chambers consisting of plant growth 

cabinets and relative humidity chambers, as described in Section 3.2.2. Saturated salt 

solutions of LiCl (15 % RH), Mg(NO3)2 (55 % RH), NaCl (75 % RH) or 

NaCO3 (85 % RH) (Merck, Bayswater, Australia) was added to each relative humidity 

chamber to regulate relative humidity at the targeted level (Fonseca & Westgate, 

2005; Young, 1967). Relative humidity chambers were then placed into plant growth 

cabinets at constant temperatures of 28 or 36 °C and equilibrated overnight before the 

experiment commenced. The temperature and relative humidity in each treatment 

chamber was monitored using a data logger (HOBO temp/RH 2.5 % data logger UX100-
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011, Onset Computer Corporation, Bourne, United States of America) for the duration 

of the experiment. 

Table 5.1. Vapour pressure deficit conditions used to study the cause of reduced 
viability with desiccated pollen. Non-treated fresh pollen was used to establish 
baseline values. 

Vapour pressure deficit 
(kPa) 

Temperature 
(°C) 

Relative humidity 
(%) 

0.6 28 85 
0.9 28 75 
1.7 28 55 
3.2 28 15 
5.1 36 15 

 

5.2.3 Fresh, hydrated and dry pollen 

To identify the physiological causes of viability loss in pollen, 250 mg samples of fresh 

pollen were treated to a range of vapour pressure deficit conditions (Table 5.1) for one 

hour to produce a range of pollen moisture contents. 

Fresh pollen represented pollen that had been collected from catkins 12 to 16 hours 

after placement in pollen shedding rooms and had not been subjected to any vapour 

pressure deficit treatment. Hydrated pollen (0.6 kPa VPD) was prepared by treating 

fresh pollen in treatment chambers for one hour with a vapour pressure deficit of 

0.6 kPa for one hour. Dry pollen (5.1 kPa VPD) was prepared by treating fresh pollen in 

treatment chambers for one hour with a vapour pressure deficit of 5.1 kPa for one 

hour. 

Pollen samples were collected after 1 hour of vapour pressure deficit treatment to 

determine pollen moisture content and viability.  

Pollen moisture content was evaluated using approximately 100 mg pollen samples. 

Pollen samples were initially placed into pre-weighed glass vials and weighed to 

accurately obtain the fresh weight. After drying in an oven at 80 °C, the samples were 

placed in a bell jar with silica beads (to prevent moisture reabsorption) and cooled to 

ambient temperature before the dry weight was recorded. Moisture content was 

calculated as the difference between fresh and dry weights and expressed as a 

percentage of the fresh weight. 
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Pollen viability was evaluated by the percentage of pollen grains that germinated on 

agar plates containing 20 % (w/v) sucrose, 0.65 % (w/v) agar, 1.0 mM CaCl2 and 

1.6 mM H3BO3 (Merck, Bayswater, Australia) (Luza & Polito, 1987). A uniform layer of 

pollen was applied to the plates by dipping a paintbrush into the pollen sample and 

gently tapping the brush from a 10 cm height onto the agar surface. After incubation 

for 24 hours at 28 °C, the plates were sprayed with a mixture of glacial acetic acid and 

ethanol in a 3:1 (v/v) ratio, to fix pollen growth. Samples were then stored at 4 °C until 

assessment (Luza et al., 1987). The agar plates were placed directly onto a compound 

microscope stage and viewed under brightfield at 4 × objective. Five fields per agar 

plate were randomly selected, photographed and scored for pollen germination. 

Pollen was deemed viable if the pollen grain germinated and produced a pollen tube 

longer than the diameter of the pollen grain (Luza et al., 1987). Grains that failed to 

germinate or produced a tube less than the diameter of the pollen grain were 

considered non-viable. A minimum of 300 individual pollen grains was assessed for 

each replicate. Pollen viability was expressed as a percentage of the total number of 

pollen grains assessed. 

5.2.4 Phospholipid membrane integrity 

Pollen samples were treated to a range of vapour pressure deficit conditions 

(Table 5.1) as described above (Section 5.2.2). Fluorescein diacetate (FDA) was then 

used to assess the integrity of the phospholipid membrane of the vegetative cell, 

termed phospholipid membrane integrity, using modified method of Heslop-Harrison 

and Heslop-Harrison (1970).  

In summary, a stock solution of FDA (Sigma-Aldrich, Castle Hill, Australia)  

(5 mg mL-1 (w/v)) was prepared by dissolving in acetone (Sigma-Aldrich, Castle Hill, 

Australia). A stock solution (1 mg mL-1 (w/v)) of propidium iodide (PI) (Sigma-Aldrich, 

Castle Hill, Australia) was prepared, by dissolving in distilled water, and used as a 

counter stain to assist with pollen grain identification during florescent microscopy. 

The stock solutions were stored in the dark at - 20 °C. The FDA/PI working stain was 

prepared by adding 5 μL FDA stock and 20 μL PI stock to 975 µL of 0.5 M sucrose 

solution (Jones & Senft, 1985). 
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Following vapour pressure deficit treatments, pollen grains were added to 50 µL of the 

FDA/PI working solution and incubated in the dark at ambient temperature for 10 min. 

A drop of the pollen suspension was mounted onto a glass microscope slide and 

covered with a glass coverslip. Slides were prepared for one replicate at a time with a 

fresh working solution for each replicate, as FDA starts to precipitate out of solution 

after approximately 1 hour (Pinillos & Cuevas, 2008). Pollen grains were observed 

within 1 hour of staining using a fluorescence microscope (Olympus Australia Pty Ltd, 

Notting Hill, Australia) equipped with BP470-495 excitation filters and BA510- 550 

barrier filters for FDA, and BP540- 550 excitation filters and BA575- 625 barrier filters 

for PI. The FDA and PI filter combination allowed FDA and PI fluorescence to be viewed 

separately as FDA has a maximum excitation/emission wavelength spectrum of 

490/526 nm whereas PI has an excitation/emission wavelength spectrum of 

535/617 nm. 

