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ABSTRACT 

The photosynthetic responses of sweetgum {Liquidambar styraciflua L.) trees 

growdng in a forest stand to exposure to an elevated-C02 atmosphere were examined over 

three growing seasons at the Oak Ridge National Laboratory's Free-Air CO2 Enrichment 

(FACE) facility in eastem Tennessee, USA. Net photosynthetic rates at the growth CO2 

concentration (/Igrowth) of mature upper-canopy leaves were found to be 44% higher in 

trees grown in elevated CO2 (-553 nmol mol"') compared with ambient CO2 (-364 nmol 

mol''). There were no significant CO2 treatment effects on the CO2- and light-saturated 

rate of photosynthesis (̂ max), maximum rubisco carboxylation rate (Fcmax) or the rate of 

ribulose bisphosphate (RuBP) regeneration via electron transport (Jmax), indicating that 

exposure to 1.5 times ambient CO2 did not limit the photosynthetic capacity of sweetgum 

leaves. In addition, a more-complete canopy profile was developed by examining the 

photosynthetic response of young leaves and leaves sampled from lower in the tree 

crown. The Agrowtii of leaves exposed to elevated CO2 was enhanced by 76% in young and 

mature leaves grov âng in the upper canopy, and 48% in mature leaves collected in the 

upper and middle canopies. Within each leaf-age and canopy-position class, growth in 

elevated CO2 enhanced Agrowth by 123% in young leaves and 31% in mature leaves, and 

by 45% and 52% in mature upper- and middle-canopy leaves, respectively. There were 

no CO2 effects on A^ax, Vcmwc or Jmax of leaves in either of the age or canopy-position 

classes. A profile of the vertical distribution of nitrogen through the sweetgum canopy 

was developed to provide for the estimate of CO2 effects on canopy- and stand-level 
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carbon assimilation in sweetgum. Mean nitrogen concentration (mass-based; NM) was 9% 

lower in the leaves of trees grown in ambient versus elevated CO2 concentrations, with 

no CO2 effects noted on foliar nitrogen when analyzed per unit leaf area {NA), and per 

unit leaf volume {Nv). These resuhs provide evidence that leaves sampled throughout the 

sweetgum canopy exhibit enhanced photosynthesis in a C02-enriched atmosphere, and 

that the indeterminate growth exhibited by this tree species provides sufficient sink 

strength so that photosynthetic capacity is not downregulated. 
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CHAPTER I 

PHOTOSYNTHETIC RESPONSE OF SWEETGUM 

TO THREE GROWING SEASONS OF 

ELEVATED CO2 IN THE FIELD 

Summary 

To characterize the effects of variation in plant source-sink relations, in addition 

to seasonal changes in environmental conditions, on the capacity of upper-canopy foliage 

to respond to elevated CO2 concentrations ([CO2]), leaf gas-exchange and related 

biochemical parameters were measured on established trees in a sweetgum {Liquidambar 

styraciflua L.) plantation at the Oak Ridge National Laboratory's Free-Air CO2 

Enrichment (FACE) facility in eastem Tennessee, USA. Measurements were conducted 

during different periods of the growing season over a three-year period. Net 

photosynthetic rates at the growth [CO2] {Agroymti) of upper-canopy leaves were found to 

be 44%( higher in trees grown in elevated [CO2] (-553 |amol mol'') compared with 

ambient [CO2] (-364 nmol mol"'). There were no significant CO2 treatment effects on 

the CO2- and light-saturated rate of photosynthesis {Amw^, maximum rubisco 

carboxylation rate (Fcmax) or the rate of ribulose bisphosphate (RuBP) regeneration via 

electron transport (Jmax), indicating that the growth [CO2] did not affect the capacity of 

sweetgum leaves to respond to elevated atmospheric [CO2]. Although photosynthetic 

acclimation did not occur in upper-canopy leaves, elevated [CO2] did significantly affect 

some leaf characteristics, including increased leaf mass per unit area (LMA; 9%) and 



starch concentration (16%), and reduced nitrogen concentration on a mass basis {NM; 

10%). Although absolute rates of photosynthesis and biochemical parameters varied 

seasonally, the relative effect of elevated [CO2] on these parameters did not vary 

seasonally. These results suggest that established trees in closed-canopy forests may 

exhibit a long-term positive response to elevated [CO2] without reductions in 

photosj^thetic capacity. 

Introduction 

The possibility of forests sequestering ever-increasing carbon loads that are 

introduced into the earth's atmosphere is a commonly proposed solution to the 21^ 

Century problem of increasing greenhouse gas concentrations. Forest ecosystems 

constitute 75% of terrestrial plant mass and account for approximately 70% of terrestrial 

atmospheric carbon exchange (Waring and Schlesinger, 1985; Barnes et al., 1998). In the 

United States, 40% of the country's timberlands are found in the 13 southern states, 

which comprise 24% of the nation's land area (Wear, 1996). The forested land of the 

U.S. South is divided into roughly even shares of hardwood (i.e., deciduous species) and 

softwood-dominated (i.e., evergreen species) forest types (Wear, 1996). These forests, 

along with the remainder of the northern-hemisphere temperate forests, are viewed as 

critical carbon sinks for the removal of increasing atmospheric CO2 concentrations 

([CO2]) (Wofsy, 2001). 

It has been shown that some forests exposed to elevated [CO2] over the course of 

several years cease to exhibit marked aboveground growth increases. For example. 



loblolly pine {Pirms taeda L.) showed 34% greater growth in elevated versus ambient 

[CO2] during the first three years of exposure, but this growth increase dropped to 6% 

over the following four years (Oren et al., 2001). Similarly, the aboveground growth of 

sweetgum trees measured in the Oak Ridge National Laboratory's (ORNL's) Free-Air 

CO2 Enrichment (FACE) facility showed a 35% increase in woody biomass in the first 

year of exposure, which decreased to increases of 15% and 7% in the second and third 

seasons of exposure, respectively (Norby et al., 2001). In order to understand why the 

aboveground growth response of these trees is declining, other components of the carbon 

budget must be examined, such as photosynthesis and respiration. 

Enhancement of leaf-level CO2 assimilation has been reported for many tree 

species in elevated [CO2]. Quantitative reviews of this research have reported average 

increases in net photosynthesis with doubled [CO2] ranging from 44% using primarily 

experiments on potted materials (Gunderson and Wullschleger, 1994) to 66% using more 

recent studies conducted in open-top chambers (OTCs) (Norby et al., 1999). 

These trees showed little evidence of the long-term loss of sensitivity to CO2, 

termed acclimation {sensu Stitt, 1991), that was suggested by earlier experiments 

conducted using tree seedlings grown in pots. Gunderson and Wullschleger (1994) 

calculated a mean 21% decrease in the assimilation rate measured at a common [CO2] for 

plants grown in elevated [CO2], with the strongest acclimation observed in studies with 

the smallest pots. Similarly, a meta-analysis of 508 reports, which used 59 tree species 

and included experiments conducted in various pot sizes as well as in-ground growth, 

found no consistent evidence for a photosynthetic acclimation response, except for those 



trees grown in small pots (-36%) (Curtis and Wang, 1998). However, a meta-analysis of 

15 field-based elevated [CO2] experiments on European forest tree species found a down-

regulation of photosynthesis of 10-20% when measured at a common [CO2], in spite of a 

51% enhancement of the light-saturated rate of photosynthesis when measured at growth 

[CO2] (Medlyn et al., 1999). 

The lack of consistency with regard to the photosynthetic acclimation of trees can 

be partially explained by looking at plant-level source-sink relationships. The degree to 

which trees exhibit photosynthetic dovra-regulation when grown in elevated [CO2] is 

related, on a physiological level, to resource allocation within the plant, especially 

nitrogen, which often limits the productivity of forest ecosystems (Xu et al., 1994; Barnes 

et al., 1998). Within plant photosynthetic tissue, resources are parthioned between light-

harvesting and non-harvesting components. At a broader scale, resources must be 

allocated between those plant tissues that are net exporters of photosynthate (sources) and 

net importers (sinks), typically characterized as new roots, shoots and leaves or 

reproductive organs (Herold, 1980; Stitt, 1991; Xu et al., 1994). 

