Version of Record: https://www.sciencedirect.com/science/article/pii/S1550742418300332
Manuscript 95649ace7ed31£f67¢0967f6140d5b600

1

2 The relationship between seed mass and young-seedling growth and morphology
3 among nine bluebunch wheatgrass populations

4

5

6  Jayanti Ray Mukherjé& Thomas A. JonésThomas A. Monach and Peter B. AdIér

10

11

12

13

14

15

16

17

18 ' Azim Premiji University, School of Liberal Studies, Bengaluru, Ind@merly

19 Graduate Program, Dept. of Wildland Resources, and Ecology Center, Utah State
20 University, Logan, UT, andUSDA-ARS Forage and Range Research Laboratory,

21 Logan, UT.

© 2018 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1550742418300332

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Abstract:

To better match plant materials to ecological &itgpurposes of rangeland seedling
establishment, we examined the relationship betweed size and growth and
morphological traits in young seedlings of bluebumheatgrass (BBWG)
(Pseudoroegneria spicata [Pursh.]A. Love), a perennial Triticeae bunchgrass native to
the Intermountain West. Traits examined includesed of germination, seedling
biomass traits, and seedling surface-area traiessgi¥w seeds of 9 BBWG populations
that varied for seed size and were produced imauan environment under 2
contrasting day/night temperature regimes (20/1510Z5 °C). Lighter-seeded
populations germinated and initiated shoots earltgavier-seeded populations
displayed high levels of biomass-related traitg,, eshoot and root biomass and shoot
length, while lighter-seeded populations displalgggh levels of surface area-related
traits, e.g., specific leaf area and specific tength (SRL). Correlations between seed
size and young-seedling traits were mostly similader the two temperature regimes.
However, root length-related traits showed moratpascorrelations with seed size
under the low-temperature regime, which is moralamo actual field-emergence
conditions during early spring. P-24, a light-seg@opulation, originated from the most
arid site and exhibited the highest SRL at low terafure, while T-17t, a heavy-seeded
population, originated from the most mesic site exlibited moderate SRL. Three
populationsused for rangeland revegetation, ‘Whitmar,” ‘Goldland Anatone
Germplasm, all exhibited low seed mass and high. $®\wever, only Anatone
displayed high root-to-shoot length ratio undehbteimperature regimes, perhaps

explaining its wide and successful use in rangeteatlings.



45

46

a7

48

Key Words: early germinatiorfiseudoroegneria spicata; seed size; specific leaf area,

specific root length



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

Introduction:

Establishment of native perennial Triticeae gragseangeland seedings in the
Intermountain Region has long lagged that of ttéd World relatives, the crested
wheatgrassegropyron spp.), particularly at sites receiving less th@f &m of annual
precipitation (Asay et al., 2001). One of the mogtortant of these native perennials for
restoration purposes is bluebunch wheatgrass (BBF$audoroegneria spicata [Pursh]

A. Léve) (Jones and Larson, 2005). To improve the ssaoielsluebunch wheatgrass
seedings, a better understanding of their seedeedling functional traits and the
potential trade-offs among them may lead to thesibgment of improved plant
materials. Such an understanding may also leduetdeéployment of specific plant
materials to the restoration sites to which theylsst adapted (Jones et al., 2010). To be
effective, this must be based on a comprehensiderstanding of 1) the traits
themselves, 2) the expression of the traits amloagarious plant materials, 3) the
edaphic and climatic variables that predominatepetific restoration sites, and 4) the
best correspondence between the functional tréagptant material and the
environmental parameters of a site. Seed massag delieved to be one of a suite of
traits collectively evolved that has great ecolagramifications across the various life
stages of the plant (Moles and Westoby, 2006).

Seed mass is a highly heritable trait (Table 2adr&s, 2007) and a major
determinant of germination rate, seedling growtid establishment (Harper et al., 1970;
Fenner and Thompson, 2005). Species with largelsseantain greater reserves and
display higher germination percentage, greater gemae from deep seeding, larger

initial seedling mass, higher root-extension rabester seedling establishment, and
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greater stress tolerance relative to species \mtiler seeds (Westoby et al., 1992;
Leishman and Westoby, 1994; Kidson and Westoby)2Birray et al., 2004; Baraloto
et al., 2005). While much of the high seed-massathge occurs between seed
production and emergence, additional advantagésdegreater seedling survival,
greater canopy area, and greater adult longevinlédand Westoby, 2006). Similar
relationships are also known among populations fcontrasting environments within
species (Kneebone, 1972; Wulff, 1973; Wulff, 1986ang and Muan, 1990; Kitchen
and Monsen, 1994; Greipsson and Davy, 1995; Baratoal., 2005). For example,
across 47 natural populationsBBWG sown at a deep seeding depth (4 cm), seed mass
was positively correlated with percentage emergamckseedling shoot mass, though
uncorrelated with germination rate, under two terappge regimes (Kitchen and Monsen,
1994).

