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Leaf- and plant-level carbon gain in yellow birch,
sugar maple, and beech seedlings from
contrasting forest light environments

Marilou Beaudet, Christian Messier, David W. Hilbert, Ernest Lo, Zhang M. Wang,
and Martin J. Lechowicz

Abstract: Leaf-level photosynthetic-light response and plant-level daily carbon gain were estimated for seedlings of
moderately shade-tolerant yellow bircBdtula alleghaniensi®ritton) and shade-tolerant sugar maphcér
saccharumMarsh.) and beechFagus grandifoliaEhrh.) growing in gaps and under a closed canopy in a sugar ma

ple stand at Duchesnay, Que. All three species had a higher photosynthetic capggiyir( the gaps than in

shade, but yellow birch and beech responded more markedly than sugar maple to the increase in light availability.
The high degree of plasticity observed in beech suggests that the prediction that photosynthetic plasticity should de
crease with increasing shade tolerance may not hold when comparisons are made among a few late-successional spe
cies. Unit-area daily carbon gaiit{) was significantly higher in the gaps than in shade for all three species, but no
significant difference was observed between light environments for plant-level carbon@glinlf shade, we found

no difference ofC, and C,y, among species. In gaps, beech had a significantly highgthan sugar maple but simi

lar to that of birch, and birch had a significantly high@y, than maple but similar to that of beech. Sugar maple
consistently had lower carbon gains than yellow birch and beech but is nevertheless the dominant species at our
study site. These results indicate that although plant-level carbon gain is presumably more closely related to growth
and survival of a species than leaf-level photosynthesis, it is still many steps removed from the ecological success
of a species.

Résumé: La réponse photosynthétique a la lumiere, au niveau de la feuille, et le gain journalier en carbone au ni-
veau de la plante ont été estimés chez les semis hémisciaphiles du bouleauBetuia élleghaniensi8ritton) et
sciaphiles de I'érable a sucré&der saccharunMarsh.) et du hétre d’Amérique-agus grandifoliaEhrh.) dans des

trouées et sous couvert fermé dans un peuplement d’érable a sucre a Duchesnay, au Québec. Les trois espéces
avaient une plus grande capacité photosynthétiqye,f dans les trouées qu’a 'ombre. Toutefois, le bouleau jaune

et le hétre répondaient de fagcon plus marquée que I'érable a sucre a 'augmentation de la luminosité. Le haut degré
de plasticité observé chez le hétre suggere que la prédiction concernant la décroissance de la plasticité photosynthé
tiqgue avec l'accroissement de la tolérance a I'ombre pourrait ne pas tenir lorsqu’on compare entre elles quelques es
péces de fin de succession. Le gain journalier en carbone par unité de suZfgoétdit, chez les trois especes,
significativement plus élevé dans les trouées qu’'a 'ombre. Cependant, aucune différence significative de gain en
carbone au niveau de la plant€,() n'a été observée entre les trouées et les conditions ombragées. A I'ombre, il

n'y avait pas de différence quant &y et auCy, entre les espéces. Dans les trouées, le hétre ava,wsignifica

tivement plus élevé que celui de I'érable a sucre, mais similaire a celui du bouleau. Ce dernier a®gitsignifi-
cativement plus élevé que celui de I'érable, mais similaire & celui du hétre. L'érable a sucre présentait des gains en
carbone plus faibles que le bouleau jaune et le hétre tant a 'ombre que sous les trouées; néanmoins, il est I'espéce
dominante sur le site étudié. Ces résultats indiquent que bien que le gain en carbone au niveau de la plante entiére
soit présumément lié plus étroitement a la croissance et a la survie d'une espéce que la photosynthése foliaire, il est
encore assez éloigné du succés écologique d’une espéce.