Maintenance of active sinks is necessary for the effective stimulation of 

photosynthesis (Eamus and Jarvis, 1989; Farrar and Williams, 1991; Stitt, 1991). The 

increased production of carbohydrates induced by higher photosynthetic rates in elevated 

[CO2] can only be sustained with continued translocation of photosynthates to active sink 

material (Xu et al, 1994; Wolfe et al., 1998). An imbalance in the source-sink 

relationship can resuh in an accumulation of leaf carbohydrates which may uhimately 

trigger a feedback mechanism that reduces photosynthetic capacity (Van Oosten and 



Besford, 1994; Webber et al., 1994). It has been proposed that the accumulation of large 

amounts of carbohydrates leads to reductions in gene transcription and production of 

ribulose-l,5-bisphosphate carboxylase/oxygenase (rubisco) protein, thereby reducing 

Calvin cycle activity and further sugar production (Sheen, 1990; Krapp et al, 1993; 

Furbank and Taylor, 1995; Cheng et al., 1998). 

The major objective of this study was to characterize the effects of variation in 

plant source-sink relations, in addition to seasonal changes in environmental conditions, 

on the photosynthetic capacity of upper-canopy foliage of sweetgum trees to respond to 

elevated [CO2]. Measurements were conducted at the Oak Ridge National Laboratory's 

FACE site during a three-year period at different times during the growing season. It was 

thought that distinct seasonal patterns might result from changes in the source-sink 

balance that tj^ically occur between May and October in sweetgum, a widely distributed 

deciduous hardwood species commonly found in forests of the southeastern United States 

(Bormann, 1953). Sampling in 1999 was specifically designed to examine seasonal 

differences, whereas sampling was repeated in July and September (and May of the 

second and third years) to address year-to-year differences. I hypothesized that the 

positive response of leaf-level net photosynthesis to CO2 enrichment would be sustained 

over time, but with some reduction in the maximum photosynthetic capacity due to 

reductions in rubisco activity. I fiirther hypothesized that reductions in sink capacity 

would feed back on photosynthetic enzyme activity, thereby reducing the positive effects 

of elevated [CO2] on leaf carbon balance. A decline in the photosynthetic enhancement 

of elevated [CO2] would produce the following: (1) reduced photosynthetic capacity; (2) 



a decline in the maximum rate of rubisco carboxylation; (3) increased leaf mass per unit 

leaf area; (4) decreased mass-based leaf nitrogen concentration; and (5) an increase in 

leaf carbohydrate content, especially starch. Data from all three years were used to 

evaluate these effects. 

Materials and Methods 

Oak Ridge National Laboratorv Free-Air CO2 Enrichment 
(PACE) site 

Research was conducted at the ORNL FACE facility in Roane County, Tennessee 

(35°54' N, 84°20' W). The FACE site was constructed within the sweetgum 

{Liquidambar styraciflua L.) portion of a combined sweetgum and sycamore {Platarms 

occidentalis) plantation. The plantation was established in the fall of 1988, at which time 

one-year-old sweetgum trees were planted at a spacing of 2.3 m x 1.2 m. The FACE 

facility became operational in April 1998, at which time the live crown of the closed 

canopy extended from 8-9 m above the forest floor to a height of 13-14 m. Crown depth 

remained approximately the same each season, with one meter of crown height being 

added each year. Tree heights reached 14-15 m in spring 1999 and 15-16 m in spring 

2000. 

The ORNL FACE site is comprised of five circular plots (rings), each 25 m in 

diameter enclosing 80 to 90 frees inside a 2.5 m wide buffer zone. Two rings were 

treated with air enriched with CO2 (elevated CO2), while the remaining three rings 

(ambient CO2) contained air with an average ambient mid-day [CO2] of 362, 365 and 366 

Hmol mol' in 1998, 1999 and 2000, respectively (Gunderson et al., 2002). Two of the 



three control plots contain blower systems like those present in the elevated CO2 plots. 

Experimental treatment was applied 24 hours per day throughout each growing season. 

The treatment set point for 1998 was a constant 565 nmol mof' CO2, approximately 200 

Hmol mol"' above the global average [CO2]. The treatment protocol was adjusted in 1999 

to incorporate the nattiral diurnal variation in [CO2], with the set point for the nighttime 

concentration increased to 645 nmol mol"'. Acttial mid-day [CO2] in the elevated-C02 

plots averaged 548, 556 and 555 ^mol mol"' in 1998, 1999 and 2000, respectively 

(Gunderson et al., 2002). 

Gas-exchange measurements 

The responses of net photosynthesis (A) to intercellular [CO2] (Ci) (A-Ci curves) 

were measured during each field season. The field season for these sweetgum trees 

extended from leaf-out in mid April to leaf fall in late October. All A-Ci curves (5-8 

curves per ring per sampling period) were conducted on fully expanded (mature), upper-

canopy leaves in at least four trees, which were accessible from a stationary hydraulic lift 

located near the center of each plot. A portable photosynthesis system (LI-6400, LiCor, 

Inc., Lincoln, NE) was used to measure the rate of leaf assimilation at each of 11 external 

[CO2] (Ca), ranging from 1500 to 0 lamol mol' CO2. An automated program was 

utilized to log assimilation readings at each Ca set point when photosynthesis rates had 

equilibrated, which was typically 1-2 minutes after a stable Ca set point was reached. All 

gas-exchange measurements were made at saturating light levels (1800 \imol m'̂  s"') 

provided by a blue-red Ught source mounted above the 6 cm^ leaf cuvette. Chamber 
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temperattires were set throughout the season to approximate the average mid-afternoon 

temperatures that occurred during the week that measurements were taken. Temperatures 

within the leaf cuvette typically ranged from 27 to 36°C. All gas-exchange 

measurements were taken between 1000 and 1600 hrs EST. A-Ci curves were collected 

in July and September 1998, monthly in May through September 1999, and in May, July 

and September 2000. 

A-Ci curves were analyzed using Photosyn Assistant (Dundee Scientific, Dundee, 

Scotland, UK). For each curve, this software uses equations that relate the effect of 

changing [CO2] to the photosynthetic activity of sweetgum leaves to estimate potential 

limitations to CO2 assimilation due to the maximum rubisco carboxylation rate {Vcmax), 

and the rate of ribulose bisphosphate (RuBP) regeneration via electron transport {Jmca). 

The program uses the Farquhar et al. (1980) model, as modified by von Caemmerer and 

Farquhar (1981), Sharkey (1985), Harley and Sharkey (1991) and Hariey et al. (1992). 

The maximum rate of photosynthesis {Amax) and net rate of photosynthesis at the 

respective growth [CO2] (either Ca=360 or 560 nmol m"̂  s"', Agrowth) were also 

determined from A-C; curves. 

Leaf properties 

All leaves used for A-Ci measurements were harvested for mensuration and 

biochemical analysis. Leaves were kept on ice until they could be returned to the 

laboratory for processing. Leaf area was determined for each individual fresh leaf 

collected with an automatic planimeter (LI-3100, LiCor, Inc., Lincohi, NE) immediately 



upon return to the laboratory. The thickness of individual fresh leaves was measured 

using digital calipers at the time of leaf collection beginning in July 1999. Following the 

measurement of individual leaf areas, all leaves were dried in a 70°C oven for at least 3 

days, and then each leaf was weighed individually. These data were used to calculate 

leaf mass per unit area (LMA). Estimates of leaf volume and density were also 

calculated, because leaf function is affected by the interaction of leaf morphology (area 

and thickness) and composition (dry matter, liquid content, and fractional air space) 

(Roderick et al., 1999a, 1999b). 

Leaf soluble sugar and starch contents were determined colorimetrically by a 

phenol-sulfuric acid technique (Tissue and Wright, 1995). Total nonstructural 

carbohydrate (TNC) was calculated as the sum of soluble sugar and starch. Total 

chlorophyll content was determined by immersing a 6.05 cm^ leaf punch from each leaf 

in 10 ml of 95% ethanol for 4 days in a dark environment, followed by measurement of 

the absorbance of the supernatant at 665, 649 and 470 nm (Lichtenthaler and Wellbum, 

1983). Total leaf nitrogen was measured in the dried leaf samples at Texas Tech 

University using a CN Analyzer (NCS 2500, Carlo Erba Inc., Milan, IT). 

