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Abstract To evaluate the importance of developmentabrs, particularly under resource-limited or competitive
constraints in the determination of the relative importancenditions (e.g., Weis 1982; Gross 1984; Stanton 1984;
of seed size and emergence time, early seedling perfdeller 1985; Winn 1985; Wulff 1986a; Tripathi and Khan
mance of two woody species with contrasting growth pHE990; Bonfil 1998; but see Hendrix et al. 1991).
nology were observed under competitive conditions with Timing of emergence also plays a critical role in seed-
tall herbs in an early successional habitat. The Qaler- ling establishment in plant species, particularly under
cus mongolicavar. grosseserratawith determinate shootcompetitive conditions (e.g., Bush and Van Auken 1991;
development (a single leaf flush), showed a marked infMiller et al. 1994). The rank order of emergence greatly
ence of seed size on subsequent seedling height grovathtributes to the establishment of a competitive hierar-
and survival. Because of determinate growth, emergebg (Ross and Harper 1972). Earlier germinators usually
time had negligible effects. The walndtglans ailanthi- show an advantage over later ones among herbs (e.g.,
folia, which continued to produce new leaves throughdBtack and Wilkinson 1963; Cook 1980; Mack and Pyke
the growing season (indeterminate development), shovi®83; Miller et al. 1994) as well as tree seedlings (Bush
a marked influence of time of emergence on seedling pend Van Auken 1991; Jones et al. 1997; Seiwa 1997,
formance, because it affected the amount of growth tA&98), by (1) capturing a disproportionate share of envi-
could be achieved; seed size, however, had negligiblerehmental resources such as light, nutrients, and water
fects as the seedlings grew. These results suggest that celapared with late-emerging neighbors in grasslands or
tive importance of seed size and emergence time for eally fields (Ross and Harper 1972; Bush and Van Auken
seedling performance is closely associated with develd®91; Miller et al. 1994), (2) receiving ephemeral light
mental constraints (growth phenology). for longer before canopy closure (Jones et al. 1997;
Seiwa 1997, 1998), and (3) reducing pathogen and pred-
Key words Oak - Walnut - Seed size - Emergence timeator load, which are less active in early spring in temper-
Phenology ate deciduous forests (Seiwa 1997, 1998).

It has often been observed that substantial variations
in seed size and emergence time occur concurrently
Introduction among seeds of a single population. Although there has

been extensive investigation of the effects of either seed
Seed size is important in seed dispersal, persistenceiz® or emergence time on seedling performance, few
soil, seedling establishment, and fithess in plants (esjudies have considered the relative importance of these
Salisbury 1942; Harper et al. 1970; Venable and Browmo factors (but see Howell 1981; Dolan 1984; Stanton
1988; Westoby et al. 1992; Thompson et al. 1993; Seit@85). Several studies have yielded contrasting results:
and Kikuzawa 1996). Most studies of intraspecific varigome have found that seedling performance is affected
tion in seed mass have demonstrated the advantagelyadnly emergence time (Ross and Harper 1972; Naylor
large seeds over smaller seeds in the early stages of s&@80; Howell 1981; Miller et al. 1994; Jones et al.
ling establishment. Large seeds give rise to better comd€97), while others have found it to be affected only by
seed size (Dolan 1984; Stanton 1985). There are three
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2. If seedling growth rate is positively correlated witpothesized that such succeeding-type tree seedlings
either seed size (e.g., Weis 1982; Gross 1984; Bonfibuld show emergence-time-dependent growth and sur-
1998; but see Schaal 1980; Zimmerman and Weisal. To test these hypotheses, | conducted a field ex-
1983) or emergence time (Miller et al. 1994), the operiment in which | sowed two species with contrasting
dominant factor would remain important in lategrowth phenologyQuercus mongolicaar. grosseserra-
growth stages. On the other hand, if growth rate is & (flush type) andJuglans ailanthifolia (succeeding
dependent of either seed size (e.g., Wulff 1986a) tgpe), which differ substantially in seed size and emer-
emergence time, seedling performance may be diregnce time.
ly affected by the factor. In this study, the following questions were posed:

3. If early timing of emergence gives a longer favorabg To what extent are seedling growth and survival of

period of growth before environmental resources di- ' -
minish (e.g., light), an early start may be important to Quercusand Juglansaffected by seed size and emer
gence time under an early successional competitive

seedling establishment, since earlier growth into a Sonditions?

higher stratum is advantageous for the seedling Jo . _ . )
avoid being shaded by neighboring herbs, particulg’— ngméstitnﬁi gﬁiﬂgﬁcgrgpt?rtapocvstﬁf ?]%%%Ii'ze,,and emer
ly in early successional habitats where light condi- 9 y9 P gy

tions would be improved by increasing seedling
height (e.g., Ross and Harper 1972; Givnish 198faterials and methods
De Steven 1991).

. . . Study species
Thus, a solid piece of empirical work to document the _ _ o
relative importance of seed size and emergence time H study specie®Q. mongolicavar. grosseserrata addailanthi-

. . i . ; ia, are common in the temperate regions of northern J&naar-
seedling establishment in field experiments is necessafy'is™, relatively shade-tolerant species, regenerating in a wide

In temperate regions, growth phenology, or the S@ange of deciduous forest types and under various light conditions
sonal timing of shoot growth and leaf emergence, risging from forest understorey to large gaps or abandoned fields
closely related to successional status, and has been ¢f@fazawa 1983; Ishizuka and Sugawara 1986; Koike 1988; Seiwa

e ; ; ; and Kikuzawa 1996)luglansis a shade-intolerant species, regener-
sified into two typical patternsflgsh and succeeding atgn_g in relatively favorable light conditions such as large gaps,

types) for both seedlings and adults of deciduous broggandoned fields, and river sides (Ishizuka and Sugawara 1986:
leaved tree species (e.g., Kozlowski and Ward 19%#&ike 1988). Acorns oRQuercusand nuts ofluglansare usually
Marks 1975; Bicknell 1982; Kikuzawa 1983, 1991; Kodispersed by small mammals (i.e., Japanese squirrels and wood
ike 1988: Seiwa 1998. 1999: Seiwa and Kikuzawa 1991ice) (Miyaki and Kikuzawa 1988; Hayashida 1991; Tamura and
1996 I’ the flush t, I, f ducti d h .%ibasaki 1996). Acorns dQuercusare also dispersed by jays

). In the flush type, leaf production and heigiiakamura 1984).
growth occur simultaneously in a short period irrespec-
tive of the availability of environmental resources, while

in the succeeding type, vertical growth under favorabi&!dy site

Condltlons_ continues Ind_etermlnately for a Iong_er UMgyis study was conducted along the edge of a broad-leaved decid-
accompanied by successive leaf emergence, as is usuwlly forest in the experimental forest of the Hokkaido Forest Re-
observed for late-successional species (Agsculus tur- search Institute in Shintoku (43°5'N, 142°49' E), Japan. Trees at
binata, Quercus mongolicaar. grosseserrata Prunus the study site had been re-established after a fire about 65 years

. : ; ago. The tall tree layer is dominated @ymongolicavar. grosses-
sargentii, Acer mono, A. japonicumand A. palmatum errata, Ostrya japonica Ulmus davidianavar. japonica and

var. matsumurag as well as early-successional specigs ajlanthifolia (Seiwa 1998). The study site was abandoned for
(e.g., Castanea crenataJuglans ailanthifolia Alnus 2-3 years following cultivation of Japanese white radish. The soil
hireuta, Betula playpylaar Japonica, B A et 19501535 b 6 2
.reSpeCt.'Ver' Analogous types have been_ also repor jal rainfall was 1040p—1350 mm, of which 13-19% was snow.
in tropical forests (Shukla and Ramakrishnan 198450y cover usually lasted from mid-December to late March.
Lawman 1992). Since seedlings of the flush type usualigan monthly temperature ranged from —4.9°C to 19.7°C.
complete shoot elongation and annual leaf production as

a flush in spring by utilizing seed nutrient reserves
(Seiwa and Kikuzawa 1991, 1996), height growth of
flush-type seedlings would be more strongly affected oy minimize genetic differences among individual seedlings,
seed size than by emergence time. It is thus hypothesizens ofQuercusand nuts ofluglanswere each collected from
that such flush-type tree seedlings would show siZngle trees within 7 km of the study area. The seeds were floated