[Traduit par la Rédaction]
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Introduction plant-level characteristics such as patterns of biomass alloca
tion and crown architecture (Givnish 1988; Walters et al.
In the temperate deciduous forests of eastern North Amer1993, 199%; Kitajima 1994; Kippers 1994; Pearcy and
ica, canopy gap formation is a major factor affecting forestSims 1994; Sipe and Bazzaz 1994).
dynamics (Runkle 1985). Canopy openings can result from & geveral plant-level characteristics should be taken into ac
variety of natural causes (e.g., ice storm damage, branchopunt to scale up from leaf- to plant-level carbon gain, in
and tree-fallls, etc.) as well as from silvicultural practicesc|uding the leaf area ratio (LAR) and a number of crown
(e.g., selection cutting). Canopy gaps affect several environstryctural features (Ellsworth and Reich 1993; Pearcy and
mental conditions in the understory, one of the most obvious;ang 1996). The LAR is known to be a major determinant
consequences being to locally and temporarily increase lighgf growth that varies both among species and in response to
availability (Canham et al. 1990). variations in light availability (Lambers and Poorter 1992;
Tree seedlings can respond to this variability of lightcon Walters et al. 1998 199%; Pearcy and Sims 1994). The
ditions by modifying several traits important for effective LAR is generally higher in intolerant compared with tolerant
light capture and utilization, including leaf biochemistry, species and under shade compared with high-light eondi
morphology, and physiology (Boardman 1977; Bazzaz 197%ions (Popma and Bongers 1988; Kamaluddin and Grace
Bjorkman 1981), as well as plant-level features such as th@993; Walters et al. 1993 Kitajima 1994; Pearcy and Sims
pattern of biomass allocation and crown architecture (Can1994). Crown architecture also plays an important role in
ham 1988; Kuppers 1989, 1994; Givnish 1995). Tree specieglant-level carbon gain, primarily through its effect on light
differ in their pattern of response to this light gradient. Suchinterception by leaves (Chazdon 1985; Canham 1988;
interspecific differences in patterns of light utilization can Kohyama 1991; Pearcy and Yang 1996). Many studies have
have significant implications for forest dynamics and haveshown the importance of taking into account the spatial dis
been suggested to be a factor that could explain the coexisribution of leaves and gradients of light availability within
tence of species in forest ecosystems (Denslow 1985; Canhe crown for estimating plant-level carbon gain (e.g.,
ham 1989; Sipe and Bazzaz 1995; Zipperlen and Press 199€aldwell et al. 1986; Ellsworth and Reich 1993). Presum
Barker et al. 1997). ably, interspecific variations in such plant-level structural
Several studies on species adaptation to sun and shafatures, through their effects on plant-level carbon gain,
have focused on the photosynthetic response of leaves (e.gvill influence the differential performance of species along
Bjorkman 1981; Bazzaz and Carlson 1982; Pearcy 1987he gap-understory gradient (Canham 1988; Sipe and
Walters and Field 1987; Chazdon 1992; Ellsworth and ReictBazzaz 1994; Givnish 1995; Pearcy and Yang 1996).
19923; Kamaluddin and Grace 1993; Barker et al. 1997; Gill |n this study, we compared the leaf- and plant-level car-
et al. 1998). It has been shown that photosynthetic capacitijon gain of yellow birch Betula alleghaniensisBritton),
(Ana @nd light saturation and compensation points genersugar maple Acer saccharumMarsh.), and beechFéagus
ally increase in response to increased light availabilitygrandifolia Ehrh.) seedlings growing under two contrasting
(Bazzaz and Carlson 1982; Pearcy 1987; Di Benedetto anfdrest light regimes: under a closed canopy and canopy gaps.
Cogliatti 1990; Ellsworth and Reich 1982Kamaluddin and  The three species differ in shade tolerance with yellow birch
Grace 1993). Comparisons among species indicated thaking a moderately tolerant species (Baker 1949; Erdmann
early successional species generally have higher phota990) and sugar maple and beech being both very shade tol
synthetic rates than late-successional ones (Boardman 197grant (Godman et al. 1990; Tubbs and Houston 1990). A
Bazzaz 1979; Bjorkman 1981; Amthor et al. 1990; Reich etmore detailed description of the study species is provided in
al. 1995). A number of studies also reported a higher degrethe Methods section. Our first objective was to characterize
of photosynthetic plasticity in early compared with late- the photosynthetic-light response of the three species in the
successional species (Bazzaz and Carlson 1982; Strausgro forest light regimes. Although the photosynthetic-light
Debenedetti and Bazzaz 1991; Chazdon 1992; Chazdon amgsponse of these three species has been studied by Amthor
Kaufmann 1993; Bazzaz and Wayne 1994; Ducrey 1994¢t al. (1990) in a clearcut site, to our knowledge there has
Huante and Rincon 1998). This higher degree of photobeen no study to date that compared the photosynthetic re
synthetic plasticity in early successional species has beesponse of these species under contrasting forest light re
suggested to be an adaptive response to a higher degreedlines. The hypothesis for our first objective was that the
environmental variability in early successional habitatsless tolerant species (yellow birch) would have a higher
(Bazzaz 1979; Bazzaz and Wayne 1994). Other studieghotosynthetic capacity and would be more plastic across
however, found no relationship between the degree of physforest light environments than the more shade-tolerant spe
ological plasticity of the species and their successional statusies (sugar maple and beech). Our second objective was to
(Turnbull 1991; Abrams and Mostoller 1995). estimate plant-level daily carbon gain in seedlings of the
Although photosynthesis is a physiological process of prithree study species in the two light environments based on
mary importance for plants, it is many steps removed frontheir leaf-level photosynthetic-light response and on plant-
the ecological success of a species. Therefore, shade toldevel characteristics such as the LAR, the pattern of distribu
ance and distribution patterns of species often cannot be ation of leaf area in the crown (i.e., the fraction of total leaf
curately predicted from leaf-level photosynthesis alonearea in different crown layers), and the pattern of light trans
(Field 1988; Matthes-Sears and Larson 1990; Kuppers 1994nission within the crown. We also determined the confi
Sipe and Bazzaz 1994). Plant-level carbon gain is presuntdence intervals around our carbon gain estimates to test for
ably more closely related to plant growth and survival thansignificant differences in carbon gain among species and be
leaf-level carbon gain, since it also includes the effects otween light environments. The hypotheses for the carbon
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gain estimates were thaf the less tolerant species (yellow A second quantum sensor was used to measure PPFD above each
birch) would be more responsive to the increase in lightseedling (PPFD. The time of each measurement was recorded and
availability from the shade to the gap environmeii, yel- ~ %PPFD above each seedling was calculated as (FPPBDRy) *

low birch would have a higher plant-level daily carbon gain100. where PPFpand PPFQ were PPFD values recorded at the
than the other two species under canopy gaps, dndtife same time (¥1 min). Percent PPFD above the seedlings ranged

. rom 1 to 8% in the shade plots (mean 3%, hereafter referred to as
two shade-tolerant species (sugar maple and beech) woulgl ... o above-canopy light in the shade: PAGIsg) and from

have a higher plant-level carbon gain than yellow birch un 15 5 409 in the gap plots (mean 25%, hereafter referred to as per
der a closed canopy. cent of above-canopy light in the gap: PAGA).

Field gas-exchange measurements

Field gas-exchange measurements were made on previously
) tagged yellow birch, sugar maple, and beech seedlings located in
Study species ] _ the study plots. Our goal was to collect gas-exchange data under a

_The three study species co-occur in the sugar maple — yellowyide range of light intensities to obtain photosynthesis light re

birch — beech forest type. Yellow birch is thought to be too intoler sponse curves for each species, in each of the two forest light envi
ant to rely on advanced regeneration (Forcier 1975; White et alronments. Since an artificial light source was not available in the
1985). Yellow birch seedlings require small- to medium-size gapsie|d, measurements were made under natural light conditions.
to reach the canopy (Payette et al. 1990; Seymour 1994). Under \jeasurements were made on 5 days in 1993 (August 8, 10, 16,
canopy gaps, yellow birch seedlings have greater heigh} growtlig, and 19) and 5 days in 1994 (July 11, 12, 14, 15, and 29) be
rates than sugar maple and beech (Beaudet and Messier 1998)een 09:00 and 17:30 eastern standard time (EST), under mostly
Sugar maple and beech can persist in the understory for long pergjear sky conditions. We used a LI-6200 portable gas-exchange
ods of time and still maintain their ability to respond to canopy measurement system (LI-COR, Lincoln, Neb.) equipped with a 1-L
openings with relatively rapid growth (Canham 1985, 1989, 1990)eaf chamber. The LI-6200 infrared gas analyser (IRGA) was cali
Under low-light conditions, beech generally has a greater heighgrated on each measurement day with a span gas of known CO
growth rate (Canham 1988; Beaudet and Messier 1998) and greatgfncentration. The IRGA and the flow meter were zeroed several
survival (Forcier 1975; Kobe et al. 1995) than sugar maple. times during the day. Measurements were made under ambient
CO, concentration, temperature, and humidity. During measure-

Study area, seedlings, and forest light environment ments, vapor pressure in the leaf chamber was maintained approxi-
This stud)’/ was COﬂdL,JCted in a sugar maple — yellow birch _mately constant at ambient level by adjusting the rate of air

beech stand at the Duchesnay Experimental Forest, near Québggwmg through a desiccant tube of magnesium perchlorate. Dur-

(46°58 N, 71°40W), Canada. The study area is located at an eleJNg Measurements, the mean £€ncentration in the leaf chamber

vation of 200-300 m, on a moderate south-facing slope (5—1O°)\N"jls 349.0 £ 0.6 ppm (mean + SE) and 339.8 + 1.2 ppm, leaf tem-