Four fields per glass microscope slide were randomly selected and photographed 

(Olympus Australia Pty Ltd, Notting Hill, Australia) within 1 hour of staining. The images 

were recorded as a 16-Bit greyscale image at a resolution of 4800 × 3600 pixels; each 

image contained two separate fluorescent channels. The image analysis program, 

ImageJ (Rueden et al., 2017; Schindelin et al., 2012) and the Bio-Formats plugin 

(Linkert et al., 2010) was used to determine membrane integrity by measuring the 

florescence intensity or mean grey value of each individual pollen grain in the FDA 

channel. The background mean grey value was subtracted from each pollen grain to 

eliminate any interference from background fluorescence. Pollen grains that 

fluoresced brightly, with a mean grey value of ≥ 7,500 were considered to have an 

intact phospholipid membrane (Figure 5.1). The number of pollen grains with 

membrane integrity was counted for each replicate and calculated as a proportion of 

the total number of pollen grains assessed. Approximately 400 pollen grains per 

replicate were assessed.  
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Figure 5.1. Integrity of the phospholipid membrane of the vegetative cell in pollen 
grains from cultivar Lara. The image shows the difference between pollen with intact 
(a) and impaired (b) membranes after staining with fluorescein diacetate (FDA). 
Fluorescein accumulates in they cytoplasm of pollen with intact phospholipid 
membranes resulting in bright green when viewed under the fluorescent microscope. 
If the phospholipid membrane is impaired, fluorescein leaks out and the pollen grain 
does not fluoresce.  

 

5.2.5 Carbohydrate content 

Pollen samples were treated to a range of vapour pressure deficit conditions 

(Table 5.1) as described above (Section 5.2.2). The concentration of starch, sucrose, 

glucose and fructose was then determined, as described by (Field et al., 2009). 

In summary, pollen (100 mg) was homogenized using a bead mill for 10 min at 30 Hz 

with two 3 mm chrome beads in 1 mL 80 % ethanol (v/v). The homogenate was triple 

extracted in 80 % ethanol (v/v) at 80 °C to separate soluble sugars (sucrose, glucose 

and fructose) from starch. The soluble sugar extract was collected and 50 µL used to 

determine the concentration of sucrose, glucose and fructose using a commercial 

enzymatic assay kit (Megazyme International, Bray, Ireland). Starch concentration was 

determined in the residual pellet that remained after soluble sugar extraction, using a 

commercial enzymatic assay kit (Megazyme International). The pellet was pre-treated 

with dimethyl sulfoxide (Sigma-Aldrich, Castle Hill, Australia) and incubated with α-

amylase and amylglucosidase (Megazyme International). Pre-treatment was required 



   

 

115 

to break down resistant starch in the sample and hydrolyse starch to glucose. Starch 

concentration was calculated from the increase in glucose concentration. Starch, 

sucrose, glucose and fructose concentration was expressed as µg mg-1 pollen on a 

fresh weight basis. 

5.2.6 Reactive oxygen species accumulation 

Pollen samples were treated to a range of vapour pressure deficit conditions 

(Table 5.1) as described above (Section 5.2.2). The presence of reactive oxygen species 

in pollen grains was then determined using the Image-iTTM LIVE Green Reactive Oxygen 

Species (ROS) Detection kit (Molecular Probes Inc., Eugene, USA). The assay uses the 

fluorogenic marker, 5-(and-6)-carboxy-2’, 7’-dichlorodihydrofluorescein diacetate 

(carboxy- H2DCFDA) to detect ROS in living cells. The non-fluorescent 

carboxy- H2DCFDA molecule permeates live cells and is deacetylated by non-specific 

intracellular esterases. In the presence of ROS, the reduced fluorescein compound is 

oxidised and emits a bright green fluorescence. Therefore, pollen grains with ROS 

accumulation show bright fluorescence under a fluorescence microscope and pollen 

grains without ROS accumulation do not fluoresce. 

Pollen grains were labelled with carboxy-H2DCFDA according to instructions included 

with the Image-iTTM LIVE Green ROS Detection kit with some adaptation. A 10 mM 

carboxy-H2DCFDA stock solution was prepared by adding 50 μL of dimethyl sulfoxide 

into a vial of 275 μg of carboxy-H2DCFDA. Propidium iodide (PI) was used as a counter 

stain to assist with pollen grain identification during florescent microscopy, a stock 

solution of PI (1 mg mL-1 (w/v)) was prepared by dissolving in distilled water. The 

carboxy-H2DCFDA and PI stock solutions were stored in the dark at - 20 °C. Working 

stains were prepared by diluting the carboxy-H2DCFDA stock (2.5 µL mL-1 (v/v)) and PI 

stock (34 µL mL-1 (v/v)) with phosphate buffered saline buffer (PBS) (Sigma-Aldrich, 

Castle Hill, Australia). To stain pollen, pollen grains were incubated in 50 µL of carboxy-

H2DCFDA working stain at 37 °C in the dark for 25 min. The pollen was counterstained 

with 1 µL of PI working stain and incubated for another 5 min. As a positive control, 

tert-butyl hydroperoxide (TBHP), provided with the Image-iTTM LIVE Green ROS 

Detection kit, was used to induce ROS production. Pollen was incubated in 100 µL of 

100 μM TBHP at 37 °C for 1 hour before staining with carboxy-H2DCFDA solution and 
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PI, as described previously. As a negative control, pollen was incubated in 50uL of PBS 

buffer at 37 °C for 25 min, before staining with PI as described previously. A drop of 

the pollen suspension was mounted onto a glass microscope slide and covered with a 

glass coverslip. 

A fluorescence microscope equipped with BP470-495 excitation filters and BA510- 550 

barrier filters for carboxy-H2DCFDA; and BP540- 550 excitation filters and BA575-625 

barrier filters for PI was used to observe the pollen grains, the filter combination 

allowed carboxy-H2DCFDA and PI fluorescence to be viewed separately. The Carboxy-

H2DCFDA fluorophore has a maximum excitation/emission wavelength spectrum of 

495/529 nm while the PI fluorophore has a maximum excitation/emission wavelength 

spectrum of 535/617 nm. Four fields per slide were randomly selected and 

photographed. The images were recorded as a 16-Bit greyscale image at a resolution 

of 4800 × 3600 pixels; each image contained two separate fluorescent channels. 

