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The results and conclusions in this report are based on an investigation conducted over a 
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GROWER SUMMARY 

Headlines  

 The project has successfully identified methods that extend the shelf-life acorns for 

at least 60 weeks so that these acorns can be used between mast years. 

 Acorns entirely coated with bees- or microcrystalline waxes retained high moisture 

contents during storage. However, germination was hampered due to mechanical 

resistance of the coatings, which often prevented radicle emergence. 

 Acorns stored in polyester bags retained moisture contents above the critical 

threshold and still had 49% germination after 60-weeks storage. Fungal infection 

caused 16-18% losses from 24-weeks onwards. 

 Further research could test different formulations of wax coatings that do not inhibit 

germination, or methods to control fungal infection when acorns are stored in bags.   

Background 

Pedunculate oak (Quercus robur L.) produces good acorn crops during mast years that 

occur every few years. Acorns are classed as recalcitrant because fruits are shed with high 

moisture contents and lose viability rapidly below a species-specific threshold. In addition, 

the acorns remain metabolically active, producing carbon dioxide, water and heat as by-

products of respiration. Under traditional ‘wet storage’ conditions, the recalcitrant nature of 

acorns can promote premature sprouting and deterioration due to mould (Figure 1h).  

So far, research has been unable to determine a single solution for successful storage of 

acorns. This results in supply and demand problems for seed traders and nurseries during 

inter-mast years. As a result, acorns are often imported from Europe to meet these 

requirements. However, this is not without risks, which include the suitability of provenance 

for the local climate and the accidental release of pests and pathogens into Britain. Thus, 

there is a need to extend the shelf-life acorns for at least 60 weeks so that acorns could be 

ready for use during inter-mast years.  

The aim of this proof-of-concept project was to use two different approaches to extend the  

shelf-life of acorns without significant loss of seed quality. Throughout the experiments, 

seed quality was tracked using a range of tests to: 

1. determine water loss by measuring moisture content. 

2. detect changes in seed occupancy (shrinkage) by taking x-rays. 

3. detect membrane damage by measuring electrolyte conductivity/solute leakage. 

4. determine loss of viability/germinability of acorns. 

In addition, control and treated acorns were sown in a nursery trial and the resulting 

seedlings were graded according to industry standards. 



 

  Agriculture and Horticulture Development Board 2017. All rights reserved  2 

 

 

 

Figure 1: A - Control acorn that has split, exposing seed, B  - Acorn coated entirely with soya wax that is covered 
with superficial mould, C – Seedling from acorn entirely coated with soya wax, D – Acorn entirely coated with 
microcrystalline wax with trapped radicle, E – de-capped acorn coated entirely with bees wax germinating; and F 
– producing shoots, G – Acorn with necrotic embryo due to fermentation, H – acorns succumbed to Ciboria 
batschiana. 
 

Part 1 - Coatings 

The key to successful storage is to maintain the moisture content of acorns above a critical 

threshold. In pedunculate oak, this critical threshold is circa. 38% (fresh weight [fw]) below 

which acorn viability decreases rapidly. Therefore, the first approach aimed to reduce water 

loss by coating acorns with either a commercial anti-transpirant (Wiltpruf®) or different types 

of waxes viz. bees, soya and microcrystalline wax. These coatings were applied in two 

ways, resulting in either partially or entirely coated acorns (Figures 2a-i).  

In general, control acorns, which were stored loosely in trays, lost water rapidly during 

storage (Figure 2a and 3). This resulted in corresponding losses in germination as moisture 

content decreased below the critical threshold. The partially coated acorns followed similar 

trends to the control acorns although desiccation was slightly slower. Water loss, therefore, 

occurs over the entire pericarp not just through the cup scar of the acorns. The entirely 

coated acorns responded differently depending on wax type. This reflected the chemical 

and physical properties of the waxes, which in turn influenced the pliability and thickness of 

the coatings.  
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Figure 2. A - Ice-cube jig used to partially coat cup-scar end of acorns with wax; Acorns partially coated with B - 
bees-, C - microcrystalline-, or D - soya wax, E -  Threads were glued to acorns, which were then dipped entirely 
into molten wax;  Acorns coated entirely with F - Wiltpruf ®, G - bees-, H - microcrystalline-, or I -  soya wax, J – 
Acorns stored in polyester bags, K – peforated biopolymer bags with L- 25 microperforations per square inch. 

 

The acorns entirely coated with soya wax germinated as successfully as the control acorns 

at the beginning of the experiment (Figure 1c). However, the thin, brittle coatings 

subsequently flaked-off during storage. Thus these acorns desiccated rapidly with very few 

acorns germinating after 24-weeks storage. Soya wax was also susceptible to superficial 

fungal infection but this did not appear to have a negative impact on acorn viability (Figure 

1b). 

The acorns entirely coated with bees- or microcrystalline waxes had moisture contents 

close to the critical threshold at 60-weeks (Figure 3). In both cases, waxes hampered 

germination by trapping the radicles even at time 0 (Figure 1d). This was largely due to 

mechanical resistance as some ‘decapped’ acorns subsequently germinated but very slowly 

after 36-weeks storage (Figure 1e & 1f). At longer storage durations, acorns lost viability 

due to fermentation with cut-tests revealing only 25-35% fresh acorns at 60-weeks. Thus 

after 60-weeks storage, germination was 8.3% and 6.7% for acorns coated entirely with 

bees- or microcrystalline waxes respectively.  
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Figure 3. Wax data best fit model for moisture content, predicted by storage duration and treatment. Coloured 
ribbons indicate 95% confidence intervals. Microwax = microcrystalline wax 

Part 2 - Bags 

In common with other recalcitrant seeds, acorns remain metabolically active, producing 

carbon dioxide, water and heat as by-products of respiration during storage. Thus, the 

second approach aimed to reduce respiration by storing acorns in different types of bag viz. 

biopolymer, polyethylene or polyester (Figures 2j-l). These bags have different properties, 

which interact with the respiring fruits to passively modify the storage atmosphere. 

The acorns stored in polyethylene bags had high moisture contents even after 60-weeks 

storage (Figure 4). Nonetheless, acorns lost viability rapidly, which was largely due to 

fermentation as oxygen became depleted in these bags. These ‘fermented’ acorns were 

characterized by necrotic embryos (Figure 1g). Thus, acorns had 39% germination after 12-

weeks storage.  

The acorns stored in biopolymer bags (perforated and non-perforated) followed a similar 

trend to the control acorns. Thus acorns lost viability largely due to desiccation, which was 

slower in the non-perforated bags (Figure 4). In the non-perforated bags, however, there 

was some fermentation particularly at the longer storage durations, which highlights the 

trade-off between better ventilation and the increased risk of desiccation. 
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Figure 4. Bag data best fit model for moisture content, predicted by storage duration and treatment. Coloured 
ribbons indicate 95% confidence intervals. PE = polyethylene 

 

The acorns stored in polyester bags had high moisture contents during storage. After 12-

weeks storage, the acorns germinated rapidly and uniformly, reaching similar levels to the 

control acorns at the start of the experiment. However, the acorns were prone to fungal 

infection (Figure 1h), which caused large losses (16-18%) from 24-weeks storage onwards. 

Nonetheless, germination remained high (47- 52%) even after 60-weeks storage. 

Part 3 – Nursery trials 

Nursery managers usually select germinating acorns for sowing so as to maximise crop 

production. It is expected that about 50-65% of an acorn seed lot produces saleable 

seedlings depending on seed source and quality. As the initial seed lot had 88% viable 

acorns, it would not be unreasonable for it to produce 44-57% saleable seedlings. The best 

coating treatment was acorns entirely coated with microcrystalline wax, which produced 

30% saleable seedlings, while the best bag treatment was the perforated biopolymer bags, 

which produced 35% saleable seedlings. However, these figures could be improved by: (1) 

improving the methods of storage described above, and (2) allowing unsaleable seedlings 

(<20 cm) to grow on for a further season. 
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Conclusions 

The two approaches used in this study provided useful new information, indicating potential 

areas for further research and development. Firstly, coating acorns entirely with bees- or 

microcrystalline wax reduces desiccation during storage and maintains viability for up to 36-

weeks. Results suggest that shelf-life could be extended further by modifying the wax 

formulations to reduce problems with mechanical resistance and fermentation. Secondly, 

storing acorns in polyester bags maintained high moisture content for 60-weeks. Critically, 

germination remained constant between 47-52% from 24- to 60 weeks storage. Results 

suggest that germination could be close to the target 70% if the fungal infection that caused 

16-18% losses in this treatment was controlled more effectively during storage, perhaps by 

monitoring the gas atmosphere within bags. 