; . . ture was 23.2 + 0.2°C and 24.2 + 0.3°C, and relative humidity
and has a moder humus form, a humo-ferric podzol soil, and is unpera ! .
derlain with well-drained glacial till. Mean annual precipitation is was 52.7 + 1.1% and 63.1 + 0.6% for measurements taken in the

1200 mm, and mean daily temperatures range from —12.8°C in Jar?—haGde and hgap environments, trespectlveb(;. | that had b
uary to 18.3°C in July (Environment Canada 1982). as-exchange measurements were made on leaves that had been

Part of the stand was subjected to a selection cut of hardwoogxposed to a given light intensity for at least 10 min prior to mea

species in the fall of 1989. Approximately 30% of the basal areg>urement. The typical sampling scheme was to take two measure

was harvested through a mix of single- and multiple-tree selectiofeNts per seedling (each on a different leaf) and to sample

that created several canopy gaps ranging in size from approxiseedlings of all three species alternately. A given seedling was gen

mately 50 to 300 i In 1993, five study plots were established in erally selected for measurements at two or three occasions during

this stand under two contrasting forest light environments: thred"€ day, depending on variations in the light conditions. Measure

plots (approximately @ m x 10 m)were established under canopy ments were made on healthy and fully develop_ed leaves. D.L."ing
gaps and two plots (approximatel tn x 15 m)were established measurements, leaves were kept as close to their natural position as

ssible. Incident PPFD was measured using a point quantum sen
:Esierz(r)ﬁmc;%?egeggggtﬁ)\yel(;l)ereafter referred to as the gap and shag(%r (LI-190SA, LI- COR, Lincoln, Neb.) attached to the leaf cham

Yellow birch, sugar maple, and beech seedlings 0.5-2 m inber in the same plane as the leaf. A total of 339 gas exchange

height were selected in each study plot. Selected individuals wergieasurements were made in 1993 and 1994.
not of stump-sprout origin and were dominant compared with the
surrounding understory vegetation. For beech, we did not diStinAnalySis of photosynthesis data

guish between individuals of seed and root sprout origin. Atotal of " G55 exchange data were sorted by species and forest light envi

10 and 15 seedlings per species were tagged in the gap and shadeyment, yielding six data sets. To describe the photosynthetic

environment, respectively. _ _ light response of each species in each light environment, a
Light availability above these seedlings was evaluated using theonrectangular hyperbolic function was fitted to the data to- esti

method described in Parent and Messier (1996). These authof§ate the value of parametefs,,, anda (Weber et al. 1985):
have shown that an instantaneous measurement of the percentage ax

Methods

of above-canopy PPFD (photosynthetic photon flux density, 400— _ aLAax
700 nm) taken under overcast sky conditions is an accurate estil] A= T2, 2
mate of the mean daily %PPFD reaching a location in the Arax + (@°L9)

understory under both clear and overcast conditions. Light-mea

surements were taken in July 1993. Above-canopy PPFD (BPFDwhere A (umol CO,-nT%s7?) is the photosynthetic ratey (mol
was measured using a point quantum sensor (LI-190SA, LI-CORCO,/mol photons) is the initial slope oA in response to light
Lincoln, Neb.) installed in an open area near the study site. Thisvailability (apparent quantum yield efficiency), (umol pho
sensor was linked to a datalogger (LI-1000, LI-COR, Lincoln, tons-m?s7?) is the incident light intensity during measurement,
Neb.) which recorded 1-min averages of readings taken every 5 @ind A, is the light-saturated photosynthetic rate. For each of the
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Fig. 1. Photosynthesis light response curves for yellow birch, Estimation of plant-level daily carbon gain
sugar maple, and beech seedlings growing under a closed canopy We estimated the daily carbon gain for a theoretical seedling of
(shade: solid symbols and broken line) and under canopy gaps each species in each forest light environment. The modeled
(gap: open symbols and solid line). Fitted regression lines are ofseedings had a 50-g aboveground dry mass. The daily carbon gain
the form described in eq. 1. Values of parametgfs, anda are ~ €stimation was based on the following assumptionsight avaik
presented in Table 1. For yellow birch in sha@e= 0.844, in ability was considered to be the single most important enviroamen
gapsR2 = 0.722; for sugar maple in shad® = 0.690, in gaps tal f_actor driving photosynthesis, and possible Ilmltatlon_s by other
R2 = 0.731; for beech in shade? = 0.734, in gapsR2 = 0.746. enwron.m.ental factprs such as temperature, atmospher[p yvater va
’ ' por deficit, and soil water conditions were not consideréid;tbhe
15 : : , crown of the modeled seedlings was described as being composed
of three horizontal layers of equal thickness;)(the leaves in each
Yellow birch crown layer all shared the same photosynthetic characteristics;
(iv) light availability was homogeneous within each crown layer;
and {) photosynthetic induction caused by rapid fluctuations of
light (i.e., sunflecks) was not considered.

The data required for estimation of daily carbon gain included
(i) the photosynthetic-light response of leaves) $everal diurnal
courses of PPFD in the shade and gap environmeiiitstie total
leaf area in the crown of a 50-g seedlingy)(the vertical pattern of
leaf area distribution within the crown; and) the pattern of light
attenuation within the crown.

The photosynthetic-light response of leaves was determined for
each species and forest light environment as described previously
(results in Fig. 1 and Table 1). Six different diurnal courses of
PPFD were obtained in each of the shade and gap environment.
These six different diurnal courses per light environment came
from PPFD measurements made at three different locations and
Sugar maple two different dates in each of the shade and gap environments.
PPFD measurements were made under mostly clear sky conditions
t gap using a quantum sensor (LI-190SA, LI-COR, Lincoln, Neb.) in-
— — —® shade stalled 1.5 m aboveground and linked to a datalogger (LI-1000, LI-
COR, Lincoln, Neb.), which recorded 2-min averages of measure-
ments taken evgr5 s (examples of results in Fig. 2). Hereafter, the
2-min PPFD averages will be referred to as above-seedling light
during time interval INT (ASkyt)-

The total leaf area (L4) in the crown of a 50-g seedling was
calculated for each species and light environment from allometric
equations of LA as a function of aboveground dry mass, based on
data in Beaudet (1994) (see Appendix 1).

