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Abstract Seedling growth and morphology are thought tgrowth may increase if light is limiting, and root growth
reflect evolutionary responses to habitat or influences ofay be enhanced if water and nutrients are limiting. In
seed size. To test these hypotheses, we selected fourteendy plants, three mechanisms of adjusting carbon allo-
species of North American oaks differing in soil moistureation are important: (1) short term plastic responses
habitat preference and seed size. Seedlings were grown(®chulze 1982; Osunkoya et al. 1994); (2) ontogenetic
1-2 years with abundant soil water and moderate sohanges (Evans 1972, Schulze 1982, 1983; Miller et al.
nutrition in pots placed outdoors and in a common gardet990); and (3) evolution or ecotypic differentiation (Grime
Oak species native to xeric environments produced th877). Evolutionary response is reflected in the distribution
smallest seedlings. Oaks from hydric soils had more shaitplants across natural environmental gradients. For ex-
weight per unit of root weight and more height per unit cimple, plants common to dry sites tend to allocate propor-
total plant weight than did mesic or xeric oaks. Essentialtionally more carbon to roots than do plants from moist
no differences in leaf area per unit of total plant weightites, even when both plant types are grown in similar
were detected. Species with thinner and larger individuathvironmental conditions (Immel et al. 1978; Bongarten
leaves tended to produce larger seedlings. Within speciasd Teskey 1987; Matsuda et al. 1989; Miller et al. 1990).
seed size was generally unrelated to seedling growwyolved tendencies in shoot/root allometry have also been
although results may have been complicated by uncdound for late versus early successional species (Monk
trolled genotypic variability. However, when species wer£966; Gleeson and Tilman 1990) and species from nutrient
compared, those with larger mean seed size produced lafgeor versus nutrient rich sites (Elberse and Berendse 1993).
seedlings. Root/shoot allometry, height growth and leaf In addition to shoot and root allometries, seed size may
thickness in the tested species may reflect evolutionaaffect plant survival in stressful environments. Larger seeds
responses to soil moisture and flooding. Although seed sizay enhance flexibility in shoot/root allometry, speed of
influenced seedling growth, no clear relationship betwegermination and overall growth (McComb 1934; Grime and

seed size and soil moisture habitat was found. Jeffrey 1965; Dunlap and Barnett 1982; Bonner 1987,
Osunkoya et al. 1994; Reich et al. 1994). However, many
Key words Quercus- Carbon allocation Allometry studies have shown weak or no correlation between seed

size and growth rate (Larson 1963; Weis 1980; Singh and
Rai 1988; St. Clair and Adams 1991; Reich et al. 1994), and
thus it is unclear if seed size influences are widespread or
Introduction rare.

The relationship between leaf area and total plant weight
Plants adjust their allocation of carbon to shoots and rodgtgly also influence total seedling growth and survival.
in order to increase acquisition of limiting resources drarger investment in leaf area per unit of total plant carbon
survive periods of environmental stress. For example, sh@nhances growth rate (Newhouse and Madgwick 1968;
Farmer 1980; Reich et al. 1992), even more than an
increase in photosynthetic rate does (Schulze 1983). Thus,
plants that develop a high leaf area ratio (LAR, leaf area per
T.J. Long - R. H. Jonest)? unit of total plant weight) would also be expected to grow
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Table 1 Ecological characteristics of oak species used in pot and fieldble 2 Soil characteristics for pots and field plots before fertilizer
experiments. See Materials and methods for details of experimemsis added.NM, not measured)
8-16 plants harvested per species per experiment

