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Abstract:   22 

To better match plant materials to ecological site for purposes of rangeland seedling 23 

establishment, we examined the relationship between seed size and growth and 24 

morphological traits in young seedlings of bluebunch wheatgrass (BBWG) 25 

(Pseudoroegneria spicata [Pursh.] Á. Löve), a perennial Triticeae bunchgrass native to 26 

the Intermountain West.  Traits examined included onset of germination, seedling 27 

biomass traits, and seedling surface-area traits. We grew seeds of 9 BBWG populations 28 

that varied for seed size and were produced in a common environment under 2 29 

contrasting day/night temperature regimes (20/15 °C; 10/5 °C).  Lighter-seeded 30 

populations germinated and initiated shoots earlier.  Heavier-seeded populations 31 

displayed high levels of biomass-related traits, e.g., shoot and root biomass and shoot 32 

length, while lighter-seeded populations displayed high levels of surface area-related 33 

traits, e.g., specific leaf area and specific root length (SRL).  Correlations between seed 34 

size and young-seedling traits were mostly similar under the two temperature regimes.  35 

However, root length-related traits showed more positive correlations with seed size 36 

under the low-temperature regime, which is more similar to actual field-emergence 37 

conditions during early spring.  P-24, a light-seeded population, originated from the most 38 

arid site and exhibited the highest SRL at low temperature, while T-17t, a heavy-seeded 39 

population, originated from the most mesic site and exhibited moderate SRL.  Three 40 

populations used for rangeland revegetation, ‘Whitmar,’ ‘Goldar,’ and Anatone 41 

Germplasm, all exhibited low seed mass and high SRL. However, only Anatone 42 

displayed high root-to-shoot length ratio under both temperature regimes, perhaps 43 

explaining its wide and successful use in rangeland seedings. 44 
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Introduction: 49 

Establishment of native perennial Triticeae grasses in rangeland seedings in the 50 

Intermountain Region has long lagged that of their Old World relatives, the crested 51 

wheatgrasses (Agropyron spp.), particularly at sites receiving less than 300 mm of annual 52 

precipitation (Asay et al., 2001). One of the most important of these native perennials for 53 

restoration purposes is bluebunch wheatgrass (BBWG) (Pseudoroegneria spicata [Pursh] 54 

Á. Löve) (Jones and Larson, 2005). To improve the success of bluebunch wheatgrass 55 

seedings, a better understanding of their seed and seedling functional traits and the 56 

potential trade-offs among them may lead to the development of improved plant 57 

materials. Such an understanding may also lead to the deployment of specific plant 58 

materials to the restoration sites to which they are best adapted (Jones et al., 2010). To be 59 

effective, this must be based on a comprehensive understanding of 1) the traits 60 

themselves, 2) the expression of the traits among the various plant materials, 3) the 61 

edaphic and climatic variables that predominate on specific restoration sites, and 4) the 62 

best correspondence between the functional traits of a plant material and the 63 

environmental parameters of a site. Seed mass is a trait believed to be one of a suite of 64 

traits collectively evolved that has great ecological ramifications across the various life 65 

stages of the plant (Moles and Westoby, 2006). 66 

Seed mass is a highly heritable trait (Table 2 in Sadras, 2007) and a major 67 

determinant of germination rate, seedling growth, and establishment (Harper et al., 1970; 68 

Fenner and Thompson, 2005). Species with larger seeds contain greater reserves and 69 

display higher germination percentage, greater emergence from deep seeding, larger 70 

initial seedling mass, higher root-extension rates, better seedling establishment, and 71 
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greater stress tolerance relative to species with smaller seeds (Westoby et al., 1992; 72 

Leishman and Westoby, 1994; Kidson and Westoby, 2000; Murray et al., 2004; Baraloto 73 

et al., 2005).  While much of the high seed-mass advantage occurs between seed 74 

production and emergence, additional advantages include greater seedling survival, 75 

greater canopy area, and greater adult longevity (Moles and Westoby, 2006).  Similar 76 

relationships are also known among populations from contrasting environments within 77 

species (Kneebone, 1972; Wulff, 1973; Wulff, 1986; Zhang and Muan, 1990; Kitchen 78 

and Monsen, 1994; Greipsson and Davy, 1995; Baraloto et al., 2005). For example, 79 

across 47 natural populations of BBWG sown at a deep seeding depth (4 cm), seed mass 80 

was positively correlated with percentage emergence and seedling shoot mass, though 81 

uncorrelated with germination rate, under two temperature regimes (Kitchen and Monsen, 82 

1994).   83 

Small-seededness can also confer traits favorable to seedling growth. An across-84 

continent comparison of species suggests that smaller-seeded species germinate faster 85 

(Norden et al., 2009), and their seedlings display greater specific leaf area (SLA) and 86 

specific root length (SRL), which are associated with high relative growth rate (RGR) 87 

