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Original Research Article 1 

Maternal effects (dormancy and) germination: Variation among crop years 2 

from a Pinus sylvestris clonal seed orchard 3 

 4 

ABSTRACT 5 

 6 

Maternal effects were assessed by germinating seeds sourced over multiple years from the same 7 

cloned mother trees, comparing germination capacity and rate between crop years. The 8 

relationships between climatic variables, seed characteristics and germination capacity were 9 

determined, and thermal time parameters were used to predict seed dormancy release and 10 

germination under the climatic conditions in the year after seed collection. There were significant 11 

differences in seed weight (P < 0.05), seed length and embryo occupancy (both P < 0.001) 12 

among crop years. Temperature during the seed development period explained 70 % of the 13 

variation in seed weight and 63 % of the variation in embryo occupancy. Germination capacity 14 

was significantly (P <0.001) different among crop years, among temperatures and among chilling 15 

durations, and thermal time requirements for germination increased from older (2007) to younger 16 

(2012) seeds. The mean base temperature without chilling was 7.1 °C, while after chilling it was 17 

4.6 °C and 3.6 °C for four and eight weeks chilling respectively. The mean thermal time to 50 % 18 

germination without chilling was 135.1 °Cd, while after chilling it was 118.3 °Cd and 154.0 °Cd 19 

for four and eight weeks chilling respectively. This experiment demonstrates that year-to-year 20 

differences in the environment experienced by mother trees during seed maturation can affect 21 

seed germination characteristics.  22 

 23 
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INTRODUCTION 27 

Seeds are the main means by which trees and forests produce future generations; therefore, 28 

understanding their developmental and germination stages is vital to forest regeneration [1]. Seed 29 

traits, including seed size, level of dormancy and germination requirements often vary in parallel 30 

and are central components of life history strategies for many species [2]. The timing of 31 

germination has been shown to be under extremely strong and geographically-variable natural 32 

selection, but maternal effects can also impact seed characteristics [3].Maternal effects are 33 

defined as the influence of the mother plant on the phenotype of her offspring via mechanisms 34 

other than the passing on of genetic information. In conifers, for example, the maternal 35 

environment is known to influence frost-hardiness of offspring [4].The climatic conditions in 36 

which the mother plant grows may influence the size and morphology of seeds, which in turn 37 

may influence germination timing and success [5]. Environmental factors such as temperature 38 

during the seed maturation period have been found to influence seed germination of many 39 

species [6]. These factors may also influence the size of the seeds, which in turn may influence 40 

germination timing and success [5]. If conditions during seed maturation are altered, it is likely 41 

that germination behaviour will also be altered [7]. However, there are only a few examples of 42 

significant maternal effects on germination characteristics [8].It is therefore important to 43 

understand the cycle of seed production in Pinus sylvestris and to time management activities to 44 

take advantage of good crop years. The species has a three-year reproductive cycle typical of 45 

most species of Pinus [9]. These cycles include active periods when conditions are warm and 46 

dormant periods during winter. There are three time periods that are particularly important in 47 

pine seed development: pollination, fertilisation and maturation. In Pinus sylvestris flowering 48 

starts in May to June of year 2 (Figure 1), followed by pollen cone enlargement and shedding of 49 

pollen. Pinus sylvestris is wind pollinated; dry, sufficiently windy weather enhances both 50 

pollination and consequently the seed crop [10]. Pollination occurs over a short period in mid-51 

late May of year 2, varying with season and altitude (it is delayed by 3-5 days for each 100 m 52 

rise in elevation) [10]. Fertilisation does not take place until the following spring (year 3) (Figure 53 

1), after which the seeds mature rapidly [9]. Seed cones are mature by late August of year three 54 
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[11]. Seed dispersal is from December to March two years after pollination[12](Figure 55 

