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Abstract.--To deter_ninepotential growth responses of

northern red oak (_>uercus rubra L.) seedlings to various
field light environments, carbon budgets of one-, two-, and

three-flush seedlings were calculated. Leaf carbon dioxide

exchange rate (CER), root respiration, and growth analysis

provided inputs for the budgets. Daily CO 2 assimilation

.... rates obtained from these budgets were lower than, but

consistent with, actual red oak seedling growth rates.

The budgets predicted that optimum daily CO2 assimilation

occurs under saturating irradiances in the absence of other

stresses (e.g., drought), and that daily CO2 assimilation

is inadequate to match seedling respiration under the shade

of a typical closed forest canopy. Calculated minimum

incident photosynthetic photon flux densities required for

sufficient CER to balance daily seedling respiration ranged

from 30 to 150 ]Imolm-2 s-1, depending on plant size.
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INTRODUCTION bearers is compatible with most successful
natural regeneration." Korstain (1927)

The importance of light to the establishment recommended the shelterwood silvicultural system

and growth of oak forests has been studied since for obtaining adequate oak regeneration. Since

the early 1900's (Watt 1919; Korstain 1927; those early studies, numerous researchers have

Shirley 1929ab) Watt (1919) stated that "for studied the influence of light on the growth of

the oak the lightest possible shade of seed northern red oak seedlings (Kramer and Decker
1944; Musselmanand Gatherum1969" Phares 1971;

Gottschalk 1985). However, despite the large

amount of research completed, uncertainties

!/Paper presented at the Sixth Central remain about the quantity of light required to

Hardwood Forest Conference, Knoxville, TN, maintain "optimal" growth rates of red oak in

February 24--26, 1987. the field.

2-/The authors are: Research Associate - The purpose of this paper was to calculate

Oak Ridge National Laboratory, Environmental CO2 exchange budgets for seedlings under
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regimes Carbon budgets have been used.... Plant Physiologists - North Central Forest

!i!iii!ii Experiment Station, USDA Forest Service, successfully in past studies to verify observed
growth rates from photosynthetic and respiratory

Rhinelander, WI, respectively. This research was
supported by the North Central Forest Experiment information (Heiehel 1971a; Proctor et a_!l.

Station, USDA Forest Service, St. Paul, MN; the 1976), and as tools for contrasting

College of Forestry, University of Minnesota; physiological characteristics of different plant
.... and the University of Minnesota Agricultural species (Brunes et el. 1980). Carbon budgets

Experiment Station under Project MN-42-36 of the were calculated (I) to determine the relation

McIntire-Stennis Cooperative Forestry Research between a seedling's leaf carbon dioxide

Program. Published as paper No. 2105 of the exchange rate (CER) and daily growth rates

Miscellaneous Journal Series of the Minnesota (mass) of seedlings grown under controlled

Agricultural Experiment Station. The manuscript environment conditions, (2) to project mean

was prepared at Oak Ridge National Laboratory daily net carbon accumulation under a variety of

iiii!!!!iil (operated by Martin Marietta Energy Systems, hypothetical light regimes, and (3) to predict

i!iiiiili!i!i!ii Inc., under Contract No. DE-AC05-84OR21400 with the minimum photosynthetic photon flux density
the U.S. Department of Energy). Publication (PPFD) required for seedling photosynthesis to

No. 2883, Environmental Sciences Division. balance total seedling respiration.
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MATERIALS AND METHODS Calculating Carbon Budgets

Average seedlings at the I-, 2-, and 3-Lag

Plant Materials and Growth Conditions stages of development were defined as in Table I,

using information on seedling dry matter from

Northern red oak (_uercus rubra L.) Hanson (1986). Carbon dioxide exchange rate

seedlingswere grown from acorns in a controlled (CER) properties of median, attached leaves were

environment chamber under 16-h photoperiods, defined using additional information from Hanson

26/20°C day/night temperatures, 70/90 percent et al. (1987a) o Median flush leaf CER was

relative humidity, and a PPFD of 300 to extrapolated to all other leaves of the same

400 _mol m -2 s -I . Carbon dioxide flush because at full leaf expansion CER

concentrations in the growth chambers were differed little between leaves of a particular

not controlled and were typically around flush (Hanson et al. 1987b). Environmental

450 cm 3 m -3 • Additional details of plant variables for calculating carbon budgets are

culture conditions and procedures for selecting presented in Table 2. The two photoperiods

plants for measurements were reported by Hanson represent the maximum and minimum normally

et al. (1986). experienced by field-grown oak seedlings in the

Lake States (Fowells 1965; List 1966).