(Wright and Westoby, 1999; Poorter and Garnier, 2007). High RGR allows seedlings 88 

grown from smaller seeds to eventually match or surpass the growth of seedlings grown 89 

from larger seeds (Thomas, 1966; Westoby et al., 1992; Aparicio et al., 2002). While the 90 

negative relationship between seed mass and RGR is well established among species, this 91 

relationship is less studied across genotypes within species (Townsend and Wilson, 1981; 92 

Meyer and Carlson, 2001; Castro et al., 2008).  93 
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Small-seeded species are known to have more stringent temperature requirements 94 

for germination than large-seeded species (Easton and Kleindorfer, 2008). Contrasting 95 

diurnal temperatures are one of the most critical requirements for germination 96 

(Thompson and Grime, 1983; Gutterman, 1993; Liu et al., 2013), and optimal ambient 97 

temperature during periods of soil-water availability is an important cue for seed 98 

germination (Easton and Kleindorfer, 2008). Temperature may affect initial seedling 99 

mass, initial leaf area, and RGR (Townsend and Wilson, 1981), complicating the 100 

relationship between seedling morphological traits and their growth rate functions. For 101 

example, SLA plays a dominant role in interspecific variability for RGR, though only at 102 

higher temperatures (Atkin et al., 2006).  However, such information is still lacking for 103 

intraspecific comparisons.  104 

Bluebunch wheatgrass is a C3, perennial Triticeae bunchgrass species that occurs 105 

throughout the North American Intermountain West and is commonly included in 106 

restoration seed mixes in the region (Monsen et al., 2004). While considerable resources 107 

have been devoted to developing more effective plant materials of BBWG (Asay et al., 108 

2003; St. Clair et al., 2013; Gibson and Nelson, 2017), individual plant materials might 109 

be better matched to target environments if the ecological implications of seed mass were 110 

better understood.  In addition, such knowledge would illuminate efforts to intentionally 111 

develop BBWG plant materials that are better adapted to specific ecological sites. 112 

Growth of BBWG seedlings at low temperature is important because its germination in 113 

the Intermountain West takes place in early spring when temperatures are low but soil-114 

moisture availability is high (Harris and Wilson, 1970). The relatively slow germination 115 

of BBWG relative to the prevalent, invasive, exotic winter-annual grasses, and its 116 
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inability to preempt abundant early-season soil moisture and nutrient resources from 117 

these competitors, has contributed to its decline (Harris, 1967; Young and Allen, 1997).   118 

Our objectives were to assess relationships between seed mass and seedling traits 119 

and the response of these relationships to contrasting temperature regimes in order to 120 

suggest environmental scenarios for which BBWG genotypes of differing seed mass 121 

might be best adapted. To accomplish these objectives, we compared 9 BBWG 122 

populations that varied for seed mass for germination traits, seedling growth traits, and 123 

seedling morphological traits under 2 day/night temperature regimes (10/5 oC; 20/15 oC). 124 

To obtain information on BBWG plant materials currently in use, ‘Whitmar,’ ‘Goldar,’ 125 

and Anatone Germplasm were included, along with 6 other populations chosen to span a 126 

broad range for seed mass.   127 

We tested 3 hypotheses. First, we hypothesized that light-seeded populations 128 

would germinate faster than heavy-seeded populations, based on previous findings within 129 

species (Maun and Cavers, 1971) and among species (Jurado and Westoby, 1992; Norden 130 

et al., 2009) (Hypothesis 1). Next, we hypothesized that heavy-seeded populations would 131 

display seedling traits associated with high biomass, e.g., high shoot mass, root mass, and 132 

AGR (Hypothesis 2a), while light-seeded populations would display seedling traits 133 

associated with high surface area, e.g., high SLA, SRL, and RGR (Hypothesis 2b).  Then, 134 

we hypothesized that correlations between seed mass and seedling traits would be weaker 135 

at low temperature than at high temperature (Hypothesis 3), as cold temperatures delay 136 

germination (Gutterman, 1993) and significantly reduce seedling growth (Townsend and 137 

Wilson, 1981).  Finally, we evaluated seedling growth of three commercially available 138 

BBWG plant materials to assess their similarities and differences for seedling traits. 139 

140 
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Materials and Methods:  141 

We utilized three released commercial populations (‘Goldar,’ ‘Whitmar,’ and 142 

Anatone Germplasm) and six experimental populations (P-3, P-20t, P-22, P-24, P-27t, 143 

and T-17t) of BBWG. Of these nine populations, P-20t, P-27t, and T-17t are 144 

autotetraploids (2n = 28), as indicated by the terminal ‘t’, while the remainder are 145 

diploids (2n = 14). Both diploid and autotetraploid populations of BBWG occur naturally 146 

(Jensen et al., 1995). Of the autotetraploids, T-17t is naturally occurring (Steptoe Butte, 147 