Statistical analyses 

Treatment effects were calculated using the ring means of gas-exchange and leaf-

property parameters for each sampling date. A two-way analysis of variance (ANOVA) 

was used to compare the effects of CO2 treatment (n=3 ambient [CO2]; n=2 elevated 

[CO2]) and sampling date (n=10) and the interaction of [CO2] and sampling date on all 



measured and modeled parameters. Parameters were considered significantly different 

when P<0.05. Least squares linear regression analysis was performed to analyze the 

relationship of leaf nitrogen per unit area to the various photosynthetic parameters 

measured and modeled in this experiment. This analysis was also used to examine the 

relationship of total chlorophyll per unit area to the modeled maximum rate of RuBP 

regeneration. In those instances where statistically significant regression resuhs were 

noted for both ambient and elevated CO2 treatments, homogeneity of slopes and 

intercepts was tested using analysis of covariance (ANCOVA). All statistical analyses 

were performed using SYSTAT (Version 8.0, SPSS Inc., Chicago, IL, USA, 1998). 

Results 

Photosynthesis 

The net photosynthetic rates {Agro^,1h) of sweetgum in elevated [CO2] were 

significantly higher than those of trees in ambient [CO2] (Table 1.1, Figure 1.1), with 

increases ranging from 33% - 93% above ambient (Figure 1.2a). The average net 

photosynthetic rate was 44% higher with CO2 enrichment (Figure 1.1). Sample date also 

significantly affected the net rate of photosynthesis (Table 1.1). There were seasonal and 

annual differences m Agrowth response with the highest rates occurring in mid-season and 

lower rates in early- and late-season (Figure 1.2a). 

There was no significant CO2 effect on Amax over the course of the experiment 

(Table 1.1, Figure 1.2b). In all, Amax was 6% lower in trees grown in elevated versus 

ambient [CO2] (Figure 1.1). There was a significant effect of sample date on A,riax (Table 
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1.1). There were seasonal and annual differences in Amax response with the highest rates 

occurring in mid-season and lower rates in early- and late-season (Figure 1.2b). 

A-Ci curves were used to model two biochemical limitations to photosynthesis, 

the light-sattirated rate of rubisco carboxylation {Vcmax) and the rate of ribulose 

bisphosphate (RuBP) regeneration via election transport {Jmax). Growth in elevated 

[CO2] did not have a significant effect on Vcmax or Jmax (Table 1.1, Figure 1.1). However, 

sampling date did have a significant effect on both Vcmax and Jmax (Table 1.1), with rates 

generally higher in mid-season than early- and late-season (Figure 1.3a & b). There was 

no CO2 treatment effect on the ratio of Jmax to Vcmax, but the date of sampling did 

significantly affect the absolute ratio of Jmax to Vcmax (Table 1.1, Figure 1.1). This ratio 

was lowest in mid-season when Agrowth and Amax generally exhibited their highest rates 

(Figure 1.3c). In addition, there was a poshive linear relationship between Jmax and Vcmax 

for leaves grovra in both ambient and elevated [CO2] (/?^=0.73 ambient; i?^=0.44 

elevated) (Figure 1.4). The regressions for both treatments were statistically significant 

(P=0.007 ambient, P<0.0001 elevated), v^th similar slopes and intercepts, but 29% less 

of the variation in Jmax for leaves grown in elevated [CO2] was explained by variation in 

Vcmax than for leaves grown in ambient [CO2]. 

Photosynthetic nitrogen-use efficiency (PNUE) is defined as carbon assimilation 

per unit of leaf nitrogen (Lambers et al., 1998). The PNUE of sweetgum leaves was 

significantly greater in elevated [CO2] (Table 1.1, Figure 1.1). Sample date was shown to 

significantly affect PNUE, with the greatest CO2 effect occurring in mid-season (Table 

1.1, Figure 1.5). 
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Leaf properties 

Leaf mass per unit leaf area (LMA) was consistentiy higher in leaves from trees 

grown in elevated [CO2] compared with ambient [CO2], with an average 9% increase 

over the three-year sttidy period (Table 1.1, Figure 1.1). The absolute increase in LMA 

due to elevated [CO2] ranged from 2.9 to 16.7 g m'^ with the greatest differences 

occurring in mid-season, while the relative increase ranged from 3% to 19% (Figure 

1.6a). There were no differences in LMA on an annual basis. 

There was no CO2 treatment effect on leaf density (g cm'̂ ), however date of 

sampling did have a significant effect (Table 1.1, Figure 1.1). Mean leaf density was 

greatest late in the season (Figure 1.6b). 

The effect that increased LMA, shown to resuh from growth in elevated [CO2], 

had on the net photosynthetic rate was tested using linear regression analysis. A 

significant negative relationship was noted between Agrowth and LMA in ambient [CO2] 

(Figure 1.7). However, only 15% of the variation in Agrowth could be explained by 

variation in LMA. There was no significant relationship between Agrowth and LMA in 

elevated [CO2]. 

Leaf biochemistry 

There was no CO2 treatment effect on nitrogen content when expressed on a leaf-

area {NA, g m'̂ ) basis (Table l.I). Elevated [CO2] significantly affected leaf nitrogen 

concentrations when expressed on a dry-mass {NM, mg g"') and leaf-volume {Nv, 

mg cm'̂ ) basis (Table 1.1). The relative reduction in NM due to elevated [CO2] ranged 
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from4%to21%. Sampling date significantly affectedA^ ,̂A/A^andi\̂ K(Table I.l). FoUar 

nitrogen was generally highest in 1999 and lowest in 2000 (Figure 1.8). 

Linear regression analysis of the relationship of A^ to Agrowth and Amax (Figure 1.9) 

and Vcmax and Jmax (Figure 1.10) over the three-year period yielded no significant resuhs 

(P>0.05). That is, there were no significant linear relationships present in the regressions 

of NA on the measured and modeled photosynthetic parameters (n=50). Vcmax and Jmax per 

unit of leaf nitrogen were also calculated, but there were no CO2 treatment effects on 

either of these ratios (P>0.05; data not shown). 

Foliar total chlorophyll concentrations were significantly decreased by growth in 

enriched [CO2] when expressed on a mass {CMM), but not area {CHIA) basis (Table 1.1, 

Figure 1.1). CMM "was also significantiy affected by sample date (Table 1.1). The 

relative decline in CMM due to elevated [CO2] ranged from 2% to 25%, with the greatest 

reduction occurring in mid-season (Figure 1.11). CMM did not vary annually. The 

investment of plant nitrogen in chlorophyll was examined by calculating the ratio of CMM 

per unit NM- Elevated [CO2] had no effect on this ratio, but there was a significant effect 

of sampling date (Table 1.1). 

Linear regression analysis was used to examine the relationship of Jmax to CMA. 

This regression was found to be significant (P=0.008) in ambient [CO2], but not elevated 

[CO2] (P>0.05) (Figure 1.12). 

Mass-based sugar, starch and TNC concentrations of sweetgum leaves were 

significantly increased in elevated [CO2] (Table 1.1, Figure 1.1). Sugar was increased an 

average of 2% and starch 16% over the three-year period of the study. The relative 
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change in sugar ranged from -26.5% to 23.7%, while the relative change in starch ranged 

from -10.7% to 89.8% (Figure 1.13a & b). The greatest CO2 effects occurred in mid-

season (Figure 1.13). The significant interactions of [CO2]*Sample Date (Table 1) can be 

attributed primarily to ambient-C02 grown leaves having higher sugar, starch and TNC 

concentrations than elevated-C02 grown leaves in August 1999. 

Discussion 

Leaf-level net photosynthetic rates {Agrowth) in the upper canopy of sweetgum trees 

varied seasonally, but were consistently higher in elevated [CO2] compared with ambient 

[CO2] throughout the three seasons of this study. Seasonal average photosynthetic 

enhancement with growth in elevated [CO2] ranged from 44%> to 54%». These values 

were similar to or slightly lower than the levels of enhancement reported for other 

deciduous tree species exposed to elevated [CO2] higher than those used in this 

experiment (Ceulemans and Mousseau, 1994; Saxe et al., 1998; Norby et al., 1999). 