Analogous CER data were not available for plants

Root Respiration Measurements grown under short days, but we assumed they were

similar. Representative PPFD values were taken

Whole root respiration was measured for from studies by Zavitkovski (1982), Allard

three seedlings in the first-lag (1-Lag), (1947), and Shirley (1929a). We assumed that

second-lag (2-Lag), and third-lag (3-Lag) stages temperature was constant at 25 °C, CO 2

of development. The "Lag" stage of oak seedling concentrations were ambient (320-.340 cm 3 m-3;

development is defined as the time between the Garrett et al. 1978), and nutrients were optimal.

end of internode and leaf elongation of a flush

and macroscopic expansion of the next flush's Carbon budgets (i.e., mass of CO 2

terminal bud (Hanson e t a_!l. 1986). Root assimilated per day) of the seedlings were

respiration measurements complemented foliar gas determined for a single day using equations

exchange measurements and enabled the carbon similar to those of Heichel (1971a) and Brunes

budgets to be determined with fewer assumptions, et al. (1980). To convert net CO 2 uptake to

Respiration was measured on detached root dry matter accumulation, we multiplied net CO 2

systems enclosed in a humidified cuvette with a

volume of 7845 cm 3. Humidity in the cuvette

was maintained near I00 percent by occasional Tabl_ 1,--....Compor)ent dry mass and leaf area data for 1-, 2-, and 3.....La9

mistings during the measurement, and temperature stages of _e'[_'_forf'_'[:_calculatingL'seedlingScarbonuSedbudgeta.I/t°define seedlings

was 25 + 2 Co A fan in the cuvette circulated

air around the root system, and a pump forced .........................................................................................................................................................................................................

chamber air through a sampling loop. Samples of

the chamber atmosphere were collected in lO-ml Variable l-Lag 2-Lag 3-L.ag

syringes at 5- to lO-min intervals and analyzed ................................................................................................................

for CO2 on an infrared gas analyzer (Clegg and l-flush:

Sullivan 1978). Leafarea!/ 3._0 3.69 3.00
Leaf mass4/ 1.179 1,839 1,660

Stem mass4/ 0,216 0,945 2.222

Before measuring respiration, roots were

detaffhed from the shoot and gently washed to 2-fl_sh:

remove attached soil, Then the whole root Leafarea ....... 7.64 7.61

system was transferred to a 1:1 _ilution of Leafmass ....... 2.$74 4,2Se, Stem mass -- 0.611 2,169

aerated nutrient solution at 25 C (Hanson

1986), The root system was allowed to 3-f1_sh:

equilibrate for 1 h to minimize wound-induced Leafarea ......... 14.60
Leaf mass .......... 6.622

respiration and then transferred from solution Stesmass ..........._ ............................._ ...................._A.A_ .....

cultuFe into the cuvette° This l-h respiration

measurement provided rates representative of _Shoot mass I. 395 6. 269 18. 793

high assimilate availability in the roots. Root mass 0.438 1.747 7.024
After this initial measurement, the roots were _f_-_q_d-_7_-m_-_£T_%-_-_YT_-_--_Jkq_ ---

returned to the solution bath for 8-h (timed _I stages defined by the __fr_us Morphological Inde_ (Hanson e_ al.
1986),

from the detachment of the shoot) and remeasured iI Projected leaf area isin dm2.

(8-h measurement) to represent rates under low _I Dr_ massis _n grams.

assimilate availability.
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Tab[e 2.-. Assump t_-ons about envirenmental cor_ditions in the Lake States lable 3 ,-. A carbon budget; fer an average three-flush _ue...rc_u.,.s...[_.ub(ia L.