Approximately 400 pollen grains per replicate were assessed. ImageJ and the Bio-

Formats plugin was used to determine ROS accumulation by measuring the florescence 

intensity or mean grey value of each individual pollen grain in the carboxy-H2DCFDA 

channel. The background mean grey value was subtracted from each pollen grain to 

eliminate any interference from background fluorescence. Pollen grains with a mean 

grey value of ≥ 10,000 were considered positive for ROS accumulation (Figure 5.2). The 

number of pollen grains with ROS accumulation was counted for each replicate and 

calculated as a proportion of the total number of pollen grains assessed. 
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Figure 5.2. Accumulation of reactive oxygen species (ROS) in walnut pollen grains 
(cultivar Lara) detected using the carboxy-H2DCDFA test, synthesis of ROS was induced 
with tert-butyl hydroperoxide (TBHP). Pollen grains with bright fluorescence indicates 
the accumulation of ROS (a); pollen grains that are dull or without fluorescent indicate 
that ROS was not detected (b). 

 

5.2.7 Respiration activity 

Pollen samples were treated to a range of vapour pressure deficit conditions 

(Table 5.1) as described above (Section 5.2.2). Respiration activity was assessed by 

staining pollen grains with 2, 3, 5-triphenyltetrazolium chloride (TTC) (Sigma-Aldrich, 

Castle Hill, Australia). While TTC is often used to assess pollen viability, it indicates the 

presence of dehydrogenases, a group of reducing enzymes involved in the respiratory 

pathway. Dehydrogenase reduces the colourless and soluble tetrazolium salt to a pink-

red coloured insoluble product called formazan. Thus, pollen grains with cellular 

respiration activity stain red while unstained pollen (colourless) indicated a lack of 

respiration activity ergo a lack of viability.  

Pollen was stained with TTC according to the method of Shivanna and Rangaswamy 

(1992) with some modification. A small amount of pollen was applied to 1 to 2 drops of 

1 % (w/v) TTC diluted in a solution of 50 % (w/v) sucrose solution on a glass microscope 

slide. A cover slip was carefully applied without trapping air as oxygen inhibits TTC 

reduction. Slides were incubated in a dark, humid chamber for 24 hours at ambient 

temperature. Pollen grains were viewed with a light microscope (Olympus Australia Pty 
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Ltd, Notting Hill, Australia) at 10× magnification and five fields per slide were randomly 

selected and photographed (Olympus Australia Pty Ltd, Notting Hill, Australia). The 

number of pink-red stained and colourless counted grains counted for a minimum of 

200 pollen grains per replicate (Figure 5.3). Respiration activity was then calculated as 

a proportion of stained grains of the total number of pollen grains assessed. 

Figure 5.3. Respiration activity in walnut pollen grains (cultivar Lara) detected using 

the TTC test. Pollen grains stained pink-red indicates the presence of cellular 
respiration activity (a); unstained or clear pollen grains indicates a lack of cellular 
respiration activity (b). 

 

5.2.8 Lipid peroxidation 

Pollen samples were treated to a range of vapour pressure deficit conditions 

(Table 5.1) as described above (Section 5.2.2). Cellular membranes, lipids and other 

molecules high in polyunsaturated fatty acids can be affected by lipid peroxidation. 

Malondialdehyde (MDA) content, a commonly used biomarker for lipid peroxidation, 

was used to determine lipid peroxidation according to the method of Jia et al. (2017), 

with some adaption.  

Pollen grains (30 mg) were homogenized in a bead mill (TissueLyser II, Qiagen, Hilden, 

Germany) for 5 min at 30 Hz with two 3 mm chrome beads in 1.5 mL of 10 % (w/v) 

trichloroacetic acid (TCA) (Sigma-Aldrich, Castle Hill, Australia). The homogenate was 

centrifuged for 10 min at 8000 g and 800 µL of the supernatant added to 800 µL of 

0.6 % (w/v) thiobarbituric acid (TBA) (Sigma-Aldrich, Castle Hill, Australia). The reaction 
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mixture was incubated for 30 min at 95 °C, and then transferred to an ice bath for 5 

min to halt the reaction. The sample was centrifuged 10 min at 8000 g and the 

supernatant transferred to a 1.5 mL cuvette. Absorbance was read at 532, 600, and 

440 nm (Spectrophotometer UV5, Mettler Toledo, Columbus, United States of 

America). MDA equivalents was calculated as described by Du and Bramlage (1992), 

correcting for interference from non-specific turbidity and sucrose, and expressed as 

nmol mg-1 pollen. 

5.2.9 Data analysis 

All statistical analysis was undertaken using R (R Core Team, 2020; RStudio Team, 

2020) and figures generated using the R package ggplot2 (Wickham, 2016). Two-way 

ANOVA was performed to determine differences in the viability and moisture content 

of fresh, hydrated (0.6 kPa) and dry (5.1 kPa) pollen in 2019 and 2020. One-way 

ANOVA was performed to determine differences in MDA, starch, sucrose, glucose, 

fructose, respiration activity, ROS accumulation and membrane integrity between 

fresh, rehydrated and dry pollen from 2019 or 2020. Multiple comparisons between 

means Tukey HSD post hoc using the R package agricolae (De Mendiburu, 2020). 

Regression analysis was performed to determine correlations between pollen moisture 

content, oxidative stress, starch content, sucrose content, glucose content, fructose 

content, respiration activity, ROS accumulation and membrane integrity in vapour 

pressure deficit treated walnut pollen.  

5.3  Results 

5.3.1 Fresh, hydrated and dry pollen 

There were significant differences in the viability (Two-way ANOVA, p < 0.001) and 

moisture content (Two-way ANOVA, p < 0.05) of fresh, hydrated and dry pollen.  

The viability of fresh pollen was two-fold greater in 2020 (73 %) than 2019 (38 %) 

(Table 5.2). Compared to fresh pollen, hydrated pollen (by incubation for 1 hour at 

0.6 kPa) significantly increased viability in 2019 (38 % fresh; 61 % hydrated) but not in 

2020 (73% fresh; 69 % hydrated). Viability was least with dry pollen, irrespective of 

year (0.4 and 2.8 % in 2019 and 2020 respectively). 

Moisture content of pollen was greater in hydrated pollen than in fresh pollen in 2019 

(6 % fresh, 8 % hydrated) but not in 2020 (8 % fresh, 8 % hydrated) (Table 5.2). 
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Moisture content was least with dry pollen, irrespective of year (3.3 and 2.7 % in 2019 

and 2020 respectively). 

Phospholipid membrane integrity of dry pollen (20.5 %) was significantly less than 

hydrated pollen (51.4 %) (One-way ANOVA, p < 0.05, Table 5.2). 