Herrick and Thomas (2001) report that the sun leaves of sweetgum trees grown in 

elevated [CO2] had net photosynthetic rates that were stimulated an average of 63%» over 

the course of their three-year study at the Duke Forest FACE experiment. In the present 

study, the effects of elevated [CO2] on Agrowth did not decrease with time. This is 

consistent with the observations of Medlyn et al. (1999), that in experiments with mature 

trees, the effects of elevated [CO2] on photosynthesis did not change with multi-year 

exposure periods, whereas, in experiments using rapidly grov̂ dng young trees, 

photosynthetic enhancement sometimes decreased in the later years of the experiments 
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due to onset of feedback effects such as reallocation of leaf nitrogen, reduction in leaf 

nitrogen concentration or a reduction in photosynthetic nitrogen-use efficiency. 

The resuhs of this sttidy show no C02-treatment effect on CO2- and light-

saturated photosynthetic rate {Amax). Physiological down-regulation, therefore, was not in 

evidence in the overstory sweetgum trees at the ORNL FACE facility, which is similar to 

the conclusions of Herrick and Thomas (2001) for the understory sweetgum in the Duke 

FACE experiment. However, Amax was often 10% to 15% lower in leaves grown in 

elevated [CO2], which is of the magnitude reported previously for photosynthesis 

measured at a common ambient [CO2] (Gunderson and Wullschleger, 1994; Medlyn et 

al, 1999. 

In addition to decreased Amax, the presence of decreases in the rates of rubisco 

carboxylation capacity {Vcmax) and RuBP regeneration {Jmax) may be indicative of 

photosynthetic down-regulation. Analysis of more than 350 A-Ci curves collected in this 

experiment resuhed in the calculation of overall means (± SEM) for the Vcmax of leaves 

grown in ambient and elevated [CO2] of 72.6 ± 6.3 nmol m"̂  s"' and 68.9 ± 5.0 nmol m"̂  

s"', respectively. Both of these values are similar to a previously reported value for 

sweetgum, 61 ^mol m"̂  s"' (Fetcher et al., 1988). Mean J„ax values, 145.9 ± 10.1 nmol 

m'̂  s"' (ambient) and 131.6 ± 9.6 \imol m"̂  s"' (elevated), were also similar to Fetcher et 

al.'s estimated Jmax value, 132 \imol m"̂  s"' The Vcmax and Jmax estimates are also similar 

to the values reported for sweetgum in the Duke Forest FACE experiment (Herrick and 

Thomas, 2001). Although there were no significant CO2 effects on either parameter, 

seasonal trends were apparent for each, especially when focusing on the collection of data 

15 

file:///imol
file:///imol


throughout the entire 1999 season. The greatest differences in mean estimates of Vcmax 

and Jmax in 1999 occurred in July, when both parameters were 20% and 17% lower, 

respectively, in leaves grown in elevated [CO2]. All other differences throughout the 

season were less than 10%) and were sometimes reversed. 

Within plant photosynthetic tissue, resources are partitioned between light-

harvesting and non-harvesting components. In elevated [CO2] the efficiency of CO2 

fixation by rubisco is increased (Sharkey, 1988; Long, 1991). Therefore resources may 

be re-allocated until a balance is achieved between the activity of rubisco and the 

regeneration of RuBP, via light harvesting and electron-transport components (i.e., 

chlorophyll) (Sage et al., 1989; Bowes, 1991; Xu et al., 1994; Wolfe et al., 1998; Medlyn 

et al., 1999). The strong linear relationship exhibhed between Jmax and Vcmax provide 

evidence of this relationship. Changes in the ratio of Jmax to Vcmax are indicative of 

changes in resource allocation. In this experiment, Jmax: Vcmax remained relatively 

uniform for the two CO2 treatments, which suggests that in sweetgum leaves Vcmax and 

Jmax were equally affected by elevated [CO2], and the relationship between the two 

parameters was unchanged in both CO2 treatments. The deviations in September 1998, 

May 1999 and July 2000, were attributable to leaves grown in elevated [CO2] having 

enhanced rates of rubisco carboxylation. 

The photosynthetic response of sweetgum trees to elevated [CO2] varied through 

the growing season, as has been shov^ for many other trees (El Kohen and Mousseau, 

1994; Curtis et al, 1995; Epron et al., 1996; Lewis et al., 1996; Tissue et al., 1997; Rey 

and Jarvis, 1998; Tissue et al, 1999). In deciduous tree species, this seasonal variation in 
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photosynthetic response may be linked to seasonal variations in sink capacity. Epron et 

al. (1996) noted that tree species, such as Fagus sylvatica, which continue to produce 

new sinks beyond the first flush of leaves in the spring in response to increased 

carbohydrate availability, do not show the decreased early-season photosynthetic capacity 

observed in species with determinate growth, such as Quercuspetraea (Epron et al., 

1994). However, when aboveground growth slows dramatically, thus limiting sink 

capacity, trees grown in both ambient and elevated [CO2] show a late-season decline in 

photosynthesis (Epron et al., 1996). In Liquidambar styraciflua, which exhibits 

indeterminate growth (Kuers and Steinbeck, 1998), general bud set marks a major dechne 

in leaf production and branch extension. Bud set was noted in this experiment to occur 

around July 20, which is also the time of year when peak leaf area index was noted. 

Thus, the marked decline in above-ground sink capacity of these trees was accompanied 

by a decrease in Amax in the second half of the growing season, which was more 

pronounced in leaves grown in elevated [CO2] as compared to those grown in ambient 

[CO2]. The monthly data collected in 1999 for Amax, Vcmax and Jmax illustrate this 

enhanced decrease in photosynthetic capacity in elevated [CO2] at the time of bud set, 

and hence decreased sink capacity, in July. 

Photosynthetic nitrogen-use efficiency increased with growth in elevated [CO2]. 

Centritto and Jarvis (1999) noted a similar increase in carbon assimilation per unit of leaf 

nitrogen, along with a reduction in Vcmax per unit leaf nitrogen in elevated [CO2]. 

However, in this study there were no CO2 effects on Vcmax or Jmax expressed on a leaf 

nitrogen basis. Several sttidies (Evans, 1989; Sage et al, 1990; McMurtrie et al., 1992; 
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Leuning et al., 1995; Kellomaki and Wang, 1997) have shown significant correlations of 

Vcmax and Jmax with leaf TV̂ . These relationships were said to be suggestive of reallocation 

of nitrogen within the trees associated whh improved nitrogen-use efficiency (Kellomaki 

and Wang, 1997). However, no such correlation was found in this study. In addition, the 

40% reduction in the correlation coefficient whh growth in elevated [CO2] noted for the 

relationship between Jmax and Vcmax provides evidence of decreased nitrogen reallocation. 

Long-term exposure to elevated [CO2] can affect leaf characteristics and 

biochemistry. Growth in elevated [CO2] commonly resuhs in an increase in LMA 

(Mousseau and Saugier, 1992). Other anatomical and morphological responses to CO2 

enrichment include increases in leaf area and leaf thickness (Thomas and Harvey, 1983; 

Bowes, 1991). In this experiment, LMA was significantly higher in leaves grown in 

elevated [CO2]. Leaf volume (cm'), which is the product of leaf area and thickness, was 

also consistently higher with CO2 enhancement (data not shown). Leaf density (g/cm^) 

was consistently greater with growth in elevated [CO2] in all measurement periods except 

September 2000, when the 20% greater leaf thickness in the elevated-C02 ti-eatment 

resuhed in reduced leaf density in elevated [CO2]. In general, late-season increases in 

leaf density occurred when lower leaf volumes were associated with increases in TNC 

concentrations. 