Variable Pot Field
Species Natural Mean Species used
environ- acorn pH , 7.11 5.32
ment fresh  Pot exp. Field exp. Cation Exchange Capacity (meg/100 g) NM 3.73
weight Soluble salts (mg/g) 203.0 NM
(@ 1 2 3 1 2 3 I(:;)tr]ganit(]: matt(er (‘/’/og NM4 00 02758
osphorus (mg/g . .
Q. falcataMichaux  mesic  1.22 X X X X Potassium (mg/g) 8.00 9.19
Q. hemisphaerica  mesic  1.20 X X Magnesium (mg/g) 14.00 55.99
) Calcium (mg/g) 34.00 148.15
(%arlz:\r/?s(\e/ca\llt\glrld. xeric 3.65 X Total nitrogen (mg/g) NM 0.40
Q. laurifolia Michaux mesic  1.58 X X X X Nitrate-nitrogen (mg/g) 14.16 NM
Q. lyrata Walter hydric  5.04 X X X X
Q. margaret_taAshe xer_ic 2.29 X
Q. marilandica xeric 195 X X of which environment they have evolved in, would produce
Muenchh. » larger seedlings both within and among species.
Q. nigraL. ydric  1.18 X X X
Q. nuttallii Palmer hydric  5.13 X
Q. pagodaRaf. hydric  1.68 X X
Q. rubralL. mesic 5.99 X X X X ial
Q. shumardiiBuckley mesic  5.21 X X X Materials and methods
Q. stellataWangenh. mesic  1.64 X . .
Q. velutinaLam. mesic  2.89 X X Plant materials and study site

Species and authorities as in Brown and Kirkman (1990) ex@ept For our study, we chose fourteen oak species native to the south-eastern
nuttallii from Godfrey (1988) states of USA that have soil moisture preferences ranging from xeric to
periodically flooded (Burns and Honkala 1990), and seed fresh weights
differing by as much as 500% (Table 1; Young and Young 1992). For
. . each species, acorns were collected from one to several (usully
Many studies have failed to demonstrate that plafites growing in Alabama or Georgia. Seeds were collected in fall and
allometry reflects evolutionary responses to environmentabred overwinter in polyethelene bags &tC2and uniform moisture
stress (Abrahamson and Caswell 1982; Elberse and Beaditions (approx. 100% relative humidity). Prior to planting, the

rendse 1993). Such failures may mean that traits other trf4fface of each acorn was dried using a paper towel and fresh weight
as measured. Within a species, acorns stored and weighed in this

allometry (e.g., nutrient or V_V_ater'use effl_C|en_cy, Or_plarl#uanner should have relatively similar moisture contents at the time of
architecture) are the most critical for survival in particulageighing; however, among species differences in moisture content may
environments (Abrahamson and Caswell 1982; Kolb améve been significant (Bonner and Vozzo 1987). Moisture contents of
Steiner 1990; Gleeson and Tilman 1994; Kohyama a&@red acorns tend to be greater for the white oak subgenus (40—-55%)

. an for the red oak subgenus (30—40%); therefore, our estimates of
Grubb 1994). They may also reflect the failure of a oisture free seed reserves (i.e., dry mass) are probably biased.

experiment to control for ontogenetic drift or plastic re- species were classified as hydric, mesic, and xeric based on habitat
sponses (Evans 1972). A further problem in experimentatference (Burns and Honkala 1990) and seed source (Table 1). For
design arises when plants of vastly different phylogeny agwample. Q. nigra occurs across a broad range of soil moisture

compared. If two taxa have very different anatomy, ogwgbitats, but we collected seeds from a floodplain forest and ¢hus
nigra was classified as hydric. Overall results of the study were little

served differences in allometry may simply reflect anatQgtected if species of questionable habitat preference were reclassified
mical constraints on growth. To minimize problems witland analyses were repeated.
experimental design, investigations of plant allometry Potted plant and field experiments were conducted at the Auburn

should: (1) compare plant growth in a common envirofhiversity campus in east-central Alabama. The climate there is warm
) .temperate with long, hot and humid summers. Vegetation was domi-

m_ent where plastic responses to environment are Mifked byPinus taedal. and P. palustris Mill. for 50 years before
mized; (2) compare plants at a common developmentidaring in 1986. Soils are predominantly Cowarts series, a Typic
state (i.e., common size) to control for ontogenetic effectsanhapludult that is moderately well drained and has a site indeR for

and (3) use congeneric species or conspecific varietiestdgdaof 24 m (base age 50 years). Available nutrients and organic
reduce problems with phylogenetic constraints (Bongartgﬁtitne[lé?ag&esélg((’ggﬂa g;e typical for formerly cultivated Coastal
and Teskey 1987; Matsuda et al. 1989; Rice and Bazzaz
1989; Garnier 1992; Elberse and Berendse 1993).
The objectives of this study were to determine if patteri®t experiments