The vertical patterns of leaf area distribution and light attenua
15 , , , tion in the crown were obtained from Messier and Nikinmaa
(2000). They measured seedlings of similar size as ours and grow
Beech . ing in the same light environments as described above §-10

per species and light regime). For each seedling, light availability
(PPFD) was simultaneously measured above the seedling and at
the center of the upper, middle, and lower third of the crown to de
termine the fraction of above-seedling light transmitted to the cen
ter of each crown layer (FASL) (results in Table 2). Light
measurements were made under overcast sky conditions with a
point quantum sensor (LI-190SA, LI-COR, Lincoln, Neb.). The
seedlings were brought back to the laboratory where leaves from
each crown layer were removed, dried, and weighed. The total leaf
area in each crown layer was obtained by multiplying the leaf dry
mass by the specific leaf area (leaf area per unit dry mass), which
had previously been determined for a subsample of leaves. The
fraction of leaf area in each crown layer (FEA was calculated
0 500 1000 1500 2000 from these measurements (results in Table 2).
o 4 The detailed calculations used to estimate the daily carbon gain
PPFD (umol photons-m*“-s™) are presented in Appendix 2 and the variables name, units, and de
scription are listed in Table 3. In summary, carbon gain was ealcu
lated for each crown layer over 2-min intervals for an entire day.
six data sets, we estimated the paramefeys, anda and their ~ We assumed that light availability was constant within a crown
95% confidence interval by parametric (least squares fit of thdayer for each 2-min interval. Carbon gain for each crown layer in
nonlinear equation) and bootstrap (resampling with replacemera 2-min interval was simply the product of the instantaneous unit-
850 times for each data set) methods. Since both methods yieldeatea photosynthetic rate, the leaf area in that crown layer, and time
very similar results, we only present the values obtained from th€120 s). Plant-level daily carbon gain was calculated by summing
parametric estimation. the results from all three crown layers and every 2-min interval

10

Photosynthesis (umol CO2- mi ?-s™")
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Table 1. Light saturated photosynthetic ratd,{,,, umol-nT2s™) and quantum yield efficiencya( mol-mot?) values ob
tained from field gas-exchange measurements on yellow birch, sugar maple, and beech seedlings growing under a closed
canopy (shade) and canopy gaps (gap).

Yellow birch Sugar maple Beech
Shade Gap Shade Gap Shade Gap
n 63 42 64 50 72 48
Anax 5.36+0.2® 8.95+0.3¢ 4.09+0.3@ 5.89+0.3H 4.96+0.3@b 9.07+0.48
a 0.034+0.004bc 0.048+0.004 0.030+0.004b 0.024+0.002 0.049+0.006 0.041+0.008c

Note: Values ofA,,, anda are estimates + 1SE from eq. 1. Within rows, values with the same letter have overlapping 95% confidence
intervals and are, therefore, not significantly differeRtX 0.05).n, number of gas-exchange measurements.

Fig. 2. Examples of daily course of PPFD obtained at three different microsites under a closed canopy (UND1-UND3) and-three dif
ferent microsites located under small canopy gaps (GAP1-GAP3). Light measurements were taken at a height of 1.5 m, from 07:30 to
18:30, under mostly clear sky conditions. Values of 2-min average PPFD were used in the calculation of daily carbon gain and are re
ferred to as above-seedling light during time interval INT (Ag)

2000
(A) UND1 (07/20/1997) (B) uND2 (07/15/1997) (C) uND3 (06/29/1997)
Total PPFD: 1.39 mol- m2.d™’ Total PPFD: 1.53 mol - m2-d-! Total PPFD: 2.25 mol-m2-d"*
1500 [ 1r 1 r .
1000 1r 1F .
‘T(IJ
o : 500 — - ] - |
6 0 al 1
€
= 2000
E (D) cAP1(07/11/1997) (E) cAP2 (07/10/1997) (F) cAP3 (07/12/1997)
T Total PPFD: 5.85 mol-m2-d”’ Total PPFD: 6.49 mol- m2-d"" Total PPFD: 11.15 mol -m2.d"’!
o 1500 [ 1r 1r .
o
1000 1 F 1r .
500 1 F 4 F .
0 A ; - L—'-N—w\_, :
05:00 l 15:00 05:00 l 15:00 05:00 | 15:00
10:00 20:00 10:00 20:00 10:00 20:00
Time of day Time of day Time of day

over an entire day. Daily carbon gain was then either expressed asgnificantly different atP < 0.05. ForA,,,, anda, the confidence
whole-plant carbon gainQy,), or per unit of leaf areaQ,). intervals were obtained, as described previously, from least-
We calculated the 95% confidence intervals for each of the carsquares nonlinear parametric estimation in SYSTAT (version 7.0).
bon gain values. These confidence intervals result from the propaFor LA, the standard error around the {Aalue corresponding to
gation of measurement and statistical uncertainties in the field data dry mass of 50 g was obtained from SAS, using the procedure
and were calculated using a first-order uncertainty analysis-techREG with the option /CLI. The upper and lower limits of the 95%
nique described in Appendix 3. confidence interval were calculated as the mean + 1.96SE (Sokal
and Rohlf 1981). FoC, and Cy, the error around the estimated
values was calculated using the procedure described in Appendix
Statistical analysis 3. The upper and lower limits of the 95% confidence intervals
Differences inA. O, LA, Cs, and C,, among species and around the carbon gain estimates were calculated as the carbon
light environments were tested for significance based on the 95%ain estimate + 1.96SE (Sokal and Rohlf 1981). For ELAnd
confidence interval around the estimated values. Two values withrASL¢, a three-way analysis of variance (ANOVA) was used
nonoverlapping 95% confidence intervals were considered to ben rank-transformed data to test for the effect of species, light
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Table 2. Total leaf area (LA) in the crown of a 50-g (aboveground dry mass) seedling, leaf area ratio (LAR), fraction of
total leaf area in each crown layer (FEA, and fraction of above-seedling light in each crown layer (FASLfor yellow
birch, sugar maple, and beech seedlings growing under two contrasting forest light regimes.

Yellow birch Sugar maple Beech

Shade Gap Shade Gap Shade Gap
LA (m?)* 0.450+0.02@  0.381+0.01td  0.384+0.01&d  0.320+0.00® 0.365+0.008 0.271+0.013
LAR (m?%gH"  0.0090 0.0076 0.0077 0.0064 0.0073 0.0054
FLA *
Upper CL 0.19+0.04 0.27%0.10 0.21+0.04 0.28+0.05 0.23+0.05 0.22+0.06
Middle CL 0.35+0.07 0.36+0.07 0.49+0.07 0.32+0.04 0.42+0.04 0.39+0.05
Lower CL 0.46+0.05 0.36+0.05 0.31+0.05 0.41+0.06 0.36+0.05 0.39+0.06
FASL *
Upper CL 0.95+0.15 0.90+0.07 0.86+0.07 0.86+0.05 0.78+0.05 0.70+0.08
Middle CL 0.79+0.08 0.37+0.07 0.79+0.07 0.44+0.07 0.65+0.03 0.51+0.12
Lower CL 0.66+0.14 0.19+0.08 0.53+0.05 0.15+0.04 0.62+0.09 0.20+0.06

Note: Values are means + SE. CL, crown layer.

*Values of LA; were calculated from allometric equations between lad aboveground dry mass from data in Beaudet (1994)
(Appendix 1). Values with the same letter are not significantly differént (0.05).