1).Changes in temperature during winter in year 2/3 and early spring in year 3 may have 56 

important implications for the reproductive cycle [13]. Maturation conditions are known to 57 

influence the quality of conifer seed and can also influence the proportion of seeds that enter 58 

dormancy [8]. As a general rule, the lower the temperature during seed development, the higher 59 

the levels of dormancy [14] in seed dispersed from the parent plant after the seed maturation 60 

period. For Pinus sylvestris the best available planting material is produced from seed collected 61 

from seed orchards [12]. The size of seed crops from seed orchards varies from year to year, but 62 

there have been few investigations of the variation in germination characteristics between seed 63 

crops. Despite all the attention that climate change has attracted in the forestry sector, the effects 64 

of temperature changes on sensitive phases of the reproductive life cycle, including germination, 65 

have been virtually ignored [15]. This research provides the first estimates of maternal effects on 66 

germination characteristics of Pinus sylvestris. 67 

 68 

Figure 1. Reproductive cycle of Pinus sylvestris[11]. 69 
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MATERIALS AND METHODS 70 

Study area 71 

The experiment was carried out from May to July 2014 at the Alice Holt Research Station of 72 

Forest Research, the research agency of the Forestry Commission of Great Britain. 73 

 74 

Moisture content 75 

Seed moisture content was determined in accordance with ISTA rules [16]. Representative 76 

samples of 200 seeds per seed source were drawn after thoroughly mixing each seedlot to ensure 77 

homogeneity. Two replicates of 100 seeds of each seed source were placed in labelled and 78 

weighed moisture-proof tins (90 mm in diameter and 30 mm in height). Moisture content (MC, 79 

fresh weight basis) was calculated as a percentage to one decimal place as: MC = 100 × (fresh 80 

seed weight – dry seed weight) / (fresh seed weight). 81 

 82 

Triphenyl tetrazolium chloride test 83 

Triphenyl tetrazolium chloride tests was conducted following procedures established by the 84 

International Seed Testing Association [17]. Representative samples of 200 seeds per seed 85 

source were drawn after thoroughly mixing each seedlot to ensure homogeneity. Four replicates 86 

of 50 seeds per seed source were fully imbibed in deionised water for 17±1 hours at room 87 

temperature. Imbibing allowed the seeds to be cleanly sliced longitudinally on either side of the 88 

embryo without damaging the embryo itself. The sliced seeds were placed in petri dishes and 89 

soaked in a 0.5 % solution of 2,3,5-triphenyl tetrazolium chloride (TTC) for 17±1 hours at 30 °C 90 

in the dark [18]. Soaking in the dark prevents non-embryonic material or dead embryos from 91 

absorbing the dye and creating false positives; the reaction that occurs within the tissue is light 92 

sensitive [19]. The seeds were removed from the TTC solution and washed with deionised water. 93 

The washed seeds were separated from the seed coat, opened to expose the embryos, and viewed 94 

under a light microscope to assess the staining patterns. Embryos and megagametophytes of 95 

viable seeds were stained bright red in colour, while non-viable ones were colourless or partially-96 

stained (Figure 2). Only embryos and megagametophytes that were completely red-stained were 97 
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considered viable, while partially-stained or unstained (colourless) embryos and 98 

megagametophytes were classified as non-viable. The percentage of viable seed (VS) was 99 

calculated as: VS = 100 × (number of red-stained embryos / total tested seeds). 100 

 101 

 102 

 103 

Figure 2. Results from tetrazolium testing for seed viability. Live tissue stained bright red and 104 
dead tissue colourless or partially-stained. 105 

 106 

X - ray test 107 

Representative samples of 100 seeds per seed source were drawn after thoroughly mixing each 108 

seedlot to ensure homogeneity. Four replicates of 25 seeds per seed source were X-rayed using a 109 

Faxitron MX-20 machine. The seeds were exposed to the X-ray for 10-15 seconds. Full embryos 110 

appeared dark, while empty/diseased/damaged embryos appeared light (Figure 3). Seeds in 111 

which the embryo filled ≤20 % of the seed volume were classified as empty, while those with 112 

embryos occupying >20 % were classified as filled. 113 

 114 



 

6 
 
 

 

 

 115 

Figure 3. Results from X-ray testing for seed quality. Seeds labelled V are filled, while seeds 116 
labelled N are empty. 117 