of seedling growth and allometry iin a congeneric specig ree potted seedling experiments were conducted: two initiated in
group .Que.rCUSSpp‘; O.aks) reﬂe(.:t evolutionary reSp_onsngl and harvested in either 1991 or 1992, and 6ne initiated and
to a soil moisture gradient or the influences of seed size. Wavested in 1992. In May 1991, acorns of 12 species were planted into
hypothesized that: (1) species from drier sites, where s8il pots per species. Approximately half of the pots were harvested in
water and nutrients are relatively scarce but light is ofté@l 1991 (pot exp. 1) and half in fall 1992 (pot exp. 2), or all were
abundant, would tend to produce small shoot/root ratios afgjvested in fall 1992 if germination was poor (Table 1). In March

! . . 2, acorns from six species, including two not used in 1991, were
therefore smalll ratios of leaf area to total plant weight anghnted into 15 pots per species for harvest in fall 1992 (pot exp. 3).

slower growth; and (2) plants with larger seeds, regardlesgo acorns were planted in each pot to insure that sufficient plant
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material was available for harvest. In pots where both acorns gerrakperiments where a sufficient number of species existed for a mean-
nated, the smallest or least healthy seedling was removed soon dftgful comparison; i.e., pot experiments 1, 2 and 3. Data from different
both seedlings had emerged from the soil. Due primarily to insufficieekperiments were not combined for these analyses because plant size
germination, the actual number of plants harvested per species wes strongly affected by plant age at harvest (one versus two growing
experiment ranged between 8 and 16 (mean of 12). seasons, hereafter 1- and 2-year-olds), year of harvest (1991 versus

Pots were 0.057 fiin volume and filled with a nutrient poor 4:1 1992) and location of experiment (pot versus field).

v/v mixture of washed medium grade mortar sand:vermiculite-based Allometric differences among habitat groups were first explored by
potting soil (Table 2). Potted plants were grown outdoors under neutphbtting shoot over root weight, leaf area over total plant weight (i.e.,
density shade with light levels 60% of ambient. Water was supplied bAR), and many other two-variable relationships. By inspection we
drip irrigation once every 48 h except during times of sufficientletermined that logarithmic transformations were needed in some
precipitation. Following recommendations from the USDA Forestases to linearize the data, a prerequisite for the analyses we used.
Service Southern Hardwoods Research Laboratory (Stoneville minimize the influence of ontogenetic effects and thereby focus on
Miss.), we provided an intermediate level of soil fertility by applyinggenetically based differences in allometry, we used analysis of covar-
13.5 g/pot of 14-14-14 controlled release fertilizer at the beginning @nce (ANCOVA) as outlined by Ledig et al. (1970) and Jones and
the first and second growing seasons. In response to leaf chlor®aritz (1990). For each two-variable relationship tested, regression
noted at the beginning of the second growing season (especiallylimes were computed for each of the three species groups (i.e., soil
Quercus rubry we applied 18.9 grams of sulfur and 0.3 grams of habitat classes). One variable was arbitrarily chosen as the response
micro-nutrient fertilizer containing 14% sulfur, 1.35% boron, 3.2%e.g., shoot weight), the other was the covariate (e.g., root weight) and
copper 7.5% iron, 8.0% manganese, 0.04% molybdenum, and 4.564 habitat class was the independent factor. Allometric differences
zinc. Plant health improved rapidly after treatment. among the three classes were indicated if ANCOVA identified signif-

Harvests were conducted 22—-28 October 1991 and 16—28 Skgant differences in regression slope or intercept estimates.
tember 1992. Prior to the removal of each seedling, numbers of flushesAs in the case for total plant size, allometric relationships could be
and leaves, and shoot height were recorded. Seedlings were thffacted by plant age, year of harvest and location. Because plants of
carefully lifted out of the pots with minimal loss of fine root material different age were expected to have large differences in size, separate
At the end of the first growing season, roots were not restricted by paalyses were planned for 1- and 2-year-old seedlings. Within each age
size. However, after the second growing season, most plants luéaks, however, we hoped to combine data from different experiments.
completely encircled the pot with lateral roots, and tap root extensidn identify which experiments could be combined, we selected species
was severely limited. After being lifted from pots, seedlings werthat were used in more than one experiment and then analyzed within-
brought to the lab and separated into component parts (roots, stespecies to determine if experiments caused shifts in allometry, or if
foliage, and cotyledons). Total leaf area per seedling was measuaidmetry was similar regardless of experiment. Data were combined if
using a portable leaf area meter (Model LI-3000; LI-COR Incfew or no within-species differences were found.