LAR is LA /aboveground dry mass (i.e., 50 g).

*From Messier and Nikinmaa (2000).

environment, and crown layer (and their interactions). Rank transincreased from 4.0Amol COZ-rrTZ-S‘1 in shade to 5.8@mol
formation was used because untransformed and arcsine{joz.m—Z.S—l in gaps (Table 1); both values were slightly
transformed data did not meet the normality assumption (Potvirhigher than generally reported in the literature (Weber et al.
and Roff 1993). 1985; Jurik et al. 1988; Amthor et al. 1990; Matthes-Sears
and Larson 1990; Ellsworth and Reich 19921992;
Walters et al. 1998 Sipe and Bazzaz 1994; Lei and
Lechowicz 199@, 1997; Gill et al. 1998) but lower than

Leaf-level photosynthetic-light response values obtained by Ellsworth and Reich (1993). He, of

Differences of leaf-level photosynthetic response amond’€€ch increased from 4.9émol CO,m?s™ in shade, a
species and light environments have been the focus of sey&/ué which is within the range of values observed by
eral studies (e.g., Wallace and Dunn 1980; Bjorkman 19817 €skey and Shf%Sth{ (1985) and Jurik et al. (1988), to
Bazzaz and Carlson 1982; Pearcy 1987; Walters and Field-07 umol CO,nT?s™ in gaps, a value higher than previ-
1987: Chazdon 1992: Ellsworth and Reich 189Kama- ously reported (Teskey and Shrestha 1985; Jurik et al. 1988;
luddin and Grace 1993; Barker et al. 1997; Gill et al. 1998) Amthor et al. 1990). Although we did not observe any-sig
These studies addressed a number of questions, includidtificant difference of apparent quantum yield efficiency
the following: (@) between the two light environments for any species

(1) How is the photosynthetic-light response affected by_(TabIe 1), the in_creases in_Iight saturation point &y, are
changes in light availability in the growth environment In @greement with the typical sun—shade response of photo
for a given species? synthesis (Bazzaz and Carlson 1982; Pearcy 1987; Kitajima

(2) How do species of different shade tolerance differ in1994; Ellgworth and Reich 198p . _
terms of photosynthetic response in a given light envi In relation to the second and third questions, a number of
ronment? studies indicated that early successional species generally

(3) How do species of different shade tolerance differ inhave a higher photosynthetic capacity and a greater photo

terms of photosynthetic plasticity when grown undersynthetic plasticity than late-successional species (e.g.,
different light environments? Boardman 1977; Bazzaz 1979; Bazzaz and Carlson 1982;

In relation to the first question, our results showed thatBjorkman 1981; Amthor et al. 1990; Strauss-Debenedetti
for each of the three species, the photosynthetic-lightind Bazzaz 1991; Chazdon 1992; Chazdon and Kaufmann
response differed between forest light environments (Fig. 1)1993; Ducrey 1994; Reich et al. 1995; Huante and Rincon
The light saturation point increased from approximately1998). Other studies, however, found no relationship be
400 umol photons-?-s? in the shade to 600-70@mol  tween the degree of photosynthetic plasticity and the succes
photons-m¥-stin the gap environment (Fig. 1), and all three sional status of the species (Turnbull 1991; Abrams and
species had significantly highe,,,, values in the gap than Mostoller 1995). Our results do not agree with the prediction
in the shade environment (Table 1). Thg,, of yellow birch  that the photosynthetic capacity and photosynthetic plasticity
increased from 5.3@mol CO,-nT2s™ in shade (Table 1), a should be lower in shade-tolerant species (Bazzaz 1979;
value close to that observed by Walters et al. ()98 a  Bazzaz and Carlson 1982). In terms of photosynthetic capac
similar light environment, to 8.95imol CO,-nT2s? in gaps ity, yellow birch and beech had similéx,,,, values (Table 1),
(Table 1), avalue which is in the same range as values re although these two species are generally considered to be the
ported elsewhere (Amthor et al. 1990; Walters et al. H993 least and the most shade tolerant of our three study species
Wayne and Bazzaz 19831993). The A, Of sugar maple (Baker 1949). In terms of photosynthetic plasticity, beech was

Results and discussion
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Table 3. List of symbols, units, and definitions for the variables used in the calculation of daily carbon gain.

Symbol Units Definition From
Ca mmol CO,-nT? per day Daily carbon gain per unit leaf area Equation Al
Cw mmol CO, per day Whole-plant daily carbon gain Equation A2
LA m? Total leaf area in the crown of a 50-g seedling Table 2 and Appendix 1
CeLnt pmol CG,/30 min Carbon gain of crown layer CL during time interval INT Equation A3
AcLINT umol CO,-nT2-st Unit area photosynthetic rate of leaves in crown layer CL ~ Equation A4

during time interval INT
FLACL Fraction of LA; in crown layer CL Table 2
LNt umol photons-m?-s* Light availability in crown layer CL during time interval INT Equation A5
ASL T umol photons-mf-s?t Above-seedling light during time interval INT Fig. 2
FASLc, Fraction of above-seedling light in crown layer CL Table 2
Amax.ADJ.CL umol CO, st Anax @djusted for light conditions in crown layer CL Equation A6
O ApJcL mol CG,/mol photons o adjusted for light conditions in crown layer CL Equation A7
Amax.GAP umol CO,-nT2-st Paramete®\,, of the photosynthesis light response curve in Table 1

the gap environment
Aax, SHADE umol CO,-nT%-st Paramete,,, of the photosynthesis light response curve in Table 1

the shade environment
Ogap mol CG,/mol photons Parameter of the photosynthesis light response curve in the Table 1

gap environment
O SHADE mol CG,/mol photons Parameter of the photosynthesis light response curve in the Table 1

shade environment
PACLgap % Percent of above-canopy light in the gap environment In text
PACLsyape % Percent of above-canopy light in the shade environment In text
PACL¢, % Percent of above-canopy light in crown layer CL Equation A8
PACLgny % Percent of above-canopy light in the light environment of the In text

seedling, where ENV is either gap or shade

Note: Variables without units are dimensionless. CL, crown layer; INT, half hour time interval; ADJ, adjusted value.

