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Trade-offs in seedling survival, growth, and
physiology among hardwood species of
contrasting successional status along a light-
availability gradient

Christopher M. Kaelke, Eric L. Kruger, and Peter B. Reich

Abstract: To better understand the regeneration ecology of northern red@ad&r¢us rubral.) in mesic forests, we
compared its seedling growth and physiology with those of two other hardwoods, differing in successional status, along
a gradient in light availability ranging from forest understories (2.6% of full light) to small clearings (69% of full

light). Oak’s relative growth rate (RGR) closely resembled that of shade-tolerant sugar raptesaccharumviarsh.),

and the positive response of both to increasing light was modest, especially beyond a relative light availability of 15%.
Intolerant trembling asperP6pulus tremuloidedlichx.) outgrew the others when relative light availability exceeded

5%, and its RGR increased more or less linearly with increasing light. However, there was a rank reversal of RGR in
deep shade, where maple and oak had a higher RGR than aspen. This reversal was mirrored by seedling demography,
as aspen survival was comparatively high in small clearings but negligible in deep shade. Aspen’s low RGR and poor
survival in low light were associated with a high rate of shoot dark respiration and minimal allocation to starch re
serves. Aspen’s high RGR in openings was attributed primarily to a high photosynthetic capacity per unit leaf mass.
Thus, differential growth and survival among species could be explained in part by trade-offs in attributes that pro-
moted rapid growth in high light at the expense of a favorable carbon balance in low light, or vice versa. Oak’s suite

of traits facilitated a positive carbon balance in perhaps all but the darkest understories. We suggest that the lack of
persistence of oak seedlings in many understory environments may center around factors (e.g., vulnerability to biotic
stresses) not directly related to carbon gain.

Résumé: De fagon a mieux comprendre I'écologie de la régénération du chéne rQuopc(is rubral.) dans les fo-

réts mésiques, nous avons comparé la croissance et la physiologie de ses semis avec celles de deux autres feuillus de
statut sérial différent, le long d’'un gradient de disponibilité en lumiére variant du sous-étage forestier (2,6% de la

pleine lumiére) a de petites clairieres (69% de la pleine lumiere). Le taux de croissance relatif (RGR) du chéne res-
semblait fortement & celui de I'érable a suckeér saccharunMarsh.), qui est tolérant a I'ombre, et la réponse posi

tive des deux essences a I'augmentation de la lumiére était modeste, particulierement sous une disponibilité relative en
lumiere supérieure a 15%. Le peuplier faux-tremiegulus tremuloidedlichx.), qui est intolérant, dominait les au

tres essences deés que la disponibilité relative en lumiere dépassait 5% et son RGR augmentait de fagon plus ou moins
linéaire avec I'augmentation de la disponibilité en lumiére. Il y avait toutefois une inversion de rang du RGR dans des
conditions de tres faible intensité lumineuse, ou I'érable et le chéne avaient un RGR plus élevé que celui du peuplier.
Cette inversion était reflétée par la démographie des semis, puisque le taux de survie du peuplier était comparativement
plus élevé dans les petites clairieres mais négligeable dans des conditions de tres faible intensité lumineuse. Le faible
RGR du peuplier et le faible taux de survie dans des conditions de faible intensité lumineuse étaient associés a un taux
élevé de la respiration a la noirceur et a une allocation minimale aux réserves en amidon. Le RGR élevé du peuplier
dans les clairieres était attribué principalement a une capacité photosynthétique par unité de masse foliaire élevée. Par
conséquent, les différences dans la croissance et le taux de survie entre les espéces pourraient s’expliquer en partie par
des compromis dans les attributs qui favorisent une croissance rapide sous de fortes disponibilités en lumiére au prix
d’'un bilan favorable en carbone dans des conditions de tres faible intensité lumineuse et vice versa. Les différentes ca
ractéristiques du chéne favorisent un bilan du carbone positif sous tous les couverts, a I'exception des plus sombres.
Nous croyons que le manque de persistance des semis de chéne dans de nombreux environnements sous eouvert pour
rait s’expliquer par des facteurs (e.g., vulnérabilité aux stress biotiques) non directement reliés aux gains en carbone.
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Introduction performance with the growth and physiology of two
) ) ) sympatric hardwood species differing widely in successional

Much has been learned about ecophysiological differencestatys and shade tolerance, trembling asp&opglus
among tree species varying in successional status and shaglemuloides Michx.) and sugar maple Acer saccharum
or understory tolerance (Bazzaz and Wayne 1994; Messier @fiarsh.). Aspen is an early successional, shade-intolerant
al. 1999; Walters and Reich 1999). Nevertheless, it is not ye§pecies that aggressively colonizes larger gaps, whereas ma
possible to fully explain the demography of tree regeneratione is a late-successional, shade-tolerant species that often
along gradients in light availability. Further progress on thisforms dense regeneration layers in mesic forest understories
front would benefit efforts addressing difficult regeneration cyrtis 1959).
challenges, such as that conceming northern red oak The general premise underlying our approach is that plant
(Quercus rubral). The prevalence of this species and-sev gpecies exhibit relative performance optima (e.g., higher
eral of its congeners is declining in eastern deciduous foresig o ih rates and percent survival than potential competitors)
of North America, especially on productive sites (Pallardy ety gifferent positions along environmental gradients and that
al. 1988; Spencer and Kingsley 1991; Stephens and Waraese positions define a species’ ecology and successional
1992). The root of this trend is a widespread but in€om gia1,5 (Canham and Marks 1985). One can find empirical
plgtelly understood f:;ulure of oqk regeneration to recruit '”tosupport for this theory of shifting competitive hierarchies
existing or developing canopies in mesic forests (Crowkeddy 1989) in studies of tree response to light availability
1988; Lorimer 1989; Abrams 1992; Johnson 1993). (e.g., Latham 1992; Pacala et al. 1994). In the present study,

Since the general recognition of this problem several deye” anticipated that the relative growth rate of putatively
cades ago, silviculturists have been searching for stand manig.tolerant oak would exceed those of aspen and maple at
nipulations that facilitate oak re-establishment. The primaryygderate light availabilities (e.g., in small gaps), whereas it
mtent_of current prescriptions, SL_Jch as the shelterwood sysyould be outpaced by maple in the understory and aspen in
tem, is to create a favorable light environment (JOhnsOfarger openings. We also hypothesized that shifts in growth
1993; Lorimer 1993; Gordon et al. 1995). To date, howeverrankings along the light gradient would be accompanied by
none of these strategies have met with consistent succegs,qge-offs in physiological traits that would promote either

(Johnson 1993), and the existence of a light environment ipanig growth in high light or persistence in low light but not
which northern red oak can effectively compete with mesicygip.

forest vegetation has yet to be clearly demonstrated. Al-

though northern red oak is often classified as mid-tolerant

(Burns and Honkala 1990), its ecology has proven enigmati .