In fresh walnut pollen, sucrose was the most abundant carbohydrate (113.0 µg mg-1), 

followed by starch (6.1 µg mg-1), glucose (3.0 µg mg-1) and then fructose (2.9 µg mg-1, 

Table 5.2). The concentration of fructose differed significantly between dry (4.8 µg mg-

1) and fresh pollen (2.9 µg mg-1) (One-way ANOVA, p < 0.05) but not to hydrated pollen 

(3.7 µg mg-1). There was no significant difference in starch (One-way ANOVA, p = 0.81), 

sucrose (One-way ANOVA, p = 0.82) and glucose (One-way ANOVA, p = 0.92) between 

fresh, hydrated or dry pollen. 

Reactive oxygen species accumulation did not differ between fresh (1.3 %), rehydrated 

(2.4 %) and dry pollen (1.0 %) (One-way ANOVA, p = 0.07, Table 5.2). 

There was no significant difference in lipid peroxidation between pollen form, with 

MDA content in fresh (1.5 nmol mg-1), hydrated (1.5 nmol mg-1) and dry pollen 

(1.4 nmol mg-1) (One-way ANOVA, p = 0.20, Table 5.2). 

Respiration activity between fresh (90.3 %), rehydrated (93.1 %) and dry (90.3 %) 

pollen did not differ significantly (One-way ANOVA, p = 0.11, Table 5.2). 
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Table 5.2. Mean percent viability (PV), moisture content (PMC), phospholipid membrane integrity of the vegetative cell (PMI), reactive oxygen 
species (ROS) accumulation and respiration activity (RA) and mean concentration of carbohydrate (starch, sucrose, glucose and fructose) and 
malondialdehyde (MDA) of fresh, hydrated and dry pollen from cultivar Lara at Leeton, NSW, in 2019 and/or 2020. Values represent the mean ± SE 
(n = 4). Data was analysed by two-way (hydration status/PMC with year) or one-way (all other comparisons) ANOVA. Means within a column that are 
accompanied with the same letter are not significantly different at p < 0.05. 

Year 
PV 
(%) 

PMC 
(% fw) 

PMI 
(%) 

Starch 
(µg mg-1) 

Sucrose 
(µg mg-1) 

Glucose 
(µg mg-1) 

Fructose 
(µg mg-1) 

ROS 
(%) 

RA 
(%) 

MDA 
(nmol mg-1) 

Fresh pollen  
2019 37.8 (1.1) c 5.7 (0.7) b 41.0 (6.2) ab – – – – 1.3 (0.2) a 90.3 (0.9) a – 
2020 72.7 (1.0) a 7.5 (0.2) ab – 6.1 (0.2) a 113.0 (8.3) a 3.0 (0.4) a 2.9 (0.2) a – – 1.5 (0.1) a 

Hydrated pollen  
2019 61.1(1.2) b 7.7 (0.3) a 51.4 (6.4) a – – – – 2.4 (0.5) a 93.1 (1.1) a – 
2020 69.1 (1.3) a 8.4 (0.4) a - 6.0 (0.2) a 108.6 (4.4) a 3.0 (0.5) a 3.7 (0.5) ab - - 1.3 (0.0) a 

Dry pollen 
2019 0.4 (0.1) d 3.3 (0.3) c 20.5 (5.0) b – – – - 1.0 (0.4) a 90.3 (0.9) a – 
2020 2.8 (1.3) d 2.7 (0.5) c  – 6.2 (0.1) a 113.3 (4.0) a 3.2 (0.2) a 4.8 (0.4) b – – 1.4 (0.1) a 
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5.3.2 Phospholipid membrane integrity 

There is a weak (R2 = 0.32) but significant (p < 0.01) positive linear correlation between 

membrane integrity and pollen moisture content (Figure 5.4). As the pollen moisture 

content decreases the amount of pollen with intact phospholipid membranes 

decreases by 4.0 % for each 1 % loss in moisture content. 

Figure 5.4. Observed (closed symbols) and predicted (solid line) percentage of pollen 
grains with intact phospholipid membranes against pollen moisture content (PMC). 
Linear regression analysis (solid line) indicates a moderate but significant correlation 
between the proportion of grains with intact membranes and moisture content 
(R2 = 0.33, p < 0.01) and is described by the equation yp = 17.9 + 14.1x; where yp is the 
percentage of pollen grains with intact membranes and x the PMC (% fw).  

 

5.3.3 Carbohydrate content 

There were moderate, and weak correlations between pollen moisture content and 

sucrose (R2 = 0.51, p < 0.01, Figure 5.5) and fructose (R2 = 0.30, p < 0.05, Figure 5.5). 

Sucrose content peaked at 4.5 % moisture content with a concentration of 

120.9 µg mg-1. Fructose increased by 0.2 µg mg-1 for each 1 % loss in moisture content. 

There was no correlation between pollen moisture content with either starch 

(R2 = 0.01, p = 0.64) or glucose (R2 = 0.05, p = 0.36) concentration (Figure 5.5). 

 

 

a 

b 
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Figure 5.5. Observed (closed symbols) and predicted (solid line) sucrose (top left), 
fructose (top right), starch (bottom left), and glucose (bottom right) concentration in 
walnut pollen (cultivar Lara) against pollen moisture content (PMC). Regression 
analysis indicates a moderate non-linear correlation between PMC and sucrose 
content (R2 = 0.51, p < 0.01), described by the quadratic equation 
ys = 100.6 + 8.7x - 0.9x2; where ys is the sucrose content (µg mg-1) and x the PMC 
(% fw). Regression analysis also indicates weak but significant negative correlation 
between fructose concentration and PMC (R2 = 0.30, p < 0.05), described by the linear 
equation yf = 5.5 - 0.2x; where yf is the fructose content (µg mg-1) and x the PMC. There 
is no correlation between PMC and starch (R2 = 0.01, p = 0.64) or glucose (R2 = 0.05, 
p = 0.36) concentrations.  
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5.3.4 Reactive oxygen species (ROS) accumulation  

ROS accumulation was weakly (R2 = 0.32) but significantly (p < 0.01) positively 

correlated to pollen moisture content (Figure 5.6). ROS detection increased by 0.3 % 

per 1.0 % rise in pollen moisture content. These results suggest that walnut pollen 

does not accumulate ROS in response to moisture loss. Positive and negative control 

samples (67 % and 0 % ROS presence respectively) confirmed that the carboxy-

H2DCFDA test was effective for measuring ROS accumulation in walnut pollen.  