Financial Benefits 

From the seed trader’s perspective, the cost-benefit depends on several factors including: 

1. probability of an acorn crop in the following year; 

2. value of the fruits, which is influenced by provenance; 

3. availability/suitability of alternative provenances; 

4. storage duration; 

5. germination percent after storage. 

Thus, the cost-benefit is hard to judge as these factors are unknown when the fruits enter 

storage. The main benefit is that seed traders have fruits for sale when none would be 

available otherwise for customers. 

Action Points 

For successful storage, it is critical to: 

 Use high-quality seed lots and remove any damaged or germinating acorns where 

possible before storage. 

 Check acorn seedlots periodically for fungal infection caused by the storage 

pathogen, Ciboria batschiana, and if possible, remove infected acorns.  

 Ensure that moisture content of acorns remains above 38% (fw) to prevent loss of 

viability; also maintain temperature between -2 and +2°C to reduce respiration, and 

maintain RH as high as possible to reduce water loss.  

 Prevent condensation on acorns as this promotes cross-infection between clean and 

infected acorns particularly if storing acorns in polyethylene or polyester bags. 

 Ensure that there is adequate gas exchange to prevent fermentation particularly if 

acorns are stored in bags, which have different properties and influence water loss 

and gas exchange.  
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SCIENCE SECTION 

Introduction 

The genus Quercus, commonly known as oak, comprises about 450-600 deciduous and 

evergreen species that occur naturally mainly in the northern hemisphere (Kaul, 1985; 

Nixon, 1993; 2002; Deng et al., 2006). The classification system, however, is complicated 

and disputed due to the large number of species that often hybridize. In Nixon's 

classification system, there are two subgenera, Cyclobalanopsis (cycle-cup oaks) and 

Quercus (true oaks) (Nixon, 1993) (Table 1). The subgenus Quercus is further subdivided 

into three sections. 

Table 1. Classification of the genus Quercus (Nixon, 1993, 2002 and others). 

Subgenus Section Common name Examples 

Quercus 

Quercus White oaks 
Q. alba, Q. ilex, Q. macrocarpa, 
Q. robur,Q. petraea, Q. serrata 

Protobalanus Intermediate oaks Q. cedrosensis, Q. palmeri 

Lobatae Red oaks 
Q. hintonii, Q. nigra, Q. pagoda, 
Q. rubra 

Cyclobalanopsis  Cycle-cup oaks 
Q. fleuryi, Q. lamellosa, Q. 
schottkyana 

The section Quercus (white oaks) is widely distributed in Europe, Asia and America, while 

the section Lobatae (red oaks) is restricted to North and South America (Nixon, 1993). 

These groups include several important species that have multiple uses for timber, 

firewood, charcoal, cork, tannin and animal feed (Olson, 1974; Oldfield & Eastwood, 2007). 

Under natural conditions, regeneration is often poor as acorns do not persist due to 

desiccation, predation, insect infestation and fungal infection. So silviculturists often use 

artificial means to establish forests (Korstian, 1927). 

In general oak fruiting is irregular, resulting in poor seed crops during inter-mast years 

(Brookes & Wigston, 1979; Sork & Bramble, 1993; Dey, 1995). This is largely due to the 

abortion of flowers or premature abscission of immature fruits during unfavourable weather 

conditions such as spring frosts or summer droughts (Olson & Boyce, 1971; Suszka et al., 

1996; Bonner, 2003). Some individual trees produce no acorns while others contribute 

heavily to the annual seed crop. Thus, mast seed crops vary not only from tree-to-tree 

within populations but also from year-to-year among regions (Koenig et al., 1994; Pons & 

Pausas, 2012; Pérez-Ramos et al., 2014). 

Oaks produce large-seeded fruits (acorns), which are classed as 'recalcitrant'. Unlike 

'orthodox' seeds, recalcitrant seeds are shed with high moisture contents and lose viability 

rapidly below a species-specific critical threshold (Suszka & Tylkowski, 1980; Bonner & 

Vozzo, 1987). Recalcitrant seeds also remain metabolically active, which leads to 

germination without the need for additional water. Thus, these seeds can only be stored 
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until germination is initiated, which can occur within a few days or several months after 

shedding, depending on species (Berjak & Pammenter, 1994; 2008; 2013). 

Factors influencing shelf-life of acorns 

At present, recalcitrant seeds are usually stored under 'wet-storage' conditions that reduce 

desiccation and respiration, thereby increasing their shelf-life. This is a delicate balancing 

act as these responses are influenced by temperature, relative humidity and gas 

atmosphere during storage. 

1. Desiccation 

Acorns are shed with high moisture contents, typically ranging from 50-55% (fw) for white 

oaks and 30-40% (fw) for red oaks (Bonner, 1974, 1976, 2008; Gosling, 2002). Unlike 

orthodox seeds, recalcitrant seeds such as acorns do not undergo maturation drying, which 

is the final stage of seed development before shedding. Thus, there is no clear end-point to 

fruit development and fruits are shed at different moisture contents in different years on the 

same tree (Finch-Savage & Blake, 1994). This reflects fruit developmental status (i.e. 

maturity), which in turn is influenced by weather conditions and natural habitats (Koenig et 

al., 1994; Daws et al., 2004a; Diaz-Pontones & Reyes-Jaramillo, 2012). 

Critically, acorns are desiccation-sensitive and lose viability rapidly below a critical moisture 

content. However, there are different degrees of desiccation-sensitivity between species, 

which are largely linked to the chemical composition of the storage reserves in the 

cotyledons. The red oak fruits typically have higher lipid contents (8-31% fw) (Bonner & 

Vozzo, 1986) than white oaks fruits (1-12% fw) (Xia et al., 2010). In general, red oak fruits 

are more desiccation-tolerant than white oak fruits. This is reflected in the critical water 

content thresholds, which typically range from about 25-40% for white oaks and 15-20% for 

red oaks (Bonner, 2008; Xia et al., 2012). In Q. robur, acorn viability decreases when 

moisture content drops below circa 38% (Gosling, 1989; Doody & O Reilly, 2008). 

The critical water content, however, can be masked by seed size (Daws et al., 2004b). 

Thus, the level of deviation from the mean water content of a seed lot can vary significantly 

for acorns within a population (Suszka & Tylkowski, 1980). Small acorns desiccate more 

rapidly than larger ones (Morgan & Brubaker, 1986). Some acorns, therefore, can 

germinate even when seed lot moisture content is below the critical threshold.  

2. Respiration and fermentation 

Acorns remain metabolically active, producing carbon dioxide, water and heat as by-

products of respiration (Brown, 1939; Suszka & Tylkowski, 1980). The fruits, therefore, 

require adequate ventilation to prevent oxygen depletion (Szczotka, 1978), which can lead 

to the production of fermentation by-products including ethanol and acetaldehyde (Akimito 
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et al., 2004; Pasquini et al., 2012). In Q. serrata, the accumulation of acetaldehyde rapidly 

reduced the shelf-life of acorns in closed systems (Akimito et al., 2004). 

Under laboratory conditions, white oak fruits have been stored successfully for short 

periods (12 weeks) in modified gas atmospheres. In Q. alba, the respiration rate of acorns 

is lower in nitrous oxide atmospheres or 98:2% N2O:O2 than ambient air (Lakovoglou et al., 

2010). In Q. macrocarpa, however, the respiration rate is similar under both conditions. This 

reflects differences in the metabolic activity of the species. Thus, Q. alba produces non-

dormant acorns that germinate rapidly while Q. macrocarpa often produces dormant acorns 

that require some stratification depending on seed source. 

3. Premature germination 

In white oaks, acorns are typically not dormant when shed and often germinate rapidly in 

autumn sometimes while still on the tree (Bonner, 2008). These fruits are difficult to store 

for longer than a few months even at near freezing temperatures due to premature 

germination. Premature germination often leads to damaged radicles, which may be 

susceptible to fungal infection (Suszka & Tylkowski, 1980; Bonner, 2003). Premature 

germination though is not usually fatal as acorns have large storage reserves and can 

recover from damage by producing secondary radicles. 

In red oaks, however, acorns are frequently dormant when shed in autumn (Wirges & 

Yeiser, 1984). This may be due to their high lipid content that requires stratification to 

convert lipids to soluble carbohydrates (Korstian, 1927). At low storage temperatures, these 

dormant acorns effectively undergo stratification due to their high moisture contents. The 

degree of dormancy differs amongst species and is also influenced by the weather before 

seed shed (Tylkowski & Wrzeéniewski, 1986). 