. ater to determine viability. Seeds with obvious insect damage
dependent growth, and consequently sae—dependﬁg&e discarded. In both species, there were wide variations in seed

survival, if they show size-dependent mortality in earfjass, which permitted the categorization of seeds into three mass
successional habitats. In contrast, height growth adsses. ForQuercus there were small (mean 1.68 g, range
succeeding-type seedlings would be more strongly &{0-2.24 g), medium (mean 2.75 g, range 2.25-3.24 g) and large

: : : n 4.31 g, range 3.25-5.24 g) and Jaglans there were
fected by emergence time than seed size, if they havesﬁﬁ‘“g"f‘l (mean 7.19 g, range 4.00-8.99 g). medium (mean 10.0 g,

ability to grow much taller by utiIizing the longer favorrange 9.00-10.99 g) and large (mean 11.98 g, range 11.00-13.99 g).
able period afforded by early germination. It is thus hgeeds were sown at a depth of 4 cm, since seedling emergence is

Id experiments
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usually improved when large seeds such as acorns are buriedooevidence of cotyledon removal, which has significant negative
placed under litter by seed dispersers (e.g., Shaw 1968; Seiwaeffetts on subsequent seedling survival and growth (Bonfil 1998).
Kikuzawa 1996).

To reduce intraspecific interactions, the sowing interval was _
greater for the large-seeded species, illeglans,than for the Statistical analysis
small-seeded species, i.€Quercus For Quercus 50 seeds of
each size-class were sown at 20-cm intervals on a square fgfcent emergence and days to emergence were compared among
(5 rows<10 columns) on a 16@00 cm quadrat on 16 Octoberihe three seed size-classes using one-way ANOVA. Tukey-Kramer
1990. ForJuglans 10 seeds (5 row& columns) each of the largeHSD tests were used to compare differences among means when
and small size-classes and 12 seeds of the medium size-dR&ANOVA showed a significant effect. To examine the effects of
(6 rows<2 columns) were sown at 30-cm intervals on a square gped size and timing of seedling emergence on seedling survival
on 80x240 cm quadrats on 30 October 1990. Six quadrats of ff¢d seedling height, and to test how long the effects continued,
three seed size-classes of the two study species were randdw@yway ANOVAs were conducted for different growth stages
located in a plot (7 m) after removal of herbs, shrulSasa sen- from 1991 to 1994 irQuercus For Juglans three-way ANOVAs
anensis and litter. This plot was replicated at five randomly séacluding effects of emergence year were conducted, because ger-
lected locations along the forest edge. A total of 750 and 1®@nation occurred over a period of 2 years. Data were log- or (for
seeds were sown fdQuercusand Juglans respectively. In the Percentage values) arcsine-transformed to meet assumptions of the
plots, a number of herbaceous species grew throughout the exgENOVA (Bartlett test).
ment. Chenopodium albunaar. centorubrumand Artemisia mon-
tana, which reached 1 m in height, were sparse during the first
year, but increased in density with tinfeolygonum longisetum Results
Trifolium pratense and Commelina communiswhich reached
20-50 cm in height in the 1st year, were dense throughout the .
4-year study period. Although the same seed size-classes vigfeergence time
planted within a quadrat in the study, interspecific competition

was more severe than intraspecific competition for both the SR§-Quercus seedling emergence began in mid-May and
cies studied. . . . -
continued until the end of July in all seed size-classes
(Fig. 1). Percent emergence was greater for the large
Measurements seeds than either the medium or small seeds (Fig. 1;