and may not fit squarely within any discrete portion of aiVIaterlaIs and methods

light-availability gradient. Slow juvenile growth places it at ) )

a competitive disadvantage in mesic forest openings (Krugeptudy sites and experimental approach

and Reich 1993, 199]:), while at the same time, it rare|y The Study was Condl,!Cted during 1994—1996|n two mesic,
persists beyond the seedling stage in mesic understorigixed hardwood forests_ in southwestern Wisconsin. One was lo-
(Crow 1988; Johnson 1993; Lorimer et al. 1994). cated near Baraboo, Wis. (43°Ri6 89°50W), and the other near

C iderable insight has b ted ding th Dodgeville, Wis. (42°5WN, 90°07W). The two forest overstories
onsiderable Insig as been generated regarding Me Nge o' imijar in composition and included individuals of the three

ture of northern red oak’s comparatively low growth peten gy,qy species as well as basswodtlig americanaL.), white ash

tial in high-resource environments (Farmer 1980; Walters efrraxinus americanal..), white oak Quercus albal.), bitternut

al. 1993; Kruger and Reich 199 as well as its response hickory (Carya cordiformis(\Wangenh.) K. Koch), and slippery elm
to light availability (e.g., Loach 1967, 1970; Geis et al. (Uimus rubraMuhl.). Based on data from a weather station near
1971; Musselman and Gatherum 1969; Phares 1971; FarmBpodgeville, the 30-year average for annual precipitation in the area
1975; Ashby 1976; Hanson et al. 1987; Gottschalk 1987is 81 cm, while average monthly temperatures range from —9°C in
Walters and Reich 1996). However, the vast majority of thisjanuary to 22°C in July (U.S. Department of Commerce 1994). In
work was conducted using potted seedlings in artificial envi 1994, rainfall ‘g”””g June through September amounted to 52 cm,
ronments, wherein it was difficult to adequately simulate the/V!Ch Was 35% greater than the 30-year average for that period

. R (U.S. Department of Commerce 1994). The Baraboo study site was
temporal and spatial dynamics in light (Canham et al. 1990)a relatively flat terrace at the base of a north-facing slope, while

let alone the myriad of biotic and abiotic factors that may (Oryhe podgeville site was on a 15% slope with a northeastern aspect.
may not) covary with light, in a forest (Toumey and The soils at both sites were Typic Hapludalfs, consisting of a silt
Kienholz 1931; Shirley 1943; Pearcy 1987; Wayne andoam cap (15-32 cm in depth) overlying either a thick horizon of
Bazzaz 1993; Bazzaz and Wayne 1994; Coomes and Grulatay (at Baraboo) or a matrix of clay and dolomite residuum (at
2000). It is increasingly apparent that tree seedling perforDodgeville) (USDA 1962, 1980). Both sites were selectively
mance under artificial conditions may not always correlatdogged 6-10 years prior to the study, creating a wide range of light
adequately with that in natural habitats (e.g., Kolb andenvironments within each. _ o
Steiner 1990; Burton and Bazzaz 1995; Dillenburg et al. At each site, si 4 x 4 m plots were established in dimly lit
1995). understorl_es, beneath p_ar_tla_l overstories, in _smaII cI_eanngs or
Our principal objective in the present study was to deteralong their edges. To minimize heterogeneity in growing condi

. . ic f t setti th d oak’ th tions within a plot, the shoots of extant woody undergrowth (<2 cm
mine, in a Mesic forest setling, northeérn red 0ak's grown ré i, meter at breast height) were manually removed from all plots

sponse along a gradient in light availability ranging from oy o planting and throughout the remainder of the study. Each
understories to large openings and to elucidate the merphgjot was fenced with hardware cloth (0.6 cm mesh) that was elec
logical and physiological traits shaping its response. We protrified around the top to prevent herbivory by mammals. Despite
vided a framework for this assessment by comparing oak’shis protection, one plot at Dodgeville had to be abandoned early in
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the study because of heavy acorn predation by rodents. No-manties and (or) environments at the outset, which was the case in our

mal damage was observed in the remaining plots. study.
For each individual harvested in August, seedling mass and or
Plant material and growth conditions gan mass ratios in July were estimated using species-level

fallometric relationships, generated from July harvest data, between

Seeds of trembling aspen were provided by the University o ; ? X
Minnesota North Central Experiment Station, Grand Rapids, Minn.tOtaI or organ dry mass and either stem height (for aspen) or first-

Acorns of northern red oak were collected near the Baraboo site iHUSh leaf mass (for oak and m_aple). The first Ie_af flush h_ael ex
the fall of 1993. Owing to an inadequate crop of maple seed inpanded fully by early July, and its area was readily determined on

1993, one-year-old seedlings of sugar maple were obtained at ea edlings harvested in August. This measure was converted to a
site, in locations less than 30 m from the growth plots, at the onse uly mass estimate based on species x plot averages for SLA at the

of the study. In late April 1994, aspen seeds were germinated und Iuly harvest. R_egressmn slopes ??gg Intercepts (.j'd not vary signif
partial shade on commercial potting medium, and germinants wer antly among sites or plots, and tfeof these relationships ranged
then transferred to book planters containing the same potting m fom 0.73 10 0.95 (4& n < 53, P < 0.0001).

dium in a greenhouse. Oak acorns were germinated on moist paper Data from subsequent harvests were used to assess net growth
in mid-May 1994 and remained there until outplanting. Germinantsduring the 1994 growing season (June through October) and-cumu
of aspen and oak were transplanted to the study plots during th@tive net growth through the growing seasons of 1994 and 1995,
first week of June 1994. At the same time, 1-year-old maple-seedWh'Ch were relativized (979 using the equation, In(final dry
lings were transplanted (with roots in a soil hemisphere of abouf@ss) — In(initial dry mass). In these calculations, because data on
5 cm radius) from areas possessing similar light availabilities tolirSt-flush leaf area were lacking for maple and oak, the initial
that of the plot in which they were placed. In every plot, 25 indi Mass of a given species (including aspen) on every plot was set
viduals each of aspen and maple, along with 20 oak germinants‘?q”al to the average mass of all individuals of that species har
were randomly assigned to positions in a grid based on a 20 ¥ested in June 1994.