In general, dormant acorns require at least 8-12 weeks' stratification. The relationship 

between storability and dormancy suggests that species with dormant acorns (largely red 

oaks) are easier to store than those with non-dormant acorns (usually white oaks) (Bonner 

& Vozzo, 1986). Dormancy is also influenced by geographic distribution. In the white oak, 

Q. macrocarpa, for example, acorns from northerly populations are dormant and require 

stratification while those from southerly populations are non-dormant at shedding (Gucker, 

2011; Row et al., 2012). The red oak, Q. emoyri, however, produces non-dormant acorns 

that do not require stratification (Nyandiga & McPherson, 1992).  

4. Fungal infection 

Fungal infection can cause significant losses during storage. In Europe, the most serious 

acorn pathogen is Ciboria batschiana (Zopf) N.F. Buchw., which belongs to the 

Ascomycetes (Schröder, 2002). This fungus can spread slowly at sub-zero temperatures (-
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3°C). Thus, freshly harvested acorns are often subjected to a hot-water treatment (41°C for 

2 hrs), which usually reduces infection by C. batchiana during subsequent storage 

(Knudsen et al., 2004). Hot-water treatments, however, can affect other saprophytic fungi, 

decreasing the frequency of Cladosporium and Papulaspora species, but promoting 

Alternaria and Penicillium species amongst others (Knudsen et al., 2004). 

Past and present storage practices  

In the late 1750s, John Ellis conducted several experiments to preserve acorns during long 

transatlantic voyages (Murphy, 2014). He coated acorns with various substances including 

bees wax, brewer’s loam and gum arabic. The acorns were packed in boxes containing dry 

sand. These boxes were then stowed in the upper regions of the ship’s hold. In most cases, 

acorns shrivelled or decayed. Some acorns in bees wax, however, remained fresh for a full 

season and were successfully used by William Aiton, the Botanic Gardener at Kew, to raise 

seedlings (Elllis, 1759/60, 1770). 

Nowadays, acorns from temperate regions are stored at low temperatures (-3 to +5°C) 

while those from tropical regions at held at higher temperatures (+7 to +17°C) (Willan, 

1987; Hong et al., 1996). In white oaks, such as Q. robur, acorns have been stored 

between -1 to -3°C (Suszka & Tylkowski, 1980). These acorns often germinate prematurely 

at higher temperatures (+1 to 5°C) but are killed at lower temperatures (-5°C). In red oaks, 

such as Q. rubra, acorns have been stored under similar conditions with little loss of 

viablilty over 18 months (Noland et al., 2013; Suszka & Tylkowski, 1982). However, it is not 

recommended to store red oak acorns for longer than two years due to significant 

deterioration.  

Under laboratory conditions, acorns are typically stored in bags with varying degrees of 

success depending on bag composition, wall thickness, and bag seal (Rink & Williams, 

1984; Devine et al., 2010). The bags are often made from polyethylene, which is 

sometimes perforated to improve gas exchange. In general, polyethylene bags with a wall 

thickness between 75-100 microns prevent excessive water loss but permit sufficient 

ventilation for respiration (Bonner, 1990). In contrast, polyethylene bags thinner than 75 

microns are permeable to water while those thicker than 250 microns are impermeable to 

oxygen and carbon dioxide. 

In Q. ilex, acorns have been successfully stored for up to 12 months in sealed polyethylene 

bags (30 microns [1.2 mils]) at 3°C (Pasquini et al., 2011, 2012). The acorns respired at low 

levels, reaching a steady-state in the oxygen-limiting conditions of the bags. There was, 

however, little or no premature germination, which was attributed to the accumulation of 
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ethylene, a potential germination inhibitor, in the bags. After 12 months, stored acorns still 

had a germination capacity of circa. 60% (Pasquini et al., 2012). 

In Q. alba, acorns have been successfully stored for 6 months in sealed polyethylene bags 

(106 microns [2.7mils]) at 1.6°C (Devine et al., 2010). After 6-12 month's storage, 

premature germination occurred but the percentage varied for different seed sources. In 

general, the radicles were less than 30mm long. These radicles were susceptible to 

breakage during handling and sowing but this did not prevent a successful seedling crop. 

Similar results were reported for acorns stored in specialised gas-permeable polyethylene 

bags (Star-Pac™). 

In commercial operations, however, acorns are usually stored in containers often with a 

substrate such as charcoal, peat, sand or sawdust, which allows for diffusion of sufficient 

oxygen but maintains the high moisture content of seeds and prevents the spread of fungal 

pathogens (Hong & Ellis, 1996, Hong et al., 1996; Suszka & Tylkowski, 1982). In Q. robur, 

acorns have been stored for up to three years (-1°C) although there was significant  year-

on-year deterioration (Suszka & Tylkowski, 1980). Similar results have been reported for 

acorns of Q. rubra (Suszka & Tylkowski, 1982). 

At present, however, there is no single solution for the successful short-to mid-term storage 

of acorns of different species despite research and experience spanning several centuries. 
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APPLICATION OF POST-HARVEST TREATMENTS TO EXTEND STORABILITY OF 

PEDUNCULATE OAK ACORNS (Quercus robur L.). 

This project focuses on two approaches to extend the shelf-life of pedunculate oak acorns 

(Quercus robur L.) [hereafter ‘oak’]. The first approach aims to reduce water loss by coating 

acorns with either a commercial anti-transpirant (Wiltpruf®) or different types of waxes viz. 

bees, soya and microcrystalline wax. The second approach aims to reduce respiration by 

storing acorns in different types of bag viz. biopolymer, polyethylene or polyester, which 

interact with the acorns to passively modify the storage atmosphere. Both approaches have 

been exploited in the food industry, which suggests potential for use when storing acorns. 

Aims and objectives 

The aim of this proof-of-concept project is to examine methods for extending storage 

duration of acorns for up to 18 months without significant loss of seed quality. If this was 

possible, it may help overcome the supply and demand problems for seed traders and 

nursery managers, resulting from irregular fruiting of oak. 

The objectives are as follows: 

1. To use two approaches to extend storage duration for acorns: 

1. wax coatings/anti-transpirants to reduce water loss; 

2. permeable/barrier bags to reduce respiration of acorns. 

2. To determine which treatments are effective by tracking changes in seed quality using a 

range of seed tests: 

1. to track water loss by measuring moisture content. 

2. to detect changes in seed occupancy (shrinkage) by taking x-rays. 

3. to detect membrane damage by measuring electrolyte conductivity/solute 

leakage. 

4. to determine loss of viability/germinability of acorns. 

3. To determine the seedling performance/vigour of treated acorns under nursery 

conditions. 

Methods - General 

Acorns (circa. 100 kg) were purchased from Forestart, Shropshire, in November 2015. The 

seed lot contained many damaged and germinating acorns, which were excluded from the 

experiments where possible. On arrival, moisture content, x-rays, electrical conductivity, 

and germination tests were carried out on the bulk seed lot to determine baseline seed 

quality. These tests were then repeated periodically through the project to monitor changes 

in seed quality.  
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Figure 1. A - Ice-cube jig used to partially coat cup-scar end of acorns with wax; Acorns partially coated with B - 
bees-, C - microcrystalline-, or D - soya wax, E -  Threads were glued to acorns, which were then dipped entirely 
into molten wax;  Acorns coated entirely with F - Wiltpruf ®, G - bees-, H - microcrystalline-, or I -  soya wax, J – 
Acorns stored in polyester bags, K – peforated biopolymer bags with L- 25 microperforations per square inch. 
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The acorns were treated as described in Objectives 1.1 and 1.2 below (Figure 1). The 

treatments were then randomly assigned to four fridges (2.2±1.4°C and 60.8±13.0% RH). 

After each storage duration (12-weeks), acorns were withdrawn from treatments to track 

changes in seed quality as follows: 20 acorns for moisture content, 20 acorns for electrical 

conductivity, and 120 acorns (30 x 4 replicates) for germination tests in the laboratory; see 

Appendix 1 for more detail.  

Statistical analysis 

Data from the experiments were analysed using statistical models from the R package (R 

Core Team, 2016); more detail on this can be found in Appendix 2. Factors were 

considered statistically significant if P≤0.05. 

OBJECTIVE 1.1. COATINGS TO REDUCE WATER LOSS OF ACORNS  

Methods – Coatings 

The control acorns were stored loosely in 16 trays to provide baseline quality data while the 

remaining acorns were treated with four products (1:10 dilution Wilt-pruf S600®, bees-, 

soya- or microcrystalline wax (Table 2), which were applied as a partial (cup scar end = 

half) (Figures 1a-d) or entire coating (whole) (Figures 1e-i). There were 1000 acorns per 

treatment.  

Table 2. Characteristics of different products used in the experiment. 