(apprex. 45 N. [.at) used to ca[culat;e {_.9e[:£.gs rub_'a L. seedling carbon seedling growing [n an o_en field off a (Jay with thin clouds.

budgets. (Values in parentheses were used in calculations). (Photeper:i.od :;:: 16 h, temperature = 25 C,
- incident PPFO = 700 I_mol m'2 s-l)

Variable Ouration or level
(:02

Phetoperiod (in hours) 16 and t2_/ _r]i_ab_l...e. ..................__g.._.D__._!_..............................[)a_ ......................N.i._ht2............................._OOa2L- ....................._N=iqht_........

t.eaves (dm 2) (,_ CO2 dm-2h-t) -1/ (mg CO 2day/night -I)
[Incident PPFO ,(in _trnol m-'2 s-1 )

Clear day :1850-1980 (1900) -2:/ 1-flush 3,00 7.I0 --1,06 341 .-.25
2-.. f lush 7,61 7,68 -1 , 19 93:5 -72

Cloudy day 600-800 (700) _./ 3-['lush 14.60 4.51 -0.52 1053 --61

PPFD passing through canopy (as a pe_-cent of' incident PPFO) l-.flush 2.222 -1.92 -1.92 -.68 -34

Sunflecks 25 .... 40_ / 2-flush 2.169 -2 . 13 -2.13 -74 -37
10 - 49_, / (30) 3-_flush 1,862 .....1,15 -1,15 -.34 --17

Shade t..... th_n_, (1)_-,_-/ [_eot............ _)..............__.cQ2.._21.....h:L1)....
Temperatu_ie (in degrees °C) 25_/ '7. 024 ....1 , 80 -1,50 -.202 ....84

CO2 concentration (in cm 3 m-3) 320-340-4/ Day or night net CO 2 assimilation (g) 1__.,951 ....... :LL....9.a}.3_
Daily net CO2 assimilation (g) 1,621

Mineral nutrients As sumed optimum _l_7-Fr:}i_"-ii'an"__;ri"'('['9-8"6j"_ .......................................................................................................................................................................

2'/ Zavitkouski (1982) for a P£Pg._N} canopy.

3/ gllard (1947) for" a hardwood canopy (e.g., _.£e.K _.ue:_r.cu.s.).

._/ Hanson (1986) and Hanson ,el al. (1987a), RESULTS

Mean l-h respiration rates of the root

assimilation by the following factor (B_unes systems were always greater than rates measured

et al. 1980): 8 h after the shoot was detached (Table 4), but
the results of an analysis of variance between

Net dry matter accumulated = the observation periods were only statistically
/ I_ significant for the 3-Lag growth stage.

ko Respiration rates per gram of root decreased_et co2 assimilated* _45
from 1-Lag plants through 3-Lag plants, but was

where 12 and 44 are the molecular weights of statistically significant only for the l-h

carbon and carbon dioxide, respectively, and observation time (analyses not shown).

0.45 is the mean proportion of total seedling

dry matter as carbon (Hanson 1986 ), A "table 4 ,-.Respiration rates per unit glass of the same detached,

calculated carbon budget for a 3-Lag red oak whole, root systems of plants in the 1--, 2-, or 3--Lag

seedling under cloudy conditions in the open is sta,_-of shootd..... lop ..... t.

presented in Table 3. Stem respiration rates

were not measured, but were assumed equal to ...............................................................................................................................................................................................................................

leaf respiration on a dry mass basis (Proctor et stage of .................................................J_..t.e.£.,.e_,a_._.u._._n._.n-t...........................................................

all. 1976)o We assumed that stem respiration was growthL/ _-h _-.h Mean

constant throughout the day. Coe and McLaughlin ......................................................................................................................................................................................................................................