 118 

Seed characteristics 119 

Seed weight, seed length, embryo occupancy and seed coat colour were measured. Two samples 120 

of 25 seeds were randomly selected from each seed crop and weighed to the nearest 0.01 mg 121 

using an electronic microbalance. The graphics software Imagej, a Java-based image processing 122 

program, developed at the National Institute of Health [20] was used to measure seed length. 123 

Seed length was measured over the seed coat along the longest axis of the seed. Embryo length 124 

was measured on the X-rays of seeds. Embryo occupancy was then calculated as the length of 125 

the embryo as a percentage of the seed length. Seed coat colour was assessed visually by 126 

comparing two random samples of 25 seeds from each crop year (Figure 4). Seeds were 127 

categorised as black or brown. 128 
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 129 

Figure 4. Seed coat colour of five Pinus sylvestris seed crops from a clonal seed orchard (2007, 130 

2009, 2010, 2011 and 2012). Picture taken June 2014. 131 

 132 

Germination characteristics 133 

Three chilling durations (zero, four and eight weeks) at 4 ± 1 °C and four pseudo-replicates per 134 

treatment were incubated at ten constant temperatures (7, 10, 13, 15, 17, 20, 25, 30 33, and 135 

35 °C) for 21 days. The experiment was laid out as a randomized complete block design, 136 

together with four replicates. For each combination of chilling treatment and incubation 137 

temperature, four replications of 50 seeds were used. For each replicate, seeds were sown on a 138 

sheet of moist filter paper (90 × 133 mm) placed in a clear, transparent, rectangular plastic 139 

germination box (170 × 110 × 30 mm). The filter paper was continuously moistened using 140 

deionized water through an absorbent filter wick. The lids of the germination boxes were 141 

securely closed to maintain the relative humidity. Seed sources were randomly arranged within 142 

the germination chambers and re-randomized after each germination count until the germination 143 

test ended. Germination was considered successful when the radicle protruded to three times the 144 

length of the seed (5 mm). Germination tests were carried out in germination chambers.  145 

 146 

DATA ANALYSIS 147 

Mean values of seed characteristics were calculated for each of the five crop years. 148 

Analyses of variance were used to determine the significance of differences in seed 149 

characteristics among crop years. Seed germination data were used to calculate germination 150 
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capacity and germination rate. Germination capacity (GC) was calculated as: GC = 100 × S/T. 151 

Where S is the cumulative number of germinated seeds at the end of the experiment and T is the 152 

total number of sown seeds. 153 

Statistical analyses were conducted at two levels. Firstly, differences in germination 154 

capacity and germination rate among seed sources and treatments (chilling temperatures and 155 

chilling durations) as factors were tested with a two-way ANOVA. None of the germination data 156 

from any of the experiments required transformation. Where differences among seed sources and 157 

/ or treatments were significant (P < 0.05) a multiple comparison post hoc test was performed 158 

(Tukey test) to determine the significance of pairwise differences between means. Data analyses 159 

were conducted using Genstat (14
th

 Edition, VSN International Ltd) and SPSS (20
th

 Edition). 160 

 161 

Thermal time model and parameters 162 

Thermal time parameters were estimated using methods described by [21] and a Genstat 163 

programme [22]. For each seed source, cumulative germination data for each day of germination 164 

tests at sub-optimal and optimal temperatures (≤20 °C) were used to estimate base temperature 165 

(Tb) and thermal time to 50 % germination (   )using the GLM procedures of Genstat. The 166 

maximum number of germinated seeds recorded in each treatment combination were used as the 167 

binomial totals for fitting the models [23]. Base temperature is the temperature below which 168 

there is no germination and is assumed to be constant for a particular seedlot. Thermal time to 50 169 

% germination has units of degree-days (°Cd) or degree-weeks (°Cw). According to [21] the 170 

values of base temperature and thermal time to 50 % germination can be estimated iteratively 171 

using repeat probit regression, varying base temperature until the best fit is obtained. The 172 

distribution of thermal time requirements is given by the following:             
        

 
.  173 

Where: probit (g) is probit units of germination; T is temperature; Tb is base temperature; tg is 174 

time to germination percentage g;          is thermal time for a given percentage of 175 

germination g in degree-days;   is the standard deviation of thermal time for germination, and  176 

k is a constant.Probit can be generalised and re-parameterised
22

 as:             177 

              ; Where: probit is replaced by the logit function for ease of fitting  178 
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β1 = k; β2 = 1/  andβ3 = β2Tb; after fitting this model, Tb can then be directly estimated as:          179 