Small-seededness can also confer traits favoratdeddling growth. An across-
continent comparison of species suggests that esrrsdkeded species germinate faster
(Norden et al., 2009), and their seedlings displeater specific leaf area (SLA) and
specific root length (SRL), which are associatethwigh relative growth rate (RGR)
(Wright and Westoby, 1999; Poorter and Garnier,7208igh RGR allows seedlings
grown from smaller seeds to eventually match opass the growth of seedlings grown
from larger seeds (Thomas, 1966; Westoby et a@2;]18paricio et al., 2002). While the
negative relationship between seed mass and R@RBIligstablished among species, this
relationship is less studied across genotypes mgpecies (Townsend and Wilson, 1981,

Meyer and Carlson, 2001; Castro et al., 2008).
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Small-seeded species are known to have more stititg@perature requirements
for germination than large-seeded species (Eastdrikéeindorfer, 2008). Contrasting
diurnal temperatures are one of the most critiequirements for germination
(Thompson and Grime, 1983; Gutterman, 1993; Lial.e2013), and optimal ambient
temperature during periods of soil-water avail@pis an important cue for seed
germination (Easton and Kleindorfer, 2008). Tempemmay affect initial seedling
mass, initial leaf area, and RGR (Townsend andMujl§981), complicating the
relationship between seedling morphological traitd their growth rate functions. For
example, SLA plays a dominant role in interspecrfciability for RGR, though only at
higher temperatures (Atkin et al., 2006). Howegeich information is still lacking for
intraspecific comparisons.

Bluebunch wheatgrass is a, @erennial Triticeae bunchgrass species that sccur
throughout the North American Intermountain West sncommonly included in
restoration seed mixes in the region (Monsen g2804). While considerable resources
have been devoted to developing more effectivetpraaterials of BBWG (Asay et al.,
2003; St. Clair et al., 2013; Gibson and Nelsor, 220individual plant materials might
be better matched to target environments if théogomal implications of seed mass were
better understood. In addition, such knowledgeld/dluminate efforts to intentionally
develop BBWG plant materials that are better adbfiespecific ecological sites.
Growth of BBWG seedlings at low temperature is imgat because its germination in
the Intermountain West takes place in early spwhgn temperatures are low but soil-
moisture availability is high (Harris and Wilsor§7D). The relatively slow germination

of BBWG relative to the prevalent, invasive, exatinter-annual grasses, and its



117 inability to preempt abundant early-season soilstaoe and nutrient resources from

118 these competitors, has contributed to its dechiaaris, 1967; Young and Allen, 1997).
119 Our objectives were to assess relationships betaeet mass and seedling traits
120 and the response of these relationships to coimgagmperature regimes in order to

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

122 might be best adapted. To accomplish these obgs;tve compared 9 BBWG

123 populations that varied for seed mass for gernondtiaits, seedling growth traits, and
124  seedling morphological traits under 2 day/nightpgenature regimes (10f&; 20/15°C).
125 To obtain information on BBWG plant materials cutig in use, ‘Whitmar,” ‘Goldar,’

126 and Anatone Germplasm were included, along witth@rgpopulations chosen to span a
127 Dbroad range for seed mass.

128 We tested 3 hypotheses. First, we hypothesizeditjiitseeded populations

129 would germinate faster than heavy-seeded populatlmased on previous findings within
130 species (Maun and Cavers, 1971) and among spdaexlp and Westoby, 1992; Norden
131 etal., 2009) (Hypothesis 1). Next, we hypothesihed heavy-seeded populations would
132 display seedling traits associated with high bicsnasy., high shoot mass, root mass, and
133 AGR (Hypothesis 2a), while light-seeded populatiamgild display seedling traits

134 associated with high surface area, e.g., high S8R\, and RGR (Hypothesis 2b). Then,
135 we hypothesized that correlations between seed amsseedling traits would be weaker
136 at low temperature than at high temperature (Hygh3), as cold temperatures delay
137 germination (Gutterman, 1993) and significantlyuesl seedling growth (Townsend and
138 Wilson, 1981). Finally, we evaluated seedling gitowaf three commercially available
139 BBWG plant materials to assess their similaritied differences for seedling traits.