(1980) and Han and Suzaki (1981) reported rates (,,_co2 _-..._h-i)
of oak stem or branch respiration similar to the ....................................................................................................................

leaf respiration Fates (per unit mass) used i<a9 5.5 + 0,_/ 3,e ±0.6 4,7 ± o.5

here_ Root respiration rates from the

l-h measurements were used to calculate root _-..t..a_ _.4+.1.1 2.9±.0._ 3._+ 1.0

respiration during the day, and the mean of the 3.-La_ 1._.±O.1 1.2.±O.Z 1.5 ± o.2

l-h and 8-h rates was used to calculate night _._`_-_._.T_n_.`_._-_.J-_u_.e._.;_`.`-_-_:_-_._[_-_c-_._-.!Tn_._--(_._,n_etaI.-.............

period respiration to approximate known diurnal 19_6).

patterns (Huck e t a_ll. 1962). The photosynthetic 2/ Mean ± SE of th......... t s_ste ....

photon flux densities of 1900 and 700, 570 and

210, and 19 and 7 %hmol m -2 s-I represent Growth rates of the oak seedlings

open-field sunlight regimes on a clear and calculated from gas exchange measurements were

cloudy day, sunfleck light regimes on a clear only 63 (1-Lag) and 65 (2-Lag) percent of

and partially cloudy day, and forest shade light measured growth rates (Table 5). Because

regimes on a clear and cloudy day, respectively, seedlings were grown only through three flushes

To simplify calculations of the carbon budgets of shoot growth, observed mean growth rates

we assumed that mutual shading of leaves did not corresponding to post 3-Lag growth were not

occur (i.e., radiation was diffuse), available for the 3-Lag seedlings.
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Minimum incident PPFDs required for
]able 5.. Comparison o_c observed arid calculated mean _qr'o_t_ rates of

_._rcu_r_bc_L. _e_:dlin,__t thr_e_tage_of _ro_th.V seedling CO 2 fixation to balance total daily

seedling respiration were calculated for each

.....................................................................................................................................................................................................................................growth stage (Table 7). Seedling respiration

stagao_ Total ........................................._9_.[!...sr2._Ah_r!_._t@.........................................increased with plant size through the 3-Lag

9ro_thII leafarea Obserued Calculated CO_ corrected_/ growth stage. A 2-Lag seedling was predicted to
................................................................................................................................................................................................................................................need a continuous PPFD of only 30 to 40 limol

_Ld_e_)...................................................is.d-_x::[.)..................................................................m-2 s-I throughout the day for CO 2

fixation to equal its respiration. However, 2-

.Lag 3.80 0.30 O.19 O.29 and 3-Lag seedlings typically needed more than

I00 llmol m -2 s-I throughout the day.
2- Lag 11 ,30 O. 55 O. 36 O. 56

3--Lag 25,20 .. O. 81 -

l/ Calculatlor_s assume an inc_ident PP[D of 400 _mol ,i " s for a
leaves 09 a seedling. Table 7.-Calculated minimum incident PPFO level required to equal

2/ Stages defined by the _uef'ClUS._Miorphi01ogical Indea (Hanson _t_ _I. total daily seedling respiration_l- /

19816 ),
3/ To obtain corrected mean 9rowth rates, carbon bud,_et photosynthetic

rJates were multiplied by the ratio of growth charhber' to ambient (]02 .........................................................................................................................................................................................................................................................

cor_cer_trations (450/330 = i. 36)
Gr'o_th Da_ Da il_ Mi ni mum

stage _/ lenqth respiration PPFD

According to daily carbon budget (h) (,_co2 da/"I) (_ol m-_ i'i)M

predictions, maximum CO 2 assimilation for i-, ..........................................................................................................

2-, or 3-La_ seedlings occurred in the i.-t.a_ is ..-lOS _o12 -121 40

open-field environment on a clear day

(Table 6) By comparison, the other 2,-La_ i_ -_a_ too

hypothetical environments showed reduced daily

rates of whole-seedling CO 2 assimilation. _.4..a_ I_ -7o_ 9012 -..780 130

However, reductions did not approach net carbon

loss until PPFD dropped below 500 ]Imol m -2 ._7..`%_TTq._2_T-_r_-_.:_._.E..._.¥_-_J_-J.fi._....._J.f._9_C?_.i.m__..........................
s -I (e.g., sunflecks on a partially cloudy day M stagesdefinedby the _ugy£.u._" MorphologicalIndex<Hanson9! al_,