Lincoln, Neb.), and fresh weight of the acorn remains (i. e., cotyledons) To test for seed size effects, acorn fresh weights were correlated
was measured. Finally, all plant parts were dried in ovens 4€68nd with ten plant characteristics (height, leaf area, mean area of single
weighed. leaf, LAR, total dry weight, shoot to root weight ratio, and dry weights
of leaves, stems, shoots and roots). To test for within-species effects,
separate coefficients were calculated for each unique combination of
Field experiments species, age, year of harvest, and location (i.e., the 34 contingencies
listed in Table 1). Due to some missing data, only 300 of a possible 340
Three field experiments were used to determine if results from thgefficients were calculated and tested for significance. To determine if
three pot experiments were repeatable in a natural soil system. Soil #igtionships existed across species, means for each combination of
tilled to a depth of 10 cm and then planted with acorns ata®@61 m  SPecies, age, year of harvest and location were calculated and then
spacing. Thirty acorns of each of six oak species were planted in Mggefficients were computed using the means; however, separate ana-
1991 and harvested in 1991 (field exp. 1) or 1992 (field exp. 2). Due ipes were used for 1-year-old and 2-year-old seedlings because we
insufficient germination in four of the species, only twQuercus ©xpected that seed size effects would weaken as seedlings grew older.
lyrata andQ. laurifolia, were harvested in both 1991 and 1992. FifteeloSt statistics were calculated by SAS software (SAS 1988).
acorns for each of two additional species were planted in March 1992
and harvested in fall 1992 (field exp. 3). Mean number of plants
harvested per species per field experiment was 12.

Field plants were grown in full sun. During the growing seasor,
they were watered every 48 h except when sufficient natural precResults and discussion
itation occurred. To decrease nutrient limitations on plant growth,
13.5 g of 14-14-14 slow release fertilizer were spread uniformly in a. . .
46 cm radius around each seedling at the beginning of the first aﬁéze and size variation
second growing seasons. Plots were maintained in a weed-free state by
periodic hand weeding. Xeric species had the slowest growth. In each potted

Field seedlings were harvested 29-30 October 1991 or 10—§8ed|ing experiment, mesic and hydric species had signif-

October 1992. Seedlings were lifted by excavating a circular tren : : : . _
46 cm from the base of the stem followed by removal of the root baf#antly larger biomass than xeric species (ANOVA; nu

There was no observed lateral root extension beyond 46 cm. Soil wagratordf 2, denominato_df range 63 to 136P =0.031;
carefully washed from the ball to minimize fine root loss. Plants werBable 3). However, no significant differences were found

then processed as described for potted seedlings. between hydric and mesic species. In gene€alercus
nuttallii, Q. shumardii, Q. lyrata, Q. velutinaand Q.
rubra grew most rapidly whileQ. stellata, Q. hemisphaer-
ica, Q. laevis, Q. margarettaand Q. falcata grew most
Several morphology variables were computed from the harvest d&i@wly (Long 1993). Although results may have differed
including specific leaf area (SLA; leaf area per unit of leaf weightsomewhat if plants were grown in a greater variety of
LAR, shoot to root Welght ratio, and mean size of individual |eaVe%nV”'0nmentS, these ﬂndlngs agree W|th our anecdotal

Differences among habitat groups in total plant weight, seed weig - . .
and other size and morphology variables were then assessed ervations of seedling growth in natural forests, and

analysis of variance (ANOVA) followed by Tukey's test (Sokal andVith other oak seedling studies that have compared growth
Rohlf 1981). Separate analyses were conducted for each of thafespecies from different soil moisture habitats (Bourdeau

Data analysis
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Table 3 Mean total plant dry weight at harvest and initial acorn freskVithout such corrections, species comparisons might partly
weight for potted oak seedlings in 14 species grouped by soil moistiefact ontogenetic influences.