The enhanced LMA that was noted with growth in elevated [CO2] could produce 

a secondary effect of increasing ̂ ĝ wr/. due to the presence of additional photosynthetic 

tissue. However, linear regression analysis revealed that in elevated [CO2] there was no 

significant relationship between Agrowth and LMA. 
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Changes in leaf biochemistry were also noted with growth in a C02-enriched 

environment. NM was generally lower in leaves grown in elevated [CO2] in all sample 

periods. The average decrease in NM over the ten sample periods was 10%), compared to 

the 15%) reduction reported by Medlyn et al. (1999) for 12 woody species exposed to 

higher [CO2] than was used m this experiment. There was no significant CO2 effect on 

NA- These resuhs are in agreement whh many studies that have shown significant 

reductions in NM, but not NA, because of reciprocal changes in NM and LMA (Luo et al., 

1994; Curtis, 1996; Rogers et al, 1996; Curtis and Wang, 1998; Medlyn et al, 1999; 

Norby et al., 1999; Curtis et al, 2000). There was also a significant reduction in leaf iV^ 

with growth in elevated [CO2] when the spatial measure was extended to a three-

dimensional basis. 

The chlorophyll content of the leaves showed the same patterns as nitrogen. 

Chlorophyll content was significantly affected by growth in elevated [CO2] when 

expressed on a mass, but not on an area basis. However, CMM was often slightiy lower m 

those leaves grown in elevated [CO2], as was CMA (data not shown), but not as 

consistently. Lower chlorophyll content has been reported as a long-term response to 

growth in elevated [CO2] (Eamus et al., 1995; Van Oosten and Besford, 1996; Saxe et al., 

1998). Chlorophyll per unit nitrogen content of leaves decreased in both CO2 treatments 

over the course of the growing season (data not shown) indicating a seasonal trend, but 

no treatment differences existed in nitrogen investment in the machinery of 

photosynthetic light reactions (Epron et al, 1996). 

19 



As in many previous studies, sweetgum growth in elevated [CO2] resuhed in 

enhanced leaf TNC concentration (Xu et al., 1994; Van Oosten and Besford, 1996; Saxe 

et al., 1998; Stitt and Krapp, 1999; Curtis et al., 2000). Starch accumulation in leaves 

grown in elevated [CO2] was especially pronounced, with an average enhancement of 

20.4% ± 9.6. A seasonal trend was noted in elevated-C02 leaves where the greatest and 

most consistent enhancement of the accumulation of starch, and as a resuh TNC, 

occurred in July, in association whh the previously noted bud set. In a more general 

sense, foliar starch and TNC concentrations tended to inversely follow seasonal changes 

in plant sink strength. 

Sample date significantly affected every major parameter examined in this study. 

These treatment effects were attributable to variation both within and between seasons. 

An associated study was conducted at the ORNL FACE facility during the same period as 

this experiment that examined the light-saturated photosynthetic and stomatal responses 

to elevated [CO2], and the impact of environmental stresses on these responses 

(Gunderson et al., 2002). The resuhs of that study showed a sustained mean 

photosynthetic enhancement of 46% with CO2 enrichment that was accompanied by a 

24%) reduction in stomatal conductance. Gunderson et al. (2002) also found that a 

reduction in gas exchange was associated with the drought condhions present at the 

ORNL FACE site in July, August and September 1998 and 1999. Vapor pressure defich 

was found to be the most significant environmental variable influencing photosynthesis 

and stomatal conductance, followed by soil water potential, and finally leaf temperattire. 
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The resuhs of this experiment also show that there was no significant down-

regulation of photosynthesis in Liquidambar styraciflua. While a positive response of 

leaf-level net photosynthesis with growth in elevated [CO2] and increased photosynthetic 

nitrogen-use efficiency were found, there were no CO2 treatment effects on^„ax, Vcmax or 

Jmax. There were also no CO2 treatment effects on the expression of the best-fit estimates 

of Vcmax and Jmax pcr uuit leaf nitrogen, or Jmax per unit leaf chlorophyll concentration, 

which can be indicative of the physiological changes taking place within the leaves whh 

growth in elevated [CO2]. 

Liquidambar styraciflua studied in the Duke Forest FACE experiment yielded 

similar photosynthetic responses to growth in elevated [CO2]. These trees experienced a 

63% enhancement of light-saturated net photosynthesis when averaged over the first 

three years of facility operation (Herrick and Thomas, 2001). There was no evidence of 

photosynthetic down-regulation during that period. However, these results were not 

consistent across all species sampled at the Duke research faciUty. During the first year 

of the Brookhaven/Duke FACE experiment, photosynthesis of the canopy loblolly pine 

{Firms taeda L.) trees was enhanced by up to 52%) late in the season (Myers et al., 1999). 

It had been previously shown that loblolly pine growing in an adjacent FACE system in 

the Duke Forest displayed both photosynthetic enhancement (32%) and down-regulation 

(15-20%) following three years of exposure to elevated [CO2] (Ellsworth et al., 1998). 

Other studies have reported finding down-regulation in Pirms taeda (Lewis et al. 

1996; Tissue et al, 1996, 1997). Additional species of pine have also exhibited 
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photosynthetic down-regulation with long-term growth in elevated [CO2] including P. 

ponderosa and P. radiata in second-year needles (Tissue et al., 1999, 2001). 

A possible explanation for the differing responses of sweetgum and the various 

pine species to long-term exposure to elevated [CO2] involves the differences in the 

phenology of deciduous versus evergreen trees. Evergreen gymnosperms are typically 

characterized by their maintenance of photosynthesizing green leaves (i.e., needles) 

throughout the entire year. Evergreen leaves generally have lower rates of light-saturated 

photosynthesis and experience seasonal changes in photosynthetic capacity more 

gradually than do leaves of deciduous species. In rapidly growing deciduous 

angiosperms, such as sweetgum, the rate of photosynthesis typically accelerates rapidly 

in the spring as trees refoliate, remains high during the summer, and declines rapidly in 

late summer as leaves senesce before abscising (Kozlowski and Palardy, 1997). As a 

consequence, deciduous trees accomplish all of their growth prior to the dormant season, 

while evergreens are capable of continuing to accumulate dry matter during this period. 

These differences in phenology resuh in significant differences in the overall source-sink 

relations of trees, which makes the down-regulation of fast-growdng deciduous species 

such as sweetgum far less likely. 
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Table 1.1. ANOVA results for leaf photosynthetic and biochemical parameters. 
Mature upper-canopy leaves of Liquidambar styraciflua grown in ambient (-364 nmol 
mol') and elevated (-553 jimol mol"') CO2 were sampled in July and September 
1998, montiily from May through September 1999, and in May, July and September 
2000. Agrowth is the net photosynthetic rate. Amax is the CO2- and light-saturated rate of 
photosynthesis. Vcmax is the maximum rubisco carboxylation rate. Jmax is the rate of 
ribulose bisphosphate regeneration. Photosynthetic nifi-ogen-use efficiency (PNUE) is 
carbon assimilation per unit nitt-ogen. LMA is leaf mass per unit area. NA is leaf 
nifrogen per unit leaf area. NM is leaf nifrogen per unit leaf mass. Nv is leaf nitrogen 
per unit leaf volume. C/z(4 is leaf chlorophyll per unit leaf area. CMM is leaf 
chlorophyll per unit leaf mass. TNC is total nonstmctural carbohydrates. Significance 
of treatment effect, as indicated by the P-value, is reported for CO2 concentration, 
sample date, and the interaction between CO2 treatment and date of sample collection 
([CO2] * Sample Date). 

Parameter 

Agiowth(pnolni"^s') 

Amax (Mmol m"̂  s"') 

Vcmax (Mmol m"^ S"') 

Jmax(^molm' s"') 

^xwx^aDsx. 