Coating Supplier Congealing point (°C) 

Wilt-pruf S600®
 
(1:10 dilution)

 
Vitax Grower, Leicester n/a 

Beeswax (WHC059) 
Willam Hodgson & Co, 

Cheshire 

- 
Soyawax (WHC690) 36-40 
Microcrystalline wax (Techniwax 9356) 70-77 

 
Results – Coatings 

1. Moisture content 

Figure 2 shows that moisture content of control and treated acorns decreased with 

increasing storage duration. However, there were significant differences between 

treatments. Most treatments, including all the half coated acorns, lost moisture at a similar 

rate to the controls except for two (bees- and microcrystalline waxes whole), which had 

significantly higher moisture contents during storage (i.e. the interaction of storage duration 

and treatment was significant at P<0.001). 
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Figure 2. Wax data best fit model for moisture content, predicted by storage duration and treatment. Coloured 
ribbons indicate 95% confidence intervals. Microwax = microcrystalline wax 

 
2. X-rays  

Figure 3 shows that seed occupancy of control acorns decreased from 80% to 62% during 

storage. The partially coated acorns followed a similar trend. However, acorns entirely 

coated with bees- and microcrystalline waxes had significantly higher seed occupancy after 

48 and 60 weeks compared with the other treatments (i.e the interaction of storage duration 

and treatment was significant at P<0.001).  

 

Figure 3. Coating data plot of seed occupancy (%) by storage duration and treatment. Lettering (lowercase) 
refers to significant differences within storage durations; lettering (uppercase) refers to significant differences 
across storage durations. Error bars = 95% confidence intervals. Microwax = microcrystalline wax 
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3. Electrical conductivity 

Figure 4 shows the effect of storage duration on the probability of solute leakage across all 

treatments. Between 12 and 60 weeks storage there was no significant difference indicating 

that this measure of seed quality is perhaps not a good measure of viability.  

 

Figure 4. Coating data plot of percentage of acorns with solute leakage by storage duration. Lettering 
(lowercase) refers to significant differences across storage durations. Error bars = 95% confidence intervals. 

4. Germination 

Figure 5 shows the cumulative germination of control and treated acorns after different 

storage durations (0-60 weeks). In general, germination was similar for control and seven 

treatments at time 0 with the exception of acorns entirely coated with bees- or 

microcrystalline waxes. In all other treatments, there was some germination after 12-weeks 

storage but little or no germination after longer storage durations. In contrast, acorns 

entirely coated with bees- or microcrystalline waxes had 8.3% and 6.7% germination 

respectively after 60-weeks storage.   
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Figure 5. Cumulative germination (mean values of four replicates) for each of the acorn covering treatments over 
60 weeks storage. Error bars = 95% confidence intervals. Microwax = microcrystalline wax 

 
Figure 6 shows that there was a clear (sigmoidal) relationship between germination and 

moisture content. Percent germination decreased rapidly between 35-45%, and therefore, 

38% was used as the critical threshold below which there was less than 50% germination. 

The bees wax whole and microcrystalline wax whole treatments were excluded from this 

analysis because the acorns had trapped radicles. 
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Figure 6. Coating data best fit model for germination capacity, predicted by moisture content. Grey ribbon 
indicates 95% confidence intervals. Fill for data points indicates inclusion/exclusion from the best fit model (filled 
= included, unfilled = excluded, see text).  

Discussion – Coatings 

There is a relationship between temperature and relative humidity, which in turn influences 

moisture content of recalcitrant seeds during storage. The control acorns had 43% moisture 

content and 88% germination at time 0. After 12-weeks storage, the acorns had lost water 

rapidly, dropping below the critical threshold (circa. 38%), which resulted in corresponding 

losses in germination. During the following weeks, moisture content decreased even further, 

and thus, most control acorns failed to germinate during subsequent tests. In some cases, 

control acorns split, exposing the seeds to dry air (Figure 7a). A few acorns, however, 

germinated despite these low moisture contents.  

The acorns coated partially with bees-, microcrystalline-, or soya waxes desiccated at 

similar rates to control acorns regardless of wax type. This indicates that water loss occurs 

over the entire pericarp not just through the cup scar. In Quercus species, the cup scar is 

often the main route for water movement and influences rates of water uptake and loss (Xia 

et al., 2012b). In Q. suber, for instance, the cup scar not only lacks a thick protective cuticle 

but also contains large xylem vessels, which potentially provides a pathway for water loss 

(Sobrino-Vesperinas & Viviani, 2000).  
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Figure 7. A - Control acorn that has split, exposing seed, B - Acorn coated entirely with soya wax that is covered 
with superficial mould, C – Seedling from acorn entirely coated with soya wax, D – Acorn entirely coated with 
microcrystalline wax with trapped radicle, E – De-capped acorn coated entirely with bees wax germinating; and 
F – producing shoots, G – Acorn with necrotic embryo due to fermentation, H – Acorns succumbed to Ciboria 
batschiana. 
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The acorns coated entirely with waxes had moisture contents of 43-45% at time 0. During 

storage, however, the acorns responded differently depending on wax type. This reflected 

the chemical and physical properties, which in turn influenced the thickness and pliability of 

the coatings. Soya wax formed thin, brittle coatings, which flaked off during storage. At time 

0, therefore, the acorns coated entirely with soya wax germinated as readily as the control 

acorns (Figure 7c). During storage, however, soya wax proved ineffective at reducing 

desiccation, resulting in a corresponding loss in germination capacity within 12 weeks. In 

addition, soya wax appeared to be susceptible to superficial fungal infection during 

germination tests (Figure 7b).  

In contrast, bees- and microcrystalline waxes formed thicker coatings, which reduced 

desiccation in entirely coated acorns. The moisture contents, therefore, were close to the 

critical threshold even after 60-weeks storage. However, these acorns often struggled to 

germinate as the wax prevented the radicles from emerging (Figure 7d). This was largely 

due to mechanical resistance as some ‘de-capped’ acorns subsequently germinated 

although very slowly (Figures 7e and f). During longer storage durations, however, these 

acorns gradually lost viability due to fermentation. After 60-weeks storage, cut-tests showed 

that only 25-35% acorns were viable while the remaining non-viable acorns had necrotic 

embryos.  

The anti-transpirant, Wilt-pruf S600®, resulted in very glossy, slightly sticky acorns. This 

natural product forms a soft, flexible film when applied in water-based solutions (Wiltpruf – 

Plant Protector [2017]). On application, the film starts to polymerize into a longer chain, 

higher weight molecule. This does not occur at the same rate with the surface layer 

undergoing rapid polymerization in contrast to the contact layer. This anti-transpirant was 

not harmful to acorns, which germinated successfully at time 0. During storage, however, 

the acorns coated entirely or partially with Wilt-pruf S600® lost water and viability at similar 

rates to the control acorns.  

Overall, there was a sigmoidal relationship between moisture content and germination for 

the control and six treatments. For two treatments, however, there was no clear relationship 

between moisture content and germination. After 60-weeks storage, the acorns coated 

entirely with bees- or microcrystalline wax still had moisture contents above the critical 

threshold. These wax coatings, however, not only hampered germination but later promoted 

fermentation due to oxygen depletion.  

In general, desiccation was the major cause of acorn death. The x-ray images provided a 

snapshot of desiccation during storage. At time 0, control acorns had a seed occupancy of 
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80%, dropping to 62%. During storage, however, percentage seed occupancy decreased at 

different rates depending on treatment. Thus, acorns coated entirely with bees- or 

microcrystalline waxes had higher seed occupancies than other treatments, which reflects 

the higher moisture contents particularly at longer storage durations. In terms of solute 

leakage there was no significant relationship between treatments and storage duration. For 

acorns coated entirely with bees- and microcrystalline waxes, this may have been due to 

solutes being trapped inside the wax coatings. 

OBJECTIVE 1.2. – BAGS TO REDUCE RESPIRATION OF ACORNS 

Methods – Bags 

Control acorns were stored loosely in trays while the remaining acorns were packed into 

four types of bags (200 acorns per bag) (Table 3). There were 6 bags per treatment. 

Table 3: Characteristics of different bags used in the experiment. 

Trade name 
(* = samples only) 

Polymer 
Thickness 

(µm) 
Perforations 

(psi) 

- Polyethylene 125  0 
Sira-Flex

TM
Resolve®  Biopolymer  25 0 

Sira-Flex
TM

Resolve® Biopolymer 25 25 
Sirane Self Seal Cook Bag

* 
Polyester with aluminum oxide ~32 0 

 

Results – Bags  

1. Moisture content 

Figure 8 shows that the moisture content of control acorns decreased with increasing 

storage duration. Generally the acorns stored in perforated and non-perforated biopolymer 

bags followed a similar trend although moisture content was higher than the corresponding 

control acorns. In contrast, the moisture content of acorns stored in polyethylene or 

polyester bags increased significantly with increasing storage duration (i.e. the interaction of 

storage duration and treatment was significant at P=0.05). 