25 cm spacing. The minimum distance between grid perimeter and

plot fence was 1 m. Measures of leaf nitrogen and seedling starch
concentrations

Measures of seedling growth and mass distribution Samples of ground foliage from each species and plot, pooled

Sequential whole-seedling harvests of five individuals per speacross the July and August harvests in 1994, were analyzed for ni-
cies were conducted on each plot in mid-July and mid-August oftrogen concentration using a micro-Kjeldahl method (Schulte et al.
1994. Additional seedlings (two to five per plot) were harvested af-1987). The amount of leaf and nonleaf (stem + root) dry mass
ter leaf abscission in November 1994 and again prior to bud breakomposed of starch, the primary storage carbohydrate in all three
in April 1996. At the time of transplanting in June 1994, 12 aspenspecies (Dickson 1991), was also determined for every species and
and 18 maple seedlings (randomly selected from all transplantg)lot at the August harvest. Dried leaf and nonleaf (stem + root) tis-
were harvested to obtain initial dry mass and leaf area. The initiabues were analyzed separately for starch concentration using meth-
(June) mass of all oak seedlings was taken to be the average duods outlined by Lindroth et al. (1993).
mass of seven randomly selected acorns (excluding the pericarp).
The mean dry mass of aspen, maple, and oak in June was 0.18 .
0.31, and 1.09 g, respectively. Mea_surgs of leaf photosynthesis and shoot dark

At all harvests, seedlings were excavated and stored on ice untiespiration
they were processed. At the June, July, and August harvests in In every plot, gas exchange was measured on one leaf from each
1994, seedlings were sorted into leaves, stems, and roots, and freshthree seedlings per species with a portable LCA-2 infrared gas
leaf areas were determined with a LI-COR 3100 leaf area meteanalyzer and a Parkinson broadleaf cuvette (Analytical Develop
(LI-COR Inc., Lincoln, Nebr.). At every harvest, roots were rinsed ment Corporation, Hoddesdon, U.K.), operated as an open system
free of soil, and all plant material was dried to a constant mass in avith a column of Mg(CIQ), placed downstream from the cuvette
forced-air oven at 70°C and weighed. By the time of the July har to minimize the confounding effect of water vapor on infrared gas
vest, oak cotyledon reserves appeared to be exhausted (most cognalyzer CQ measurements. Measurements were made between
ledons were withered and dark-colored, and many had detache@B:00 and 11:00 under clear or partly cloudy skies during the week
from the germinant); thus, cotyledons were not included in masgrior to each harvest in July and August of 1994. During measure

measurements. ments, CQ partial pressure and air temperature in the cuvette-aver
Harvest data from July and August 1994 were used to measuradged 34.2 + 1.1 Pa (mean + SD) and 27 + 0.7°C, respectively.
relative growth rate (RGR; mg-gday?) during that interval, Photosynthetic photon flux density (PPFD) incident on the leaf

which was calculated for individual seedlings as (In(August drysurface was controlled with a red light-emitting diode (LED) array
mass) — In(July dry mass))/time (Evans 1972). At each of thos€model 1000A, Quantum Devices, Barneveld, Wis.), and photosyn
harvests we also measured specific leaf area (SLAkgn) and  thesis was measured at seven PPFDs ranging from 10 to
the mass ratio (g-¢) of leaves (LMR), stems (SMR), and roots 1800 umol-nT%s? (in a descending sequence: 1800, 1000, 500,
(RMR). In addition, we determined patterns of mass allocation200, 100, 50, and 1Qmol-nT%s?). Preliminary tests at the
during the interval by calculating the percentage of acquired masBaraboo site failed to reveal a significant difference, for any of the
that was allocated to a given organ @sdrgan mas#& seedling three species, between photosynthetic rates measured under red
mass) x 100. We adopted this approach rather than allometry (i.e(LED) versus natural light (using neutral density filters).
mass of organY = a(mass of organX)®; Ledig et al. 1970; Photosynthetic light responses were generated with these data us
McConnaughay and Coleman 1999), because our intent was timg the nonlinear model of Hanson et al. (1988). When model pre
compare allocation patterns at the whole-seedling level. Since adictions were regressed against actual measures of photosynthesis
allometric coefficient f) is the ratio of RGRs of two plant compo for a given species and plot, the slope and intercept never differed
nents (i.e., RGRgadRGRyan). it does not reflect the proportional — significantly from 1 and 0, respectively, and tifealways exceeded

ity of total mass allocation if organ mass ratios differ initially. 0.9. Model output included rates of light-saturated net photosyn
Correspondingly, it is not a reasonable basis for comparison ofhesis, compensation PPFD, and apparent quantum yield for indi
whole-seedling allocation when organ mass ratios vary among spe&idual leaves.
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Light responses were combined with data on the temporal distriStatistical analysis
bution of PPFD during the photoperiod in each plot (see lightmon  Relationships among RGR, its morphological and physiological
itoring methods below) to simulate diurnal patterns of area-basedeterminants, and light availability were examined within and
photosynthesis during the July—August interval in 1994. An-esti across species, light environments, and sites with linear regression
mate of net photosynthesis was generated for every PPFD measuligsing PROC GLM in SAS (SAS Institute Inc. 1999). No signifi
ment, and the average of these values was determined for eaefant site effects or site by PPFD interactions were detected for any
species x plot combination. We reiterate the caveat accompanyingarameter. PROC GLM was also used in the analysis of variance
similar efforts (e.g., Beaudet et al. 2000) that, although this-aver(ANOVA) of tissue starch and shoot respiration data. Homogeneity
age reflects the constraint of PPFD on photosynthesis under-othesf variance was tested with Levene’s method (Milliken and John
wise favorable conditions, it does not incorporate the potentiallyson 1989), and when heteroscedasticity was found, the data were
important but presently unmeasured limits imposed by other extrintransformed (e.g., with natural logarithm) prior to ANOVA. In
sic (e.g., air temperature and leaf-to-air vapor pressure gradient) @fnalyses of tissue starch concentration and shoot respiration data,
intrinsic factors (e.g., intracanopy shading and temporal patterns dfisher’s protected least squares difference test was used to identify
leaf enzymatic acclimation to light variation). significant differences among species means. Unless specified oth
In early June 1995, germinants of oak and aspen, along witlerwise, plot means for each species were the experimental units in
1-yearold seedlings of maple, were again transplanted into theanalyses, and regressions and differences among means were de
three fenced understory plots (integrated PRED5 mol-m?-day™) clared significant ifP < 0.05.
at Baraboo. The aspen seed source was the same as that in 1994)n woody and herbaceous species, RGR and organ mass ratios
while oak acorns and a sufficient supply of maple seedlings wer@ften vary with plant mass (e.g., Ledig et al. 1970; McConnaughay
collected from the Baraboo site. In mid-July and mid-August of and Coleman 1999), and this can confound the analysis of plant re
that year, shoot dark respiration was measured on these seedlinggonses to environment. Therefore, RGR and organ mass ratios
to explore its potential role as a determinant of species variation invere normalized (within species) to a common mass in the analy
understory carbon balance. Respiration was measured during thss of their responses to light environment when the following oc
morning on three or four individuals per species in each plot withcurred: {) RGR or organ mass ratios were found to be significantly
the LCA-2 gas analyzer and a Parkinson conifer cuvette. The entireelated to seedling massi)(there was sufficient overlap in the dis
shoot (foliage and stem) was placed in the cuvette, which was couribution of seedling mass across light environments, d@ingdtbere
ered with dark cloth and kept in the shade. During measurementsyas no significant interactive effect of seedling mass and-inte
CO, partial pressure and air temperature in the cuvette averagegrated PPFD on the dependent variable. Normalization was accom-
37.5 + 1.5 Pa and 27 + 0.9°C, respectively. Based on regressioplished with analysis of covariance, using the LSMEANS option in
analyses within and across species, we did not detect a significa®ROC GLM in SAS. As is often required (Walters et al. 1893
influence P > 0.5) of temperature variation on dark respiration Kruger and Reich 199j, seedling mass was transformed to its
rates. Shoots were dried to a constant mass at 70°C and weigheaatural logarithm to generate a linear covariate. A lack of overlap
and respiration rate was expressed on a dry mass basis. in the distribution of seedling mass between oak and maple pre-
cluded normalization across species. In none of the three species
o ] ] was percent mass allocation to any organ during the July—August
Monitoring plot light environment growth interval significantly correlated with seedling mass (data
In each plot, instantaneous measures of PPFD (incident on aot shown).
horizontal surface) were recorded every 15 min from dawn to dusk
on several days between the July and August harvests in 1994.
least three galium arsenide photodiodes (Hammamatsu Photonidé3€sults
Corporation, Middlesex, N.J.) were positioned near each plot cen . . )
ter (but no less than 1 m apart) at the average height of the seedurvival and growth across light environments
ling canopy and attached to a LI-1000 data logger (LI-COR Inc., During the July—August interval in 1994, integrated PPFD,
Lincoln, Nebr.). Data from a completely clear day and one withcalculated as an average of the integrated PPFD on one clear
uniform overcast (maximum PPFD <60@mol-n2s?) were and one overcast day, ranged from 0.9 to 23 ndtaay?
pooled to derive plot averages (based on about 120 measures pggross the 11 plots, or 2.6-69% of the light available above
sensor) of integrated PPFD (molhday™). We chose this combi the forest overstory during those 2 days. The coefficient of