Figure 5.6. Observed (closed symbols) and predicted (solid line) percentage of pollen 
grains (cultivar Lara) with reactive oxygen species (ROS) accumulation against pollen 
moisture content (PMC, % fw). Linear regression analysis indicates a weak but 
significant correlation between ROS accumulation and PMC (R2 = 0.32, p < 0.01), with 
ROS accumulation increasing with pollen moisture content as described by the 
equation yROS = 0.28 + 0.32x; where yROS is the percentage of pollen grains with ROS 
accumulation detected and x the PMC.  
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5.3.5 Lipid peroxidation 

Changes in pollen moisture content did not significantly affect lipid peroxidation in 

pollen grains, with no correlation between malondialdehyde (MDA) concentration and 

moisture content (R2 = 0.05, p = 0.35, Figure 5.7). MDA is a biomarker of lipid 

peroxidation and oxidative stress in cells. 

Figure 5.7. Observed (closed symbols) and predicted (solid line) malondialdehyde 
(MDA) concentration in walnut pollen (cultivar Lara) against pollen moisture content 
(PMC). Linear regression analysis indicates no correlation between MDA concentration 
and PMC (R2 = 0.05, p = 0.35).  
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5.3.6 Respiration activity 

There was no correlation between respiration activity (consistently > 85.0 %) and the 

moisture content of pollen (p = 0.97, Figure 5.8). 

Figure 5.8. Observed (closed symbols) and predicted (solid line) proportion of pollen 
grains (cultivar Lara) with respiration activity against pollen moisture content (PMC). 
Regression analysis indicates no correlation between respiration activity and PMC 
(R2 = 0.004, p = 0.79). Graph shows 95 % confidence intervals (dashed lines). 

 

5.4  Discussion 

This work is the first published investigation into membrane integrity as a cause of 

viability loss in desiccated walnut pollen – finding a 4.0 % reduction in the proportion 

of pollen grains with intact membranes for every percentile decrease in moisture 

content. When pollen is in a desiccated state, the structure of the phospholipid 

membrane is dissociated and does not form a continuous lipid bilayer structure. This 

means that the phospholipid membrane is an ineffective osmotic barrier and may 

induce the leakage of solutes, amino acids, sugars and proteins from pollen grains 

(Simon, 1974; van Bilsen et al., 1994). As a result, affected pollen grains cannot build 

and maintain the high osmotic pressure required for germination (Shivanna & Heslop-

Harrison, 1981), rendering them unviable. The implication of this is that high 

temperature and low relative humidity conditions, which are common during walnut 

flowering in semi-arid climate orchards in Australia (Chapter 2), causes excessive 

desiccation of walnut pollen (Chapter 3) and reduces the viability by impairment of 
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phospholipid membrane integrity. It is probable that altered membrane integrity is a 

significant contributor to non-pollination-drop incidence and without mitigation 

strategies makes walnut less suitable for production in semi-arid climates.  

At low pollen moisture content (approximately 3 % PMC), only 21 % of pollen grains 

had intact membranes and pollen was considered non-viable due to the lack of 

germination. However, it cannot technically be regarded as ‘dead’ because the 

tetrazolium chloride (TTC) test indicates that 90 % of pollen had active dehydrogenase 

enzymes and therefore is still undergoing cellular respiratory processes. The 

significance of this is that if pollen can absorb enough water during rehydration to 

stabilise the phospholipid membrane structure, then pollen could potentially regain 

the capacity to germinate and fertilize pistillate flowers (Heslop-Harrison, 1979; 

Shivanna & Heslop-Harrison, 1981). In the current study, hydration of fresh Lara pollen 

increased the membrane integrity by 10 % leading to improved pollen viability (23 % 

increase). Similarly, Luza and Polito (1987) successfully regained germination in dry 

(< 3.2 % moisture content) 9 and 22 day old walnut pollen by incubation at high 

humidity for three hours. Therefore, orchard management strategies that increase 

relative humidity or water availability have potential to improve pollen viability in high 

heat and low humidity weather events.  

The carbohydrate content of walnut pollen has not been thoroughly studied 

previously, and information regarding the presence of starch is conflicting (Baker & 

Baker, 1979; Calzoni et al., 1990; Franchi et al., 1996). This study reports for the first 

time the carbohydrate profile in pollen from the walnut cultivar Lara. Walnut pollen is 

composed primarily of sucrose and has very small amounts of starch, glucose and 

fructose. The total amount of soluble carbohydrates in walnut pollen (124 µg mg-1) is 

similar to apple (Malus domestica) (104 µg mg-1) and cherry (148 µg mg-1) but is 

substantially higher compared to pumpkin (26 µg mg-1) and maize (70 µg mg-1) pollen 

(Speranza et al., 1997). When desiccated the concentration of starch and glucose did 

not change significantly, but in the case of sucrose and fructose, there were small 

changes in concentration. 

Changes in carbohydrate content can drive the protection or irreversible loss of pollen 

viability. Sucrose accumulation could be a physiochemical defence mechanism to 
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maintain viability in walnut pollen, however, at extreme levels of desiccation i.e. 

< 4.5 % moisture content, this strategy appears ineffective and pollen becomes non-

viable. In some plant species, starch is hydrolysed to sucrose which replaces the water 

molecules at hydrogen bonding sites in the phospholipid membrane, preserving the 

integrity of the membrane structure and increasing turgor pressure in the pollen grain 

(Carrizo García et al., 2015; Hoekstra, Crowe, Crowe, et al., 1992; Hoekstra et al., 1989; 

Hoekstra & van Roekel, 1988; Nepi et al., 2010; Vesprini et al., 2002). Conversely, 

fructose has been reported to inhibit germination in Japanese pear (Pyrus pyrifolia) 

and Arabidopsis thaliana when used as a carbohydrate substrate for in vitro 

germination (Hirsche et al., 2017; Okusaka & Hiratsuka, 2009) . Although the function 

of fructose is unclear, its accumulation in walnut pollen may impede physiological 

pathways that trigger germination and thereby reduce viability, however this requires 

further study. 