Whitman Co., WA), P-27t was developed from an autotetraploid experimentally induced 148 

with colchicine from the diploid P-3 (a population developed by intermating several 149 

collections in the Grande Ronde Valley in Union Co. and Wallowa Co., OR), and P-20t 150 

was derived from a cross between the natural autotetraploid T-17t and an autotetraploid 151 

colchicine-induced from P-3. The diploid P-22 population was developed by four cycles 152 

of selection on P-1 (origin unknown), and the diploid P-24 population was developed by 153 

three cycles of selection on Acc:238 (Lind, WA).  All 3 commercial populations trace to 154 

collections made from single local sites. 155 

To avoid confounded maternal effects resulting from multiple seed-production 156 

environments, seeds of all populations were produced in a common environment at Utah 157 

State University’s Evans Farm at Millville, UT. While all seeds were produced in the 158 

same field and year, individual seed-production plots were established perpendicular to 159 

the prevailing wind and isolated by distance to minimize cross-pollination between plots. 160 

Seeds were harvested in 2007, cleaned, and refrigerated until experimental use. Average 161 

seed mass was determined by weighing 36 lots of 100 seeds for each population (Fig. 1).  162 
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 Four seeds were placed in each germination pouch (CYG seed germination 163 

pouch, Mega International, St. Paul, MN, USA), which is a folded plastic sheet enclosing 164 

a blotter paper. Twenty-five pouches (replicates) of each population were assigned to low 165 

and high temperature regimes in separate growth chambers (Percival Scientific, Inc., 166 

Perry, IA, USA), in a completely randomized design with subsampling. Thus, a total of 167 

100 seeds of each population were evaluated for each temperature regime. Actual 168 

temperatures for low (alternating 12-hour 10 ± 0.33 °C days/ 12-hour 5 ± 0.28 °C nights) 169 

and high (20 ± 1.25 °C days/ 15 ± 2.16 °C nights) temperature regimes were recorded in 170 

each chamber using a data logger (Watchdog, Spectrum Technologies, Plainfield, IL, 171 

USA). The low and high temperature regimes were intended to represent typical early- 172 

and late-spring temperatures, respectively, for sagebrush-steppe plant communities of the 173 

Intermountain West (West, 1983).  174 

To initiate the study, we sprayed the blotter paper to saturation with distilled 175 

water (an equal amount for each germination pouch) on 12 Aug. 2008. Pouches were 176 

rewatered as necessary throughout the experiment to maintain saturated conditions. Each 177 

seed was monitored daily, and the dates of first initiation of radicle and coleoptile were 178 

recorded. Seedlings of 12 replicates were destructively harvested after 8 days for high 179 

temperature and 16 days for low temperature (early harvest-date). The low-temperature 180 

harvest-date was delayed to allow seedlings to grow large enough to measure 181 

morphological traits. For both temperature regimes, a late harvest-date was taken 7 days 182 

following the early harvest-date on the remaining 13 replicates to permit calculation of 183 

growth rates. On their designated harvest-dates, seedlings were scanned at 300 dots per 184 

square inch (46.5 dots per cm2) using WinRHIZO Pro Version 2005b (Reagent 185 
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Instrument Inc., Québec City, Canada). After scanning, shoots and roots were separated, 186 

oven-dried at 60 °C for 48 h, and weighed. Scanned images were analyzed for shoot and 187 

root length, leaf area, SLA, and SRL. All seedling traits except days to root and shoot 188 

initiation were measured at the late harvest-date. Absolute growth rate (AGR) was 189 

calculated as AGR = µ[(W2 – W1)] / (t2 – t1), and relative growth rate was calculated as 190 

RGR = µ[(lnW2 – lnW1)] / (t2 – t1), where W1 and W2 were the total dry masses (shoot + 191 

root) from the early and late harvest-dates, respectively, and µ was the mean biomass 192 

across replicates for the indicated harvest-date (early or late). As AGR and RGR were 193 

calculated from mean values, to determine whether AGR and RGR differed among 194 

populations, we performed ANOVA on total biomass at two temperatures and included 195 

harvest-date in the model. A significant effect of the harvest-date x population 196 

interaction, i.e., population variation for the [(late harvest-date) – (early harvest-date)] 197 

difference, for total biomass would indicate that populations were different for AGR. 198 

Similarly, a significant effect of the harvest-date x population for ln-transformed total 199 

biomass would indicate that populations were different for RGR. Also, a significant 200 

interaction for harvest-date x temperature x population for total biomass or ln-201 

transformed biomass would indicate differential variation among populations for either 202 

AGR or RGR, respectively, at different temperatures.   203 

Data were analyzed with SAS 9.2 (SAS Institute 2003).  Using PROC MIXED, 204 

we employed a sequential analysis-of-variance model with ploidy fitted first, followed by 205 

seed mass, and then populations. All independent variables were considered fixed, except 206 

for replicate, which was considered random. We used data from all 25 replicates to 207 

calculate days to germination, days to shoot initiation, AGR, and RGR, while the 208 
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remaining morphological traits were determined from the 13 replicates measured at the 209 

late harvest-date. Data transformation was performed as necessary to meet normality 210 

assumptions. Means were back-transformed for presentation.  211 

Using PROC CORR, we calculated unadjusted Pearson’s correlation coefficients 212 

between seed mass and 1) days to germination and 2) days to shoot initiation to test 213 