PNUE(^molg"'Ns"') 

LMA(gm-^) 

Leaf Density (g cm"̂ ) 

NA(gm"^) 

NM(mgg"') 

Nv (mg cm') 

CHA (ng cm"̂ ) 

ChlM(mgg'') 

ChlM(nigg"')/NM(mgg"') 

Sugar (mgg"') 

Starch (mgg'') 

TNC (mgg"') 

[CO2] 

<0.0001 

0.2139 

0.3457 

0.0723 

0.1702 

<0.0001 

0.0002 

0.5449 

0.2576 

<0.0001 

0.0463 

0.4813 

0.0291 

0.8970 

0.0217 

0.0008 

0.0002 

Sample Date 

<0.0001 

0.0001 

<0.0001 

0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

0.0084 

<0.0001 

<0.0001 

0.0675 

0.0004 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

[CO2]* Sample Date 

0.9397 

0.7585 

0.6976 

0.8920 

0.7519 

0.4657 

0.9052 

0.1443 

0.7560 

0.5545 

0.6167 

0.2674 

0.6827 

0.7370 

0.0052 

0.0001 

0.0004 
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Figure 1.1. Percent change of various parameters measured in mature upper-canopy 
leaves of Liquidambar styraciflua exposed to ambient (-364 ^mol mol") or elevated 
(-553 fimol mol"') CO2. Values were calculated as ([Elevated CO2 - Ambient 
CO2]/Ambient CO2 "* 100), with ring means serving as tiie experimental unit in each of 
10 sampling periods (n=30 ambient [CO2]; n=20 elevated [CO2]) measured over the 
course of the project. Agrowth is tiie net photosynthetic rate. Amax is the CO2- and light-
saturated rate of photosynthesis. Vcmax is the maximum mbisco carboxylation rate. Jmax 
is the rate of ribulose bisphosphate regeneration. Photosynthetic nitrogen-use efficiency 
(PNUE) is carbon assimilation per unit nitrogen. LMA is leaf mass per unit area. NA is 
leaf nifrogen per unit leaf area. NM is leaf nifrogen per unit leaf mass. Nvis leaf nitt-ogen 
per unit leaf volume. CMA is leaf chlorophyll per unit leaf area. CMM is leaf chlorophyll 
per unit leaf mass. TNC is total nonstmcttiral carbohydrates. The presence of asterisks 
denotes a significant CO2 freattnent effect m the overall [CO2] * Sampling Date ANOVA. 
Those values that are designated with a * exhibit a statistical difference at P<0.05, ** a 
statistical difference at P<0.01, and *** a statistical difference at P<0.001. 
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Figure 1.2. Photosynthetic response of mature upper-canopy leaves of Liquidambar 
styraciflua exposed to ambient (-364 nmol mol") and elevated (-553 ^mol mol"') CO2. 
A-Ci curves were collected between May and September in 1998,1999, and 2000 using 
a LiCor 6400 photosynthesis system. Photosynthesis at (a) growth [CO2] (Agrowth) and 
(b) CO2 and light saturation {Amax) were determined using these A-Ci curves. Values are 
presented as means ± SEM. For each sampling period, n=3 ambient [CO2], n=2 
elevated [CO2]. 
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Figure 1.3. Response of modeled photosynthetic parameters of mature upper-canopy leaves 
of Liquidambar styraciflua exposed to ambient (-364 ^mol mol"") or elevated (-553 |imol 
mol"') CO2. A-C, curves were analyzed using a C3 model of photosynthetic biochemistry to 
determine (a) Vcmax, the maximum carboxylation rate of Rubisco, and (b) Jmax, the RuBP 
regeneration capacity mediated by electron transport rate, (c) The ratio of JmJVcmax was 
also calculated. Values are presented as means ± SEM. For each sampling period, n=3 
ambient [CO2], n=2 elevated [CO2]. 
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Figure 1.3. Continued, (c) Ratio of JmaJVcmax-
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Figure 1.4. Linear relationship between the maximum rate of electron transport (Jmax) 
and the maximum rate of carboxylation (Vcmax) of mature upper-canopy leaves of 
Liquidambar styraciflua. Vcmax and Jmax were derived as best-fit estimates from 
individual A-Ci curves. Both regressions, which were shown to have similar slopes and 
intercepts, were statistically significant (P<0.01, n=30 ambient [CO2]; P<0.0001, n=20 
elevated [CO2]). 
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Figure 1.5. Response of photosynthetic nifrogen-use efficiency (PNUE) of mature 
upper-canopy leaves of Liquidambar styraciflua exposed to ambient (-364 nmol mol") 
or elevated (-553 ^mol mol'') CO2. PNUE was calculated as the rate of photosynthesis 
at growth CO2 {Agrowth) per unit leaf nifrogen concenttation {NA). Values are presented 
as means ± SEM. For each sampling period, n=3 ambient [CO2], n=2 elevated [CO2]. 
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Figure 1.6. Response of growth characteristics of mature upper-canopy leaves of 
Liquidambar styraciflua exposed to ambient (-364 ^mol mol"') or elevated (-553 ^mol 
mol"') CO2. Growth characteristics were determined for the leaves harvested following the 
collection of A-Cj curves, (a) Leaf mass per unit leaf area (LMA) measurements were 
collected in all ten sample periods, while (b) leaf density measurements were lunited to the 
latter half of the 1999 season and all of the 2000 season. Values are presented as means ± 
SEM. For each sampling period, n=3 ambient [CO2], n=2 elevated [CO2]. 
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Figure 1.7. Relationship between the rate of photosynthesis at growth [CO2] (Agrowth) 
and leaf mass per unit area (LMA) of mature upper-canopy leaves of Liquidambar 
styraciflua exposed to ambient (-364 nmol mol"') or elevated (-553 ^mol mol"') 
CO2. A significant {P=0.04) negative linear relationship resulted for leaves grown in 
ambient [CO2] (n=30). The linear regression for leaves grown in elevated [CO2] was 
not significant (P>0.05, n=20). 
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Figure 1.8. Response of foliar nittogen concenfi-ation of mature upper-canopy leaves of 
Liquidambar styraciflua exposed to ambient (-364 nmol mol"') or elevated (-553 nmol 
mol"') CO2. Biochemical analyses were performed follovsdng the harvest of the mattire 
upper-canopy leaves upon which photosynthesis measurements were taken. Leaf 
nitrogen results are reported (a) per unit leaf mass {NM) and (b) per unh leaf area {NA). 
Values are presented as means ± SEM. For each sampling period, n=3 ambient [CO2], 
n=2 elevated [CO2]. 
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Figure 1.9. Relationship between leaf photosynthesis and foliar nittogen concenttation in 
Liquidambar styraciflua exposed to ambient (-364 [amol mol"') or elevated (-553 îmol 
mol"') CO2. Linear regression analysis was performed between (a) the rate of 
photosynthesis at growth CO2 {Agrowth) and foliar nittogen concenttation expressed on an 
area basis (NA), and (b) the CO2- and light-saturated rate of photosyntiiesis (Amax) and NA. 
Ring means were the experimental unh in each of 10 sampling periods (n=30 ambient 
[CO2] and elevated [CO2]). None of the linear regressions yielded statistically significant 
results (P>0.05). 
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Figure 1.10. Relationship between modeled photosynthetic parameters and foliar ^ 
nittogen concenttation in Liquidambar styraciflua exposed to ambient (-364 nmol mol") 
or elevated (-553 ^mol mol"') CO2. Linear regression analysis was performed between 
best-fit esthnates of (a) tiie maximum rate of carboxylation {Vcmax) and foliar nittogen 
concenttation expressed on an area basis (A^̂ ), and (b) the maximum rate of RuBP 
regeneration (Jmax) and A .̂ Ring means were the experimental unit in each of 10 
sampling periods (n=30 ambient [CO2] and elevated [CO2]). None of the linear 
regressions yielded statistically significant resuhs {P>0.05). 
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Figure 1.11. Response of foliar chlorophyll concenttation of mature upper-canopy 
leaves of Liquidambar styraciflua exposed to ambient (-364 îmol mol" ) or elevated 
(-553 nmol mol"') CO2. Biochemical analyses were performed following the harvest of 
the mature upper-canopy leaves upon which photosynthesis measurements were taken. 
Leaf chlorophyll results are reported (a) per unit leaf mass {CMM). Values are presented 
as means ± SEM. For each sampling period, n=3 ambient [CO2], n=2 elevated [CO2]. 
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Figure 1.12. Relationship of the best-fit estunate of the maximum rate of RuBP 
regeneration (J^or) and the total chlorophyll concenttation expressed per unit leaf area 
{CMA) of mature upper-canopy leaves in Liquidambar styraciflua exposed to ambient 
(-364 nmol mol"') or elevated (-553 nmol mol"') CO2. This relationship was found to be 
statistically significant in ambient [CO2] (/'<0.01, n=30), but not elevated [CO2] (P>0.05, 
n=20). 
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Figure 1.13. Response of foliar carbohydrate content of mature upper-canopy leaves of 
Liquidambar styraciflua exposed to ambient (-364 [imol mol"') or elevated (-553 nmol 
mol"') CO2. Foliar (a) sugar (b) starch and, (c) total non-structural carbohydrate (TNC) 
content was determined for leaves harvested following the collection of A-Ci curves. 
Values are presented as means ± SEM. For each sampling period, n=3 ambient [CO2], 
n=2 elevated [CO2]. 
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Figure 1.13. Continued, (c) Total nonstructural carbohydrate (TNC) content. 
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CHAPTER n 