Walnut pollen contains starch, albeit in low concentrations. These findings agree with 

Calzoni et al. (1990) who observed numerous starch granules in the cytoplasm of 

walnut pollen. However according to Baker and Baker (1979) and Franchi et al. (1996) 

starch was completely hydrolysed in walnut pollen grains and therefore is classified as 

starchless. Starch functions as a metabolic energy reserve in pollen and is later 

converted into soluble carbohydrates i.e. glucose, fructose and sucrose (Franchi et al., 

1996). During dispersal and germination, pollen is autotropic and reliant on its 

carbohydrate reserves for bioenergetic metabolic process including respiration, 

germination, and early pollen tube growth (Carrizo García et al., 2012; Heslop-

Harrison, 1987). The exhaustion of starch reserves in walnut pollen is not the cause of 

reduced viability as starch content remained constant during desiccation and there 

were no differences in starch content between fresh and dry pollen.  

In pollen, accumulation of reactive oxygen species (ROS) may cause lipid peroxidation, 

resulting in protein denaturation, nucleic acid denaturation, disruption of phospholipid 

membrane integrity and cell death (Halliwell & Whiteman, 2004; Jia et al., 2018; Jia et 

al., 2017). Suppression of metabolism is a defence mechanism common in desiccation 

tolerant (or orthodox) pollen to prevent resource exhaustion or metabolic damage 

associated with ROS generation and lipid oxidation (Franchi et al., 2002). In walnut 
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pollen, moisture loss reduced ROS accumulation and had no effect on lipid 

peroxidation (MDA) or respiration activity. The implications of this are that walnut 

pollen does not supress metabolism; ROS accumulation and lipid peroxidation are not 

the physiological cause of impaired membrane integrity in desiccated pollen. These 

findings are perhaps unsurprising given that respiratory processes remain highly active 

in dry walnut pollen, and so metabolic pathways (enzymatic and non-enzymatic) that 

scavenge ROS (Czarnocka & Karpiński, 2018; Gholizadeh et al., 2017; Wang et al., 2010) 

presumably remain effective at regulating ROS and thus preventing oxidative stress. 

There would be benefit in conducting further studies to test the hypothesis that ROS 

scavenging pathways prevent oxidative damage during desiccation of walnut pollen.   

Hoekstra and Bruinsma (1975) determined respiration rate in pollen by the production 

of carbon dioxide respiration rate which decreased with relative humidity and was 

completely suppressed below 77 % RH, while high temperature (10 – 35 °C) 

substantially increased respiration rate and shortened the longevity of pollen. Walnut 

pollen does not suppress respiratory activity in response to moisture loss, however, 

the TTC staining method may not be sensitive enough to detect differences in 

respiration. It is recommended that this experiment be repeated with respiration rate 

measured using the methodology of Hoekstra and Bruinsma (1975) to resolve the 

effect of desiccation on respiration of walnut pollen. 

Pollen viability and tolerance to environmental stress is affected by metabolites 

(sugars, organic acids, amino acids, hormones, vitamins, flavonoids, lipids, and fatty 

acids), proteins and enzymes (Chaturvedi et al., 2016; Chaturvedi et al., 2021; Fragallah 

et al., 2018; Wada et al., 2020). In Chinese Fir (Cunninghamia lanceolata) pollen 

metabolite type and concentration varied with developmental stage and germination 

capacity. Low germination capacity pollen increased 6-α-methylprednisolone, 

capsaicin, erythrinasinate a, rutin and cyanin contents compared to pollen of high 

germination capacity (Fragallah et al., 2018). Phosphatidylinositol is a precursor of 

phosphoinositide, a signal molecule involved in pollen germination and pollen tube 

growth (Wada et al., 2020). It occurs at higher concentration in pollen from heat-

tolerant rice cultivars than heat-sensitive cultivars and therefore is suspected to 

maintain high yields under increased temperature. Metabolomic or proteomic studies 
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could build on the findings of the current study and provide further understanding as 

to why moisture loss decreases the viability of walnut pollen. 

Non-pollination-drop (NPD) is a premature fruit drop associated with failed sexual 

reproduction process in English walnut and causes substantial yield reductions for 

Australian orchards in semi-arid climates. During the dispersal of walnut pollen, 

unfavourable conditions (high temperature and low relative humidity) can desiccate 

pollen grains and reduce viability. The aim of this chapter was to investigate why 

walnut pollen becomes non-viable at low moisture levels. Desiccation disrupts the 

integrity of the vegetative cell membrane in pollen grains. This prevents pollen 

germination because pollen grains become “leaky” and are unable to maintain the high 

osmotic pressure required for germination. Walnut pollen has some physio-chemical 

ability to regulate sucrose content in response to moisture loss, a mechanism 

employed to preserve membrane structure. However, at extreme levels of desiccation 

this strategy becomes ineffective and may contribute to the lack of viability. Pollen 

desiccation was also associated with fructose accumulation, which may have inhibitory 

effects for pollen germination. Viability loss in dry walnut pollen is not associated with 

ROS accumulation, lipid peroxidation, starch content or glucose content. Walnut pollen 

viability is critical and may be maintained by increased sucrose levels, which 

contributes to maintaining the cell membranes, but the function of this mechanism is 

limited by extreme environmental conditions. The inability of pollen to maintain 

membrane integrity following environmental stress may induce NPD and make walnut 

less suitable for production in semi-arid climates in the absence of mitigation 

strategies. 
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 General Discussion 

This thesis investigated the causes of non-pollination-drop (NPD) in walnut under a 

semi-arid climate in Australia. The hypothesis was that climate is the primary driver of 

NPD under semi-arid climate growing conditions, in that hot dry weather conditions 

reduce pollen availability, pollen viability and pistillate flower receptivity. To test this 

hypothesis, ambient temperature, relative humidity, and vapor pressure deficit data 

were collected and analysed to help explain the overlap between pollen shedding and 

pistillate flower receptivity and incidence of NPD in five walnut cultivars growing in an 

orchard within a semi-arid region of Australia. To define the climatic conditions 

affecting pollen availability, pollen viability and pistillate flower receptivity, male 

inflorescence floral structures (anthers, staminate flowers, catkins) and pistillate 

flowers were subjected to temperature, relative humidity, and vapour pressure deficit 

treatments under controlled conditions in a laboratory. Finally, to understand why low 

moisture content of pollen leads to a reduction in pollen viability, the physiological 

mechanisms associated with the loss of pollen moisture under environmental stresses 

were investigated under controlled conditions. From this research the key findings 

were: 