”?tiot';’ which ‘é"as also used to ﬁStirgate a"efrage leaf phOtoslythQFariation in integrated PPFD within plots averaged 5.9%
sis, because data on percent cloud cover from a meteorologic 0 i b o i
station (University of Wisconsin Agricultural Experiment Station, ? ange 1.8% in high light to 14.7% in the darkest plot).

Madison) located within 50 km of both sites indicated that sky In _t?e t_flree darkest plof[s ('”tegfated PPFER.3
conditions during the July—August interval in 1994 were aboutMollT “[@lay~), no aspen seedlings persisted through the en
evenly split between clear and overcast. We note that the integratdéifety of the 1994 growing season (Fig. 1A). When inte
PPFD from our selected 2-day sample (33.3 mol-day?) was at  grated PPFD equaled or exceeded 2.5 mdtaay?, percent
most identical to that (33.6 molhday?) calculated from data survival of aspen in 1994 was similar to or higher than that
collected at the same meteorological station throughout the Julyef oak and maple (mean 90, 89, and 75%, respectively,
August interval. across the remaining eight plots). Survival was not formally

In August 1994, two hemispherical canopy photographs weremonitored in 1995, but in the fourth darkest plot (integrated
taken in each plot, converted to digital images and analyzed wittbpFp 2.5 mol-r-day?), all of the aspen seedlings left after
SolarCalc (version 5.10; Chazdon and Field 1987), which generiha fall harvest in 1994 died before the end of the 1995
ated independent estimates of integrated PPFD (diffuse plus direrg[(rjowing season

beam, based on a midsummer solar track). These values were us . . .
to corroborate the accuracy of photodiode data in characterizin For each species, RGR during July—August 1994 was sig

plot light environment. The two estimates of integrated PPFD werd'ificantly and positively correlated with integrated PPFD
closely correlated. For example, based on data from clear daydFig. 1B, Table 1). Aspen growth was most responsive to
daily integrated PPFRoodgiode = 0.74 + 0.96(daily integrated light availability, as it increased more or less continuously
PPFDQanopy photd 2 = 0.94,P < 0.0001,n = 11. throughout much of the PPFD range, showing no clear evi
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dence of light saturation. In contrast, the RGR of maple andrig. 1. Percent seedling survival at the end of the 1994 growing
oak responded modestly to increasing integrated PPFD beeason (A), relative growth rate (mgtglay?) during the July—
yond 5 mol-m?day’. Compared with those in high light, August interval in 1994 (B), total relative growth (g4gin 1994
RGR rankings were reversed in the two darkest plots, wheréC), and total relative growth (g-§ through 1994 and 1995 (D)
surviving aspen seedlings actually lost mass through timeas a function of integrated photosynthetic photon flux density
Growth patterns observed in July—August closely resemblePPFD, mol-m?day?, measured during July—August 1994).
those for net relative growth during the entire 1994 growingSymbols show species means from each of the 11 plots, except
season (Fig. 1C, Table 1) as well as the 2-year studyhat aspen data were missing (due to complete mortality) in the
(1994 + 1995; Fig. 1D, Table 1). As a consequence of thesdarkest plots in Figs. 1C and 1D. Regression statistics for aspen
trends, mean stem height of aspen at the end of the 1995 - -), maple (-----), and oak (—) are presented in Table 1.
growing season exceeded that of oak and maple by more
than 12-fold (3.1 vs. 0.24 and 0.18 m, respectively) in the 1004 A ) + +
plot with the highest integrated PPFD (data not shown). ° e +
Height varied less (0.35 m for aspen, 0.17 m for oak, and o9 ﬂ+ o

75-0& ] o 8

a

0.15 m for maple) in the darkest plot in which aspen remained
at the end of 1995 (integrated PPFD 4.4 mof-tay?).

50
Responses of growth determinants to light environment

Light-saturated rates of area-based photosynthégjs,)( 25 + ASPEN
were significantly and positively related to integrated PPFD OAK
for all three species (Fig. 2, Table 1). On the other hand, o MAPLE
light-saturated rates of mass-based photosyntheSig.d 0 ++
were positively correlated with PPFD only in the case of as
pen; for neither oak nor maple was there a discernible trend
along the light gradient (Fig. 2, Table 1). In high light, aspen
had the highest photosynthetic maximum, followed by oak
and then maple. The same high-light ranking occurred for
estimated average photosynthesis, although it varied much
less than the light-saturated rate. Both light-saturated and av-
erage photosynthesis converged as light availability decreased,
and particularly for average rates, species differences were
slight in the darkest environments. For examp@ig,ssin the
three darkest plots (integrated PPER.3 mol-m?-day™) av-
eraged 22, 17, and 14 nmotig? for aspen, maple, and
oak, respectively, and differences in these rates were not sig-
nificant (based om = 3 plot means).

Apparent quantum yield (QY, mol C&mol PPFD)Y),
calculated as the slope of the photosynthetic light response
at compensation PPFD, generally decreased with increasing
light availability (Fig. 3, Table 1). Overall, oak tended to
have the highest QY, followed by aspen and then maple.
However, aspen’s QY fell well below that of maple in the
three darkest plots. Compensation PPFD (CPFD) increased
with light availability for all three species, but responses to
increasing light diminished beyond an integrated PPFD of 5
mol-nT?.day* (Fig. 3, Table 1). The slope of this trend did
not vary @ > 0.10) across species (based on the model
CPFD =a + b(In PPFD)), but oak had a significantly higher
intercept than aspen and maple.