    
  

  
; while thermal time to 50 % germination is directly estimated as:      

  

  
.  180 

        181 

RESULTS 182 

There were significant (P < 0.001) differences among crop years in viability and percentage of 183 

filled seeds, but no significant differences among crop years in moisture content (Table 1).There 184 

were signs of a decrease in both viability and percentage of filled seed with increasing time since 185 

seed collection (Tables 1).Results of analyses of variance showed that there were significant 186 

differences in seed weight (P < 0.01), seed length and embryo occupancy (both P < 0.001) 187 

among crop years (Table 1). However, there were no statistically-significant differences (P = 188 

0.878) in seed coat colour among crop years (Table 1).  189 

 190 

Table 1. Seed quality (moisture content (%), viability (%) (TTC) and percentage of filled seeds 191 
(X-ray)), characteristics (weight, mean length and embryo (Occupancy) of five seed crops of 192 

Pinus sylvestris from a clonal seed orchard. 193 
Crop 

year 

Moisture 

content 

(%) 

Viability (%) 

TTC test 

 

Filled Seed 

(%)X-ray 

 

Seed weight 

(mg) 

 

Mean seed 

(mm) 

 

Embryo 

occupancy 

(%) 

Black 

seed coat 

colour (%) 

2007 7.3 90 90 7.5 4.2 66 53 

2009 7.3 91 93 7.5 4.3 69 52 

2010 7.4 93 93 7.2 4.3 65 53 

2011 7.2 93 94 7.7 4.8 68 50 

2012 7.3 95 95 8.3 4.8 73 49 

P-value NS *** *** *** *** *** NS 

NS: not significant; ** P < 0.01; *** P < 0.001 194 

 195 

Germination capacity 196 

Germination capacity was significantly (P <0.001) different among crop years, among chilling 197 

durations and among temperatures. There were significant (P < 0.001) interactions between crop 198 

year and chilling, between crop year and temperature, and between chilling and temperature 199 
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(Table 2). There was also a significant (P < 0.001) three-way interaction between crop year, 200 

chilling and temperature (Table 2). Crop years are confounded with seedlot age; the effect of 201 

seedlot age was therefore tested by replacing crop year with seedlot age and re-running the 202 

analysis of variance. The main effect of seedlot age was not significant (P = 0.594), however 203 

there were significant interactions between seedlot age and chilling and between seedlot age and 204 

temperature. Germination capacity varied among crop years, temperatures and chilling 205 

treatments (Figure 2). Germination capacity increased with chilling duration. Without chilling, 206 

germination capacity ranged from 0 % to 79 % and values increased with increasing temperature; 207 

no seeds germinated at lowest temperature (7 °C) used. After four weeks chilling germination 208 

capacity ranged from 0 % to 95 % and after eight weeks chilling germination capacity was 209 

between 5.5 % and 96 %. Chilling treatment not only increased germination capacity but also 210 

widened the range of temperatures at which germination occurred (Figure 2). Germination 211 

capacity increased with increasing temperature up to an optimum of 20 °C. Above 20 °C 212 

germination capacity decreased as temperature increased (Figure 2). Seeds from the 2010 crop 213 

year had the lowest germination capacity at the optimum temperature of 20 °C in all chilling 214 

treatments, while seeds from the 2012 and 2011 crop year showed the highest germination 215 

capacity at 20 °C after four and eight weeks respectively (Figure 2).  216 

 217 

Table 2. Results of analysis of variance of germination capacity of five seed crops of Pinus 218 
sylvestris from a clonal seed orchard after three chilling durations and at ten temperatures. 219 