2. X-rays 

Figure 9 shows that seed occupancy of control acorns decreased significantly from 80 to 

62% during storage. The acorns stored in perforated and non-perforated biopolymer bags 

followed a similar trend. In contrast, seed occupancy of acorns stored in polyethylene or 

polyester bags remained constant during storage. 
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Figure 8. Bag data best fit model for moisture content, predicted by storage duration and treatment. Coloured 
ribbons indicate 95% confidence intervals.  
 
 
 

 

 

Figure 9. Bag data plot of seed occupancy (%) by storage duration and treatment. Lettering (lowercase) refers to 
significant differences within storage durations; lettering (uppercase) refers to significant differences across 
storage durations. Error bars = 95% confidence intervals.  
 

Biopolymer (non-perforated)
Biopolymer 
(perforated)

PolyesterPEControl
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3. Electrical conductivity  

Figure 10 shows that there was no significant relationship between storage duration and 

solute leakage.  However, there was a great deal of variation between treatments and 

notably soluate leakage of acorns stored in polyester bags increased with storage duration. 

 

Figure 10. Bag data plot of proportion of acorns with solute leakage by storage duration and treatment. Lettering 
(lowercase) refers to significant differences within storage durations; lettering (uppercase) refers to significant 
differences across storage durations. Error bars = 95% confidence intervals.  

4. Germination 

Figure 11 shows the cumulative germination of control acorns after different storage 

durations. In general, germination decreased rapidly with increasing storage duration. The 

acorns stored in biopolymer (perforated and non-perforated) and polyethylene bags 

followed similar trends. In contrast, germination in polyester bags remained  constant during 

storage. In this particular treatment, fungal infection was a problem. Infected acorns (circa. 

16-18%) were not sown, and therefore, germination percent was adjusted accordingly. 

Figure 12 shows that there was a clear (sigmoidal) relationship between moisture content 

and germination for the acorns stored in different bags. Data for the Polyethylene bags were 

excluded due to acorn fermentation.  
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Figure 11. Bag data plot of cumulative germination (mean values per four replicates) by storage duration and 
treatment. Error bars = 95% confidence intervals.  
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Figure 12. Bag data best fit model for germination capacity, predicted by moisture content. Grey ribbon indicates 
95% confidence intervals. Fill for data points indicates inclusion/exclusion from the best fit model (filled = 
included, unfilled = excluded, see text).  

Discussion – Bags 

The shelf-life of acorns varied significantly depending on bag type. The bags had different 

properties, which interacted with the respiring acorns to passively modify the storage 

atmosphere. This in turn influenced not only desiccation but also respiration and 

fermentation. 

The acorns stored in polyethylene bags lost viability rapidly even though moisture content 

remained above the critical threshold (circa. 38%). After 12-weeks storage, germination 

capacity was only 39%, dropping even further during the subsequent weeks. This was 

largely due to fermentation as the gas atmosphere was starved of oxygen in the sealed 

bags. These acorns were characterised by necrotic embryos (Figure 7g).  

The acorns stored in biopolymer bags also lost viability rapidly, which was due to 

desiccation in both perforated and non-perforated biopolymer bags. In non-perforated bags, 

however, there was also some fermentation particularly at the longer storage durations. 

These bags are constructed from a plant-derived polymer, which is permeable to water, 

oxygen and carbon dioxide. This reduces potential problems with condensation and fungal 

infection (Shamash, 2012).  

The acorns stored in polyester bags had high moisture contents. After 12-weeks storage, 

acorns germinated rapidly and uniformly, which suggests that these were ‘primed’ for 

germination. The acorns often chitted but the radicles did not elongate further. This may be 

due to ethylene, which is a potential germination inhibitor. However, the acorns were prone 

to fungal infection (Figure 7b), which caused large losses (16-18%). Nonetheless, 

germination remained at similar levels (47- 52%) even after 60-weeks storage.  

In general, desiccation was less of a problem when acorns were stored in polyethylene or 

polyester bags. This was reflected in the data for seed occupancy, which remained higher 

than the control acorns during storage. In contrast, seed occupancy decreased to similar 

levels to control acorns when acorns were stored in biopolymer bags (perforated or non-

perforated). The probability of solute leakage though was higher for acorns in polyester 

bags possibly due to confounding by fungal infection. This confirms that solute leakage was 

not a good indicator of acorn viability. 
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OBJECTIVE 3. – TO DETERMINE THE SEEDLING PERFORMANCE OF TREATED 

ACORNS UNDER NURSERY CONDITIONS. 

Methods – Nursery trial 

Control and treated acorns were also tested in a nursery trial at Cheviot Trees, near 

Berwick-upon-Tweed in the Scottish Borders. In autumn, control acorns were sown in plug 

trays (25 acorns per tray), which were arranged as a block in the polytunnel. In spring (after 

16-weeks storage), acorns from the storage treatments were sown as above (6 trays per 

treatment) in two randomized blocks. The first block had 9 treatments (4 coatings x 2 [partial 

and whole] plus control) and the second block had 5 treatments (4 bags plus control). The 

autumn-sown control acorns were then re-arranged as a buffer between and around the two 

blocks. In December 2016 the seedlings were counted and graded into three categories (> 

40cm, 20-40cm and < 20cm) as per industry standards. 

Results – Nursery trial 

The control acorns sown in autumn were common to both parts of the study. Table 4 shows 

that the control acorns sown in autumn had a total seedling emergence of 54% but only 

46% were classed as saleable (i.e.>20 cm height) . The majority of these saleable seedlings 

were between 20-40 cm tall. The control acorns sown in spring produced only 12% saleable 

seedlings, which was largely due to the high number of empty plugs (88%). The best 

coating treatment was microcrystalline wax whole, which produced 36% seedlings, the 

majority of which were graded as saleable (30%).  

Table 4. Effects of coating treatment and 16-weeks storage on percentage seedlings 
in each category at December 2016.   
 

 
Percentage seedlings in each category 

 Saleable seedlings (%) Failures/unsaleable seedlings  

Treatment >40 cm 
20-40 
cm 

Total 
Failures/Empty 

cells 
<20 
cm 

Total 

Control (Autumn)* 19 27 46 46 8 54 

Control (Spring) 1 11 12 87 1 88 

Partially-coated with:  

Bees  1 7 8 89 3 92 

Microcrystalline  2 16 18 81 1 82 

Soya  3 14 17 81 2 83 

Wiltpruf ® 3 17 20 75 5 80 

Entirely coated with:  

Bees  2 14 16 77 7 84 

Microcrystalline  9 21 30 64 6 70 

Soya  2 15 17 81 2 83 

Wiltpruf ® 1 7 8 90 2 92 

* common control (autumn). 
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Table 5 shows the the control acorns sown in spring produced only 12% saleable seedlings. 

The best treatment was acorns stored in perforated biopolymer bags, which resulted in 35% 

saleable seedlings. The bulk of these saleable seedlings were between 20-40 cm tall.  

 
 
 
Table 5. Effects of bag treatment and 16-weeks storage on percentage seedlings in 
each category at December 2016.   
 

 
Percentage seedlings in each category 

 Saleable seedlings (%)  Failures/unsaleble seedlings  

Treatment >40 cm 20-40 cm Total 
 Failures/ 

Empty cells 
<20 cm Total 

Control (Autumn) 19 27 46  46 8 54 

Control (Spring) 1 11 12  87 1 88 

Polyethylene 1 2 3  97 0 97 

Polyester 2 9 11  88 1 89 

Biopolmer Non-
Perforated 

0 0 0 
 

100 0 100 

Biopolymer Perforated 9 26 35  63 2 65 

* common control (autumn) 

Discussion - Nursery trials 

In commercial nurseries, nursery managers usually select germinating acorns for sowing to 

maximise crop production. Thus, it is expected that about 50-65% of an acorn seedlot will 

produce saleable seedlings depending on seed source and quality. As the initial seedlot in 

this project had 88% viable acorns, it would not be unreasonable for it to produce 44-57% 

saleable seedlings. The control acorns sown in autumn produced 46% saleable seedlings of 

which 19% were taller than 40cm. In contrast, acorns coated entirely in microcrystalline wax 

produced 30% saleable seedlings. In general, seedling emergence for acorns entirely 

coated with bees- or microcrystaline waxes was slow and as a result trays were often 

covered with thick moss plugs. The acorns stored in perforated biopolymer bags, produced 

35% saleable seedlings while those in non-perforated biopolymer bags failed completely. 

Regardless of treatment, the quality of saleable seedlings was comparable with that of the 

control acorns sown in autumn. In all treatments, the proportion of seedlings below the 

saleable height threshold was low. In some cases, seedlings below this height threshold are 

retained for another season.  