Hypothesis 1. Similarly, we calculated correlation coefficients between seed mass and 1) 214 

shoot mass, 2) root mass, and 3) AGR to test Hypothesis 2a and between seed mass and 215 

1) SLA, 2) SRL, and 3) RGR to test Hypothesis 2b.  Next, we estimated correlation 216 

coefficients between seed mass and 11 seedling traits (not including RGR) at high and 217 

low temperatures. We then tested Hypothesis 3 by determining if the seed mass x 218 

temperature interaction was significant for each of 12 seedling traits. 219 

 220 

221 
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Results: 222 

We used 9 BBWG populations, spanning a broad range for seed mass, to test our 223 

3 hypotheses involving the effects of seed mass on young-seedling growth. Six of the 224 

populations were diploid, but the 3 others were autotetraploid. Seed mass ranged from 225 

6.46 mg seed-1 for the autotetraploid P-27t to 3.48 mg seed-1 for the diploid Whitmar, a 226 

1.9-fold range. On average, autotetraploid populations had heavier seeds than diploid 227 

populations (5.99 vs. 4.33 mg seed-1), though an exception to this general trend was the 228 

high seed mass (6.18 mg seed-1) diploid, P-3. These two variables, ploidy and seed mass, 229 

displayed a high degree of multicollinearity in our data set, making it impossible to 230 

separate their confounded effects.  Because we didn’t have an adequate experimental 231 

design or plant materials to test differences between the 2 ploidies, we used ploidy only 232 

as a covariate in the ANOVA to control for any ploidy effects.  Subsequent to ploidy, 233 

seed mass, population, temperature, and their interactions were fitted in the model.  Thus, 234 

our hypotheses relate to seed mass, population (residual after seed mass), and the 235 

temperature x seed mass interaction effects rather than to ploidy.  236 

For some traits, we found residual variation among populations after ploidy and 237 

seed mass variation were accounted for, but not for others (Table 1). Residual variation 238 

among populations was found for 5 traits (days to root and shoot initiation, root biomass, 239 

root and shoot length), but in each of these cases most variation was accounted for by 240 

either ploidy or seed mass. For 5 other traits (shoot biomass, root:shoot length ratio, SRL, 241 

SLA, AGR), no residual variation remained after ploidy and seed mass were accounted 242 

for. Only for root:shoot biomass ratio was the population effect significant and ploidy and 243 

seed mass effects non-significant. 244 
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 The two growth-rate variables, AGR and RGR, were necessarily calculated by 245 

determining the interaction of biomass across the 2 harvest-dates. We found a significant 246 

harvest-date x population interaction for total biomass (P < 0.005) but none (P > 0.10) for 247 

ln-transformed total biomass, indicating that populations differed for AGR but not for 248 

RGR. Absolute growth rate and RGR were calculated separately for each temperature.  249 

Supporting Hypothesis 1, small-seeded populations germinated faster, as seed 250 

mass was positively correlated at high temperature with days to root initiation (r = 0.72; 251 

P < 0.05) (Fig. 2a) and days to shoot initiation (r = 0.67; P < 0.05) (Fig. 2b). In 252 

accordance with Hypothesis 2a, seed mass was positively correlated across populations 253 

and temperatures with biomass traits, e.g., shoot mass (r = 0.83; P < 0.01), root mass (r = 254 

0.82; P < 0.01), AGR (r = 0.74; P < 0.05), and shoot length (r = 0.67; P < 0.10) (Table 2, 255 

Fig. 3a). In accordance with Hypothesis 2b, seed mass was negatively correlated across 256 

populations and temperatures with surface-area traits, e.g., SLA (r = -0.73; P < 0.05) 257 

(Table 2, Fig. 3b) and SRL (r = -0.90; P < 0.01) (Table 2, Fig. 3c).  Thus, low seed mass 258 

was associated with high SLA and high SRL.  However, RGR, a trait often associated 259 

with high surface area was not correlated with seed mass, as RGR was not found to vary 260 

(P > 0.10) among populations. Correlations between AGR and individual seedling traits 261 

were similar to correlations between seed mass and those traits, likely because of the 262 

positive correlation between seed mass and AGR (r = 0.74; P < 0.05) (Table 2). Like 263 

high seed mass, high AGR was associated with low surface-to-mass ratio, as evidenced 264 

by negative correlations between AGR and SLA (r = -0.64; P < 0.10) (Fig. 4a) and SRL 265 

(r = -0.73; P < 0.05) (Fig. 4b).  The lack of significance for the harvest-date x 266 

temperature x population interaction indicates that populations varied similarly across 267 
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temperatures for AGR. On average, P-20t (0.299 mg day-1) had highest AGR, while 268 