Table 6 ) The projected daily net CO 2 19_6)." _3/ All values rounded to the nearest 10 _Imol m''2 s''I ,

assimilation in the shade of the hypothetical

forest canopy was negative, which indicates

unfavorable _rowing conditions at these light.

levels, Daily net CO 2 assimilation patterns DISCUSSION

predicted for 12-h photoperiods were similar to

those predicted for the 16-h photoperiods, but

had lower absolute rates of CO 2 assimilation. Root Respiration

Root respiration rates observed here are

I_b}_, {i Cal<ul_t.ed d_-_i_y net CO 2 assimilation at; three stages comparable to past measurements (Osman 1971;
of Qu_!f:(y_ r_y_)[?(_.L, _eedlin 9 9ro_th for 'several

_ele_t;:edd_, _e_,_thsarider_t_'o.ment._,,:l Billings et al. 1977 ; Szaniawski 1981). High

root respiration rates of the young oak root

systems (Table 4) probably reflect a greater
En v ir'o n me n t _ / proportion of root tissue exhibiting growth

<_.....t._, :)_,_ ........... .............._i_iii_,J_iii_i._ii"f.. respiration rather than maintenance respiration
:_/ (Amthor 1984) The lack of a significant_t_ge' l_,r_:th (::{ear Cloudy (",_ear Cloud_ Clear Cloudy

...................................................................................................................................................................................................difference in respiration rates between growth

stages observed at the 8-h measurements probably

<h) (_ c0_d _) indicates that most reserves available for

._,:_ _, o :_ o.a:_ o.:_:_ o.2_ -.o.o9 ---o.l_ growth had been used up and respiration rates
_2 0.2: o,21 ,o,21 o.15 ..o,_l _o._s decreased towards maintenance values. Previous

_._a._ :_ o.9i o.7_ o.6') o,z9 --o._ ....o._6 studies have also reported changing respiration
o.:% o. _ o._9 o, io .-_.4_ -o. 4_ rates in relation to time of day and

_ La£_ 16 1,7_ 1.62 1,55 0,76 -0,77 -.0._ nonst_uctural carbohydrate concentrations in the
t2 i.o_ o._2 o._: o._2 -_o._._ o.9._ tissue CHuck et al. 1962; Heichel 1971b; Osman

.......................................................................................................................................................................................................................................1971; Szaniawski 1981),

l/ fem#erature ar_ CO 2 as sumed (:omstant,
2/ PP_O levels of 19OO and 7OO, 5,70 and 210, and 19 and 7 llmo[ _--2 -.ii

corresponded to the open field on a clear and clo_2d9 day, to sun'lacks It is difficult to obtain measurements of

or-,a cleara_d _rtial:__Io_d__a._.a_d to _ore_tshadeo_ _ cleara_d root system respiration that are representative
cloudy d_y, respectiw, ly.

3/ Staqes defined by the _9_e.C!;M.s Morphological Index (Har_son el_, _!., of i__nnsitu_ rates and attributable solely to root

_ge_). tissue. Root respiration rates reported here

may include components of microbial and

wound-induced respiration in addition to root

tissue respiration. Furthermore, oxygen
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concentrations during measurement (i.e°, the assumed that PPFDs between 30 and 50 percent of

same as in ambient air) were probably higher full sun were optimum for oak seedling growth

than in typical soil atmospheres and may have (Kramer and Decker 1944_ Musselman and gatherum

yielded higher respiration rates than expected 1969). However, Gottsehalk (1985) documented

from undisturbed root systems. Thus, the root maximum height and diameter growth at all fluxes

respiration rates probably overestimate actual above 20 percent of maximum incident PPFD and

in situ rates. Conversely, the 8-h root concluded that water stress and/or excessive

respiration rates may have been underestimated, temperatures were responsible for lower grow+.h at

If the roots had remained attached to the shoot higher PPFDs in past studies. The assimilation

before the 8-h measurements (pre-photoperiod), of greater amounts of CO 2 under 16 as opposed

additional translocated carbon from the shoot to 12 h photoperiods (Table 6) is expected and

might have supported greater respiration even has been documented (Immel et al. 1978)o

though transport to the roots decreases during

the dark period (Geiger et al. 1985). Can a lack of light, by itself, be
responsible for observed oak seedling mortality

in the field? The carbon budget analysis

Carbon Budget Analysis suggests that it can. If a seedling is growing
in the shade of a full forest canopy, or under