Source of variation d.f F-value P-value 

Crop year 4 20.340 *** 

Chilling  2 1648.258 *** 

Temperature 9 1294.146 *** 

Crop year  ×  chilling 8 10.763 *** 

Crop year  ×  temperature 36 4.444 *** 

Chilling     ×  temperature  18 53.317 *** 

Crop year ×  chilling × 

temperature 

72 2.174 *** 

Error 450   

Total 599   
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*** P < 0.001  220 
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Figure 5.Germination capacity of five seed crops of Pinus sylvestris from a clonal seed orchard 221 

as a function of temperature: a) zero weeks chilling; b) four weeks chilling and c) eight weeks 222 
chilling. Each curve corresponds to different crop year. 223 
 224 

Base temperature 225 

Base temperature decreased with increasing chilling duration in all crop years except 2007 which 226 

showed an increase from four weeks chilling to eight weeks chilling. Base temperature increased 227 

with increasing time since crop harvest; for example, the 2007 crop year had a higher base 228 

temperature than the 2009, 2010, 2011 and 2012 crop years. After all chilling treatments the 229 
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2007 crop year had the highest base temperature and the 2012 crop year had the lowest (Figure 230 

6). Over the crop years used in this experiment, the average base temperature without chilling 231 

was 7.1 °C, while after four and eight weeks chilling it averaged 4.6 °C and 3.6 °C respectively.  232 
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Figure 6. Base temperature (°C) for five seed crops of Pinus sylvestris from a clonal seed orchard 234 
after three chilling durations (zero, four, and eight weeks) based on germination at sub-optimum 235 

temperatures (7 °C to 20 °C). 236 

  237 

Thermal time to 50 % germination 238 

Thermal time to 50 % germination increased with increasing time since harvest; after all chilling 239 

durations the 2007 crop year had the lowest thermal time to 50 % germination, while the 2012 240 

crop year had the highest (Figure 7). Crop years with higher base temperatures had lower thermal 241 

times to 50 % germination (Figures 3 and 4). Over all the crop years in this experiment, the mean 242 

thermal time to 50 % germination without chilling was 135.1 °Cd, while after four and eight 243 

weeks it averaged 118.3 °Cd and 154.0 °Cd respectively. 244 
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Figure 7. Thermal time to 50 % germination (degree-days) for five seed crops of Pinus sylvestris 248 

from a clonal seed orchard after three chilling durations (zero, four, and eight weeks) based on 249 
germination at sub-optimum temperatures (7 °C to 20 °C). 250 

 251 

Relationships between weather conditions, seed characteristics and germination capacity 252 

Weather data showed that the 2012 crop year had the highest mean monthly temperature (14.8 253 

°C) during the pollen development and pollination period (May, June and July of the second year 254 

of the reproductive cycle) while the 2010 crop year had the lowest temperature (13.3 °C) during 255 

the same period (Figure 8 (a)). The 2012 crop year had the highest (104.2 mm) and 2010 had the 256 

lowest (27.3 mm) mean monthly precipitation during the pollen development and pollination 257 

period (Figure 8 (b)).The results of correlation and linear regression analysis of seed 258 

characteristics against temperature and precipitation during the pollen development and 259 

pollination period are shown in Table 5. None of the correlations was significant, and 260 

temperature and precipitation explained very little of the variation (2.7 % to 37.9 %) in seed 261 

characteristics.The 2012 crop year had the highest mean monthly temperature (15.2 °C) during 262 
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the period of pollen tube growth and fertilization (May, June and July of the third year of the 263 

reproductive cycle) while the 2010 crop year had the lowest temperature (14.0 °C) during the 264 

same period (Figure 8 (a)). The 2012 crop year had the highest mean monthly precipitation 265 

(109.5 mm) during the period of pollen tube growth and fertilization and 2009 had the lowest 266 

(51.5 mm) (Figure 8 (b)). The results of correlation and linear regression analysis of seed 267 

characteristics against temperature and precipitation during the pollen tube growth and 268 

fertilisation period are shown in Table 3. There was a significant correlation between 269 

precipitation and seed length (r = 0.921, P < 0.05). Temperature explained 40.9 % of the 270 

variation in seed weight and 38.0 % of the variation in embryo ratio; precipitation explained 271 

much more of the variation (39.9 % to 84.4 %) in seed characteristics (Table 4). 272 