As was observed for light-saturatéy,,ss aspen’s leaf N
concentration N, Was positively correlated with inte
grated PPFDR = 0.01) during July—August 1994, while no
clear pattern was evident for either maple or oak (Fig. 4, Ta
ble 1). As a result, the three species had a simiggein
the darkest plots, while aspen,.ssroughly doubled ma
ple’s Njhassin high light. The corollary to this finding was a
positive overall relationshipR < 0.0001) between light-
saturatedA,ssaNd Nyass (Fig. 5). Species did not vary sig
nificantly in either the slopeR > 0.29) or interceptR >
0.15) of this trend. For each species, the growth interval av Integrated PPFD (mol-m-2-day-1)
erage for SLA was strongly and negatively related to light

Percent Survival
o

1.day-1)

Relative Growth Rate
{mg-g-

During July-August 1994

Total Relative Growth
in 1994 (g-g-"

Total Relative Growth
in 1994-1995 (g-g-1)
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Table 1. Statistical parameters for the relationships among growth, its physiological determinants, and light
availability illustrated in Figs. 1-4 and 6.

Regression parameters and coefficients

Species Y+ a b Xt P r?
Relative growth rate during July—August 1994 versus integrated PPFD

Aspen RGR -14.7 23.4 In PPFD <0.0001 0.92
Oak RGR 1.4 6.7 In PPFD <0.0001 0.84
Maple RGR 2.0 5.9 In PPFD <0.0001 0.89
Total relative growth in 1994 versus integrated PPFD

Aspen RGggs 2.6 0.19 PPFD 0.0004 0.89
Oak RGggs -0.1 0.38 In PPFD 0.0007 0.74
Maple RGggs -0.1 0.19 In PPFD 0.09 0.28
Total relative growth in 1994 + 1995 versus integrated PPFD

Aspen RGgo4+1905 29 0.27 PPFD 0.001 0.91
Oak RGgg4+1995 0.0 0.70 In PPFD 0.008 0.61
Maple RGgg4+1995 0.8 0.27 In PPFD 0.07 0.31
Light-saturated area-based photosynthesis versus integrated PPFD

Aspen Asrea 2.7 0.74 PPFD <0.0001 0.92
Oak Adrea 5.7 0.31 PPFD <0.0001 0.85
Maple Asrea 3.4 0.07 PPFD 0.03 0.42
Light-saturated mass-based photosynthesis versus integrated PPFD

Aspen Anass 163 16.7 PPFD 0.0003 0.78
Mean area-based photosynthesis versus integrated PPFD

Aspen Asrea 0 0.40 PPFD <0.0001 0.95
Oak Adrea 0.4 0.30 PPFD <0.0001 0.94
Maple Asrea 0.1 0.90 In PPFD <0.0001 0.88
Mean mass-based photosynthesis versus integrated PPFD

Aspen Anmass -11 71.2 In PPFD <0.0001 0.85
Oak Anass -1 311 In PPFD <0.0001 0.90
Maple Anmass 9 20.4 In PPFD <0.0001 0.86
Apparent quantum yield versus integrated PPFD

Oak QY 0.070 —0.0009 PPFD 0.07 0.32
Maple QY 0.055 —0.0009 PPFD 0.03 0.43
Compensation PPFD versus integrated PPFD

Aspen CPFD 14 52 In PPFD 0.002 0.69
Oak CPFD 21 4.8 In PPFD 0.008 0.56
Maple CPFD 15 3.2 In PPFD 0.006 0.59
Leaf N concentration versus integrated PPFD

Aspen Niass 2.1 0.072 PPFD 0.01 0.54
Specific leaf area versus integrated PPFD

Aspen SLA 54.2 -8.76 In PPFD <0.0001 0.95
Oak SLA 27.2 -3.93 In PPFD <0.0001 0.85
Maple SLA 36.1 -4.31 In PPFD <0.0001 0.85
Leaf mass ratio versus integrated PPFD

Oak LMR 0.39 0.003 PPFD 0.02 0.46
Stem mass ratio versus integrated PPFD

Oak SMR 0.13 —-0.003 PPFD 0.02 0.47
Allocation to leaf mass versus integrated PPFD

Maple ALM 3.8 1.21 PPFD <0.0001 0.84

Note: Relationships with @& value greater than 0.10 are not given. Regression equations are in the/ feran+ bX.

*RGR, relative growth rate (mg-gday?); RG, total relative growth (g°9; A, area-based leaf photosynthegisnpl-nr?s?);
Aass Mass-based leaf photosynthesis (nmbisg); QY, apparent quantum yield (mol-mtl CPFD, compensation
photosynthetic photon flux densityuifiol-n.s?):; N, leaf N concentration (%); SLA, specific leaf area®(ky™); LMR,
leaf mass ratio (g§; SMR, stem mass ratio (g% ALM, percent mass allocation to leaves.

'PPFD, integrated photosynthetic photon flux density (mGtaay*) measured during the July—August interval in 1994.

availability in July—August 1994R < 0.0001; Fig. 4, Ta At the July 1994 harvest, evidence of light-mediated -vari
ble 1). The relationship varied among species: aspen had ation in mass distribution was restricted to a modest increase
higher interceptR® < 0.0001) and steeper slope £ 0.0002) in oak LMR (P = 0.02), and a corresponding decline in SMR
than the others (based on the model SLA # b(In PPFD)), (P = 0.02), with increasing light availability (Fig. 6). Aver
and maple’s intercept was higher than oak®s< 0.0001). aged across light environments, aspen had a higher LMR,
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Fig. 2. Relationship between light-saturated or simulated average photosynthesis, expressed on a lgafedmeet-61) and leaf-mass
(nmol-gt-s?) basis, and integrated photosynthetic photon flux density (PPFD, mfettay ™, measured during July—August 1994).