habitat. Within seedling age/year of harvest groups, column means - . L .
followed by different superscripts were significantly different Seed size and leaf characteristics were less variable than

(P <0.05) according to Tukey’s test other measures of growth and morphology. When coeffi-
cients of variation were calculated for each batch of

Seediing Soil ~ No. ~Total dry Specific Initial seedlings treated alike (i.e., same species, age, location
age/ habitat seedlings weight leaf acorn .
yearof  group  harvested*at harvest area fresh and year of harvest), the least variable parameters were
harvest (9) (cm?lg)  weight (g)  initial seed weight (mean CV 14.0%), SLA (15.2%),
, number of flushes (25.4%), LAR (30.1%), height

}ggelar'°'d’ Qgiﬁ'g ‘;3 ?-ﬁé ﬁg 2’_33 (40.1%), mean area of an individual leaf (44.8%), and

Xeric 12 3.96 104 1.88 shoot to root ratio (45.8%). All other size parameters had
l-year-old/ hydric 24 4257 122 323 mean C\(s between 60 and 80%. Low variability in initial
1992 mesic 36 32 50 122 592 seed weight was expected because the same has been

xeric 12 8.10 115 2.29 demonstrated for many other plant species (Harper 1977).
2-year-old/ hydric 54 96.45 120 206 The low varlabllllty |n'SI._A, !_AR anq height growth may
1992 mesic 76 85.17 112 2.68 reflect the relatively similar light regime experienced by all

xeric 19 33.76 94 2.92 plants within each experiment. Leaf thickness, leaf area and
* For some means within rows, number harvested was 0—21% sma’lﬁlﬁ"ght grOWth_ are strongly key.ed . to light environment
(but up to 48% in acorn weights) due to missing values (Phares 1971; Immel et al. 1978; Rice and Bazzaz 1989).

1954; Farmer 1980; Matsuda et al. 1989). Slow growth @flometry and native habitat
xeric species may reflect evolution of a stress tolerance
strategy which enhances survival when water or nutrieriata from some of the experiments were combined before
are scarce, but constrains growth when soil resources allemetric analyses were performed. For seedlings of the
relatively abundant (Grime 1977). same species and same age, allometry was significantly
As expected, differences were also found between effected by year of harvest (5 of 12 ANCOVA tests were
periments (Long 1993). In general, 2-year-old seedlingfgnificant; P <0.05). Location of the experiment also
were largest, 1-year-olds harvested in 1992 were intermedifected within-species seedling responses in 2-year-old (5
ate in size, and 1-year-olds harvested in 1991 were smallest6s tests significant), but not 1-year-old seedlings (2 of
Plant dimensions and size differences among species wePetests). Based on these results, we divided the total data
similar to those reported in other studies of oak seedlingt into three subsets: 1-year-old seedlings harvested from
growth (Bourdeau 1954; Ovington and MacRae 196@pts and the field in 1991 (pot exp. 1 plus field exp. 1), the
Phares 1971; Immel et al. 1978; Farmer 1980; Kolb amdme but harvested in 1992 (pot and field exps. 3), and
Steiner 1989). 2-year-old seedlings harvested from pots only (pot exp. 2).
Variability in size and morphology was large, even fofo determine if the combining of pot and field data led to
seedlings similar in age, year of harvest, location argpurious conclusions, we also performed statistical tests
species. Coefficients of variation (CV) within groups treaiwith just pot data. Results of statistical tests were essen-
ed alike (i. e., seedlings of the same species, year of harvésily the same if field data were not included, except for the
age and location of growth) averaged 43.8% with a rangetebt of shoot to root allometry in the 1992 harvests where
2.5 to 152.8%. This magnitude of variation is common nae significance of species group effects was 0.005 with
only in nature, but also in experiments where environmenf@ld plants and® = 0.082 without. Hereafter, only results of
conditions are relatively homogeneous (Evans 1972; Harpke combined data sets will be discussed.
1977; Miller and Weiner 1989). As hypothesized, shoot to root ratios were greater for
Size and morphology variation may have been due ¥et than for dry site species. In all three data sets,
variability in the timing of germination and within speciessignificant habitat differences in shoot versus root weight
genetic variability. Within each species, the emergence wére found (ANCOVA;df 2, 83 to 2,137P =0.02). Plots
epicotyls was spread out over a several week period (datéshe data showed that hydric species had slightly more
not recorded for each seedling), and since growth initialshoot per unit of root weight than mesic and xeric species;
increases at a geometric rate in most plants (Evans 19%®)wever, differences between mesic and xeric species were
small differences in emergence time could have beegery small (Fig. 1). Some individual species did not follow
magnified into large size differences. Some variation ihe general trend which resulted in overlap among habitat
size might also be expected due to within populatiagroups. The gap between hydric and the other groups was
genetic diversity (Bongarten and Teskey 1987). Kolb andrgest for the 1991 harvest where plants were generally
Steiner (1989) found significant differences in both heighimall (Fig. 1). As seedlings grew larger and older, differ-
and diameter growth d®. rubraseedlings, not only within ences narrowed. These data suggest that allometric differ-
families, but also within clones. The large size variatioances may be greatest for relatively young or small seed-
observed within and among species underscores the neelihigs; however, because of the limits on tap root extension
correct for size differences when allometry is analyzeth the 2-year-old potted seedlings, our results may be
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Fig. 1 Allometric relationship between shoot and root weight for threEig. 2 Allometric relationship between leaf area and total weight for