 273 
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Figure 8.Mean monthly (a) temperature (°C) and (b) precipitation (mm) at a seed orchard of 274 
Pinus sylvestris during periods of pollen development and pollination, pollen tube growth and 275 

fertilisation, cone and seed development and maturation in five seed crops. Climatic Research 276 
Unit of the University of East Anglia (2014). 277 

 278 

The 2012 crop year had the highest mean monthly temperature (17.3°C) during the seed 279 

development and maturation period (June, July and August of the third year of the reproductive 280 

cycle) while the 2010 crop year had the lowest temperature (15.1°C) during the same period 281 
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(Figure 8 (a)). The 2012 and 2010 crop years also had the highest (123.8 mm) and lowest (52.1 282 

mm) mean monthly rainfall during the seed development and maturation period (Figure 8 (b)). 283 

 284 

Table 3. Relationships (correlation coefficient, r, and coefficient of determination, R
2
) between 285 

seed characteristics and mean monthly temperature and mean monthly precipitation during the 286 

pollen development and pollination period of Pinus sylvestris. 287 

  Temperature Precipitation 

Seed weight r 0.165
NS

   0.161
NS

 

R
2
 0.027 0.379 

Seed length r -0.255
NS

 0.076
NS

 

R
2
 0.065 0.006 

Embryo ratio r 0.241
NS

   0.441
NS

 

R
2
 0.058 0.194 

 288 

 289 
Table 4. Relationships (correlation coefficient, r, and coefficient of determination, R

2
) between 290 

seed characteristics and mean monthly temperature and mean monthly precipitation during the 291 
pollen tube growth recommencement and fertilisation period of Pinussylvestris. 292 
 293 

  Temperature Precipitation 

Seed weight r 0.640
NS

   0.831
NS

 

R
2
 0.409 0.691 

Seed length r 0.016
NS

 0.921
*
 

R
2
 0.002 0.848 

Embryo ratio r 0.616
NS

   0.631
NS

 

R
2
 0.380 0.399 

 294 

There were significant correlations between temperature and embryo ratio (r = 0.958, P < 0.05), 295 

between precipitation and seed weight (r = 0.882, P < 0.05) and between precipitation and seed 296 

length (r = 0.950, P < 0.05). Temperature explained 91.8 % of the variation in embryo ratio; 297 

precipitation explained 77.8 % of the variation in seed weight and 95.0 % of the variation in seed 298 



 

16 
 
 

 

 

length (Table 5). None of the correlations was significant. Seed characteristics explained 42.0 % 299 

to 79.7 % of the variation in germination capacity (Table 6). 300 

 301 

Table 5. Relationships (correlation coefficient, r, and coefficient of determination, R
2
) between 302 

seed characteristics and mean monthly temperature and mean monthly precipitation during the 303 

seed development and maturation period of Pinus sylvestris. 304 

  Temperature precipitation 

Seed weight r 0.870
NS

   0.882
*
 

R
2
 0.757 0.778 

Seed length r 0.459
NS

 0.950
*
 

R
2
 0.211 0.903 

Embryo ratio r 0.958
*
   0.726

NS
 

R
2
 0.918 0.528 

 305 

Table6. Relationships (correlation coefficient, r, and coefficient of determination, R
2
) between 306 

seed characteristics and germination capacity of Pinus sylvestris. 307 

  Germination capacity 

Seed weight r 0.797
NS

 

R
2
 0.640 

Seed length r 0.651
NS

 

R
2
 0.420 

Embryo ratio r 0.796
NS

 

R
2
 0.630 

 308 

 309 

DISCUSSION 310 

According to [24], dry conifer seed kept at 6-8 % moisture content (fresh weight basis) can be 311 

stored with little deterioration for up to 10 years. For example, Pinus ponderosa, Pinus elliotii 312 

and Pinus taeda seeds maintained their germination capabilities after storage for six or seven 313 

years [25], although [26] reported a 32 % reduction in germination of Pinus echinata seeds 314 

stored for ten years. Biochemical and physiological changes during storage include oxidative 315 
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damage, alterations in reserve substances, chromosomal dislocations and leakage of substances 316 

from seed [27]. However, germination information provided by the seed supplier (Forestry 317 