140
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Materials and Methods:

We utilized three released commercial populatié@si@ar,” ‘Whitmar,” and
Anatone Germplasm) and six experimental populat{m3, P-20t, P-22, P-24, P-27t,
and T-17t) of BBWG. Of these nine populations, R-B027t, and T-17t are
autotetraploids (2= 28), as indicated by the terminal ‘t’, while temainder are
diploids (zh = 14). Both diploid and autotetraploid populatiai8BWG occur naturally
(Jensen et al., 1995). Of the autotetraploids, flislidaturally occurring (Steptoe Butte,
Whitman Co., WA), P-27t was developed from an aitaploid experimentally induced
with colchicine from the diploid P-3 (a populatidaveloped by intermating several
collections in th&rande Ronde Valley in Union Co. and Wallowa Cdr)Gand P-20t
was derived from a cross between the natural awplteid T-17t and an autotetraploid
colchicine-induced from P-3. The diploid P-22 pa@tigdn was developed by four cycles
of selection on P-1 (origin unknown), and the dighlB-24 population was developed by
three cycles of selection on Acc:238 (Lind, WA)Il 2commercial populations trace to
collections made from single local sites.

To avoid confounded maternal effects resulting fromitiple seed-production
environments, seeds of all populations were pradlirc@ common environment at Utah
State University’s Evans Farm at Millville, UT. Waiall seeds were produced in the
same field and year, individual seed-productiongleere established perpendicular to
the prevailing wind and isolated by distance toimine cross-pollination between plots.
Seeds were harvested in 2007, cleaned, and reftageuntil experimental use. Average

seed mass was determined by weighing 36 lots ok&6ds for each population (Fig. 1).
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Four seeds were placed in each germination pd¥ks(seed germination
pouch, Mega International, St. Paul, MN, USA), whis a folded plastic sheet enclosing
a blotter paper. Twenty-five pouches (replicatdsgach population were assigned to low
and high temperature regimes in separate growtimicbes (Percival Scientific, Inc.,
Perry, IA, USA), in a completely randomized desigth subsampling. Thus, a total of
100 seeds of each population were evaluated fdr temeperature regime. Actual
temperatures for low (alternating 12-hour 10 £+ ®83days/ 12-hour 5 + 0.28 °C nights)
and high (20 £ 1.25 °C days/ 15 £ 2.16 °C nightesyperature regimes were recorded in
each chamber using a data logger (Watchdog, Spedtachnologies, Plainfield, IL,
USA). The low and high temperature regimes werenidéd to represent typical early-
and late-spring temperatures, respectively, foeBagsh-steppe plant communities of the
Intermountain West (West, 1983).

To initiate the study, we sprayed the blotter papeyaturation with distilled
water (an equal amount for each germination poanh)2 Aug. 2008. Pouches were
rewatered as necessary throughout the experimemaititain saturated conditions. Each
seed was monitored daily, and the dates of firsatron of radicle and coleoptile were
recorded. Seedlings of 12 replicates were desuelgtharvested after 8 days for high
temperature and 16 days for low temperature (demlyest-date). The low-temperature
harvest-date was delayed to allow seedlings to dmoge enough to measure
morphological traits. For both temperature reginadste harvest-date was taken 7 days
following the early harvest-date on the remainiBgdplicates to permit calculation of
growth rates. On their designated harvest-datesllisgs were scanned at 300 dots per

square inch (46.5 dots per Onusing WinRHIZO Pro Version 2005b (Reagent
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Instrument Inc., Québec City, Canada). After scagnshoots and roots were separated,
oven-dried at 60 °C for 48 h, and weighed. Scammeges were analyzed for shoot and
root length, leaf area, SLA, and SRL. All seedlirajts except days to root and shoot
initiation were measured at the late harvest-daibsolute growth rate (AGR) was
calculated as AGR = p[(W- W,)] / (t2 — &), and relative growth rate was calculated as
RGR = p[(InW, — InWy)] / (t2 — &), where W and W were the total dry masses (shoot +
root) from the early and late harvest-dates, raspdg, and p was the mean biomass
across replicates for the indicated harvest-datdy(er late). As AGR and RGR were
calculated from mean values, to determine whetl@@RAnd RGR differed among
populations, we performed ANOVA on total biomassaai temperatures and included
harvest-date in the model. A significant effectla# harvest-date x population
interaction, i.e., population variation for theafg harvest-date) — (early harvest-date)]
difference, for total biomass would indicate thapplations were different for AGR.
Similarly, a significant effect of the harvest-datpopulation for In-transformed total
biomass would indicate that populations were déifiéifor RGR. Also, a significant
interaction for harvest-date x temperature x papardaor total biomass or In-
transformed biomass would indicate differentialiagon among populations for either
AGR or RGR, respectively, at different temperatures

Data were analyzed with SAS 9.2 (SAS Institute 20Q@3sing PROC MIXED,
we employed a sequential analysis-of-variance medalploidy fitted first, followed by
seed mass, and then populations. All independeighblas were considered fixed, except
for replicate, which was considered random. We wisgd from all 25 replicates to

calculate days to germination, days to shoot itaig AGR, and RGR, while the
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remaining morphological traits were determined fribv@ 13 replicates measured at the
late harvest-date. Data transformation was perfdragenecessary to meet normality
assumptions. Means were back-transformed for pratsem.