data sets differing in seedling age and year of harvest. Each datateete data sets differing in seedling age and year of harvest. Each data
includes 6—12 species grouped into one of three soil moisture habgat includes 6—12 species grouped into one of three soil moisture
preferences; a regression line is shown for each habitat group habitat preferences; a regression line is shown for each habitat group

biased. In nature, allometric differences may be maintaingeyear-old seedlings harvested in 1991, no significant leaf
for larger seedlings. area to total weight differences were found among habitat
Low rates of shoot growth relative to root growth havgroups (ANCOVA;df 2,137;P = 0.125). Significant differ-
been found in other dry site woody species including oaksices were found in the other two tests (ANCOWA2,83
(Zimmer and Grose 1958; Immel et al. 1978; Matsuda et &b. 2,133;P =0.002). However, if the two largest seedlings
1989). However, in one recent study of black sprueie¢a (apparent outliers) were removed from each of the latter
mariana (Mill.) B. S. P.], drought tolerant seed sourceslata sets, the test for 1-year-old seedlings harvested in 1992
maintained a stable ratio of shoot to root growth underas no longer significant} = 0.384).
drought conditions while drought intolerant seed sources Since the three species groups had similar LARs, their
had reduced shoot growth and therefore developed smatldferent rates of growth might have been caused by
shoot to root ratios (Tan et al. 1995). Thus, the developmatifferences in photosynthetic rates or leaf thickness (i.e.,
of smaller shoot to root ratios is not necessarily a predictdifferences in their SLA). Our data were useful for explor-
of how a species or genotype will perform when soihg the leaf thickness idea. First, we calculated mean SLA
resources are scarce. and mean total plant weight for each combination of species
Allocation to stems may have been the key to the tremshd experiment (total of 34). Correlations were then calcu-
in shoot/root allocation we observed in oak seedlinggted for all 1- and all 2-year-old data separately (inez,20
When separate analyses were performed for leaf versuml 14, respectively). SLA was positively but not signifi-
root weight and stem versus root weight, significant diffecantly correlated with mean total weighit<£ 0.19 and 0.37
ences among habitat groupB 0.05) were found in all for 1- and 2-year-olds? >0.19). Next, we broke down the
three tests for stem versus root but in only two of three testata into the three species groups and three experimental
for leaves. In all cases, however, hydric species had tHiata sets (as in the analyses of allometry) and found that
greatest mean leaf weight and stem weight per unit of rogpecies from xeric sites had a tendency for both slower
weight. growth and smaller SLA (Table 3), although the SLA
In contrast with our hypothesis, the allometric relatiordifferences were significant in only one of the three data
ship between leaf area and total plant weight (i.e., LAREts. These findings make sense in light of recent reviews of
was similar across the three habitat groups (Fig. 2). Hoow leaf thickness, assimilation rate, nitrogen content,
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Fig. 4 Relationship between various plant size and morphology