the most responsive species to increased light availabilitynent and from 3.27 to 14.98 mol photons?mper day in the
from the shade to the gaps. The,,, of beech in gaps was gap environment (Table 4). On average for the sampled
83% higher than in shade, while th%,,, of yellow birch  microsites and days, the total daily PPFD was nearly five
and sugar maple in gaps were, respectively, 67 and 44%mes higher in the gap than in the shade environment
higher than in shade (Table 1). Our results suggest that thg.38 vs. 1.79 mol photons™per day; Table 4). However,
trend of decreasing photosynthetic plasticity with increasinghe variation in carbon gain between forest light environ
shade tolerance hypothesized for successional gradients froments was less extensive than the variation in total daily
open field to forest understory conditions (Bazzaz 1979) andPPFD, as observed by Chazdon et al. (1996) and Barker et
observed across species ranging from early successional aal. (1997). The values o€, were only 1.6 to 1.8 times
nuals to late-successional tree species (Bazzaz and Carlsgreater in gaps than in shade, afg did not differ signifi
1982), may not appear as clearly, or may not hold, whertantly between the two light environments (Table 4). Sev
comparisons are made among a few late-successional speciesal factors could explain this discrepancy between the
Our results also suggest that leaf-level photosynthetic charaenagnitude of the variation in total PPFD and carbon gain.
teristics alone may be of limited use in elucidating the deterFirst, light availability in gaps (Figs. 2D, 2E, and 2F) often
minants of shade tolerance (Field 1988; Klppers 1994; Henrgxceeded light saturation, which occured between 600 and
and Aarssen 1997). Photosynthetic characteristics are seve)0umol photons-i?-s? (Fig. 1) in these relatively shade-
steps removed from whole-plant carbon gain, since the effedblerant species. It is well known that the relationship be
of leaf-level characteristics on plant-level carbon gain is metween total PPFD and carbon gain is not necessarily linear
diated by several plant-level characteristics, including the patbecause of the saturation response of photosynthesis (Pearcy
tern of biomass allocation and the crown architectureand Yang 1996). Second, seedlings in gaps generally had a
(Canham and Marks 1985; Korner 1991; Kuppers 1994). lower LAR than those in shade (Table 2). Such a decrease in
LAR, often observed in response to high light intensity {Lo
Unit-area and plant-level daily carbon gain gan 1970; Kamaluddin and Grace 1993; Walters et al.
The diurnal courses of PPFD used for carbon gain simulal993; Kitajima 1994; Pearcy and Sims 1994), partly offsets
tions (examples in Fig. 2) ranged in cumulative PPFD fromthe increased rate of carbon assimilation per unit leaf area
1.22 to 2.55 mol photons-Thper day in the shade environ observed under higher light regimes. Third, light attenuation
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Table 4. Daily carbon gain per unit leaf are€/() and whole-plant daily carbon gail€y) estimated for yellow birch, sugar maple, and beech seedlings on two different dates
for each of three different locations in the understory of a closed canopy stand (UND1 to UND3) and three different locations under canopy gapsG/&?3)1 to

Shade Gap

Total Yellow Sugar Total Yellow Sugar
Site Date PPFD birch maple Beech Site Date PPFD birch maple Beech
C, (mmol CO,/m? per day)
UND1 07/15/1997 1.22 25.9+3.5 21.8+2.6 31.7+3.5 GAP1 07/10/1997 3.27 36.7+5.9 27.7+£3.3 43.7+5.8
UND1 07/20/1997 1.39 27.3+3.3 22.4+2.3 32.0£3.1 GAP1 07/11/1997 5.85 50.4+6.6 36.8+3.5 56.0£5.7
UND2 06/29/1997 2.43 44.7+4.8 35.8+3.2 50.4+4.2 GAP2 07/10/1997 6.49 50.9+6.7 36.5+3.4 55.9+5.9
UND2 07/15/1997 1.53 33.4+4.4 27.8+3.2 40.2+4.2 GAP2 07/11/1997 8.49 58.9+6.8 42.7+£3.6 63.6+5.7
UND3 06/29/1997 2.25 45.3+5.4 36.9+3.8 52.8+5.0 GAP3 07/11/1997 14.98 106.6+12.1 72.5+5.5 110.149.3
UND3 07/15/1997 1.89 39.7+4.9 32.4+3.5 46.8+4.7 GAP3 07/12/1997 11.15 92.4+11.8 62.9+5.3 97.2+9.3
Mean 36.1+4.4b 29.5+3.h 42.3+4.1bc 66.0+8.2d 46.5+4.bc 71.1+6.9
Cw (mmol CO, per day)
UND1 07/15/1997 1.22 11.7+1.7 8.4+1.0 11.6+1.3 GAP1 07/10/1997 3.27 13.9+2.2 8.8+1.1 11.8+1.7
UND1 07/20/1997 1.39 12.3+1.7 8.6+0.9 11.7+¢1.2 GAP1 07/11/1997 5.85 19.2+2.6 11.7+¢1.2 15.2+1.7
UND2 06/29/1997 2.43 20.1+2.5 13.8+1.3 18.4+1.6 GAP2 07/10/1997 6.49 19.4+2.6 11.7+¢1.1 15.1+1.8
UND2 07/15/1997 1.53 15.0£2.2 10.7£1.2 14.7£1.6 GAP2 07/11/1997 8.49 22.4+2.7 13.6£1.2 17.2+1.8
UND3 06/29/1997 2.25 20.4+2.8 14.2+1.5 19.3+1.9 GAP3 07/11/1997 14.98 40.6+4.8 23.2%1.9 29.8+2.9
UND3 07/15/1997 1.89 17.9+2.5 12.5+1.4 17.1+1.7 GAP3 07/12/1997 11.15 35.2+4.6 20.1+1.8 26.3+2.8
Mean 16.2+2.3bc 11.3+1.2 15.5+1.%bc 25.1+3.2 14.9+1.4b 19.2+2.bc