Symbols show species means, based on data pooled across July and August harvests, from each of the 11 plots. Regression statistics
for aspen (- - -), maple (-----), and oak (—) are presented in Table 1.
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higher SMR, and lower RMR than the otheBs<€ 0.0001 in  oak was slightly but nonsignificantly higher than that of-ma
all cases). Additionally, oak had a higher LMR and lower ple, and both were significantly lower than aspen’s rate.
SMR than mapleR < 0.0001). We note, however, that spe
cies comparisons should be interpreted with caution, as theﬁéelationships between RGR and its determinants
are not based on a commor seedling mass owing to the lack Within and across species and light environments, RGR
of overlap in mass dlstnbutlpns of Qak and maple. was positively relatedR < 0.0001) to simulated averages for
Detectable influences of light environment on patterns ofyrea-based leaf photosynthesis (Fig. 7). However, the rela
mass allocation during the July—August interval (Fig. 6)tionship resembled that between growth and light avaHabil
were confined to a positive correlation between percent allojty, as the RGR of aspen diverged from those of maple and
cation to leaves and light availability in maple € 0.0001).  ak at higher photosynthetic rates. This disparity largely dis
Across light environments, aspen allocated significantlyappeared when RGR was regressed against simulated aver
more mass to foliage than did oak. Aspen also ranked-highages of photosynthesis per unit leaf mass (Fig. 7). Across all
est and oak lowest in percent allocation to stems, and thesgata, RGR was not significantly related to SLA, LMR, or
rankings were reversed for allocation to roots. In Augustheir product, leaf area ratioP(> 0.30, data not shown).
1994, the concentration of starch in leaves, stems, and rootgowever, it was closely related?(= 0.93) to simulated aver
did not vary significantly across light environments for any ages for photosynthesis per gram seedling mass (Fig. 7), the
species R > 0.20, data not shown), and on average it wasproduct of growth interval means of avera8g,, SLA, and
much lower in aspen than in oak or mapRe< 0.05), espe | MR (Lambers and Poorter 1992; Walters et al. 1893
cially for stem and root tissue (Table 2). Kruger and Reich 199J. In neither this relationship nor
During July—August 1995, average rates of shoot dark resthat between RGR and averagg,s;did species vary signif
piration for the newly planted seedlings in low-light plots icantly in the slopeR > 0.47) or intercept® > 0.16). How
(integrated PPFx2.3 mol-m?day?) at Baraboo varied by ever, aspen data from the darkest two plots were significant
threefold among species (Table 2). The respiration rate obutliers in each of these regression models; aspen’s RGR in
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Fig. 3. Responses of apparent quantum yield (mol-faind Fig. 4. Responses of leaf nitrogen concentration (%) and specific
compensation PPFDuol-nT2.sY) to integrated photosynthetic leaf area (Mrkg™) to integrated photosynthetic photon flux den
photon flux density (PPFD, molThday?, measured during sity (PPFD, mol-m?-day?, measured during July—August 1994).

July—August 1994). Symbols show species means, based on dathl concentration was analyzed on leaf samples from each species
pooled across July and August harvests, from each of the 11  and plot pooled across individuals harvested in July and August
plots. With the exception of aspen quantum yield, regression staof 1994. For specific leaf area, symbols show species means,
tistics for aspen (- - -), maple (-----), and oak (—) are presented based on data pooled across July and August harvests, from each

in Table 1. The curve for aspen is a third-order polynomial of the 11 plots. Statistics for aspen (- - -), maple (-----), and oak
meant for illustration only. (—) regressions with & < 0.10 are presented in Table 1.
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these plots was negative and much lower than others with

similar rates of photosynthesis. (Walters et al. 1993; King 1991; Kitajima 1994; Beaudet
and Messier 1998). This reversal, which has been observed
Discussion elsewhere (Pacala et al. 1994; Walters and Reich 1996,

200@), lends further support to the tenet that shade or
Trembling aspen and sugar maple commonly co-occutnderstory tolerance depends at least in part on the ability to
with northern red oak in upland deciduous forests of themaximize net carbon gain or minimize net carbon loss in
northern United States and southern Canada, and theyrepr@imly lit understories (Givnish 1988; Walters and Reich
sent opposite extremes in the broad spectrum of tree specié999).
ecologies and competitive characteristics encountered on On the other hand, our comparison of species’ RGR and
mesic sites in these forests. Correspondingly, in this studphysiological variation along the light-availability gradient
they exhibited trade-offs in RGR, survival, and net rates ofrevealed no particular environment to which putatively mid-
CO, exchange at low versus moderately high light availabili tolerant oak was uniquely suited. Instead, with few excep
ties that matched expected behaviors of early- and latetions, oak’s behavior was difficult to distinguish from that of
successional species (Grime 1979; Bazzaz 1979). This irshade-tolerant maple. Both species exhibited an asymptotic
cluded the reversal in species growth rankings in very longrowth response to increasing light that, in the case of oak,
light, an outcome predicted by the theory of shifting compet was consistent with trends observed by Phares (1971) and
itive hierarchies (Latham 1992) but at odds with the resultsGottschalk (1987) but somewhat less pronounced than re
of several studies, wherein species’ relative performances responses observed by others (McGee 1968; Loach 1970; Kolb
mained constant across a wide range of light environmentst al. 1990; Pacala et al. 1994). Maple’s response also re
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sembled that observed in previous light-gradient studie&ig. 5. Relationship between light-saturated rates of mass-based
(Canham 1988; Sipe and Bazzaz 1995). Although oak antkaf photosynthesis (nmof-gs™) and leaf N concentration (%).
maple were similar in many respects, during the secondfor photosynthesis, symbols show species means of July and
year it appeared as though a subtle difference in carboAugust data from each of the 11 plots. The N concentration was
balance had begun to emerge between the two in deegnalyzed on leaf samples from each species and plot pooled
shade. In the two plots where integrated PPFD was less thaeross individuals harvested in July and August of 1994. The re
2 mol-nT2.day?, maple’s cumulative 2-year growth tended gression, based on data from all species, Wgg= —172 +

to be higher than oak’s, which was negligible or negativel71(Npasd, r* = 0.82,P < 0.0001.

(Fig. 1D). Hanson et al. (1987) found that a similar light 600
threshold was needed by oak seedlings to maintain a pos + ASPEN
tive carbon balance. This having been the case, it is wortt ° OAK + +
noting that among the seedlings planted but not harvested i 500+ o
the three understory plots at Baraboo (integrated PRED 0w 8
mol-nT?day™”) in 1995, 88% of the oaks (as well as 82% of @ = ¥ 400
the maples) were still alive as of July 2000 (E. Kruger; un £ - ‘_‘."
published data). _ _ < o c» 300-
Why was the RGR of aspen more responsive to lightg 5
availability than that of oak or maple? In concert with previ g £ £
ous findings in laboratory and forest studies (Walters et al.£ =@ £ 200+
1993; Kruger and Reich 199, variation in seedling RGR 5
within and across species and light environments was, fo 0O- 100
the most part, linearly related to simulated averages of pho
tosynthesis per unit seedling mass. In our view, this providec
sufficient empirical justification for a straightforward assess- Y T T T T
ment of the roles of measured and estimated growth determ| 0 1 2 3 4
nants (i.e., growth interval means for averafjg., SLA, Leaf N Concentration (%)

and LMR) in governing RGR. In the case of aspen, for ex-

ample, the enhancement of averagge, with increasing (inejyding aspen) even at light availabilities as low as those
light availability more than compensated for a substantial,, o+ understories.