; ; . racteristics and initial acorn fresh weights for 1- and 2-year-old
lifespan and leaf area are related (Reich et al. 1992; Waltéggdlings. Each symbol represents a mean for a single species har-

et al. 1993). Species with shorter leaf life spans tend to hay&ted from one location (pot or field) during one year (1991 or 1992).
thinner, more nitrogen rich leaves with greater assimilatiategression lines are plotted for significaf & 0.05) correlations
rates per gram of leaf tissue.
One other allometric relationship was consistently sig-
nificant (P =0.020) in all three data sets. Hydric speciespecies do indeed increase height growth rate when the soil
had greater height per unit of total plant weight than did saturated, while height growth of intolerant plants de-
mesic and xeric species, although differences became vergases (Kozlowski 1984). However, the latter is a plastic
small for large and old seedlings (Fig. 3). Other studigesponse induced by specific environmental conditions. Our
have reported greater hight growth of wet site versus dsyudy is the first to suggest that flood tolerant species may
site woody species, but no adjustments for differences have enhanced height growth compared with non-flood
plant size were made (Bourdeau 1954; Farmer 1980Jerant species even in the absence of stimulation by
Matsuda et al. 1989). In our study, the same trend whlsoding. Although height may be important for flood
found even after correcting for differences in total plardvoidance, other traits may be more important in oak
weight. seedlings. For example, demographic data suggest that
Enhanced height growth in hydric species may reflect @aks in south-eastern USA floodplains avoid flood-induced
evolutionary response to intense competition for light: mortality by germinating late in the growing season when
resource that is more limiting in nutrient and moisture rictiooding is less common (Streng et al. 1989). More tests are
floodplain forests than in uplands. Alternatively, this traiheeded to determine if germination timing and height
may be tied to avoidance of flooding stress. Seedlings afometry influence flood tolerance in these species.
most woody plants, even those classified as flood tolerant,
succumb to flooding if their leaves are completely sub-
merged for more than a few days (Hosner 1958; Jones et$ded size effects
1989; Streng et al. 1989). Presumably, seedlings with rapid
height growth, either by having greater growth rates or iyak seedlings apparently receive the majority of energy
allocating more carbon to shoot extension, would be mooetained from the acorn in the first growing season.
likely to survive flooding. Seedlings of some flood toleranApproximately 70% (range of means = 65-76%) of
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acorn fresh weight was lost during the first growing season. If size has an important influence on seedling survival,
By the end of the second growing season, total weight losaks growing where survival is poor (e.g., flooded and
had increased only slightly to 80% (range 73—84%) ofric sites) would have selective forces favoring larger
initial weight. The small drop in acorn biomass from year §eeds. Yet no correlations of environment and seed size
to year 2 probably represents decomposition and not furthveere evident in our study (Table 3), nor can they be found
energy extraction for use by the seedling. when all North American oaks are considered (Young and
Within species, acorn weight was generally unrelated ¥oung 1990). It is likely that interpretation of oak seed size
plant size and morphology. Only 17 of the 300 correlatiores/olution is complicated by natural selection for pattern of
between initial acorn fresh weight and various plant chadispersal, mechanism of pollination and seed production,
acteristics were significanP(< 0.05), a rate of about 5.6%and avoidance of predation (Westoby et al. 1992).
which would be expected on the basis of chance alone. InResults of this study show that oak species differ in basic
contrast to our results, McComb (1934) found a withirseedling allometry, initial growth, and possibly in the
species relationship between seed size and plant growthrétationship between seed size and initial growth. The
Quercus prinusL. (as Q. montanaWilld.) and Kolb and fact that disparities were found among congeneric species
Steiner (1989) found the same fQr rubra These apparent growing in a common garden suggests that the differences
conflicts in results may reflect poor control over acorare of evolutionary origin and not related to phylogenetic
moisture content (in our study and in others), or momonstraints or to short-term plastic responses. However, a
likely, the influences of genotypic variation on seed sizmore powerful test of hypothesized relationships would be
effects. Reich et al. (1994) found that seed size effectsafforded by reciprocal transplanting of hydric, mesic and
Pinus sylvestrisraried among local genotypes as well aseric species into each of the three natural environments.
across a latitudinal gradient. In our study, we did not strictgurvival of the transplants should be monitored to deter-
control for genotype nor did we include seed sources fromine if allocation and growth patterns are related to
multiple geographic areas. survival and competitive advantages in a natural environ-
Clearer relationships between acorn weight and seedlimgnt.
performance were found when more than one species was
compared (Fig. 4). For 1-year-old seedlings, acorn Weigmknowlf_dge;nentf; ThFieS prOier?t funded %y ItEheD_Mkclntife(-:St(e:nnLi_S
was signifcantly correlated with one morphological chakCoPeraive foresy Rescareh progren, £ Dieon, € C, Lo
acteristic (mean area of a single leaf) and with several sigg\iqed helpful reviews of the manuscript. This paper represents
characteristics including total leaf area, height, leaf weightiabama Agricultural Experiment Station Journal No. 9-933600.
stem weight, root weight and total weight£ 0.55-0.74;
P <0.05). In 2-year-old seedlings, only the correlation with
root weight was significantr(= 0.65). Correlations with
LAR and shoot to root weight ratio were never significarfteferences
(r = —-0.49 to —0.29P >0.05); thus, our interpretations on _ _
allometric differences between hydric, mesic and Xer&brahamson WG, Caswell H (1982) On the comparative allocation of