Whitmar was lowest (0.204 mg day-1).  269 

We used the significance of the seed mass x temperature correlation to assess 270 

whether the relationship between seed mass and seedling traits varied between 271 

temperature regimes (Table 2).  We found no evidence of a difference between 272 

temperature regimes for seed mass correlations with 8 of the traits, as the temperature x 273 

seed mass interaction was not significant (P > 0.10).  Thus, our data failed to support 274 

Hypothesis 3 for these traits.  However, temperature did change the relationships of seed 275 

mass with three traits related to seedling root length.  A temperature x seed mass 276 

interaction was found for root length (P < 0.0001), R:S length ratio (P < 0.0001), and 277 

SRL (P < 0.05) (Table 1).  In each case, the correlation of each trait with seed mass was 278 

more positive at low temperature than at high temperature, though the sign of the 279 

correlation remained negative for SRL.  This negative correlation between seed mass and 280 

SRL is explained by the fact that the positive relationship between seed mass and root 281 

biomass was stronger than the positive relationship between seed mass and root length.  282 

To summarize, our data suggest that high seed mass was more associated with greater 283 

root length under the low-temperature than under the high-temperature regime. 284 

  285 
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Discussion: 286 

The ability to germinate and successfully establish is paramount for ecological 287 

fitness. Larger seeds within a grass species often generate seedlings of greater vigor 288 

(Rogler, 1954; Kittock and Patterson, 1962; Kneebone, 1972; Smith et al., 2003), and in 289 

our study, heavier-seeded populations produced larger seedlings.  However, because 290 

large seeds tend to produce seedlings with high AGR but low RGR, over time seedlings 291 

of small seeds may match or surpass the size of seedlings of large seeds (Thomas, 1966; 292 

Aparicio et al., 2002).  Furthermore, a trade-off may occur between seed mass, which is 293 

primarily under genetic control, and seed number, which is primarily under 294 

environmental control (Cloé and Turnbull, 2009).  However, these authors showed that 295 

this trade-off may not be one-for-one if adult size, resource availability, or competitive 296 

ability differ among genotypes.  When nutrients were highly limiting, Arabidopsis 297 

thaliana genotypes with low seed mass were unable to completely compensate by 298 

increasing seed number, so large-seeded genotypes possessed greater ecological fitness 299 

(overall yield) (Cloé and Turnbull, 2009).  On the other hand, when nutrients were 300 

plentiful, small-seeded genotypes were more than able to compensate by increasing seed 301 

number, giving them greater fitness (Alonso-Blanco et al., 1999, as cited by Cloé and 302 

Turnbull, 2009).  Thus, the magnitude of the trade-off, and consequently the relative 303 

contribution of seed mass vs. seed number to overall ecological fitness, may not be fixed 304 

but may vary with environmental conditions and plant traits that impact growth (Cloé and 305 

Turnbull, 2009). 306 

Seed mass was long thought of as a trade-off between two opposing evolutionary 307 

forces affecting fitness, one force favoring small seeds, due to the favorable effect of 308 
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increased seed number, and another force favoring large seeds, due to their greater 309 

likelihood of growing into established seedlings (Westoby et al., 1992).  However, 310 

because seed mass may span orders of magnitude across species at a single site, some 311 

authors have postulated that a simple trade-off between seed mass and number cannot 312 

explain variation for seed mass (Westoby et al., 1992; Moles and Westoby, 2006).  313 

Instead, empirical data suggest that seed mass evolves as a component of a suite of life-314 

history traits including length of the juvenile period, juvenile survival rate, mature-plant 315 

size, and plant longevity (Westoby et al., 1992; Moles and Westoby, 2006).  Categories 316 

of growth form (graminoid, forb, shrub, tree, or vine) correlate with seed mass both 317 

among extant species and in the fossil record (Moles et al., 2005).  Moles et al. (2005, 318 

2007) have suggested that large seed mass is associated with large mature-plant size 319 

because the latter requires a longer juvenile period, and longer juvenile periods 320 

necessitate high seedling survival, which in turn is favored by larger seed mass. 321 

Within a species, seed mass may be reflective of site adaptation, being associated 322 

with specific abiotic and biotic parameters that characterize groups of environmentally 323 

similar sites. For example, among 1,600 provenances of 34 Australian perennial species 324 

of Glycine, seed mass was higher at lower latitudes and in the interior of Australia.  325 

Higher seed mass was most closely associated with higher temperature and solar 326 

radiation, as opposed to differences in precipitation (Murray et al., 2004).  In this (Murray 327 

et al., 2004) and another study (Moles and Westoby, 2006), patterns among and within 328 

species were generally consistent.  Heavier seeds may result from higher photosynthate 329 

production due to higher solar radiation, and they may be required in warm climates 330 

where metabolic requirements for growth and maintenance are high (Murray et al., 2004). 331 
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In fact, migrations away from the equator have been associated with declines in seed 332 

mass throughout seed-plant evolution (Moles et al., 2007). 333 

Most intraspecific studies of the relationship between seed mass and germination 334 

have examined variation within rather than among populations.  Variation for seed mass 335 

within populations has been generated by either manually sorting seeds, e.g., Winn 336 