Note: Carbon gain + 1SE. The total cumulative PPFD (mof-per day) of the daily course of PPFD is presented for each combination of site and date. Within rows meag yah@€,, with
the same letter are not significantly differeft ¥ 0.05).
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within the crown was more pronounced in seedlings fromnot agree with the predictions that shade-tolerant species
the gap than from the shade environment(0.001 for the should have a higher plant-level carbon gain in shade {com
interaction between crown layer and light environment).pared with less tolerant species) and that less tolerant spe
Only 15-20% of above-seedling light reached the lowercies should have a higher carbon gain in gaps (compared
third of the crown in gap seedlings compared with 53-66%with more tolerant species).
in shade seedlings (Table 2). Although whole-plant carbon gain is presumably more
Our unit-area daily carbon gain estimaté3,( Table 4) closely related to growth and survival of a species than leaf-
were in the same range as previously reported values fdevel photosynthesis alone, it is still many steps removed
yellow birch and sugar maple (Weber et al. 1985; Ellsworthfrom the ecological success of a species. Sugar maple, for
and Reich 1992, 1993; Wayne and Bazzaz 1993TheC, instance, is the dominant species in the study area, compris
values were significantly higher in the gap than in the shadéng more than 60% of the stand basal area. However, this
environment for all three species (Table 4). For yellow birch,species had consistently lowey, and Cy, values than yel
C, was 1.8 times higher in the gap than in shade, while ilow birch and beech. Clearly, many other factors than the
was 1.7 and 1.6 times higher for beech and sugar maple, rearbon gain are also determinant of the ecological success of
spectively (Table 4). In the shade environme@f, did not  a species, including variations in seed production, germina
differ significantly among species (Table 4). In the gap envi tion, early establishment requirements, as well as drought,
ronment, beech had the highe8h, followed by yellow  pathogen, and herbivore resistance (Walters and Reich 1996,
birch and sugar maple, but only beech and maple were sigBarker et al. 1997).
nificantly different (Table 4).
Cy is presumably more closely related to seedling growthEstimation of daily carbon gain: possible limitations of
and survival tharC,, since differences of LAR (i.e., LAfor the method and needs for further studies
an aboveground dry mass of 50 g) between species and light Daily carbon gain of individual plants and whole forest
environments are also taken into account to estin@fe canopies has been estimated in several studies (e.g.,
However,C,, did not differ significantly between the shade Caldwell et al. 1986: Ellsworth and Reich 139ZEllsworth
and the gap environment for any of the three speciesind Reich 1993; Pearcy and Yang 1996; Barker et al. 1997
(Table 4). In the shadeCy,, did not differ significantly ~ Oberbauer and Noudali 1998). Daily carbon gain can be
among species (Table 4). In the gaps, birch had the highestieasured in situ by integrating over time the instantaneous
Cw. followed by beech and sugar maple, but only birch andcarbon gain recorded continuously or at several different
maple were significantly different (Table 4). times throughout the day (e.g., Barker et al. 1997). Models
According to the prevailing model of shade tolerance,for estimating plant- or stand-level carbon gain are an alter-
which is mainly based on carbon economy (Matthes-Searnative approach to direct measurement of carbon gain. Such
and Larson 1990; Delucia et al. 1998), we would expecimodels range in complexity from very simple calculations
(i) the more shade-tolerant species (sugar maple and beedbgsed solely on diurnal course of light availability and
to have higher whole-plant net carbon gain than the less tolphotosynthetic-light response curves (e.g., Oberbauer and
erant species (yellow birch) in shade, aiid (he less toler- Noudali 1998) to much more sophisticated models that take
ant species to have a higher whole-plant net carbon gaiimto account factors such as the photosynthetic response of
than more tolerant species in gaps. In shade, we did not olleaves to other environmental factors than light (e.g.,-tem
serve any significant difference @, among the three spe perature and vapor pressure deficit), the dynamic response
cies. Note that theC,, values do not take into account the of photosynthesis to sunflecks, the three-dimentional repre
respiration of nonphotosynthetic tissue and are therefore esentation of crown structure, the spatial arrangement and op
timates of gross carbon gain. Interspecific differences in restical properties of leaves, etc. (e.g., Caldwell et al. 1986;
piration rates could contribute to differentiate the species irEllsworth and Reich 1993; Pearcy and Yang 1996).
terms of net carbon gain. Reid and Strain (1994), for in In this study, daily carbon gain was estimated for tree
stance, observed that beech had a lower ratio of carben ugeedlings using a relatively simple model in which whole-
take over carbon losses to respiration than sugar mapl@lant carbon gain was calculated from the photosynthetic-
Also, possible differences among species in terms of biolight response of leaves and the vertical patterns of leaf area
mass allocation to roots could affect plant-level net carbortistribution and light transmission among crown layers. The
gain and differentiate species in shade. A higher biomass atonfidence intervals around the estimates of daily carbon
location to roots in more shade-tolerant species was obgain were calculated and presented in this study. Such-confi
served in shade in sugar maple compared with yellow birchilence intervals are rarely provided in the literature. Yet, they
(Logan 1965). are an important component of the calculations, as they al
In gaps, the rank order of the species @&y was the same low a quantitative comparison of carbon gain values be
as observed for height growth rates among these three spaveen species and habitats. As observed in this study, it can
cies growing in gaps (Beaudet and Messier 1998). Thae difficult to detect possible differences of carbon gain be
higher C,; of yellow birch compared with sugar maple, in tween species and light environments given the uncertainty
gaps, is in agreement with the prediction that less toleranfi.e., SE) associated with the carbon gain estimates. Such
species should have a higher carbon gain than more toleratgvels of uncertainty come from the propagation of the er
species in gaps. However, beech also had a relatively higrors (i.e., SE) associated with the measured variables from
Cy in gaps, aCy, value that was not significantly different which the carbon gain is determined. Further studies should
from that of birch. Therefore, when th@,, values for all aim at reducing the error associated with the parameters
three species are considered simultaneously, our results dimm which the carbon gain is estimated. Also, studies should
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try to provide an assessment of the confidence around the@tlong the gap—understory gradient (Canham 1988; Sipe and

carbon estimates. It is likely that at least some of the publisheBazzaz 1994; Givnish 1995; Pearcy and Yang 1996). Exper

conclusions about differences of carbon gain between speci@®ental studies, such as that by Hilbert and Messier (1996),

and light environments would not hold if confidence intervalsas well as tree-level carbon gain simulation models that take

around the carbon gain estimates had been determined. into account crown architecture (e.g., YPLANT: Pearcy and
One of the limitations of the simple model we used te es Yang 1996; LIGNUM: Perttunen et al. 1996) are potentially

timate carbon gain is that it does not take into account theiseful tools to improve our understanding of relationships

effects of rapid fluctuations of light on photosynthetic-dy between crown architecture, patterns of within-crown light

namics. Steady-state models that ignore the dynamic reavailability, and plant-level carbon gain.

sponse of photosynthesis to rapid fluctuations in light

availability can lead to an overestimation of actual carbon

gain by 5-25% (Gross 1982; Pfitsch and Pearcy 1989{-\cknowledgements
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Appendix 1
Calculation of LA
Table Al. Regression equations of total leaf area {L&n¥) as a function of aboveground dry

mass (DM, g) for yellow birch, sugar maple and beech seedlings growing under two contrasting
forest light environments.

Light

er?vironment Species Regression equation P R n
Shade Yellow birch LA = 64.2DM + 1292.4 <0.001 0.779 12
Shade Sugar maple A= 71.2DM + 280.4 <0.001 0.929 13
Shade Beech LA= 62.7DM + 517.1 <0.001 0.963 13
Gap Yellow birch LA = 57.4DM + 934.0 <0.001 0.871 30
Gap Sugar maple LA=51.7DM + 610.8 <0.001 0.904 28
Gap Beech LA = 37.0DM + 857.4 <0.001 0.913 30

Note: The equations were obtained from data in Beaudet (1994) and were used to estimate thetheA
crown of a 50-g seedling of each species in each light environment.

Appendix 2

Estimation of daily carbon gain
The daily carbon gain per unit leaf are@,( mmol CQO,-nT2 per day) was calculated as
[Al] C,=Cw
LA

whereC,, (mmol CQ, per day) is the whole-plant daily carbon gain and.L¢) is the total leaf area in the crown of a 50-g
seedling.
Values ofC,, were calculated from the sum of the carbon gains in each crown layer and over each 2-min intgrygl)(C

3 330
Z CeLint

A2 C — CL=1INT=1

(A2l Cw 1000

Note that the division by 1000 is for units conversion (from micromoles to millimoles).