. H t licated b iomass, energy, and nutrients in plants. Ecology 63: 982—-991
species groups were apparently not complicated by S%Qﬁ’:garten BC, Teskey RO (1987) Dry weight partitioning and its

size effects. relationship to productivity in loblolly pine seedlings from seven
The observed correlation between acorn weight and sources. For Sci 33: 255-267
mean leaf size has been noted elsewhere (Farmer 19@@)1_ner FT (1987) Importance of seed size in germination and seedling

. growth. In: Karma SK, Ayling RD (eds) Proceedings IUFRO
Apparently there is a tendency for larger seeded oaks _tointernational symposium on forest seed problems in Africa, Harare,

produce seedlings with large mean leaf size and rapid zimbabwe. Swedish University of Agricultural Sciences, Depart-
growth rates. ment of Forest Genetics and Plant Physiology, pp 53—61

Although this study and others (McComb 1934; Kolfgonner FT, Vozzo JA (1987) Seed biology and technolog@uoércus

; A USDA Forest Service Gen Tech Rep SO-66, New Orleans, La
and Steiner 1989) suggest that acorn size influences Segcgurdeau P (1954) Oak seedling ecology determining segregation of

ling size, the relationship may be complicated by other gpecies in piedmont oak-hickory forests. Ecol Monogr 24: 297320
evolutionary forces that affect seedling growth. Hydri®rown CL, Kirkman LK (1990) Trees of Georgia and adjacent states.
mesic and xeric species groups differed in mean initial Timber Press, Portland, Oregon

; i Burns RM, Honkala BH (eds) (1990) Silvics of North America, vols 1
gC](-){g.vpvelght n tv(\;OO%flthrOe(e)%N,orYA tGStSif(,[ran%e 2.’64 to and 2. USDA Forest Service Agricultural Handbook 654, Washing-
) , P range <. —U. ), owever, trends In acorn ton, D. C.

mass did not correlate well with trends in total plant weighbunlap JR, Barnett JP (1982) Influence of seed size on germination
For example, 2-year-old seedlings of xeric species had theand early development of loblolly pinePihus taedal.) germi-
lowest mean total plant weight and yet the greatest initi,%, str;tsv.vgage\aei%rss ?:S(llgég)og ggmparative study of the growth and
acorn Welght (Table 3). Perhaps the [nfluence OT seed S morpholbgy of eight grass species from habitats with different
on seedling growth holds only for mesic and hydric species, nutrient availabilities. Funct Ecol 7: 223-229

or alternatively, the positive influences of seed size can rbtans GC (1972) The quantitative analysis of plant growth. University
overcome the inherently slow growth of xeric species. of California Press, Los Angeles, California

: ; ; ; ; rmer RE Jr (1980) Comparative analysis of 1st-year growth in six
Since only a few xeric species were included in ol deciduous tree species. Can J For Res 10: 3541

study, more studies with a greater number of species gmier E (1992) Growth analysis of congeneric annual and perennial
needed to test these ideas. grass species. J Ecol 80: 665—675
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