During germination, the position of each emerging seedling \Aﬁg‘OVA’ F=28.6, P<0'0001)'_A|thOUgh the numbe_r of
numbered with a wire marker. To evaluate the duration of heighys from snowmelt to seedling emergence was different

growth, which coincided with leaf emergence in these study spanong seed-size-classes (ANOVAz4.21, P=0.015),
cies (Seiwa and Kikuzawa 1991, 1996), the number of leaves pigg=  absolute differences were very small (within

ent and those already fallen were determined for all seedlings. Qu ;
ration of leaf emergence was defined as the period from the pz-l days). InJuglans seedling emergence occurred over

pearance of the shoot apex on the soil surface to the date whertfReriod of 2 years (Fig. 1). It began in early June and
last leaf began to expand. Measurements of seedling emerga@etinued until mid-August in all seed size-classes in

and leaf phenology began on 14 March, and were repeated at hdeth 1991 and 1992. In both years, percent emergence
9-day intervals until August, and then every 2 weeks for the d not differ among seed-size-classes (ANOVA

mainder of the growing season, in both 1991 and 1992. Days-t0
emergence was defined as the period from the date of snow %rﬁeﬁp-ZBO!FbO]gs)- The number of days from snow-melt

(2 April) to the date of seedling emergence. The seedlings wi®eseedling emergence did not differ among seed size-
categorized into early- and late-emerging cohorts on the basiglkfsses in Juglans (Kruskal-Wallis test, x2=2.943,
emergence time; each of them included the seedlings emergingpieq 230)

fore and after 28 May iiQuercus and before and after 11 June ' '

1991 and before and after 22 June 1992uglans sinceJuglans

seedlings emerged over a period of 2 years. Seedling survival and

height were recorded in July and October 1991, and yearly@rowth phenology of current year seedlings

October 1992, 1993 and 1994 fQuercus and yearly in October
1991, 1992 and 1993 fduglans Since alluglansseedlings were H’]agg

accidentally cut in November of 1993, the measurement stoppe uercus all the seedlings grew in a single flush, starting

the end of the 3rd growing season. Seedling height was measiYél the elongation of the shoot, followed by leaf expansion
as the distance from the soil surface to the shoot apex. There e@®prising all the annual leaf production, immediately after

Fig. 1 Cumulative seedling @  Quercus mongolica var. gr rata |y Juglans ailanthifolia
emergence (mean+SE) from
large, medium, and small seeds 1001 a B .

in a seed population from a r
single tree of Quercus mon-
golicavar. grosseserratand

b Juglans ailanthifolia Values
that do not share a commbst-
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o
T
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o
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40
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from each other &<0.05; L 0l AM — ® Large seeds
Tukey-Kramer HSD after one- 20k < . ] A Medium seeds
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Table 1 Two-way ANOVA of

the effects of seed size and Source of variation Quercus mongolicaar. Juglans ailanthifolia

emergence time on the duration grosseserrata

of leaf emergence (i.e., dura-

tion of height growth) of cur- 1991 1991 1992

rent year seedlings @juercus ) ) -

mongolicavar. grosseserrata df Fratio df F ratio F ratio

andJuglans ailanthifolia Data -

were log-transformed prior to ~ Seed size (SS) 2 2.12 2 0.17 0.98

calculation Emergence time (ET) 1 4275 1 10.632 11.842
SSXET 2 3.511 2 1.02 0.19

*4P<0.0001,2P<0.01,"1P<0.05

Table 2 Two-way ANOVA of L .
the effects of seed zise and Source of variation F ratio
emergence time on seedling

height and survival iQuercus df 1991 1992 1993 1994

mongolicavar. grosseserratan . ) )

different growth stages. Data of Seedling height Seed size (SS) 2 124.4 50.534  28.424 6.672