CONCLUSIONS 

Oak fruiting is often irregular, resulting in poor seed crops during intermast years. In 

addition, acorns are difficult to store without significant loss of seed quality. As a result, 
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seed traders cannot easily stockpile acorns collected in mast years for use during inter-mast 

years, which results in supply and demand problems for nursery traders.  

However, the shelf-life of acorns is strongly influenced by moisture content, which in turn is 

affected by storage conditions particularly temperature and relative humidity. In addition, 

acorns respire producing by-products that modify storage conditions. The type and intensity 

of respiration is also influenced by temperature and gas atmosphere. Thus the challenge is 

to provide ‘wet storage’ conditions, which have: 

1. high humidity to reduce water loss from acorns but not free water that promotes 

fungal infection; 

2.  low temperature to reduce respiration and premature germination of acorns; 

3. adequate gas exchange to prevent fermentation of acorns due to oxygen 

starvation. 

This project confirmed that pedunculate oak acorns are difficult to store for longer than 

several months without significant crop losses due to desiccation, fermentation, fungal 

infection and premature germination. Desiccation below the critical threshold (circa. 38%), 

in particular, resulted in rapid decreases in germination of stored acorns regardless of 

treatment. However, the two approaches used in this study provided useful new information, 

indicating potential areas for further research and development. 

Firstly, coating acorns entirely with bees- or microcrystalline-wax reduced desiccation 

during storage and maintained viability for up to 36-weeks. These coatings, however, 

hampered subsequent germination largely due to mechanical resistance, which trapped 

radicles. However, this could be overcome by partially removing the wax at the apex of 

acorns or developing methods that result in thinner/weaker coatings. With longer storage 

durations, acorns subsequently lost viability due to fermentation. It may be possible to solve 

both problems by modifying the wax formulations. 

Secondly, storing acorns in polyester bags maintained high moisture content for 60-weeks. 

Critically, germination remained constant between 47-52% from 24-to 60 weeks storage. 

This suggests that acorns reached a steady-state in these polyester bags. It is possible that 

germination could be close to the target 70% if the fungal infection that caused 16-18% 

losses in this treatment was controlled more effectively during storage.    

KNOWLEDGE AND TECHNOLOGY TRANSFER 

 McCartan, S.A. and Needham, R.H. (2017). Acorn storage: a project to extend shelf-life. 

Woodland Heritage pp. 100-101. 

 McCartan, S.A. (2017). A fresh start for oaks. AHDB Grower July/August pp.12-13. 



 

  Agriculture and Horticulture Development Board 2017. All rights reserved  29 

 

ACKNOWLEDGEMENTS 

This project (HNS197) was jointly funded by Agricultural and Horticultural Development 

Board, Forestry Commission Scotland, Future Trees Trust, Woodland Heritage and 

Woodland Trust. The industry representatives, Sam Firkins and Alice Snowden, provided 

advice and assistance during the project. The mention of a product name is for information 

only and does not imply endorsement.  



 

  Agriculture and Horticulture Development Board 2017. All rights reserved  30 

 

REFERENCES 

Akimoto, T., Cho, S., Yoshida, H., Furuta, H., Esashi, Y. (2004). Involvement of acetaldehyde in 
seed deterioration of some recalcitrant woody species through the acceleration of aerobic 
respiration. Plant Cell Physiology 45:201-10. 

Berjak, P. and Pammenter, N.W. (1994). Recalcitrance is not an all-or-nothing situation. Seed 
Science Research 4:263-264. doi: 10.1017/S0960258500002257. 

Berjak, P. and Pammenter, N.W. (2008). From Avicennia to Zizania: Seed Recalcitrance in 
Perspective. Annals of Botany, 101 :213—228. http://doi.org/10.1093/aob/mcm 168. 

Berjak, P. and Pammenter, N.W. (2013). Implications of the lack of desiccation tolerance in 
recalcitrant seeds. Frontiers in Plant Science 4:1-9. 

Bonner, F. T. (1974). Maturation of acorns of cherrybark, water, and willow oaks. Forest Science 20: 
238-242. 

Bonner, F. T. (1976). Maturation of Shumard and White Oak acorns. Forest Science 22:149-154. 

Bonner, F. T. (1982). The effect of damaged radicles of presprouted red oak acorns on seedling 
production. Tree Planters Notes 33:13-15. 

Bonner, F.T. (1984). Testing for seed quality in Southern oaks. USDA Research Note SO-306:1-6. 

Bonner, F.T. (1990). Storage of seeds potential and limitations for germplasm conservation. Forest 
Ecology and Management 35:35-43. 

Bonner, F.T. (1996). Responses to drying of recalcitrant seeds of Quercus nigra L. Annals of Botany 
78:181-187. 

Bonner FT. (20080. Storage of seeds. In: Bonner FT, Karrfalt RP, editors. The woody plant seed 
manual. Washington (DC): USDA Forest Service Agriculture Handbook 727. p 85—96. 

Bonner, F. T. and Vozzo, J.A. (1987). Seed biology and technology of Quercus. General Technical 
Report SO-66. New Orleans: USDA, Forest Service, Southern Forest Experiment Station. 

Brookes, P.C. and Wigston, D.L. (1979). Variation of morphological and chemical characteristics of 
acorns from populations of Quercus petraea (Matt.) Liebl., Q. robur L. and their hybrids. Watsonia 
12: 315-324. 

Brown, J.W. (1939). Respiration of acorns as related to temperature and after-ripening. Plant 
Physiology 14: 621-645. 

Connor, K.F., Bonner, F.T. and Vozzo, J.A. (1996). Effects of desiccation on temperate recalcitrant 
seeds: differential scanning calorimetry, gas chromatography, electron microscopy, and moisture 
studies on Quercus nigra and Quercus alba. Canadian Journal of Forest Research 26: 1 813-1821. 

Daws, M.I., Lydall, E., Chmielarz, P., Leprince, O., Matthews, S., Thanos, C.A. and Pritchard, H.W. 
(2004a). Developmental heat sum influences recalcitrant seed traits in Aesculus hippocastanum 
across Europe. New Phytologist 162:157-166. 

Daws, M.I., Gaméné, C.S., Glidewell, S.M. and Pritchard, H.W. (2004b). Seed mass variation 
potentially masks a single critical water content in recalcitrant seeds. Seed Science Research 
14:185-195. doi:10.1079/SSR2004168. 

Deng, M., Zhou, Z-K. and Coombes A. (2006). Taxonomic notes on the genus Cyclobalanopsis. 
Annales Botanici Fennici 43:57-61. 

Devine, W.D., Harrington, C.A. and Kraft, J.M. (2009). Acorn storage alternatives tested on Oregon 
white oak. Native Plants 11:65-76. 

Dey, D.C. (1995). Acorn production in red oak. Ontario Ministry of Natural Resources, Ontario Forest 
Research Institute, Sault Ste. Marie, Ontario, Forest Research Information Paper No. 127, 22pp. 

Diaz-Pontones, D.M., Reyes-Jaramillo, l. (2012). Controllable storage conditions increase survival 
and germination rates of Quercus hintonii acorns. Current Topics in Plant Biology 1 3: 45-55. 

Doody, C.N. & O’Reilly, C. (2008). Drying and soaking pretreatments affect germination in 
pedunculate oak. Annals of Forest Science 65: 505-509 

http://doi.org/10.1093/aob/mcm%20168


 

  Agriculture and Horticulture Development Board 2017. All rights reserved  31 

 

https://doi.org/10.1051/forest:2008027 
 
Ellis, J. (1759-1760). An account of some experiments relating to the preservation of seeds: in two 
letters to the right honourable the Earl of Macclesfield, President of the Royal Society. Philosophical 
Transactions 51: 206-211. http://www.jstor.org/stable/105369 

Ellis, J. (1770). The copy of a letter from John Ellis, Esq: F.R.S. to Mr. William Aiton, Botanic 
gardener to Her Royal Highness the Princess Dowager of Wales, at Kew, on a New Species of 
Illicium linnaie, or starry aniseed tree, lately discovered in West Florida. Philosophical Transactions 
60: 524-531. 

Finch-Savage, W.E. and Blake, P.S. (1994). Indeterminate development in desiccation-sensitive 
seeds of Quercus robur L. Seed Science Research 4:127—133. doi: 10.1017/S0960258500002129. 