Using PROC CORR, we calculated unadjusted Pearsomnr'slation coefficients
between seed mass and 1) days to germination ashaly2)to shoot initiation to test
Hypothesis 1. Similarly, we calculated correlatawefficients between seed mass and 1)
shoot mass, 2) root mass, and 3) AGR to test Hgs2a and between seed mass and
1) SLA, 2) SRL, and 3) RGR to test Hypothesis Rlext, we estimated correlation
coefficients between seed mass and 11 seedlirig (rat including RGR) at high and
low temperatures. We then tested Hypothesis 3 tgriakning if the seed mass x

temperature interaction was significant for eacthdteedling traits.
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Results:

We used 9 BBWG populations, spanning a broad résrggeed mass, to test our
3 hypotheses involving the effects of seed masgang-seedling growth. Six of the
populations were diploid, but the 3 others weretaitaploid. Seed mass ranged from
6.46 mg seelfor the autotetraploid P-27t to 3.48 mg sééat the diploid Whitmar, a
1.9-fold range. On average, autotetraploid poputatihad heavier seeds than diploid
populations (5.99 vs. 4.33 mg ségdhough an exception to this general trend was th
high seed mass (6.18 mg ségdiploid, P-3. These two variables, ploidy anddse®ss,
displayed a high degree of multicollinearity in @ata set, making it impossible to
separate their confounded effects. Because wetdlidne an adequate experimental
design or plant materials to test differences betwe 2 ploidies, we used ploidy only
as a covariate in the ANOVA to control for any plpieffects. Subsequent to ploidy,
seed mass, population, temperature, and theiactiens were fitted in the model. Thus,
our hypotheses relate to seed mass, populatioedsafter seed mass), and the
temperature x seed mass interaction effects réthearto ploidy.

For some traits, we found residual variation ampopgulations after ploidy and
seed mass variation were accounted for, but nadtfeers (Table 1). Residual variation
among populations was found for 5 traits (dayott and shoot initiation, root biomass,
root and shoot length), but in each of these camxest variation was accounted for by
either ploidy or seed mass. For 5 other traits@gsb@mass, root:shoot length ratio, SRL,
SLA, AGR), no residual variation remained afterigjoand seed mass were accounted
for. Only for root:shoot biomass ratio was the dapan effect significant and ploidy and

seed mass effects non-significant.
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The two growth-rate variables, AGR and RGR, wereassarily calculated by
determining the interaction of biomass across thar2est-dates. We found a significant
harvest-date x population interaction for totalmass P < 0.005) but noneR> 0.10) for
In-transformed total biomass, indicating that pagiohs differed for AGR but not for
RGR. Absolute growth rate and RGR were calculagg@disately for each temperature.

Supporting Hypothesis 1, small-seeded populati@nsigpated faster, as seed
mass was positively correlated at high temperatitte days to root initiationr(= 0.72;

P < 0.05) (Fig. 2a) and days to shoot initiatior(0.67;P < 0.05) (Fig. 2b). In
accordance with Hypothesis 2a, seed mass wasvabgitiorrelated across populations
and temperatures with biomass traits, e.g., shassti= 0.83;P < 0.01), root mass &
0.82;P <0.01), AGR( =0.74;P < 0.05), and shoot length€ 0.67;P < 0.10) (Table 2,
Fig. 3a). In accordance with Hypothesis 2b, seesksmas negatively correlated across
populations and temperatures with surface-ares teg., SLAK(=-0.73;P < 0.05)
(Table 2, Fig. 3b) and SRk € -0.90;P < 0.01) (Table 2, Fig. 3c). Thus, low seed mass
was associated with high SLA and high SRL. HoweR&R, a trait often associated
with high surface area was not correlated with seads, as RGR was not found to vary
(P > 0.10) among populations. Correlations betweeRA(Ad individual seedling traits
were similar to correlations between seed masstaose traits, likely because of the
positive correlation between seed mass and AGR(Q(74;P < 0.05) (Table 2). Like

high seed mass, high AGR was associated with |lofaserto-mass ratio, as evidenced
by negative correlations between AGR and SLA (0.64;P < 0.10) (Fig. 4a) and SRL
(r =-0.73;P < 0.05) (Fig. 4b). The lack of significance foetharvest-date x

temperature x population interaction indicates gegiulations varied similarly across
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temperatures for AGR. On average, P-20t (0.299 ayd)chad highest AGR, while
Whitmar was lowest (0.204 mg ddy