Carbon budget estimates of net CO2 dense understory vegetation_ the budget predicts

assimilation calculated for hypothetical light that it would not receive sufficient light to

regimes may provide reasonable growth fix enough CO 2 to offset maintenance

projections (Ledig 1969). However, because respiration (Table 6). Calculated minimum light

carbon budgets in this paper are based on requirements indicate that small seedlings with

CER-PPFD relations of leaves grown under higher less respiration can survive with less light

than ambient field CO 2 concentrations (i.e., (Table 7). This conclusion does not consider

450 versus 340 cm 3 m-3), we must consider the potential ameliorating effects of stored

the importance of the difference in CO 2 reserves in the acorn (Hanson 1986 and Hanson

concentrations. Nelson and Ehlers (1984) et al. 1987a). Larger seedlings with greater

measured photosynthetic capacities of Po2ulu____s dry matter would require higher PPFD for

leaves grown in growth rooms and field increased photosynthesis to balance their

environments and found lower CER levels at light whole-seedling maintenance respiration. A

saturation in growth room plants. Oberbauer decrease in the leaf area ratios (total leaf

et al. (1985) found different chlorophyll area/plant dry mass) from 2 at the 1-Lag stage

concentrations in leaves of two tropical tree to 1 at the 3-Lag stage (Table I) suggests why

species grown in different CO 2 environments, the carbon budget analysis predicts greater

These experiments suggest that leaves of the red minimum PPFD levels for 2- and 3-Lag seedlings

oak seedlings studied by Hanson et al. (1987a) -- as plants get larger the leaf area available

are not strictly analogous to field grown leaves, for photosynthesis per unit of plant dry matter

However, red oak CER-PPFD properties (Hanson e__t decreases.

al. 1987a) corresponded well with those for oak

seedlings grown in the shade (Jurik et al. 1985; Larger plants have greater maintenance

Loach 1967; McMillen and McClendon 1983). respiration requirements than smaller plants

Therefore, we consider it acceptable to use CER (McCree 1983). This physiological principle

characteristics for oak from Hanson et al. suggests that silvicultural practices designed

(1987a) to calculate carbon budgets, to promote oak seedling regeneration must

gradually remove forest canopies if sufficient

The discrepancy between observed and light is to reach seedlings to compensate for

calculated mean growth rates can also be maintenance respiration. Silvicultural systems

explained (Table 5). Ambient CO 2 employing this principle have been devised

concentrations used in the laboratory cuvette through empirical research based on available

for characterizing leaf CER-PPFD relations oak seedling characteristics (Korstain 1927;

(320-340 cm 3 m -3) were only 73 percent of Fischer 1979; Sander 1979; Johnson 1984). Our

CO 2 concentrations in the growth chamber ability to project the need for such a system

(450 cm 3 m-3). This percentage was similar from the simple carbon balance used in this

to the 63 percent difference between calculated study indicates that fundamental physiological

and observed dry matter accumulation rates, and ecological properties of our important tree

Calculated mean growth rates agreed closely with species can be used for practical purposes.

observed rates when corrections for the

differences in CO 2 concentrations were Throughout this paper all environmental

considered (Table 5). variables except light were assumed to be

optimum or to approximate ambient conditions.

According to the carbon budgets calculated However, factors other than light affect oak

in this study, maximum net CO 2 assimilation of seedling establishment and growth (Merritt

red oak seedlings would occur in full sunlight 1979). Lassoie and Chambers (1976) showed that

and would not drop appreciably until PPFD water stress could decrease red oak seedling

decreased to less than 50 percent of full photosynthesis by up to 90 percent. Reich and

sunlight (Table 6). Until recently, it was Amundson (1985) found that photosynthesis of
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concentrations during measurement (i.e., the assumed that PPFDs between 30 and 50 percent of

same as in ambient air) were probably higher full sun were optimum for oak seedling growth

than in typical soil atmospheres and may have (Kramer and Decker 1944; Musselman and Gatherum

yielded higher respiration rates than expected 1969). However, Gottschalk (1985) documented

from undisturbed root systems. Thus, the root maximum height and diameter growth at all fluxes

respiration rates probably overestimate actual above 20 percent of maximum incident PPFD and

i__nn situ rates. Conversely, the 8-h root concluded that water stress and/or excessive

respiration rates may have been underestimated, temperatures were responsible for lower growth at