• NPD was more prevalent in later flowering cultivars, and was associated with 

elevated ambient temperature, low relative humidity, and high vapour 

pressure deficit conditions,  

• High vapour pressure deficit conditions reduce the time that pistillate flowers 

are receptive, and the receptive surface area of stigmas when at optimal 

receptivity, 

• The viability of pollen immediately after shedding, termed fresh pollen in this 

study, is low from a semi-arid climate growing region of Australia, and is 

markedly less that of other walnut growing regions of the world, and 

• Moisture loss from pollen grains reduced the viability of pollen. The loss of 

viability may be associated with an impaired phospholipid membrane and/or 

increased accumulation of fructose within pollen grains.   
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6.1  NPD of walnut associated with elevated temperature, low 

relative humidity, and high vapour pressure deficit conditions 

Non-pollination-drop (NPD) occurs when there is a lack of overlap between pollen 

shedding and pistillate flower receptivity or a loss of viable pollen or receptive pistillate 

flowers. In this study, reductions in bloom overlap occurred when reproductive tissues 

of walnut trees were subjected to hot, dry conditions, specifically temperatures 

greater than 35 °C, relative humidity that is lower than 20 % and vapour pressure 

deficit above 4 kPa. These hot, dry climatic conditions occur at greater frequency 

towards the end of spring, meaning late-flowering walnut cultivars, such as Howard 

and Chandler, have higher rates of NPD than early flowering cultivars (Serr, Vina and 

Lara). 

Hot and dry conditions influence sexual reproduction processes and increase NPD by 

inducing irregularities in the timing of bud burst and flower synchronisation that 

impact bloom overlap (Atkinson et al., 2013; Benmoussa et al., 2017; Luedeling et al., 

2013; Procopiou, 1973), accelerating flower development potentially shortening pollen 

availability and receptivity (Gradziel & Weinbaum, 1999; Hedhly et al., 2003, 2005a; 

Ionescu & Cosmulescu, 2017; Luedeling et al., 2013; Yates & Sparks, 1993), drying out 

stigma exudates (Gross & Kigel, 1994; Lora et al., 2011), ovule degeneration (Cerović et 

al., 2000; Nava et al., 2009), and reducing pollen viability, germination and growth 

(Luza & Polito, 1987; Luza et al., 1987). 

This study has confirmed the preliminary investigations of Lang and Simpson (2018), 

finding that temperatures above 35 °C during bloom increase the rate of NPD in 

walnut. However, the present study also demonstrated the role of relative humidity 

below 20 % and vapour pressure deficit above 4 kPa in development of NPD in semi-

arid climate walnut growing regions. 

Late flowering cultivars, particularly Chandler, are preferred production cultivars due 

to higher yield and nut quality characteristics and comprise 50 % of walnut plantings in 

Australia (Figure 1.2). Without effective management strategies, however, these late-

flowering cultivars are less suitable than other, earlier flowering, cultivars for 

production in semi-arid climate growing regions due to the high risk of NPD. 
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6.2  High vapour pressure deficit reduces pistillate flower 

receptivity and pollen viability but not pollen availability. 

This study found that hot, dry conditions shortened the duration that pistillate flowers 

are receptive to pollen and decreases how much of the stigma can support pollen 

growth. This promotes NPD by limiting the time available for essential interactions 

between the pistillate flower and pollen fertilisation to occur, such as the capture and 

hydration of pollen by the stigma. In addition, hot dry conditions during pollen 

dispersal impairs the reproductive fitness of pollen, reducing the chance of successful 

fertilisation if pollination occurs.    

A surprising finding was that pollen availability, in individual catkins, was not affected 

by increases in the vapour pressure deficit, ≥ 1.7 kPa. Given that anther opening, and 

pollen release is driven by evapotranspiration it was expected that the rate of pollen 

shedding from catkins would be accelerated under conditions of higher evaporative 

demand given, and that this would shorten the duration of pollen availability, this 

however was not the case.  

6.3  Moisture loss from pollen grains reduces pollen viability, 

impairs phospholipid membrane integrity, and increases fructose 

concentration.  

This study found that the viability of walnut pollen is sensitive to moisture loss, 

concurring with previous research of Luza and Polito (1987). However, the current 

study also demonstrated that elevated temperature, low relative humidity, and high 

vapour pressure deficit decreases the moisture content and viability of pollen. After 

being shed from the anther walnut pollen is dispersed by wind to the pistillate flower 

and experiences fluctuations in temperature, relative humidity, and vapour pressure 

deficit during this time. Hot and dry conditions during dispersal desiccates pollen, 

reducing viability before the pollen grain is captured by the pistillate flower stigma.    

Moisture loss appears to reduce pollen viability by impairment of the phospholipid 

membrane integrity in walnut pollen. The walnut pollen grain consists of a small 

generative or sperm cell that is surrounded by a larger vegetative cell (Brewbaker, 

1967); the phospholipid membrane of this vegetative cell is critical for germination as 

it allows the pollen grain to build and maintain osmotic pressure during hydration on 
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the stigmatic surface of the pistillate flower (Shivanna & Heslop-Harrison, 1981). 

Hence, my research suggests that pollen grains may not be able to produce the 

osmotic pressure required to germinate and/or reduces the growth of pollen tubes. In 

an orchard setting this would mean that pollen grains would not be able to fertilise the 

embryo sac within the pistillate flower.   

Phospholipid membrane integrity of pollen grains can also be reduced with moisture 

loss by increased production of reactive oxygen species (ROS). Accumulation of ROS 

can induce lipid peroxidation which alters the phospholipid membrane structure (Jia et 

al., 2017; Walters et al., 2002). However, this does not appear to be the cause of 

impaired phospholipid membrane integrity in my research as ROS accumulation was 

directly related with moisture content of pollen grains and malondialdehyde content, a 

biomarker for lipid peroxidation, remained unchanged in response to moisture loss. In 

my research, walnut pollen maintained a high level of respiratory activity irrespective 

of the moisture content of pollen, hence metabolic pathways that prevent excessive 

accumulation of ROS may have remained active and thus protected pollen from 

damage associated with lipid peroxidation.  