light-induced decrease in SLA and resulted in a more or less g, maple and oak, the relative insensitivity of light-

linear growth response throughout the range of light availgayrateda,, . to integrated PPFD led to a situation where
ability. As with oak, aspen's average,was positively re- light-mediated increases in averadg.,were largely or en-
lated to light availability not only because of an increase inyre|y offset by decreases in SLA. Similar consequences of
usable energy lgut also an improved ablll'ty to use that energyis” trade-off between metabolism and morphology were
(e.g., a higher light-saturatef,ey. But unlike oak, the steep qemonstrated for a shade-tolerant herb that exhibited little
rise in aspen’s light-saturateil,.,with increasing integrated yayiation in light-saturated, e across light environments
PPFD was associated less with leaf thickening (stacking OéSims and Pearcy 1994: Sims et al. 1994). Coincidently, a
photosynthetic tissue) than with a pronounced increase igarhon balance model for that herb indicated that the light
light-saturatedAnas, response of RGR saturated at an integrated PPFD between 5
A positive relation between light-saturatéd,,s;and light  and 10 mol-m?-day?, which was similar to that observed
availability is not often observed (cf. Jurik 1986; Ellsworth for oak and maple in our study.
and Reich 1992; Wayne and Bazzaz 1993; Walters et al. Among the most consistent plant responses to increasing
1993). This uncommon response, which to our knowledgelight availability is a decline in SLA (e.g., Jurik 1986), and
has been exhibited by only a handful of mostly earlyall three species in this study displayed considerable sensi
successional tree species (Callaway 1992; Kitajima 1994vity in this regard. Additionally, as has been frequently ob
Burton and Bazzaz 1995; Huante and Rincon 1998), waserved (e.g., Loach 1970; Bazzaz and Carlson 1982; Latham
positively associated with ledf,,ssin our study (Field and 1992; Walters et al. 1998 Osunkoya et al. 1994; Huante
Mooney 1986). As in the case @{ .., the positive correla  and Rincon 1998), foliage of the intolerant, early suc
tion between aspen le&f ,sand light availability is incon  cessional species (aspen) exhibited the greatest plasticity in
sistent with many reports of the opposite tendency (e.g.SLA across the light gradient, while the late-successional
Wayne and Bazzaz 1993; Niinemets 1997; Lusk and ReicBpecies (maple) was the least responsive among the three. In
2000). However, it is conceivable that, in our understory encontrast, when the potentially confounding influence of
vironments, either soil N availability (Vitousek et al. 1989; seedling mass was taken into account, the distribution and
Kim et al. 1996; Kruger and Reich 198)7or light energy allocation of mass to leaves, stems, and roots varied little
(Truax et al. 1994) could have limited the acquisition of N with light availability. The notable exception was a positive
and (or) its subsequent reduction or assimilation in foliagaesponse of maple foliage allocation to light availability.
of aspen (Min et al. 1998). As for the consequences of NThese findings contradict numerous investigations (e.g.,
limitation, there is evidence (Latham 1992; Coomes andKuppers et al. 1988; Callaway 1992; Osunkoya et al. 1994)
Grubb 2000; Walters and Reich 20f)@hat it can negatively and established acclimation paradigms (reviewed by Givnish
influence the growth and survival of intolerant tree speciesl988; Wilson 1988) in which LMR (often considered a mea
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Fig. 6. Variation in leaf, stem, and root mass ratios (§-gn July 1994 or percent mass allocation to each organ during the July—August in
terval, along the gradient of integrated photosynthetic photon flux density (PPFD, Thday, measured during July—August 1994). Sym

bols show species means from each of the 11 plots, except for mass allocation of aspen, which was not calculated when RGR was negative
(in the darkest two plots). Statistics for aspen (- - -), maple (-----), and oak (—) regressionsRwtl0dl0 are presented in Table 1.
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Table 2. Tissue starch concentrations of seedlings harvested from all plots in August 1994, and mean
rates of shoot dark respiration measured (during the day) on newly planted seedlings in three low-light
plots at Baraboo in July and August 1995.

Parameter Aspen Oak Maple
Leaf starch (% dry mass) 0.4 (Oht) 2.2 (0.8pb 3.2 (0.8n
Root and stem starch (% dry mass) 2.7 (.5 153 (1.5n 11.7 (0.6a
Shoot dark respiration (nmolgs?) at 27°C 15.9 (0.9 6.2 (0.7p 5.1 (0.8p
Estimated shoot dark respiration (nmok-g?) at 15°C 5.3 2.1 1.7

Note: Values are means, with SE given in parentheses, based-ohl plot averages in the case of starch, arw
3 plot averages in the case of shoot respiration. For a given parameter, means with different letters are significantly
different atP < 0.05, based on Fisher’s protected least squares difference test. Also provided is an estimate of shoot
dark respiration at 15°C, a typical nighttime temperature during midsummer in southern Wisconsin, bas@g, tor a
respiration temperature sensitivity of 2.48, which is the average calculated from data collected by Bolstad et al. (1999)
on shade-acclimated foliage of several temperate deciduous broadleaf species.

sure of allocation) generally increases in the shade, therebgoupled to rates of photosynthesis that corresponded with
enhancing a plant’s ability to capture light. Alternatively, non-negative growth rates in the other species. Our estimate
data from the present study provide further support for theof average photosynthesis per unit leaf or seedling mass
suggestion that, at least among woody perennials, apparedbes not incorporate the temporal dynamics of photo
sensitivities of organ mass ratios to light availability may of synthetic acclimation to fluctuating light, which can have
ten be artifacts of light-driven differences in plant size ratheimportant implications for carbon gain, especially in the
than modifications in mass allocation (Ledig et al. 1970;understory (Stegemann et al. 1999). Furthermore, it does not
Loach 1970; Kolb et al. 1990; Walters et al. 1993; Reich etaccount for all components of plant carbon balance, such as
al. 1998). tissue construction costs, root exudates, and dark respiration
Although photosynthesis per unit leaf or seedling masgGivnish 1988; Lambers and Poorter 1992). The importance
explained much of the overall RGR variation in this study,of variation in many of these factors remains uncertain
there were discrepancies in these relationships in low light(Poorter 1994; Wullschleger et al. 1997), but dark respira
Specifically, aspen’s negative RGR in the darkest plots wasion is clearly a pivotal determinant of net carbon balance in
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Fig. 7. Relationships between relative growth rate (mbeay™?) and simulated averages for photosynthesis per unit leaf areal-r2-s™),
photosynthesis per unit leaf mass (nmot-g%), or photosynthesis per unit seedling mass (nmol-(g seedlisg) during the July—