We used the significance of the seed mass x tertypereorrelation to assess
whether the relationship between seed mass antrgggdits varied between
temperature regimes (Table 2). We found no evidef@ difference between
temperature regimes for seed mass correlations8astithe traits, as the temperature x
seed mass interaction was not significét(0.10). Thus, our data failed to support
Hypothesis 3 for these traits. However, tempeeatiid change the relationships of seed
mass with three traits related to seedling roogtlen A temperature x seed mass
interaction was found for root lengtR € 0.0001), R:S length rati® (< 0.0001), and
SRL (P <0.05) (Table 1). In each case, the correladifogach trait with seed mass was
more positive at low temperature than at high tertpee, though the sign of the
correlation remained negative for SRL. This nagatiorrelation between seed mass and
SRL is explained by the fact that the positivetreteship between seed mass and root
biomass was stronger than the positive relationiseiveen seed mass and root length.
To summarize, our data suggest that high seed wessore associated with greater

root length under the low-temperature than undehigh-temperature regime.
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Discussion:

The ability to germinate and successfully estabBgbaramount for ecological
fitness. Larger seeds within a grass species giteerate seedlings of greater vigor
(Rogler, 1954; Kittock and Patterson, 1962; Kneehd®72; Smith et al., 2003), and in
our study, heavier-seeded populations produceéda®eedlings. However, because
large seeds tend to produce seedlings with high AGRow RGR, over time seedlings
of small seeds may match or surpass the size dfisge of large seeds (Thomas, 1966;
Aparicio et al., 2002). Furthermore, a trade-o#ynoccur between seed mass, which is
primarily under genetic control, and seed numbdiclvis primarily under
environmental control (Cloé and Turnbull, 2009)ow¢ver, these authors showed that
this trade-off may not be one-for-one if adult simsource availability, or competitive
ability differ among genotypes. When nutrients evieighly limiting, Arabidopsis
thaliana genotypes with low seed mass were unable to cdetpleompensate by
increasing seed number, so large-seeded genotggesgsed greater ecological fithess
(overall yield) (Cloé and Turnbull, 2009). On thther hand, when nutrients were
plentiful, small-seeded genotypes were more théatalcompensate by increasing seed
number, giving them greater fitness (Alonso-Blagtal., 1999, as cited by Cloé and
Turnbull, 2009). Thus, the magnitude of the traffeand consequently the relative
contribution of seed mass vs. seed number to dwealogical fitness, may not be fixed
but may vary with environmental conditions and plkaaits that impact growth (Cloé and
Turnbull, 2009).

Seed mass was long thought of as a trade-off bettve® opposing evolutionary

forces affecting fitness, one force favoring snsakds, due to the favorable effect of

15



309 increased seed number, and another force favangg lseeds, due to their greater
310 likelihood of growing into established seedlingsgstbby et al., 1992). However,

311 because seed mass may span orders of magnituds apexies at a single site, some
312 authors have postulated that a simple trade-offéen seed mass and number cannot
313 explain variation for seed mass (Westoby et ab2]1®oles and Westoby, 2006).

314 Instead, empirical data suggest that seed masgesvat a component of a suite of life-
315 history traits including length of the juvenile fet, juvenile survival rate, mature-plant
316 size, and plant longevity (Westoby et al., 1992 jé8and Westoby, 2006). Categories
317 of growth form (graminoid, forb, shrub, tree, on&) correlate with seed mass both
318 among extant species and in the fossil record (Metel., 2005). Moles et al. (2005,
319 2007) have suggested that large seed mass is @ssbwaiith large mature-plant size
320 because the latter requires a longer juvenile geaad longer juvenile periods

321 necessitate high seedling survival, which in terfavored by larger seed mass.

322 Within a species, seed mass may be reflectivet@fsiaptation, being associated
323  with specific abiotic and biotic parameters tharettterize groups of environmentally
324 similar sites. For example, among 1,600 provenaat84 Australian perennial species
325 of Glycine, seed mass was higher at lower latitudes anceimtierior of Australia.

326 Higher seed mass was most closely associated wjtiethtemperature and solar

327 radiation, as opposed to differences in precigita{Murray et al., 2004). In this (Murray
328 etal., 2004) and another study (Moles and Westa096), patterns among and within
329 species were generally consistent. Heavier seegig@sult from higher photosynthate
330 production due to higher solar radiation, and thnay be required in warm climates

331 where metabolic requirements for growth and mastee are high (Murray et al., 2004).
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In fact, migrations away from the equator have beessociated with declines in seed
mass throughout seed-plant evolution (Moles e28Dy7).