Fox, J. and Weisberg, S.  (2011). An {R} Companion to Applied Regression, Second  Edition. 
Thousand Oaks CA: Sage. URL: 
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion 

Goodman, R.C., Jacobs, D.F. and Karrfalt, R.P. (2006). Using X-Ray Image Analysis to Assess the 
Viability of Northern Red Oak Acorns: Implications for Seed Handlers. In: Riley, L . E.; Dumroese, R. 
K.; Landis, T. D., tech. coords.   2006. National Proceedings: Forest and Conservation Nursery 
Associations—2005. Proc. RMRS-P-43. Fort Collins, CO: U.S. Department of Agriculture, Forest 
Service, Rocky Mountain Research Station. 160 p.: http:/ 
/www.rngr.net/nurseries/publications/proceedings 

Gosling, P.C. (1989). The effect of drying Quercus robur acorns to different moisture contents, 
followed by storage, either with or without imbibition. Forestry 62:41-50. doi: 10.1093/forestry/62.1.41 

Graves, S. Piepho, H.-P. and Selzer, L. with help from Sundar Dorai-Raj  (2015). multcompView: 
Visualizations of Paired Comparisons. R package version 0.1-7.  http://CRAN.R-
project.org/package=multcompView 
 
Gucker, C.L. (2011). Quercus macrocarpa. In: Fire effects information system, [Online]. U.S. 
Department of Agriculture, Forest Service, Rocky Mountain Research Station, Fire Sciences 
Laboratory (Producer). Available: http://www.fs.us/database/feis/{2017, July 25]. 

Guthke, J. and Spethmann, W. (1993). Physiological and pathological aspects of long-term storage 
of acorns. Annales des Sciences Forestiéres 384s-387s. 

Hong, T.D. and Ellis, R.H. (1996). A protocol to determine seed storage behaviour. IPGRI Technical 
Bulletin No. 1. (J.M.M. Engels and J. Toll, vol. eds.) International Plant Genetic Resources Institute, 
Rome, Italy. 

Hong, T.D., Linington, S. and Ellis, R.H. (1996). Seed Storage Behaviour: A Compendium. 
Handbooks for Genebanks: No. 4. International Plant Genetic Resources Institute, Rome. 

lakovoglou, V., Misra, M.K., Hall, R.B. and Knapp, A.D. (2010). Alterations of seed variables under 
storage in nitrous oxide (N20) atmospheres for two recalcitrant Quercus species. Scandinavian 
Journal of Forest Research 26:24-30. 

Kaul, R.B. (1985). Reproductive morphology of Quercus (Fagaceae). American Journal of Botany 
72.1962-1977. 

Knudsen, I.M.B., Thomsen, K.A., Jensen, B., and Poulsen, K.M. (2004) Effects of hot water 
treatment, biocontrol agents, disinfectants and a fungicide on storability of English oak acorns and 
control of the pathogen, Ciboria batschiana. Forest Pathology 34: 47-64. 

Koenig, W. D., R. L. Mumme, W. J. Carmen and M. T. Stanback. (1994). Acorn production by oaks 
in central coastal California: variation within and among years. Ecology 75:99-109. 

Korstian, C.F. (1927). Factors controlling germination and early survival in oaks. Yale University: 
School of Forestry Bulletin 19, 1 15pp. 

Lenth, R. (2015). lsmeans: Least-Squares Means. R package version 2.20-23. http://CRAN.R-
project.org/package=lsmeans 

https://doi.org/10.1051/forest:2008027
http://www.jstor.org/stable/105369
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
http://cran.r-project.org/package=multcompView
http://cran.r-project.org/package=multcompView
http://www.fs.us/database/feis/%7b2017
http://cran.r-project.org/package=lsmeans
http://cran.r-project.org/package=lsmeans


 

  Agriculture and Horticulture Development Board 2017. All rights reserved  32 

 

Morgan, D.L. and Brubaker, T.P. (1986). Dehydration effects on germination of live oak seed. 
Journal of Environmental Horticulture 4:95-96. 

Murphy, K.S. (2014). To make Florida answer to its name: John Ellis, Bernard Romans and the 
Atlantic science of British West Florida. British Society for History of Science 47: 43-65. 

Noland, T.L., Morneault, A.E., Dey., D.C. and Deugo, D. (2013). The effect of storage temperature 
and duration on northern red oak acorn viability and vigour. The Forestry Chronicle 89: 769-776. 

Nixon, K.C. (1993). Infrageneric classification of Quercus (Fagaceae) and typication of sectional 
names. Annales des Sciences Forestiéres 50:Supp11 : 25s-34s 

Nixon, K.C. (2002). The Oak (Quercus) biodiversity of California and adjacent regions. USDA Forest 
Service Gen Tech Rep PSW-GTR-184:3-20 

Nyandiga, C.O. and McPherson, G.R. (1992). Germination of two warm-temperate oaks, Quercus 
emoryi and Quecus arizonica. Canadian Journal of Forest Research 22: 1395-1401. 

Oldfield, S. and Eastwood, A. (2007). The Red List of Oaks. 
http://www.bqci.orq/files/Worldwide/Publications/the red list of oaks.pdf. Accessed 1/7/16 

Olson, D.F. (1974). Quercus L. oak. In Seeds of woody plants in the United States. U.S. Dep. Agric. 
Handbook. 450:692-703. 

Olson, D.F. and Boyce, S.G. (1971). Factors affecting acorn production and germination and early 
growth of seedlings and seedling sprouts. In: Oak Symposium Proceedings. 1971 

August 16-20; U.S. Department of Agriculture, Forest Service, Northeastern Forest Experiment 
Station: Upper Darby, PA. 44-48. http://www.treesearch.fs.fed.us/pubs/14474 

Pasquini, S., Braidot, E., Petrussa, E. and Vianello, A. (201 1). Effect of different storage conditions 
in recalcitrant seeds of holm oak (Quercus ilex L.) during germination. Seed Science and 
Technology 39: 165-177. 

Pasquini, S., Mizzau, M., Petrussa, E., Braidcot, E., Patui, S., Gorian, F., Lambardi, M. and Vianello, 
A. (2012). Seed storage in polyethylene bags of a recalcitrant species (Quercus ilex): analysis of 
some bio-energetic and oxidative parameters. Acta Physiologiae Plantarum 34: 1963— 1974. 

Pérez-Ramos, l. M., Aponte, C., Garcia, L. V., Padilla-Diaz, C. M., & Maraäön, T. (2014). Why Is 
Seed Production So Variable among Individuals? A Ten-year Study with Oaks Reveals the 
Importance of Soil Environment. PLoS ONE, 9(12), el 15371. http://doi.orq/10.1371 
/iournal.pone.0115371  

Pons, J. and Pausas, J.C. (2012). The coexistence of acorns with different maturation patterns 
explains acorn production variability in cork oak. Oecologia. 169:723-31. doi: 10.1007/s00442-01 
12244-1 

R Core Team (2016). R: A language and environment for statistical computing. R Foundation for 
Statistical Computing,  Vienna, Austria. URL https://www.R-project.org/. 

Rink, G. and Williams, R.D. (1984). Storage technique affects white oak acorn viability. Tree Planters 
Notes 35:3-5. 

Row, J.M., Geyer, W.A. and Nesom, G. (2012). Plant guide for bur oak (Quercus macrocarpa 
Michz.). USDA-Natural Resources Conservation Service, Manhattan, KS 66502.  

Schröder, T. (2002). On the geographic variation of Ciboria batschiana (Zopf) Buchwald, the main 
pathogenic fungus on acorns of Quercus robur and Q. petraea in Europe.Dendrobiology 47: 13-19. 

Schroeder, W. R. and Walker, D.S. (1987). Effects of moisture content and storage temperature on 
germination of Quercus macrocarpa acorns. Journal of Environmental Horticulture 5: 22-24. 

Shamash J. (2012). Fresh produce labelling and packaging - Fresh ideas.  
http://www.hortweek.com/fresh-produce-labelling-packaging-fresh-ideas/retail/article/1131897. 
Accessed 5 August 2017. 

Sobrino-Vesperinas, E. and Viviani, A.B. (2000). Pericarp micromorphology and dehydration 
characteristics of Quercus suber L. acorns. Seed Science Research 10: 401-407. 

http://www.bqci.orq/files/Worldwide/Publications/the%20red%20list%20of%20oaks.pdf
http://www.treesearch.fs.fed.us/pubs/14474
https://www.r-project.org/
http://www.hortweek.com/fresh-produce-labelling-packaging-fresh-ideas/retail/article/1131897


 

  Agriculture and Horticulture Development Board 2017. All rights reserved  33 

 

Sork, V.L. and Bramble, J.E. (1993). Prediction of acorn crops in three species of North American 
oaks Quercus alba, Q. rubra, and Q. velutina. Annales des Sciences Forestieres 50 (Suppl.) 1 •.1 
28-1 36. 

Suszka, B., Muller, C. and Bonnet-Masimbert, M. (1996). Seeds of forest broadleaves from hatvest 
to sowing. pp 247-259. INFRA, France. 