Walnut pollen contains carbohydrates, starch, glucose, sucrose, and fructose. In this 

study, sucrose and fructose concentrations were influenced with a loss of moisture 

content in pollen, whereas starch and glucose were not. This study speculates that 

walnut pollen initially accumulates sucrose as physiochemical defence mechanism 

against moisture loss (Buitink et al., 2002; Hoekstra & van Roekel, 1988; Nepi et al., 

2010), although this strategy appears ineffective when extreme levels of desiccation 

are attained. In contrast, the accumulation of fructose with increasing pollen may 

impede physiological pathways that trigger germination and hence reduce viability.   

During desiccation starch reserves are converted to sucrose and utilised to replace 

missing water molecules at hydrogen bonding sites in the phospholipid membrane, 

preserving the phospholipid membrane structure and increasing osmotic pressure 

within the pollen grain (Firon et al., 2012; Hoekstra, Crowe, Crowe, et al., 1992; 

Hoekstra et al., 1989; Nepi et al., 2010). This mechanism could be a strategy to protect 

against moisture loss induced by unfavourable weather conditions i.e., high 
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temperature and low relative humidity during pollen grain dispersal, preserving the 

germination capacity and therefore viability of pollen.  

6.4  Recommendations for further research.  

6.4.1. Survey non-pollination-drop in a greater range of cultivars and climatic 

regions 

To understand the issue of walnut NPD properly and thoroughly, some of the 

limitations and assumptions in the present study, while necessary in this instance, 

would benefit from further investigation and validation. For example, it was assumed 

that the variables that impact NPD, such as temperature, relative humidity, and vapour 

pressure deficit, induce similar responses in all the cultivars studied. It was also 

assumed that the critical thresholds for biological functions in each cultivar do not 

vary, for example that the viability of pollen of all walnut cultivars is equally impacted 

by temperatures above 35 °C, this may not be the case given optimal temperature 

thresholds for pollen germination are variable amongst walnut cultivars (Luza et al., 

1987). To provide detailed information to growers about the regional suitability of 

different cultivars and advise on the potential risk and mitigation strategies, future 

work should further investigate between cultivar variation. 

6.4.2. Examine the temporal development of pollen shedding from within and 

between trees and cultivars 

Bloom overlap is critical to ensuring pollen availability during flower receptivity and 

reductions in bloom overlap result in higher rates of NPD. Pollen shedding, in this 

study, was only assessed within selected tree limbs. This narrow focus on individual 

limbs means that potential sources of pollen from polleniser cultivars, neighbouring 

trees, and limbs higher or lower within the canopy of the same tree were not assessed. 

There would be benefit in further investigation, examining all potential pollen sources, 

which may provide a stronger linkage between bloom overlap and NPD than described 

in this study.  

6.4.3. Investigate the impact of climatic conditions during dormancy and bud 

burst phases on pollen viability  

High temperature before the flowering period commences has implications for winter 

chill accumulation, the synchronisation of bud burst, the duration of bloom overlap 

and pollen viability. In this thesis an assumption was made that the climatic conditions 
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in semi-arid regions of Australia meet the optimal requirements of walnuts during this 

period. Further studies should investigate linkages between NPD and climatic 

conditions during dormancy and bud burst phases to test the validity of this 

assumption. There would also be benefit in conducting anatomical, proteomic and 

metabolomic studies to determine if there are abnormalities or patterns during pollen 

development which may explain the low viability of freshly shed pollen observed in 

this thesis. 

6.4.4. Validate in vitro findings of pollen viability and pistillate flower receptivity 

in vivo  

A key assumption made when investigating the viability of flowers was that a pistillate 

flower is receptive and capable of supporting pollen capture, growth, fertilisation, and 

fruit set if esterase was detected on a stigma surface or if the flower was at 

phenological stage of optimal receptivity (Ff1). Additionally, pollen viability was 

determined using an in vitro method and assumes that pollen responds similarly in 

vivo. While these assumptions were essential to prevent confusion of treatment 

effects with interactions between the pollen and pistillate flower, there would be 

benefit in validating these parameters. Such validation would serve to not only confirm 

the assumption of the current study, but to assess the intricacies of the relationship 

between pollen viability and flower receptivity and how it interacts with the critical 

climatic threshold that govern NPD investigated in this thesis. 

6.4.5. Develop and validate models of pistillate flower receptivity developed in 

controlled studies under field conditions 

The models developed in this study to explain the relationship between vapour 

pressure deficit and temporal flower receptivity were generated using data from 

controlled laboratory experiments that assume a constant day-time environment. 

While necessary in this instance to understand the relationship between treatment 

conditions and biological functions, the models do not account for diurnal variation in 

vapour pressure deficit i.e., night-time conditions and therefore are not reflective of 

field conditions. There is benefit in future work to validate these models against field 

data to develop a predictive tool for industry that identifies periods of potential NPD 

risk and for initiation of mitigation strategies. 
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6.4.6. Examine microclimate modification during pistillate flower receptivity as a 

NPD management strategy  

High vapour pressure deficit conditions reduce pistillate flower receptivity and pollen 

viability in walnut, increasing the risk of yield losses due to NPD. Canopy microclimate 

modification, by evaporative cooling, successfully reduced vapour pressure deficit, 

from 3 kPa to 2 kPa, in the canopy of grey jujube (Ziziphus jujube) trees during 

flowering in arid climate growing regions (Liu et al., 2021). Reducing the vapour 

pressure deficit conditions within the tree canopy during periods of hot dry weather 

could mitigate NPD by preventing the premature losses in flower receptivity and pollen 

viability. Future research under both controlled environment and field conditions is 

required to test the efficacy of microclimate modification before it can be 

recommended to the Australian walnut industry. 

 

6.5  Conclusion  

Non-pollination-drop (NPD) reduces walnut yield by up to 36 %. In semi-arid climate 

growing regions hot and dry conditions is the primary driver of increases in NPD and 

reductions in pollen viability and pistillate flower receptivity. Later flowering cultivars 

are more affected by NPD because the timing of flowering is more likely to coincide 

with hot dry weather conditions. High vapour pressure deficit conditions shorten the 

duration of flower receptivity and reduces the amount of the stigma that is receptive 

to pollen, limiting the time available for pollination and fertilisation to occur. Hot dry 

conditions during the pollen dispersal also desiccates pollen, reducing viability by 

decreased phospholipid membrane integrity, impacting the capacity of pollen to 

germinate and grow pollen tubes which is essential for fertilisation of the pistillate 

flower. The accumulation of sucrose in response to desiccation may be indicative of a 

physiochemical defence strategy to maintain pollen viability. 
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