Most intraspecific studies of the relationship betw seed mass and germination
have examined variation within rather than amongutettions. Variation for seed mass
within populations has been generated by eithemualgnsorting seeds, e.g., Winn
(1985), Wulff (1986), Paz and Martinez-Ramos (2008)y utilizing half-sib open-
pollinated lines that vary for seed mass, e.g. aBgand Toft (2007), Castro et al. (2008).
Among-population studies have generally used seeltkcted from wildland sites, e.g.,
Counts and Lee (1991), Kitchen and Monsen (1994ipSson and Davy (1995), Meyer
and Carlson (2001), thereby introducing a confonganaternal effect due to differences
in seed-production environment (Roach and Wulf87)9 For our among-population
study, we intentionally used seeds produced imancon environment to avoid this
confounding effect.

Supporting Hypothesis 1, we found that lighter-seediploid BBWG
populations germinated faster< 0.60;P < 0.10) than both heavier-seeded diploid and
autotetraploid populations across temperature regifhable 2), though the difference
was slight. Kitchen and Monsen (1994) also repbféster germination of lighter-
seeded BBWG populations, both at 1 G (0.37;P < 0.05) and at 15/25 °@= 0.26;P
< 0.05). When soil nutrients and minerals areirgadailable after precipitation events,
it is likely that early germination associated witthter seeds is desirable so that
seedlings may quickly establish. While larger semdy be slower to establish, their
resultant seedlings are generally more tolerastress and survive at a higher frequency

(Moles and Westoby, 2006; EliaSova andridbergova, 2014). On the other hand,
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lighter seeds can be produced in larger quantiigs heavier seeds, which may allow
them to persist in the population despite lowezssiitolerance and survival frequencies
(Jakobsson and Eriksson, 2000; Moles and Westd@i6)2

In agreement with Hypothesis 2a, across temperatgiemes we found that
heavier-seeded populations had greater AGR{.74;P < 0.05) (Table 2), a variable
that reflects biomass production over time irrefipe®f initial biomass (Hunt 1990).
Heavier-seeded populations displayed higher shoatdss, root biomass, and AGR,
likely because of their greater seed reserves @emmd Thompson, 2005). In our study,
the 85.6 % difference in seed mass between theebgseeded population, Whitmar, and
the heaviest-seeded population, P-27t, correspotoda®8.9 % difference in AGR.
Similar to our study, Kitchen and Monsen (1994)orégd that seeds of heavier-seeded
BBWG populations produced greater seedling shanhbss (= 0.63;P < 0.01).

Relative growth rate is often regarded as a mopeagpiate variable for
population comparisons than AGR (Hunt, 1990). klnhGR, RGR, the growth rate per
unit of initial biomass, did not vary among our ptgiions, though this may be due to
larger standard errors for RGR due to its more dexmgalculation. Consequently, we
found no association between seed mass and RGHRarsioprevious intraspecific
studies in other species (Wulff, 1986; Tamet etl#196; Castro et al., 2008), but
different from an interspecific triat € -0.31;P < 0.05) (Larson et al., 2016). At the
young-seedling stage, seed mass may be the major tontributing to early growth
(Cideciyan and Malloch, 1982), hence we were ablgetect significant variation for
AGR. However, the effect of seed mass on seeglamtypically diminishes over time,

and the size discrepancy between seedlings of éreand lighter seeds declines with age
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(Kittock and Patterson, 1962; Zhang and Muan, 1$80art and Moser, 1999). This is
the time when variability in RGR becomes more intgat relative to AGR (Westoby et
al, 1992). Thus, our inability to detect differesdn RGR could also be a consequence
of the young-seedling stage at which our measureweere taken.

Seed mass was negatively associated with SLA arnd iSRgreement with
Hypothesis 2b. It appears that lighter-seeded latipus invest preferentially in surface
area, while heavier-seeded populations invest mmdoe@mass per unit of surface area.
This pattern is similar to that reported for infesific comparisons by Lambers et al.
(1998) and Reich et al. (1998), though no relatiqmsvas reported by Larson et al.
(2015). The negative relationship between seed mad surface area, either SLA or
SRL, suggests that light-seeded populations méayetter suited for above- and below-
ground resource acquisition in nutrient-rich enmiments (Westoby, 1998; Poorter and
Jong, 1999). Alternatively, species or populatithreg invest more in biomass and
display low SLA and SRL have low nutrient-acquitirates and generally originate in
nutrient-poor environments (Reich et al., 2003)muist be emphasized that the above-
cited studies refer to distribution of species asrenvironments that vary for nutrient
resources, particularly N, and rarely refer to emwvmental variation for soil-moisture
availability (Westoby et al., 1998). Both highexddower SRL have been associated
with drought-stress environments (Nicotra et 802 Poot and Lambers, 2003)).