Suszka, B, and Tylkowski, T. (1980). Storage of acorns of the English oak (Quercus robur L.) over 1-
5 winters. Arboretum Körnickie 25:129-229. 

Suszka, B, and Tylkowski, T. (1982). Storage of acorns of the northern red oak (Quercus borealis 
Michx. = Q. rubra L.) over 1-5 winters. Arboretum Körnickie 26:253-306. 

Tylkowski, T. and Wrzeéniewski, W. (1986). Respiration intensity of northern red oak (Q. rubra L.) 
embryo axes during the overcoming of dormancy. Arboretum Körnickie 31:297-302. 

Wickham, H. (2009) ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York 

Willan, R.L. (1987). A guide to forest seed handling with special reference to the tropics. Chpt 7: See
d Storage. FAO Forestry Paper 20/2.   
http://www.fao.orq/docrep/006/ad232e/AD232EOO.htm#TOC 

Wirges, G. and Yeiser, J. (1984). Stratification and germination of Arkansas oak acorns. Tree 
Planter's Notes 35:36-38. 

Wiltpruf – Plant Protector (2017) http://www.wiltpruf.com/home/properties.aspx. Accessed 5 August 
2017 

Xia, K., Seal, C.E., Chen, W.-Y., Zhou, Z.-K. and Pritchard, H.W. (2010). Fruit oil contents of the 
genus Quercus (Fagaceae): A comparative study on acorns of subgenus Quercus and the Asian 
subgenus Cyclobalanopsis. Seed Science and Technology 38: 136-145. 

Xia, K., Daws, M.I., Hay, F.R., Chen, W.-Y., Zhou, z.-K., and Pritchard, H.W. (2012a). A comparative 
study of desiccation responses of seeds of Asian Evergreen Oaks, Quercus subgenus 
Cyclobalanopsis and Quercus subgenus Quercus. South African Journal of Botany 78: 47-54. 

Xia, K., Daws, M.I., Stuppy, W., Zhe-Kun, Z. and Pritchard, H.W. (2012b). Rates of water loss and 
uptake in recalcitrant fruits of Quercus species are determined by pericarp anatomy. PLoS ONE 
7(10)e47368. Doi:10.1371/journal.pone.00477368.  

  

http://www.fao.orq/docrep/006/ad232e/AD232EOO.htm#TOC
http://www.wiltpruf.com/home/properties.aspx.%20Accessed%205%20August%202017
http://www.wiltpruf.com/home/properties.aspx.%20Accessed%205%20August%202017


 

  Agriculture and Horticulture Development Board 2017. All rights reserved  34 

 

APPENDIX 1 – SEED QUALITY TESTS 

1. Moisture content  

Twenty acorns (4 replicates of 5 acorns) were used to determine moisture content using the 

low constant oven method (17±2 hours at 103±2°C) (ISTA, 2003). Moisture content was 

calculated as a percentage fresh weight. Where applicable, wax was removed from acorns 

to accurately determine the fresh weight of acorns. 

2. X-rays  

Acorns (14-20) were x-rayed using a Faxitron MX20 (10s at 18-20kV). The resulting DICOM 

images were then manipulated to calculate percentage seed occupancy using image 

analysis software, ImageJ.  

Calculating seed occupancy using ImageJ software. 

Source data was taken in the form of the x-ray images used to assess seed quality. The 

images are in DICOM (*.dcm) file format (Digital Imaging & Communications in Medicine). 

Images saved in this format include all relevant data including patient/specimen, imaging 

equipment, hardware and image data in a single file. 

The methodology used was image analysis software. Software used is ‘ImageJ’ 1.49v. This 

software is written in JAVA and runs on Linux, Windows and Mac OSX, 32 and 64 bit 

systems. ImageJ and its JAVA source code are freely available and in the public domain; no 

licence is required. 

https://imagej.nih.gov/ij/download.html 

To obtain cross sectional area measurement data the following method was employed: 

1. IMAGE, DUPLICATE… Duplicate the image, so as not to alter the original image. 

2. Use IMAGE, TYPE, 8-Bit (converts the 16 bit image to 8 bits as some functions only 

work on 8 bit black on white images) 

3. Use the IMAGE, ADJUST, THRESHOLD function (to highlight the structure of the seed 

within the acorn) then APPLY this to the image after adjusting the slider accordingly on 

the default setting of the threshold. This will create an image with only the areas 

highlighted as a ‘silhouette’ using black and white pixels. 

4. From this image the ANALYZE, ANALYZE PARTICLES… produced a count of the 

particles (acorns) and the associated area is calculated automatically in a table 

5. Special attention is needed not to include unwanted structures, e.g. cup scars or wax 

cups that may appear in the seed image. These can be masked out using the software. 

6. The analysis was set up to exclude and partial images on the edges of the frame 

7. The data from the table can be exported to MS Excel 

https://imagej.nih.gov/ij/download.html
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8. Each acorn in both image sets was checked to ensure they matched and the table data 

manually adjusted if the automatic particle (acorn) numbering was out of sequence. 

9. This is repeated for the outer structure of the acorn and the data per acorn from each 

image compared, subtracted and calculated as percentage seed occupancy. 

3. Electrical conductivity/Solute leakage 

Twenty acorns were tested individually to detect solute leakage (Bonner, 1996). Acorns 

were soaked in 50ml of water for 24 hours at 27°C. Acorns were then removed and 

electrical conductivity (EC) of the water measured with a VWR CO30 conductivity meter. 

Results for solute leakage were expressed as microSiemens per gram (fw) (µS g-1). Acorns 

were then cut longitudinally and scored as dead, alive or fungal infected. Where applicable, 

wax was not removed from acorns. 

4. Germination 

Acorns (30 x 4 replicates) were sown horizontally in trays containing moistened potting mix 

(1:1 peat: grit [v/v]). The acorns were not covered with potting mix to enable assesments. 

The trays were placed in loosely tied polyethylene bags and then incubated at 20°C for 8-10 

weeks. Acorns were assessed twice weekly for germination. Germination was scored when 

acorns had chitted and radicles were 2mm or longer. At the end of germination tests, 

ungerminated acorns were cut and scored as dead or alive.  
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APPENDIX 2 - STATISTICAL ANALYSES 

Data from the experiments were analysed using using the following R packages (R Core 

Team, 2016). Factors were considered statistically significant if P≤0.05. 

Base R package (R Core Team, 2016) 

Package “car” (Fox & Weisberg, 2011) – ANOVA 

Package “ggplot2” (Wickham, H) 

Package “lsmeans” (Lenth, 2015) – least-square means 

Package “multcompView” (Graves et al., 2016) - least-square means lettering 

For all statistical analysis, coatings and bag data were treated as two separate data sets. 

For moisture and germination capacity data, there was a single replicate for each storage 

duration and treatment combination. As such, data could only be assessed using main 

effects, or by treating storage duration as a covariate within the model. Both model types 

were applied to the coatings and bag data, and the best fit model determined by assessing 

the residual deviance in the model. In each case, a generalised linear model (GLiM) with a 

logit-link function and binomial error, corrected for overdispersion (appropriate for 

proportional data) was applied to the data. The best fit model was determined using the F 

test statistic. The significance of the predictors for the best fit model was determined based 

on the likelihood ratio chi-square test statistics from the analysis of deviance, using the car 

package in R. Post hoc tests were conducted on the best fit model to estimate differences 

within significant factors, correcting for multiple comparisons using Bonferroni adjustments 

to the p value. 

Germination capacity followed a sigmoidal function with respect to moisture content, 

therefore this relationship was also described a generalised linear model (GLiM) with a logit-

link function and binomial error, corrected for overdispersion. The predict() function was 

used to plot the best fit model, with logit data being back-transformed to aid interpretation. 

For the cumulative data set, maximum germination capacity was determined from each 

sample and analysed following similar methodology as above. As the data were replicated, 

the effect of storage duration could be analysed as a factor with treatment interactions. 

Model fit was compared between treating storage duration as a factor or continuous 

covariate, with the best fit model determined from analysis of deviance following the same 

methodology as above. The significance of the predictors was determined using analysis of 

variance. Post hoc tests were conducted on the best fit model to estimate differences within 

significant factors, correcting for multiple comparisons using Bonferroni adjustments to the p 

value. 
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Solute leakage from acorns was assessed for both coatings and bag data. Due to the high 

number of zero values within the data set, solute leakage was treated as a simple binary 

yes/no response and analysed using a generalised linear model (GLiM) with a logit-link 

function and binomial error, following a similar methodology as above, with the inclusion of 

acorns being live or dead as a predictor. 

Seed occupancy was determined for both coatings and bag data. As these were also 

proportion data, the statistical analysis was the same as for the germination data, using a 

GLiM with a logit-link function and binomial error, corrected for overdispersion. 

 

 