(%) were log- and arcsin-trans- _ _ SSXET 6 2.89 0.92 1.96 0.40

spectively Emergence time (ET) 3 0.01 0.8 0.11 0.02
SSXET 6 0.71 0.04 0.29 0.08

*4P<0.0001,2P<0.01
Fig. 2 Duration of leaf emer- a Quercus mongolica . b Jugians aitanthifolia c
gence (=duration of height L VA grosesensl - 1991 . 1992

growth) of current-year seed- 1991

lings of early- E) and late-

emerging () cohorts from g 807
large, medium, and small z T
seeds foa Q. mongolicavar. 8 T 1
grosseserratan 1991 and 5
J. ailanthifoliain b 1991 and E’ 40 40- 40 T
c 1992 °
]
§ 201 20 204
&
=]
Q - =
- i oLl -
EL EL EL EL EL EL EL EL EL
Large Medium Small Large Medium Small Large Medium Small

emergence, and no second flush occurred. In contrast, seedded ones within cohorts of different emergence times.
lings of Juglansgrew continuously for a long time, accomEarly-emerging cohorts were taller than late-emerging
panied by sequential unfolding of the leaves. Annual heigimtes within each seed-size-class (Fig. 3, Table 2). Even
growth stopped for all emerging seedlings at the end of Jedrly emergence of smaller seeds, however, did not result
in Quercus and in early September Buglans In both in seedling height exceeding those of seedlings from
QuercusandJuglans the duration of leaf emergence (=duarger seeds. Figure 3 also shows very similar relative
ration of height growth) was affected by emergence tigeowth rates in seedling height (RHGR) among seed-
but not by seed size (Table 1). Although the duration wasys from different seed sizes throughout the experi-
longer for early emerging cohorts than late emerging omesnt. The only exception was medium-seeded seedlings
for both the species, the absolute differences were largevibere late emergence resulted in a higher growth rate
Juglans but very small foQuercuqFig. 2). than early emergence. Thus,Quercus the initial posi-

tive effect of seed size on seedling height persisted until

the end of the study period (Table 2), while the initial ef-
Height growth fect of emergence time on seedling height vanished from

the 2nd year onwards (Table 2).
In Quercus mean height of current-year seedlings was In Juglans seedling height was significantly affected
greatest for large-seeded seedlings and lowest for smajl-year of emergence (Fig. 3, Table 3). The cohorts
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Table 3 Three-way ANOVA

of the effects of emergence 1991 1992 1993
year, seed size and emergence . . . .
timing on seedling height of ~ Source of variation df F ratio df F ratio df F ratio
Juglans ailanthifoliain differ- N
ent growth stages. Data were Emergence year (EY) 1 0.75 1 928
log-transformed prior to calcu- Seed size (SS) 2 1.25 2 1.32 2 0.46
lation Emergence timing (ET) 1 8.8 1 3.27 1 6.071
EYxSS 2 0.09 2 3.43
SSXET 2 0.05 2 0.60 2 0.95
ETXEY 1 11.752 1 2.17
2P<0.01,1P<0.05,P<0.10 T OFET 2 0.35 2 0.21
Fig. 3 Height growth a Quercus g var. gr rata b Juglans ailanthifolia c