(1985), Wulff (1986), Paz and Martínez-Ramos (2003), or by utilizing half-sib open-337 

pollinated lines that vary for seed mass, e.g., Benard and Toft (2007), Castro et al. (2008).  338 

Among-population studies have generally used seeds collected from wildland sites, e.g., 339 

Counts and Lee (1991), Kitchen and Monsen (1994), Greipsson and Davy (1995), Meyer 340 

and Carlson (2001), thereby introducing a confounding maternal effect due to differences 341 

in seed-production environment (Roach and Wulff, 1987).  For our among-population 342 

study, we intentionally used seeds produced in a common environment to avoid this 343 

confounding effect.  344 

Supporting Hypothesis 1, we found that lighter-seeded diploid BBWG 345 

populations germinated faster (r = 0.60; P < 0.10) than both heavier-seeded diploid and 346 

autotetraploid populations across temperature regimes (Table 2), though the difference 347 

was slight.  Kitchen and Monsen (1994) also reported faster germination of lighter-348 

seeded BBWG populations, both at 1 °C (r = 0.37; P < 0.05) and at 15/25 °C (r = 0.26; P 349 

< 0.05).  When soil nutrients and minerals are readily available after precipitation events, 350 

it is likely that early germination associated with lighter seeds is desirable so that 351 

seedlings may quickly establish.  While larger seeds may be slower to establish, their 352 

resultant seedlings are generally more tolerant of stress and survive at a higher frequency 353 

(Moles and Westoby, 2006; Eliášová and Műnzbergová, 2014).  On the other hand, 354 
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lighter seeds can be produced in larger quantities than heavier seeds, which may allow 355 

them to persist in the population despite lower stress tolerance and survival frequencies 356 

(Jakobsson and Eriksson, 2000; Moles and Westoby, 2006). 357 

In agreement with Hypothesis 2a, across temperature regimes we found that 358 

heavier-seeded populations had greater AGR (r = 0.74; P < 0.05) (Table 2), a variable 359 

that reflects biomass production over time irrespective of initial biomass (Hunt 1990).  360 

Heavier-seeded populations displayed higher shoot biomass, root biomass, and AGR, 361 

likely because of their greater seed reserves (Fenner and Thompson, 2005).  In our study, 362 

the 85.6 % difference in seed mass between the lightest-seeded population, Whitmar, and 363 

the heaviest-seeded population, P-27t, corresponded to a 68.9 % difference in AGR.  364 

Similar to our study, Kitchen and Monsen (1994) reported that seeds of heavier-seeded 365 

BBWG populations produced greater seedling shoot biomass (r = 0.63; P < 0.01).   366 

Relative growth rate is often regarded as a more appropriate variable for 367 

population comparisons than AGR (Hunt, 1990).  Unlike AGR, RGR, the growth rate per 368 

unit of initial biomass, did not vary among our populations, though this may be due to 369 

larger standard errors for RGR due to its more complex calculation.  Consequently, we 370 

found no association between seed mass and RGR, similar to previous intraspecific 371 

studies in other species (Wulff, 1986; Tamet et al., 1996; Castro et al., 2008), but 372 

different from an interspecific trial (r = -0.31; P < 0.05) (Larson et al., 2016).  At the 373 

young-seedling stage, seed mass may be the major factor contributing to early growth 374 

(Cideciyan and Malloch, 1982), hence we were able to detect significant variation for 375 

AGR.  However, the effect of seed mass on seedling size typically diminishes over time, 376 

and the size discrepancy between seedlings of heavier and lighter seeds declines with age 377 
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(Kittock and Patterson, 1962; Zhang and Muan, 1990; Smart and Moser, 1999).  This is 378 

the time when variability in RGR becomes more important relative to AGR (Westoby et 379 

al, 1992).  Thus, our inability to detect differences in RGR could also be a consequence 380 

of the young-seedling stage at which our measurements were taken.  381 

Seed mass was negatively associated with SLA and SRL, in agreement with 382 

Hypothesis 2b.  It appears that lighter-seeded populations invest preferentially in surface 383 

area, while heavier-seeded populations invest more in biomass per unit of surface area.  384 

This pattern is similar to that reported for interspecific comparisons by Lambers et al. 385 

(1998) and Reich et al. (1998), though no relationship was reported by Larson et al. 386 

(2015).  The negative relationship between seed mass and surface area, either SLA or 387 

SRL, suggests that light-seeded populations may be better suited for above- and below-388 

ground resource acquisition in nutrient-rich environments (Westoby, 1998; Poorter and 389 