August growth interval in 1994. Symbols show species means from each of the 11 plots. No single model adequately fit the relation
between RGR and photosynthesis per unit leaf area. The regression for RGR versus photosynthesis per unit leaf mass, based on all
data (excluding two aspen data with negative RGRs), was RGR = 3.4 +4Q,2)(r? = 0.89,P < 0.0001. The regression for RGR

versus photosynthesis per unit seedling mass, based on all data (excluding two aspen data with negative RGRs), was RGR = 5.1 +
0.47 Aseediing r? = 0.93,P < 0.0001.
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environments that constrain variation in realized photosynievels were comparatively high in the stem and roots of both
thesis (Loach 1967; Sims et al. 1994; Lehto and Gracepecies, regardless of light availability. Poor survival of rap-
1994). Such appeared to be the case in this study, wheiidly growing, shade-intolerant species in tropical under-
there was a compelling link between aspen’s negative RGRtories has been associated not with an unfavorable carbon
and comparatively high shoot dark respiration in low light. balance per se but rather an increased susceptibility to herbi-
Loach (1967, 1970) also found that, in 3% of full light, vores, pathogens, and (or) mechanical damage (Augspurger
aspen seedlings lost mass and respired at a higher rate th4884; Coley 1988; Kitajima 1994). Grime (1965) and others
did shade-tolerant tree species. Collectively, these and othéPacala et al. 1994; Lehto and Grace 1994; Kobe 1997;
recently published data on G@xchange of tree seedlings in DeLucia et al. 1998; Canham et al. 1999) have suggested
low light (reviewed by Walters and Reich 1999) provide and (or) provided evidence that the maintenance of a sizable
considerable support for a long-held assertion (Grime 1965§arbohydrate reserve, rather than the maximization of carbon
that shade tolerance is inversely related to tissue respiratio#ptake, may be critical for resistance to biotic and abiotic
rate and that variation in the latter underlies a general bustresses and persistence in the understory. It is increasingly
poorly understood trade-off between photosynthetic capacitppparent that there are trade-offs between morphological and
in moderate- to high-light environs and respiratory metabo physiological traits that promote rapid growth and those that
lism in low light (Reich et al. 1998; Lusk and Reich 2000; enhance survival in stressful environments (Givnish 1988;
Walters and Reich 20@). Additionally, aspen’s relatively Kitajima 1994; Walters and Reich 1996, 1999).
high respiration rate in this study might have reflected its The results of this field study further elucidate, from a
preferential allocation of recently acquired photoassimilatevhole-plant perspective, the physiology underlying light-
to meristematic activity in lieu of carbohydrate storage: As dependent variation in growth and survival among tree spe
pen exhibited indeterminate shoot growth and, corresponcties of contrasting successional status in temperate decidu
ingly, possessed low concentrations of starch reserves, in aflus forests. In particular, they help to clarify the
light environments. The rate of respiration accompanyingegeneration ecology of northern red oak on mesic sites.
tissue construction can be severalfold higher than that geneBased on our observations, oak’s growth rate, morphology,
ated through carbohydrate translocation and storage (Poortessource allocation, and leaf physiology generally align with
1994), which could explain at least part of the difference inthose of a shade-tolerant species. From our standpoint, the
respiration between aspen and the other species. importance of this inference is that it does not point to any
Aspen’s allocation strategy, which facilitated rapid growth unique physiological predicament faced by oak seedlings in
in moderate to high light, seemed especially risky in themesic forest environments. Thus, we are compelled to-refo
understory, where a plant could face lethal carbohydrateus attention on other hypotheses explaining the present in
shortages during conditions that further constrain an alreadgbility of oak regeneration to consistently recruit into new or
marginal rate of whole-seedling photosynthesis. A lack ofexisting canopies in the eastern deciduous forest. Among
carbon reserves can impair basal metabolism and (or) leavbese is the growing realization that oak regeneration failures
seedlings vulnerable to attack and consumption by an arragnay often be consequences of relatively recent and -wide
of other organisms. Conversely, the shoot growth of oak angdpread increases in browsing pressure by deer and other
maple was restricted to a single flush in low light, and starchmammals (Johnson 1993; Lorimer 1993; Gordon et al. 1995;
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Buckley et al. 1998; Stange and Shea 1998). Another widelyBazzaz, F.A., and Wayne, P.M. 1994. Coping with environmental
held belief, supported by historical evidence (Abrams 1992), heterogeneity: the physiological ecology of tree seedling regen
is that the chances of successful oak regeneration increaseeration across a gap-understory continuumExploitation of
considerably in forest ecosystems subjected to repeated cy environmental heterogeneity by plant&dited by M.M.
cles of fire or other disturbances that create and maintain a Caldwell and R.W. Pearcy. Academic Press, San Diego, Calif.
favorable plant community in which young oaks can thrive PP 349-390. _ _
and develop at a reasonable pace. However, the utility ofeaudet, M., and Messier, C. 1998. Growth and morphological re
fire as a regeneration tool remains unclear, especially on me SPonses of yellow birch, sugar maple, and beech seedlings growing
sic sites (Kruger and Reich 1987199, 199%). We are under a natural Ilght gradlgnt. Can. J. For. R&%.1007-1015.
currently testing these hypotheses and their potential interrd®€audet, M., Messier, C., Hilbert, D.W.,, Lo, E., Wang, Z.M., and
lationships in southern Wisconsin. Lechquz, M.J. 2000. Leaf- and plant-levgl carbon gain in ygl

With respect to current silvicultural strategies aimed at W Pirch. sugar maple, and beech seedlings from contrasting
promoting oak regeneration, our findings provide only forest light environments. Can. J. For. R&8§: 390—-404.

. b . . Bolstad, P.V., Mitchell, K., and Vose, J.M. 1999. Foliar tempera

equivocal support for any specific manipulation of under

t light ) t found it | th ture—respiration response functions for broad-leaved tree species
story Tight environment, as we found no position along the i, o soythern Appalachians. Tree Physid: 871-878.

light-availability continuum _Where oak posses_sed a relatlV‘E‘Buckley, D.S., Sharik, T.L., and Isebrands, J.G. 1998. Regeneration

growth ad\(antage. If anything, these .reSUItS jystlfy the rec of northern red oak: positive and negative effects of competitor

ommendation that enhancements of light availability to the ooval. Ecology79: 65-78.

oak regeneration layer should b,e modest on mesic SItel§urns, R.M., and Honkala, B.H.Téchnical coordinators 1990.

(Johnson 1984; Pubanz and Lorimer 1992). Based on the gjyics of North America. Vol. 2. Hardwoods. U.S. Dep. Agric.

growth responses we observed, increases beyond 20% of full ogric. Handb. 654.

light afforded little benefit to oak seedlings and instead pref grton, p.J., and Bazzaz, F.A. 1995. Ecophysiology of tree-seed

erentially stimulated the vigor of a less tolerant, rapidly |ings invading different patches of old-field vegetation. J. Ecol.

growing species. We point out, however, that our inferences gz 99-112.

are necessarily restricted to seedling-stage individuals, andallaway, R.M. 1992. Morphological and physiological responses

there is evidence that growth responses of larger oaks (e.g., of three California oak species to shade. Int. J. Plant S5%

saplings) to light availability may differ from those reported  434-441.

here (Pacala et al. 1994; Finzi and Canham 2000; Jcanham, C.D. 1988. Growth and canopy architecture of shade-

Goodburn and C. Lorimer, unpublished data). tolerant trees: response to canopy gaps. Ecol66y786—795.
Canham, C.D., and Marks, P.L. 1985. The response of woody

plants to disturbance: patterns of establishment and grawth.
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