EFFECTS OF LEAF AGE AND CANOPY POSITION 

ON PHOTOSYNTHETIC RESPONSE 

OF FIELD-GROWN SWEETGUM 

TO CO2 ENRICHMENT 

Summary 

Grov̂ 1:h in elevated [CO2] has been shown to mcrease the Ught-saturated net 

photosynthetic rate of mature leaves sampled in the upper canopy of sweetgum trees 

growing in the Oak Ridge National Laboratory (ORNL) Free-Air CO2 Enrichment 

(FACE) facility (Chapter I). However, a complete profile of canopy foliage also includes 

young leaves and leaves sampled fi-om lower within the tree crown. Because they 

function as physiological sinks, young leaves have the potential to be affected by growth 

in elevated [CO2] differently than mature leaves. Leaves growing lower in a tree canopy, 

which are generally exposed to reduced uradiance levels, may exhibh a greater 

enhancement of net photosynthesis due to an increase in apparent quantum yield and a 

decrease in light compensation point, which resuhs fi-om the inhibhion of 

photorespu-ation by elevated [CO2]. The effects of elevated [CO2] on young upper-

canopy leaves and mature leaves of Liquidambar styraciflua L. growing in upper- and 

middle-canopy positions were investigated through comparison of gas-exchange and 

associated leaf biochemistry data collected in the early and middle portions of the 1999 

and 2000 field seasons at the ORNL FACE facility. The net photosynthetic rate of leaves 
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exposed to elevated (-555 nmol mol"') [CO2] was enhanced by 76% in young and mature 

leaves growing in the upper canopy, and 48% in mature leaves collected m the upper and 

middle canopies. Whhin each leaf-age and canopy-poshion class, growth in elevated 

[CO2] enhanced net photosynthesis {Agrowth) by 123% in young leaves and 37% in mature 

leaves, and by 45% and 52%) in mature upper- and middle-canopy leaves, respectively. 

There were no CO2 effects on photosynthetic capachy, as measured by CO2- and light-

saturated photosynthetic rate {Amax), rubisco carboxylation {Vcmax) and electron transport 

capacities {Jmax). Leaf nitrogen content, when measured on a unit leaf mass basis {NM), 

was decreased by approximately 10%) with growth in a C02-enriched atmosphere. A lack 

of a CO2 effect on leaf nitrogen per unit area {NA), in combination whh the noted CO2 

photosynthetic enhancement, led to mcreases in the photosynthetic nitrogen-use 

efficiency (PNUE) of 136% and 49%» within young and mature leaves, respectively. 

Mature upper- and middle-canopy leaves demonstrated a 33% increase in PNUE with 

growth in elevated [CO2]. There were no CO2 effects on the foliar carbohydrates of 

young and mature leaves, but mature middle-canopy leaves contained 25%) more starch 

when grown in elevated [CO2]. These resuhs provide evidence that leaves sampled 

throughout the sweetgum canopy exhibh enhanced photosynthesis in a C02-enriched 

atmosphere, and that the indeterminate growth exhibhed by this tree species provides 

sufficient sink strength in May through July so that photosynthetic capacity is not 

downregulated. 
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Introduction 

Leaf-level net photosynthetic rates {Agrowth) of deciduous tree species were 

increased with growth in C02-enriched atmospheres. In Chapter I, a seasonal average 

photosynthetic enhancement in sweetgum {Liquidambar styraciflua L.) was demonstrated 

whh growth in elevated [CO2] that ranged fi-om 44% to 54%, which is similar to the 

levels of enhancement previously reported for similar species (Ceulemans and Mousseau, 

1994; Saxe et al., 1998; Norby et al., 1999). However, the data analyzed m Chapter I 

were collected using only mature, upper-canopy leaves. 

A complete profile of the photosynthetic response of a sweetgum canopy to 

growth in elevated [CO2] should mclude the response of all types of leaves found on any 

given tree. Sweetgum is a deciduous tree species that exhibits indeterminate growth with 

a conical crovra prior to tree maturity at approximately thirty years of age (Smith, 1967). 

These trees produce short and long shoots and have leaves of two forms. Short shoots, 

which are named because of a lack of intemode expansion, are primarily located in the 

interior and lower portions of the crown (i.e., the shaded portion of the tree). Long 

shoots, which continue to produce foliage after all preformed leaves have expanded, are 

found in the upper and outer sections of a ttee crown. Leaves that are produced fi-om 

overwintering buds are called preformed leaves. These leaves, which are produced on 

both long and short shoots, are described as having a distinct five-lobed, star-shaped 

appearance. Leaves that are formed after the expansion of the preformed leaves on long 

shoots (only) are termed neoformed leaves. Neoformed leaves have a more deeply lobed 

appearance, with the middle lobe becoming most prominent at maturity (Brown and 

49 



Sommer, 1992; Kuers and Steinbeck, 1998a). As a resuh of the sweetgum's 

indeterminate, monopodial growth form and leaf dimorphism, most of the leaves 

produced in late spring and early summer are deeply lobed, and are located in the outer 

portions of the upper branches of the crown. Therefore, in reference to sweetgum, -

neoformed leaves are sometimes called "sun leaves," while preformed leaves are 

sometimes termed "shade leaves," although they expand in full sun (Hariey et al., 1996; 

Herrick and Thomas, 1999). In this chapter, the effects of grov^h in elevated [CO2] are 

examined using young and mature upper-canopy sun leaves, as well as mature shade and 

sun leaves located in the middle- and upper-portions of the canopy, respectively. 

Lobe depth is not the only structural difference that generally exists between 

neoformed and preformed leaves. Leaves that grow on the outer portions of a tree crovm 

are, in general, smaller and thicker than those leaves growing in interior regions of the 

canopy. In sweetgum, leaves average two or three palisade parenchyma layers when 

grown in flill sun, but have only one palisade layer when grown in the shade. The 

previously noted differences in lobe depth result in sun-grown, neoformed leaves with 

smaller interveinal areas that are believed to aid in drought resistance (Smith, 1967; 

Kozlowski and Pallardy, 1997). 

The structural differences in leaves that are associated whh canopy poshion are 

associated whh physiological differences in the two leaf types. Upper-canopy leaves 

generally have higher rates of photosynthesis and become saturated at higher light 

intenshies than those leaves growing lower in the canopy. In addition, stomatal 
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conductance and photosynthetic capachy decrease whh growth at increasing crown 

depths (Kozlowski and Pallardy, 1997). 

Leaf-level photosynthetic responses to elevated [CO2] may be affected by leaf 

poshion within the tree canopy. Pinus radiata needles growing in the upper canopy 

exhibhed a greater relative enhancement (94% versus 66%) in net photosynthesis due to 

elevated-C02 exposure than did needles in the lower canopy, but needles in the lower 

canopy exhibhed an 11% increase in photosynthetic capachy (Tissue et al., 2001). The 

response of one-year-old Populus tremuloides to CO2 enrichment included greater 

photosynthetic enhancement in the lower three-quarters to one-half of the crown 

(Kubiske et al., 1997). Growth in elevated [CO2] and a shaded environment decreased 

the light compensation point and increased the apparent quantum yield of Quercus alba 

L. and Acer rubrum L. seedlings (Kubiske and Preghzer, 1996). Such C02-induced 

physiological responses are primarily attributed to reductions in photoresphation with 

increases in atmospheric [CO2] (Long and Drake, 1991). 