Shoot and root biomass and shoot and root lengiti&fthe heaviest-seeded
diploid, were more similar to the other autotetoighd than to the remaining diploids.
This suggests that seed mass rather than ploidyepierthe more important determinant

of biomass traits. Both seed mass and higherpluwde been reported to be
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contributors to seedling biomass in orchardgrBs&tylis glomerata L.) (Bretagnolle et
al., 1995).

Contradicting Hypothesis 3, correlations betweasrtdseass and seedling growth
and morphological traits were similar under the@perature regimes. However, of
greater interest is the disparity between the tFature regimes for the 3 traits related
to root length. The more positive correlationseéd mass and root length-related traits
under the low-temperature regime are particulalgwant because they reflect the early-
spring environment when perennial seeds are getiminaThese data may also explain
earlier reports that large seed mass may enhaedérsggestablishment under drought
conditions (Murray et al., 2004).

Because of their use in rangeland seedings, wadedl three commercially
available BBWG populations (Goldar, Anatone Gerraplaand Whitmar) in our study.
All displayed low seed mass, high SRL (Fig. 2bd &ow AGR (Fig. 2c). However, of
these three, only Anatone Germplasm exhibited Rigghlength ratio at both
temperatures (Fig. 4). The ability of Anatone tepdiay a high R:S length ratio across a
broad temperature range might explain the widesaledessful use of this plant material
in rangeland seedings. The other two populatiesidalyed high values at high
temperature but low values at low temperatureldtier being more similar to
temperatures to which young seedlings are typi@dyosed within the species’ natural
distribution (Harris and Wilson, 1970).

In our study, heavier seeds were associated witbrl®&RL across populations,
though seed mass was less closely related toengtH (Table 2). Whether low SRL is

advantageous or disadvantageous under our semgarditions is unclear (Ryser,
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2006). While our study was not designed to anshisrquestion, we nevertheless note
that the light-seeded P-24 originated from the naost (253 mm average annual
precipitation [AAP]) and lowest-elevation (480 niteswhile the heavy-seeded T-17t
originated from the most mesic (639 mm AAP) andhkgj-elevation (1100 m) site. This
distinction suggests low seed mass is desiraldeidhregions, but this may be a
consequence of the impracticality of producing lyeseeds in an arid environment. For
example, this could result in a significant tradevath seed number, which might be
evolutionarily disadvantageous overall (Aarsseal e2006; Chambers and Aarssen,
2009).

The two above-mentioned accessions, P-24 and Tefiginating in contrasting
wildland sites, had similar SRL values at high tenagure. However, at low temperature
P-24, the accession originating in the more atel $atured the highest SRL, while T-
17t displayed an intermediate value (Fig. 2b)high SRL at low temperature, as
displayed by P-24, is advantageous for more-atés sthen high-SRL light-seeded
populations may be preferred for successful seg@gtablishment in such drought-prone
environments. In support of this premise, Kulpd aager (2013) found that bottlebrush
squirreltail Elymus elymoides [Raf.] Swezey sspalifornicus) seedlings that
successfully established tended to produce snesdiels.

Credible assessments of site adaptation are beistvad through common-garden
studies that measure establishment and persiséenicare heavily replicated across time
and space (Robins et al., 2013). Seed mass iasilg-eneasured parameter, but it is only
one of many functional traits that impact ecolobftaess. Studies cited herein

document positive relationships between seed maktemperature and solar radiation
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(Murray et al., 2004; Moles and Westoby, 2006) aedative relationships between seed
mass and soil-N concentration (Westoby, 1998; oartd Jong, 1999; Cloé and
Turnbull, 2009). Therefore, a worthwhile futurgpexment would be to test BBWG
accessions of varying seed mass across sitegodraiasrange of ambient temperatures
and soil-N concentrations. Such experiments waeled to statistically control for other
environmental variables, and data would need toollected throughout the life-history
of the stand to determine at which life-stages seasls is most closely associated with

adaptation.

Implications:

Measurement of seed mass may offer a useful walgdmacterize populations
along a continuum for the suite of 8 traits withievhit is correlated. We note that seed
mass must be measured on seeds produced in a coemvioonment for it to strictly
reflect genotype rather than being confounded wsattd-production environment. Our
data suggest that lighter-seeded populations veiildy faster germination and higher
surface area (indicative of high RGR), while heagieed populations will display slower
germination and higher biomass (indicative of MgBR). Seed mass seems to be a key
trait that is closely related to young-seedlingvgig and we presume that this trait has
adaptive value, meaning that optimal seed masessvarith the environment in which the
seed is growing. Differences among environments rekye to differences for site and
site history variables, e.g., weather, solil, vely@ta previous cultivation, grazing history,
fire history. Future experiments may indicate hoplant material with a particular seed

mass may be matched to the seedbed environmenti¢h wis best adapted.
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670 Table 1.F-values for ploidy, seed mass, and population fosdedling morphology and
671 growth traits. Temperature main effect is omitbedause only one growth chamber was

672 used for each temperature treatment.