(meanzSE) of seedlings which
emerged from largecircles),
medium (riangleg, and small
(square$ seeds fon Q. mon-
golicavar. grosseserratand
b,cJ. ailanthifolia Openand
closed symbolsepresent early-
and late-emerging cohorts, re-
spectively
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Fig. 4 Survivorship from July 1991 to October 1994@f mon-
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1993
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T
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emerging in 1991 were taller than those emerging in
1992 and 1993. In the cohorts emerging in 1991, mean
height of current-year seedlings was greatest for large-
seeded seedlings and lowest for small-seeded ones with-
in cohorts of different emergence time, although the dif-
ference was not significant (Table 3). Early-emerging co-
horts were taller than late-emerging ones within each
seed size-class (Fig. 3, Table 3). But even larger seeds
that emerged late did not reach a seedling height exceed-
ing that of early-emerging seedlings, as shown by the
fact that duration of leaf emergence was positively corre-
lated with seedling height in data pooled across all the
seedlings with different emergence time and seed sizes
in the cohort emerging in 1991 (Spearman rank correla-
tion coefficient, r;~=0.343, P=0.038). In the cohort
emerging in 1992, however, the correlation was not sig-
nificant (s~=—0.099,P=0.457), resulting in no clear rela-
tionship between seedling height and seed size or emer-
gence time (Fig. 3). Figure 3 also shows similar RHGRs
among seedlings of different emergence time and seed
size-classes throughout the experiment for cohorts
emerging in 1991. The exceptions were large-seeded
seedlings, which showed lower RHGR than small- and
medium-seeded seedlings in both early- and late-emer-
gence. However, RHGRs of late-emerging seedlings did
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F|g 5 Re|ati0nships between (a) 1991 - 1992 (b) 1993 - 1994 (c) 1991 - 1994
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not exceed those of early-emerging seedlings (Fig. 3).In all current-year seedlings duercusthe shoot
Thus, the effect of emergence time on seedling heightngated in a single flush of growth and no secondary
persisted until the end of the study period (Table 3lysh occurred, irrespective of seed-size and emergence
while the initial effect of seed size on seedling heigtime. Growth in height in the first year would be expect-
vanished from the 2nd year onward (Table 3). ed to depend strongly on seed size, as initial height
growth would be closely related to the food reserve. The
proportion of protein and carbohydrate reserves increas-
Seedling survival es with increasing seed mass in acorns (Tripathi and
Khan 1990; Bonfil 1998), which probably provides
In Juglans during the 3-year study period, only onecadily available energy that enhances emergence and
seedling died in 1993; the dead seedling was a latatial vertical growth. It is worth noting that the seed re-
emerging, small-seeded one which had emerged in 198rve remaining immediately after leaf flush did not dif-
In Quercus although there was little mortality in the firster among seeds of different sizes (31-35% of initial
year for all seed-size-classes, the mortality rate increasedd reserve) in this species (Watanabe et al. 1996).
with time, particularly for medium- and small-seede@iven the limitation of determinate growth form, annual
seedlings (Fig. 4). This has the effect of amplifyinigeight growth was independent of the emergence time.
the effect of seed size on seedling survival with timféhus, large-seeded seedlings, even those that emerged
(Table 2). In contrast, little difference was observed later, were always taller than small-seeded seedlings,
seedling survival between early- and late-emerging @ven though they emerged earlier. After the second
horts over the 4-year study period in each seed-size-clgigsving season, height growth rates among oak seed-
(Fig. 4, Table 2). lings from seeds of different size and emergence time
In Quercus seedlings with a shorter initial heightvere almost identical (Fig. 3). This is probably because
showed greater mortality in both early- and late-emeijt seedlings had a single flush, as well as to size-depen-
ing cohorts of each seed size-class in each growth stdget posterior growth. Therefore, the positive effects of
(Fig. 5a—c). Percent mortality of large-seeded seedlirgged size on seedling height persisted until the end of
was usually lower than that of medium- and smathis experiment. In contrast, the effect of emergence time
seeded seedlings in the 1st and last 2 years of the stlyseedling height soon diminished. Quercus when
period. Little difference in mortality was observed beemergence times were compared among individuals of
tween early- and late-emerging cohorts in each seed stiferent height (age) in the experimental forest, timing
class. The exception was early-emerging medium-seedédeaf emergence was earliest in the 1l-year-old seed-
seedlings in which greater mortality was observed fiimgs and shifted slightly later with the increase in height
seedlings of taller initial height in the first 2 years. (age); the latest were the current-year seedlings (K.
Seiwa, unpublished work). The difference in emergence
time between early and late emergence also became
Discussion smaller with increasing height (age). Such a low level of
carryover effects of emergence time would explain the
The growth and survival d@. mongolicavar. grosseser- diminishing effect of emergence time on seedling height
rata seedlings were strongly influenced by seed size with time.
less so by emergence time. In contrast, the growth of In contrast, inJuglans early-emerging seedlings,
ailanthifolia seedlings was strongly affected by emeeven from small seeds, attained greater height than later-
gence time but only slightly by seed size. The strong efnerging ones, even those from larger seeds. Since
fect of one factor compared with another was not duestedling emergence qfuglans started approximately
greater variation in the former than the latter, becaueveeks later than iQuercusand continued until mid-
substantial variations were observed in both seed sigust, when herbs attained maximum height and mean
and emergence time in both the species. daily temperature started to decrease rapidly, while envi-
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