Jong, 1999).  Alternatively, species or populations that invest more in biomass and 390 

display low SLA and SRL have low nutrient-acquisition rates and generally originate in 391 

nutrient-poor environments (Reich et al., 2003).  It must be emphasized that the above-392 

cited studies refer to distribution of species across environments that vary for nutrient 393 

resources, particularly N, and rarely refer to environmental variation for soil-moisture 394 

availability (Westoby et al., 1998).  Both higher and lower SRL have been associated 395 

with drought-stress environments (Nicotra et al., 2002; Poot and Lambers, 2003)).  396 

Shoot and root biomass and shoot and root length of P-3, the heaviest-seeded 397 

diploid, were more similar to the other autotetraploids than to the remaining diploids.  398 

This suggests that seed mass rather than ploidy per se is the more important determinant 399 

of biomass traits.  Both seed mass and higher ploidy have been reported to be 400 
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contributors to seedling biomass in orchardgrass (Dactylis glomerata L.) (Bretagnolle et 401 

al., 1995).   402 

Contradicting Hypothesis 3, correlations between seed mass and seedling growth 403 

and morphological traits were similar under the 2 temperature regimes.  However, of 404 

greater interest is the disparity between the 2 temperature regimes for the 3 traits related 405 

to root length.  The more positive correlations of seed mass and root length-related traits 406 

under the low-temperature regime are particularly relevant because they reflect the early-407 

spring environment when perennial seeds are germinating.  These data may also explain 408 

earlier reports that large seed mass may enhance seedling establishment under drought 409 

conditions (Murray et al., 2004). 410 

Because of their use in rangeland seedings, we included three commercially 411 

available BBWG populations (Goldar, Anatone Germplasm, and Whitmar) in our study.  412 

All displayed low seed mass, high SRL (Fig. 2b), and low AGR (Fig. 2c).  However, of 413 

these three, only Anatone Germplasm exhibited high R:S length ratio at both 414 

temperatures (Fig. 4). The ability of Anatone to display a high R:S length ratio across a 415 

broad temperature range might explain the wide and successful use of this plant material 416 

in rangeland seedings.  The other two populations displayed high values at high 417 

temperature but low values at low temperature, the latter being more similar to 418 

temperatures to which young seedlings are typically exposed within the species’ natural 419 

distribution (Harris and Wilson, 1970). 420 

In our study, heavier seeds were associated with lower SRL across populations, 421 

though seed mass was less closely related to root length (Table 2).  Whether low SRL is 422 

advantageous or disadvantageous under our semi-arid conditions is unclear (Ryser, 423 
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2006).  While our study was not designed to answer this question, we nevertheless note 424 

that the light-seeded P-24 originated from the most arid (253 mm average annual 425 

precipitation [AAP]) and lowest-elevation (480 m) site, while the heavy-seeded T-17t 426 

originated from the most mesic (639 mm AAP) and highest-elevation (1100 m) site.  This 427 

distinction suggests low seed mass is desirable in arid regions, but this may be a 428 

consequence of the impracticality of producing heavy seeds in an arid environment.  For 429 

example, this could result in a significant trade-off with seed number, which might be 430 

evolutionarily disadvantageous overall (Aarssen et al., 2006; Chambers and Aarssen, 431 

2009).  432 

The two above-mentioned accessions, P-24 and T-17t, originating in contrasting 433 

wildland sites, had similar SRL values at high temperature.  However, at low temperature 434 

P-24, the accession originating in the more arid site, featured the highest SRL, while T-435 

17t displayed an intermediate value (Fig. 2b).  If high SRL at low temperature, as 436 

displayed by P-24, is advantageous for more-arid sites, then high-SRL light-seeded 437 

populations may be preferred for successful seedling establishment in such drought-prone 438 

environments.  In support of this premise, Kulpa and Leger (2013) found that bottlebrush 439 

squirreltail (Elymus elymoides [Raf.] Swezey ssp. californicus) seedlings that 440 

successfully established tended to produce smaller seeds. 441 

Credible assessments of site adaptation are best achieved through common-garden 442 

studies that measure establishment and persistence and are heavily replicated across time 443 

and space (Robins et al., 2013).  Seed mass is an easily-measured parameter, but it is only 444 

one of many functional traits that impact ecological fitness.  Studies cited herein 445 

document positive relationships between seed mass and temperature and solar radiation 446 
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(Murray et al., 2004; Moles and Westoby, 2006) and negative relationships between seed 447 

mass and soil-N concentration (Westoby, 1998; Poorter and Jong, 1999; Cloé and 448 