673
Root Shoot Shoot Root R:S Shoot
Effect initiation initiation biomass biomass biomass length
Ploidy 12.7%* 13.5%*  39.0%* 36.3*** 2.6 20.1%**
Seed mass 24.7%** 99.0***  10.1** 8.2** 0.3 35
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 R:S
length 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%% 2520+ 2. 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
TR Rk e P < (0,10, 0.05, 0.01, 0.0001, respectively.
674
675
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Table 2. Correlation coefficients (r) of seedlingits with seed mass and absolute growth
rate (AGR) under low and high temperature regimes.

Seed mass AGR

Low temp. Hightemp. Acrosstemps.| Lowtemp. Hightemp. 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** @1**
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 0.6T 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*

T, x, e e P < (.10, 0.05, 0.01, 0.0001, respectively.
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Figure 1. Correlations of seed mass with a) dayedbinitiation and b) days to shoot

initiation across 9 bluebunch wheatgrass populatfonthe high temperature regime.

Figure 2. Correlations of seed mass with a) abs@udwth rate (AGR), b) specific leaf
area (SLA), and c) specific root length (SRL) agedover 2 temperature regimes across

9 bluebunch wheatgrass populations.

Figure 3. Correlations of absolute growth rate (A®Rh a) specific leaf area (SLA) and
b) specific root length (SRL) averaged over 2 terapge regimes across 9 bluebunch

wheatgrass populations.

Figure 4. Root-to-shoot length ratio of 9 populati@f bluebunch wheatgrass under 2
temperature regimes. Mean separations (.ggare expressed by lower-case and

capital letters for low and high temperature regimespectively.

35



Days to root initiation

Days to shoot initiation

r=0.72, P <0.05

5.0 - @
i
45 - P-3
' Anatone s P-27t
| ® ¢ Goldar ®
4.0 - o4 & T1-17t P20t
! : L 2 ®
as | Whitmar P04 P-22
- |
3.0 A . S —
3.0 4.0 5.0 6.0 7.0
Seed mass (mg seed!)
r= 0.67,P <0.05
60 D
P-3
¢
5.5 A Anatone Gold P-20t@®
Whitmar ¢ ¢ ~°9ar ®,
* P-27t
5.0 ~ L 2 L 2
p.og4 P22 17
45 :
4.0 R . _ .
3.0 4.0 5.0 6.0 7.0

Seed mass (mg seed!)



AGR (mg day™!)

SLA (cm? kg!)

SRL (ecm kg')

r=0.74, P <0.05

0.30 - é
| P-20t o P2t
0.25 —i Anatone.’ Goldar P‘B
0.20 - L 3 _ ¢ P24
Whitmar
0.15 . ; .
3.0 4.0 5.0 6.0 7.0
Seed mass (mg seed ')
_ r=-0.73, P <0.05
6.4
i € Whitmar
6.0 -
| Anatone p.24
5.8 -
® T-17t b
il @ Goldar ® P-22 2 P27t
> P-20t
52 1
5.0 - — ; .
3.0 4.0 5.0 6.0 7.0
Seed mass (mg seed )
16.0 - r=-0.90, P <0.001
|
15.0 - )
Whitmar¢ p-24
14.0 -
13.0 -
12.0 -
|
11.0 -
| P-20t
10.0 - N—— , - !
3.0 4.0 5.0 6.0 7.0

Seed mass (mg seed ')



SLA (cm? day!)

SRL (cm day™')

64 . Q@ r=-0.73, P <0.05

6.2 -

L 2
6.0 - Whitmar Anatone
5.8
56 -
. | P-3 P-20t
52 1
50 — B - iy o
0.20 0.22 0.24 0.26 0.28 0.30 0.32
AGR (mg day ')
16.0 | b == 073, P <0.05
150 1
¢ P-24 5l
14.0 | ® Whitmar L 2 Xnaatlgne
13.0 1
12.0 %
1.0 - ¢
i P-3 P20t
10.0 - : . . . s
0.20 0.22 0.24 0.26 0.28 0.30 0.32

AGR (mg day 1)



R: S length ratio

2.0

1.3

1.6

O Low temperature

O High temperature

abc @ ab & ab e +
abc
cd + bed _ bed + |T
bed + de cd : de
d ; I M cd
P-2Tt pP-3 P-20t T-17t pP-22 Goldar p-24 Anatone Whitmar