The variableC |yt (Mol CO,/2 min) is equal to the instantaneous unit area photosynthetic rate of leaves in crown layer
CL during time interval INT (A nt), multiplied by the time interval (120 s) and the leaf area in crown layer CL. The leaf
area in crown layer CL is equal to the product of total leaf areasflLand the fraction of total leaf area in crown layer CL
(FLA¢). The equation for gyt is:

[A3]  CcrLint = Acuint(LAT X FLAG) x 120

The instantaneous unit area photosynthetic rate of leaves in crown layer CL during time interval ¢NJ{(Aimol
CO,-nT2.5?) is modeled using eq. 1, as follows:

_ Oapgcl X Lo int X Anax.apa.cL
[Ad]  Acint =

\/A%ax,ADJ,CL +(0&ps.cL X L&D

The Lep iyt (Mol photons:if-s?) is equal to the product of ASj, and the fraction of above-seedling light in crown
layer CL (FASLg,):

[AS] Lcynt = ASLiyt x FASLcL

In eq. A4, we used\,, anda values that were adjusted to light conditions prevailing in each crown layer (g0 cL
andaap; c). We adjustedr and A ,, values because of the variation in light conditions between crown layers, and because of
previously reported adjustments of leaf photosynthetic characteristics to such variation in light conditions (Hollinger 1989;
Ellsworth and Reich 1993). Values 8f,,, anda were adjusted to the light conditions prevailing in each crown layer using a
linear interpolation between the measurgg,, anda in each light environment and the average light conditions prevailing in
each of these two forest light environments (i.e., percent of above-canopy light (PACL) of 3 and 25% in the shade and gap en
vironments, respectively). The equation for the adjusigg, (that represents the linear interpolation) is shown below:
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O
[AG] Anax,ADJ,CL A’nax GAP — max SHADE Ex PACLCL - EPACLSHADE x [1 Amax GAP — max SHADE D]

An SHADE
@PACLGAP PACLSHADED E E |:P'A\CI-GAP I:)ACLSHADE[E e

Thea value was adjusted for light conditions prevailing in each crown layer in the same manAgL,asg; o, i.€., using
eq. A6 witha values instead of,,, values.
The percent of above-canopy light in crown layer CL (PAECILn eq. A6) was calculated as:

[A7] PACLc, = PACLgyy % FASL,

where PAClgyy is the percent of above-canopy light in the forest light environment ENV (either gap or shade), angf FASL
is the fraction of above-seedling light in crown layer CL.

Equations A1-A7 describe the stages used to calculate the carbon gain from the measured field data. Equations A1-A5 car
be combined into a single algebraic expression:

0
> DH [0aps,cL X (FASLeL x ASLing) % Anax,apa,cl Hx (LA7 XFLA o ) X12 [
T cL
CL=1INT=L ﬁa\/Anax aps,a *[0Fps,cL X (FASLeL X ASLp)?] H 0@
[A8] Cw =
1000
Appendix 3

Calculation of error in the carbon gain

The uncertainty or error in the carbon gain is assumed to be produced by the uncertainties in the measured observables
from which it is determined. In this discussion, the term observable will denote the measured variables from which the carbon
gain was calculated. The uncertainties in these observables are the standard errors in their mean values. Hence the calculatic
of error amounts to the propagation of the statistical uncertainties from the observables to the carbon gain.

The expression of the carbon gain in a single algebraic equation (eq. A8) permits the calculation of the error using a stan-
dard first-order uncertainty analysis extended to correlated variables (Clifford 1973; Taylor 1997). The analysis technique and
its application to the carbon gain will be described.

Uncertainty in a function of independent and correlated variables

Suppose thaky, x,, ..., X, are measured with uncertaintieg , o, , ...,0, and covarlanceex %+ Ox.x, +++» and that these
measured values are used to compute the funafep x,, .. xn) %the uncertainties iXg, Xy, ..., X, are random in nature,
then the uncertainty i is determined by the equation:

f f f
[A9] of = Da—qD0X+Dfan0 +.+ J—anO +. +267q07qoxx+20q 9q Xxg+zaiqaiqux+
ox,. 0 * x0 * ox,0 *° 0% 0X, 770Xy OXg X, 05 7

The uncertainty in the functiog is hence equal to the sum of squares of the uncertainties in the observables each multiplied
by a coefficient equal to the square of the partial derivative of the fungfiaith respect to that observable, added to “cross
terms” that include all of the possible pairwise combinations between the observables. Note that these cross terms reflect ei
ther the augmentation (due to positive reinforcement) or reduction (due to cancellation) of uncertainties caused by the correla
tion between observables. Calculation of the propagated error hence amounts to the calculation of the partial derivatives of the
function (De Sapio 1978; Taylor 1997).

Implementation of the error equations

Equation A9 is implemented to determine the error in the carbon gain arising from the propagation of error from-the mea
sured parameters. The equation for the carbon gain described in eq. A8 is used in place of the tunthiere are 11
observables, which represent the measurements from which the greatest amounts of uncertainty are thought to occur. Thes
are as followstigap Osyape: Amax.cap Amax.shape FASLe (CL =1, 2, 3), FLA, (CL =1, 2, 3), and LA. The substitution
of the carbon gain and its observables into the error equation (eq. A9) yields:

[f 0 f Ooc O
0(2: aC (1 DLD O-é D£ LA +2 oc aiCO-GGAPA'nax GAP
EBG GAP D o [POgpapeld — " OLA:O 7 00cap 0Anax,cAP '
oC oC oC oC oC oC
[Alo] + 2 O-G SHADEATIBX, SHADE + 2 O-FLAlFLAZ + O-FLA 1FLA3
00spADE OAmax SHADE OFLA; OFLA LA 0FLA 5
oC oC o
OFLA, OFLA , ' eFths
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Note that eq. A10 above shows all of five of the variable pairs that were found to be correlated in the carbon gain calcula
tion. oc represents the standard error in the calculated carbon gain and is the desired result.

The standard errors and covariances are readily determined from the measured data sets. Equations for the partial deriva
tives were determined analytically from eq. A8. These equations as well as eq. A10 were then entered into an Exeel Spread
sheet. Values of the observables and their standard errors and covariances were read into the spreadsheet to calculate the er
in the carbon gain. The method was applied to determine the error in carbon gain for each species and light environment.

It can be shown that, to calculate the error in the average carbon gain determined from different test sites (over which the
daily light curves vary but all other variables remain the same), each of the partial derivatives in eq. A10 must be replaced by
the average partial derivative of the carbon gains.
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