Commission) suggests that age had not affected germination capacity of the seedlots used in this 318 

experiment, as levels reached were comparable to the germination values given on the 319 

certificates provided with the seeds. Genetic traits and environmental factors are the major 320 

determinants of seed size and shape [28]. The size and quality of Pinus sylvestris seed vary 321 

greatly between years, stands and individual trees [10]. Since the seeds were collected from same 322 

location, from trees of approximately the same age and the same clonal mixture, observed 323 

differences in seed variables may be attributed to maternal differences arising from the diverse 324 

climatic conditions prevailing during seed development. Pinus sylvestris seed development has 325 

been reported to be delayed by decreasing mean temperatures during seed development [29]. 326 

It is generally accepted that heavier seeds germinate better than lighter seeds [30]. The 327 

results of this experiment are consistent with this general trend, suggesting that germination 328 

characteristics depend partly on the resources allocated to the seed by the mother plant. The 329 

differences in seed weight between the five crop years may explain their different behaviours 330 

during the germination test, and their differing sensitivity to low and high temperatures. Seeds 331 

from crop years 2011 and 2012 had the highest weights and were least sensitive to high 332 

temperatures. Larger seeds have higher levels of starch and other foods, and this may be one 333 

factor which influences the germination of seed and the growth of seedlings [31]. [32] concurs 334 

that seed weight indicates the presence of food reserves in the megagametophyte which can 335 

support higher levels of germination. However, [33] observed no relationship between seed 336 

weight and germination capacity and rate in Pseudotsuga menziesii seeds from 19 seed orchard 337 

trees. The inclusion of seed weight in the delineation and understanding of geographical 338 

variation has been advocated because of the low plasticity of this character. However, according 339 

to [34] the weight of seed is closely related to local climatic and site conditions. According to 340 

[35] variation between years is mainly an effect of temperature conditions during the 341 

reproductive cycle. [36] suggest that variation in seed quality occurs as a result of climatic 342 

conditions and is often reflected in early seedling variation. It is possible that variation in 343 
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morphological characters among crop years is due to variation in resource availability during 344 

development. Data on seed weight and embryo occupancy of seeds from the 2010 and 2012 crop 345 

years suggest that the low germination capacity of the 2010 crop year and high germination 346 

capacity of the 2012 crop year are due primarily to maternal effects resulting from weather 347 

conditions during the seed development and maturation period, rather than genetic factors. Mean 348 

monthly temperature and precipitation during this period were both low in 2010 and high in 349 

2012.  350 

Weather-driven maternal effects are common in plant species inhabiting harsh 351 

environments [37] and can result in increased seed dormancy. Pine trees growing in infertile and 352 

dry habitats have lighter-coloured seeds, while those from fertile and wet habitats have darker 353 

seeds [34]. Seeds attain their final colour at physiological maturity and colour is therefore related 354 

to seed dormancy and germination [38]. Seed colour affects various aspects of germination, such 355 

as water uptake by the seed, and is sometimes related to seed weight [39]. However, results of 356 

the experiment described here suggest that seed coat colour did not differ significantly among 357 

crop years and that seed colour is not a dependable determinant of seed dormancy, germination 358 

behaviour or seed weight in Pinus sylvestris. It is possible that the conditions for seed maturation 359 

and development were rather favourable in the seed orchard from which seeds were collected 360 

and that differences in seed coat colour did not develop in the same way as in many earlier 361 

studies on seed coat colour. The seedlots were processed before storage to eliminate dubious 362 

seeds and this processing might have selectively removed seeds of a particular colour. The effect 363 

of crop year is confounded with seed age, and increasing seed age is associated with lower 364 

germination vigour; with increasing age germination capacity, germination rate and absolute 365 

seed weight decrease [40]. This pattern is partly reflected in the results of this experiment as 366 

older (2007) seeds had lower germination capacity and rate than younger (2012) seeds; however, 367 

the seed certificates suggest that seeds from crop years 2007 and 2010 had a relatively low 368 

germination capacity of 63-64 % when tested soon after they were collected. This suggests that 369 

climatic conditions during seed development and maturation had an effect on germination.  370 
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Studies by [41] showed that Picea glauca seeds from mother trees grown in colder 371 

conditions germinate earlier and reach higher germination percentages than seeds from trees 372 

grown in warmer conditions. These results contrast with the findings reported in this experiment, 373 

in which seeds from mother trees maturing in colder seasons germinated later and had lower 374 

germination capacity (Table 1 and Figure 3). This discrepancy may arise because the 375 

environmental factors that critically limit germination differed between the two experiments. 376 