Turnbull, 2009).  Therefore, a worthwhile future experiment would be to test BBWG 449 

accessions of varying seed mass across sites that span a range of ambient temperatures 450 

and soil-N concentrations.  Such experiments would need to statistically control for other 451 

environmental variables, and data would need to be collected throughout the life-history 452 

of the stand to determine at which life-stages seed mass is most closely associated with 453 

adaptation. 454 

 455 

Implications: 456 

 Measurement of seed mass may offer a useful way to characterize populations 457 

along a continuum for the suite of 8 traits with which it is correlated. We note that seed 458 

mass must be measured on seeds produced in a common environment for it to strictly 459 

reflect genotype rather than being confounded with seed-production environment. Our 460 

data suggest that lighter-seeded populations will display faster germination and higher 461 

surface area (indicative of high RGR), while heavier-seed populations will display slower 462 

germination and higher biomass (indicative of high AGR). Seed mass seems to be a key 463 

trait that is closely related to young-seedling growth, and we presume that this trait has 464 

adaptive value, meaning that optimal seed mass varies with the environment in which the 465 

seed is growing. Differences among environments may relate to differences for site and 466 

site history variables, e.g., weather, soil, vegetation, previous cultivation, grazing history, 467 

fire history. Future experiments may indicate how a plant material with a particular seed 468 

mass may be matched to the seedbed environment to which it is best adapted. 469 
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Table 1.  F-values for ploidy, seed mass, and population for 12 seedling morphology and 670 

growth traits.  Temperature main effect is omitted because only one growth chamber was 671 

used for each temperature treatment. 672 

 673 

Effect 
Root 
initiation 

Shoot 
initiation 

Shoot 
biomass 

Root 
biomass 

R:S  
biomass 

Shoot 
length 

Ploidy  12.7*** 
  
13.5*** 

  
39.9***  

 
36.3***  2.6 

       
20.1*** 

Seed mass  24.7*** 
  
99.0*** 10.1**   8.2** 0.3   3.5+ 

Population    6.9*** 
  
28.7***   0.9   2.6+ 

                   
6.7***   4.6* 

 
Temperature 
x ploidy    0.0   7.8**   2.9   1.8 4.7*   2.3 
 
Temperature 
x seed mass    1.7 11.8***   2.8   0.1 1.0   1.4 
 
 
 
 

Root 
length 

R:S 
length SLA SRL AGR  RGR 

Ploidy  17.8***    0.2    1.4 
 
12.4***   14.3*** 1.0 

Seed mass    7.2**    8.5**    7.3** 
 
25.2***    2.9+ 0.0 

 
Population    4.3**    1.2    0.7   1.4   1.3 1.7 

Temperature 
x ploidy    0.8    0.9    0.2  1.8   0.1     0.0 

 
Temperature 
x seed mass  15.1***  18.9***    2.1  9.4*   0.4     0.8 
     
__________________________________________________ 

+, *, **, *** P < 0.10, 0.05, 0.01, 0.0001, respectively. 
      
      

 674 

675 
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Table 2. Correlation coefficients (r) of seedling traits with seed mass and absolute growth 676 
rate (AGR) under low and high temperature regimes.  677 
 678 

 

Seed mass AGR 

Low temp. High temp. Across temps. Low temp. High temp. Across temps. 

Root initiation 0.48    0.72*  0.60+ 0.28   0.70*  0.47 

Shoot initiation   0.60+    0.67*  0.60+ 0.15 0.57  0.55 

Shoot biomass   0.64+      0.84**     0.83**     0.95**    0.86**      0.91** 

Root biomass   0.62+      0.91**     0.82**     0.95**  0.78*      0.88** 

R: S biomass   0.38 -0.01 0.25  0.59+ -0.31  0.20 

Shoot length    0.61+  0.61+  0.67+     0.85**     0.86**      0.88** 

Root length   0.58 -0.09 0.19     0.84** 0.24  0.58 

R: S length   0.45 -0.54 -0.33  0.65+ -0.45 -0.06 

SLA -0.44  -0.63+ -0.73*  -0.63+  -0.64+ -0.64+ 

SRL -0.65+  -0.87*    -0.90**     -0.81** -0.49   -0.73* 

AGR   0.59+   0.65+   0.74*    

         
 679 
+, *, **, *** P < 0.10, 0.05, 0.01, 0.0001, respectively. 680 
 681 
  682 
 683 
  684 
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Figure 1. Correlations of seed mass with a) days to root initiation and b) days to shoot 687 

initiation across 9 bluebunch wheatgrass populations for the high temperature regime.  688 

Figure 2. Correlations of seed mass with a) absolute growth rate (AGR), b) specific leaf 689 

area (SLA), and c) specific root length (SRL) averaged over 2 temperature regimes across 690 

9 bluebunch wheatgrass populations.  691 

Figure 3. Correlations of absolute growth rate (AGR) with a) specific leaf area (SLA) and 692 

b) specific root length (SRL) averaged over 2 temperature regimes across 9 bluebunch 693 

wheatgrass populations. 694 

Figure 4. Root-to-shoot length ratio of 9 populations of bluebunch wheatgrass under 2 695 

temperature regimes.  Mean separations (LSD0.05) are expressed by lower-case and 696 

capital letters for low and high temperature regimes, respectively. 697 
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