If the roots had remained attached to the shoot higher PPFDs in past studies. The assimilation

before the 8-h measurements (pre-photoperiod), of greater amounts of CO2 under 16 as opposed

additional translocated carbon from the shoot to 12 h photoperiods (Table 6) is expected and

might have supported greater respiration even has been documented (Immel et al. 1978).

though transport to the roots decreases during

the dark period (Geiger et al. 1985). Can a lack of light, by itself, be

responsible for observed oak seedling mortality

in the field? The carbon budget analysis

Carbon Budget Analysis suggests that it can. If a seedling is growing
in the shade of a full forest canopy, or under

Carbon budget estimates of net CO 2 dense understory vegetation, the budget predicts

assimilation calculated for hypothetical light that it would not receive sufficient light to

regimes may provide reasonable growth fix enough CO2 to offset maintenance

projections (Ledig 1969). However, because respiration (Table 6). Calculated minimum light

carbon budgets in this paper are based on requirements indicate that small seedlings with

CER-PPFD relations of leaves grown under higher less respiration can survive with less light

than ambient field CO 2 concentrations (i.e., (Table 7). This conclusion does not consider

450 versus 340 cm3 m-3), we must consider the potential ameliorating effects of stored

the importance of the difference in CO2 reserves in the acorn (Hanson 1986 and Hanson

concentrations. Nelson and Ehlers (1984) et al. 1987a). Larger seedlings with greater

measured photosynthetic capacities of P__o_pulus dry matter would require higher PPFD for

leaves grown in growth rooms and field increased photosynthesis to balance their
environments and found lower CER levels at light whole-seedling maintenance respiration. A

saturation in growth room plants. Oberbauer decrease in the leaf area ratios (total leaf

et al. (1985) found different chlorophyll area/plant dry mass) from 2 at the 1--Lag stage

concentrations in leaves of two tropical tree to 1 at the 3-Lag stage (Table i) suggests why

species grown in different CO 2 environments, the carbon budget analysis predicts greater

These experiments suggest that leaves of the red minimum PPFD levels for 2- and 3-Lag seedlings

oak seedlings studied by Hanson et al. (1987a) -- as plants get larger the leaf area available

are not strictly analogous to field grown leaves, for photosynthesis per unit of plant dry matter

However, red oak CER-PPFD properties (Hanson e_tt decreases.

al. 1987a) corresponded well with those for oak

seedlings grow[, in the shade (Jurik et al. 1985; Larger plants have greater maintenance

Loach 1967; McMillen and McClendon 1983). respiration requirements than smaller plants

Therefore, we consider it acceptable to use CER (McCree 1983). This physiological principle

characteristics for oak from Hanson et al. suggests that silvicultural practices designed

(1987a) to calculate carbon budgets, to promote oak seedling regeneration must

gradually remove forest canopies if sufficient

The discrepancy between observed and light is to reach seedlings to compensate for

calculated mean growth rates can also be maintenance respiration. Silvicultural systems

explained (Table 5). Ambient CO 2 employing this principle have been devised
concentrations used in the laboratory cuvette through empirical research based on available

for characterizing leaf CER-PPFD relations oak seedling characteristics (Korstain 1927;

(320--340 cm 3 m-3) were only 73 percent of Fischer 1979; Sander 1979; Johnson 1984). Our

CO 2 concentrations in the growth chamber ability to project the need for such a system

(450 cm3 m-3). This percentage was similar from the simple carbon balance used in this

to the 63 percent difference between calculated study indicates that fundamental physiological

and observed dry matter accumulation rates, and ecological properties of our important tree

Calculnted mean growth rates agreed closely with species can be used for practical purposes.

observed rates when corrections for the

differences in CO 2 concentrations were Throughout this paper all environmental

considered (Table 5). variables except light were assumed to be

optimum or to approximate ambient conditions.