Results of this experiment do agree with several others in boreal conifers that have reported that 377 

maternal effects are mechanisms for adaptation [42] and suggest that the maternal influence on 378 

seed differs between years. In the experiment described here, differences in maternal effects 379 

between crop years were evident in germination capacity and rate, which were higher in crop 380 

year 2012, when conditions were warm during seed maturation. [43] found that meteorological 381 

conditions accounted for 74 % of the inter-annual variability in viability and germination 382 

capacity of viable seeds of Pinus banksiana. Other studies have identified maternal effects as 383 

important in explaining the variation in both germination capacity and dormancy in plant species 384 

other than trees [44]. For example, [44] found that in resource-limiting environments, seeds of 385 

semi-arid Mediterranean plant species have higher levels of seed dormancy. The proportion of 386 

unchilled seeds that failed to germinate differed between crop years, suggesting different degrees 387 

of dormancy. These differences were reflected by the variation in thermal time parameters (base 388 

temperature and thermal time). This kind of variation among crop years is normally a result of 389 

maternal genotype and maternal environment during the time of seed development and 390 

maturation [8], and allows seeds to respond to their future environment long before germination. 391 

According to [43] conifer trees may respond faster to change in temperature than expected. 392 

Variation in paternal genotype might have also played a role in offspring variation. The mother 393 

trees were open-pollinated, meaning the pollen cloud responsible for fertilisation could have 394 

come from a variety of clones in the seed orchard and is likely to have differed from year to year. 395 

Germination differences among seeds harvested in different years can also be expected because 396 

seed germination is affected by environmental conditions during processing at least until seed 397 

has dried [45]. 398 
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The results were characterized by variation in both base temperature and thermal time to 399 

50 % germination among the five crop years, with more variation in the zero chilling treatment 400 

(Figures 8 and 6). This variation within the same species may reflect different environmental 401 

conditions during seed development [46] resulting in different dormancy levels. There was a 402 

trade-off between base temperature and thermal time to 50 % germination, with crop years 403 

having a higher base temperature also having lower thermal time to 50 % germination. The 404 

results are in agreement with the findings by [47] who found that the higher the base 405 

temperature, the shorter the cumulative thermal time required to reach 50 % germination. 406 

Species with high base temperature values often grow in locations with high annual 407 

temperatures, such as tropical regions [47], but in this experiment seeds developing under high 408 

temperatures had a lower base temperature (e.g. 2012 crop year) and those experiencing low 409 

temperatures during maturation had a higher base temperature. Crop year variation clearly 410 

influences the sensitivity of the seed germination response to temperature [46]. Significant 411 

correlations between weather conditions and seed characteristics were found in this experiment. 412 

Although correlations between seed characteristics and germination capacity were not 413 

significant, seed weight and embryo ratio explained 63-64 % of variation in germination capacity 414 

(Table 6). This suggests that some characteristics of Pinus sylvestris seeds from seed orchard, to 415 

some extent, could be estimated from climate change predictions of future temperature and 416 

precipitation. 417 

 418 

CONCLUSION 419 

Classification of seed dormancy offers a structured approach to collecting basic information on 420 

seed characteristics and can help identify likely factors required for dormancy alleviation. and 421 

warm seed maturation temperatures induce high and low levels of dormancy respectively in 422 

Pinus sylvestris. The results presented in this study suggest that a reduction in temperature 423 

during seed maturation lead to an increase in dormancy levels. Increases in dormancy levels 424 

delay germination, thus shifting the time-frame of regeneration due to differences in 425 

environmental conditions. In natural regeneration it is important that correct dormancy levels are 426 
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induced, to ensure germination occurs at the right time. These findings suggest that there may be 427 

a simple but effective mechanism allowing seeds to predict their future success by utilizing 428 

information about the environment of their mother. 429 

 430 

 431 

 432 
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