According to the carbon budgets calculated However, factors other than light affect oak

in this study, maximum net CO 2 assimilation of seedling establishment and growth (Merritt

red oak seedlings would occur in full sunlight 1979). Lassoie and Chambers (1976) showed that

and would not drop appreciably until PPFD water stress could decrease red oak seedling

decreased to less than 50 percent of full photosynthesis by up to 90 percent. Reich and

sunlight (Table 6). Until recently, it was Amundson (1985) found that photosynthesis of
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northern red oak exposed to an ozone dose of Clegg, M. D., and C. Y. Sullivan.

30 ppm h -I was decreased by almost 20 percent. 1978. A sensitive technique for the rapid Ha
Linit et al. (1986) reported that oak seedlings, measurement of carbon dioxide concentrations.

growing in the oak-hickory forests of the Plant Physiol_ 62:92_-926. an

Missouri Ozarks, typically lost an average of

22 percent of their leaf area to insect Coe, J. M., and S. Bo McLaughlin.

predation. These three examples demonstrate 1980. Winter season corticular photosynthesis

some of the problems red oak seedlings routinely in Comus florida, Acer rubru___m,9uercus alb___a,

experience in the field. Our carbon budget and Liriodendron tulip_fer%_ For. Sci.

projected a net loss of carbon from the plant 26:561-566. Ha

under shade conditions alone. If stress an

conditions coincided with growth under typical Fischer, B. C.

forest shade conditions, a very likely 1979. Managing light in the selection method.

situation, further stress-induced reductions in In: Proc°, Regenerating oaks in upland

photosynthesis would almost certainly lead to hardwood forests, H. A. Holt and

seedling mortality. However, the potential for B. Co Fischer (eds.), Purdue Univ., West

seedling survival and growth under a canopy is Lafayette, Indiana, Feb. 22-23, pp. 43-53.

probably greater than this discussion suggests. He

Sunflecks are common under forest canopies Fowells, H. A.

(Shirley 1929ab; Allard 1947; Zavitkovski 1982) 1965. Silvics of forest trees of the United

and can potentially supply sufficiently high States. USDA Forest Service, Agric.

PPFD levels for significant photosynthesis to Handbook 271, pp. 588-592.

occur (Table 6). The number of hours of He

sunfleck exposure required for CO 2 uptake to Garrett, H. E., G. S. Cox, and J. E. Roberts°

balance respiration demands were calculated for 1978. Spatial and temporal variations in

I-, 2- and 3-Lag seedlings under a 16-h carbon dioxide concentrations in an

photoperiod (data not shown). These calculations oak-hickory forest ravine. For. Sci.

revealed that seedling exposures to sunflecks 24:180-190.

lasting 4 to 5 h on a clear day (570 ]_mol

m -2 s-1) or 5 to 9 h on a partially cloudy Geiger, D. R., L. M. Jablonski, and Hu

day (210 _mol m -_2 s-1) would be needed to B.J. Ploeger.

satisfy daily seedling respiration. Sunflecks 1985. Significance of carbon allocation to

having even higher PPFD levels would allow starch in growth of Beta vulKari% L.

significant growth to occur. In: Regulation of carbon partitioning in I_

photosynthetic tissue, R. L. Heath and

The carbon budget results presented here are J. Preiss (eds.), pp. 289-308.

only approximate. However, because conclusions

drawn from the analysis support existing Gottschalk, K. W.

ecological observations, this approach should be 1985. Effects of shading on growth and Jo|

helpful for planning future applied research, development of northern red oak, black oak,

By using available knowledge of plant physiology black cherry, and red maple seedlings.

and ecology in conjunction with forest tree I. Height, diameter, and root/shoot ratio.

improvement pcograms, practical solutions to I[!n: Proc., Fifth Central Hardwood Forest Jul

silvicultural problems should be forthcoming. Conf., Urbana, Illinois., April 15-17, ]
pp. 189-195.

Han, S. and T. Suzaki.
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