Comparisons of photosynthetic responses to elevated [CO2] at different canopy 

poshions have also been made using sweetgum trees in the Duke and Oak Ridge National 

Laboratory (ORNL) Free-Air CO2 Enrichment (FACE) experiments. Analysis of light 

response curves collected during the fu-st year of CO2 enrichment at the Duke FACE 

experiment revealed a 27% and 32% increase in apparent quantum yield in sun and shade 

leaves, respectively (Herrick and Thomas, 1999). Light-saturated net photosynthesis was 

stimulated by 63% in sun leaves and by 48% in shade leaves when averaged over the first 

three years of the Duke FACE experiment (Herrick and Thomas, 2001). In the ORNL 
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FACE experiment, both sun and shade leaves exhibhed an average 46%) increase in 

carbon assimilation (Gunderson et al., 2002). 

In comparing leaves of different developmental stages, one of the most basic 

physiological differences between mature and young leaves is then- designation as plant 

sources and sinks, respectively. In species whh indeterminate growth, including 

sweetgum, a young leaf growing near a shoot apex utilizes aU of the photosynthate h 

produces for hs ovra growth, in addhion to importing carbohydrates from an exporting 

leaf growing below it. The leaf eventually becomes a net exporter of carbohydrates to 

younger leaves growing above with continued expansion and maturity (Kozlowski, 

1992). 

Assimilation rates also typically change as leaves develop. Photosynthetic 

capacity increases as leaves develop, with maximum rates achieved at or near the time of 

full expansion, followed by a decline in mature leaves prior to senescence (Kozlowski 

and Pallardy, 1997). Elevated [CO2] can differentially affect assimilation rates as leaves 

develop. For example, tomato {Lycopersicon esculentum) leaves demonstrated an initial 

increase in the light-saturated photosynthetic rate during eariy expansion with growth in 

elevated [CO2] that was followed by an ontogenetic decline in assimilation throughout 

the remainder of leaf expansion (Van Oosten and Besford, 1996). Similar resuhs were 

also obtained whh tobacco {Nicotiana tabacum L.) (Miller et al., 1997). A significant 

interaction was noted between CO2 enrichment and leaf development stage in the 

assimilation rates of Populus deltoides saplings. The photosynthetic rates of expanding 

leaves of P. deltoides saphngs grown m elevated [CO2] were mcreased by 18%), while 
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fiilly expanded leaves had photosynthetic rates that were 21% lower in elevated [CO2] 

than in ambient [CO2] (Wait et al, 1999). 

The objective of this study was to determine whether the physiological 

differences that exist between young and mature upper-canopy leaves, and mature 

middle- and upper-canopy leaves would resuh in differential responses to grov^h in 

elevated [CO2]. I hypothesized that while sink limitations have the potential to limh the 

photosynthetic capacity of mature, fiilly expanded leaves, no such decrease in 

photosynthetic capachy would exist in young upper-canopy leaves grown in elevated 

[CO2]. In addition, young leaves have lower net photosynthetic rates, therefore, a greater 

relative enhancement in photosynthesis would be observed in young leaves. Mature 

leaves would exhibh a greater absolute enhancement of photosynthesis in those instances 

where capacity was not impaired, especially early in the season when sink limitation was 

unlikely. I hypothesized that mature upper-canopy leaves would experience a greater 

absolute enhancement of photosynthesis whh CO2 enrichment than mature middle-

canopy leaves because of the increased photosynthetic capacity of leaves growing in the 

sun. However, mature middle-canopy leaves would experience a greater relative 

photosynthetic enhancement when grown in elevated [CO2], because of the lower net 

assimilation rates that occur in shaded envhonments and an expected increase in apparent 

quantum yield of the middle-canopy leaves. In order to test these hypotheses, a 

comparison was made of gas-exchange measurements collected in young and mature 

upper-canopy sweetgum leaves in the early and middle portions of the second growing 

season of CO2 enrichment at the ORNL FACE facility. Comparisons were also made of 
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gas-exchange measurements taken in mattire middle-canopy shade and upper-canopy sun 

leaves during the early- and middle-portions of the thkd year of CO2 enrichment. 

Materials and Methods 

This experiment's gas-exchange measurements and biochemical samples were 

collected at the ORNL FACE facility, located in Oak Ridge, Tennessee (35°54' N, 84°20' 

W), as described in Chapter I. 

Young and mature leaves 

Comparisons of the photosynthetic responses of young and mature upper-canopy 

leaves were made during June and July 1999, the second season of CO2 enrichment. The 

mean [CO2] present in the ambient and elevated tteatments during that year were 365 and 

556 fxmol mol"', respectively. Young leaves were selected for measurement in the upper 

and outer portions of the sweetgum canopy. Leaves were designated as immature based 

on then- relative smaller size, light-green color, and more supple texture. The mean leaf 

areas of young leaves were 25.2 cm^ and 22.9 cm^ in June and July 1999, respectively. 

In addhion to being larger in size, mature leaves were deep green and leathery. The mean 

leaf areas of mature leaves in June and July 1999 were 116.6 cm^ and 105.4 cm ,̂ 

respectively. In June 1999, four young leaves per CO2 treatment ring were measured. 

The number of young leaves included in sampling was increased to six leaves per ring in 

July 1999. 
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Middle- and upper-canopy leaves 

The photosynthetic responses of mature middle-canopy and upper-canopy leaves 

were compared in May and July 2000, at which tune the mean [CO2] of the ambient and 

elevated treatments were 366 and 555 nmol mol"', respectively. Upper-canopy sampling 

was conducted at average heights of 14 to 15m, while middle-canopy samples were 

collected at average heights of 12 to 13m. 

Statistical analyses 

Treatment effects were calculated using the CO2 treatment ring means of gas-

exchange and leaf-property parameters for each sampling date. A three-way analysis of 

variance (ANOVA) on least squares estimates of tteatment means, using hnear models, 

was used to test for the main effects and interactions of CO2 treatment (d.f = 1), leafage 

(d.f = 1), and sampling date (d.f=1), or CO2 treatment (d.f=1), canopy position (d.f = 

1), and sampling date (d.f = 1) on all measured and modeled parameters. In addition, 

two-tailed t-tests were used to compare results within leaf age and canopy position 

classes in the elevated [CO2] (FACE) plots (n=2) with those in the non-treatment, 

ambient [CO2] (control) plots (n=3) at a=0.05 (SYSTAT, Version 8.0, SPSS Inc., 

Chicago, IL, USA, 1998). 
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Results 

Photosynthesis 

Sweetgum leaves grown in elevated [CO2] exhibhed significantly higher net 

photosynthetic rates {Agrowth) than leaves grown in ambient [CO2] m both the leaf-age 

(Table 2.1) and canopy-position sttadies (Table 2.2). While the amount of absolute 

change (elevated - ambient) in Agrowth of young leaves due to growth in elevated [CO2] 

was smaller than that seen in mature leaves, the relative change ([elevated - ambient] / 

ambient) in Agrowth of young leaves was more than three times as great as that seen in 

mature leaves (Table 2.3). Similarly, relative CO2 effects on Agrowth were also smaller m 

upper-canopy leaves than in middle-canopy leaves, while the amount of absolute change 

was greater in upper-canopy leaves (Table 2.4). There were no significant CO2 effects on 

the CO2- and Ught-saturated rate of photosynthesis {Amax) hi samples collected in the leaf

age (Table 2.1) or canopy-poshion studies (Table 2.2). 

Leafage and canopy poshion also significantly affected Agrowth and Amax- Yoimg 

leaves had 14% and 64%) lower Agrowth and Amax, respectively, than mature leaves (Table 

2.1). Both Agrowth and Amax were 25%) lower in leaves sampled in the middle canopy 

compared to the upper canopy (Table 2.2). In addition, sample date had a significant 

effect on Agrowth in the canopy-position data collected in 2000, when Agrowth was 14% 

higher in May compared to July (Table 2.2). 

There were no CO2 tteatment effects on the best-fit estimates of the light-

saturated rate of rubisco carboxylation {Vcmax) and the rate of ribulose bisphosphate 

(RuBP) regeneration via electron ttansport {Jmax), nor on the ratio of these two variables 
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in either the leaf-age (Table 2.1) or canopy-position sttidies (Table 2.2). However, leaf 

age and canopy poshion did significantiy affect the modeled estimates of these potential 

biochemical limhations to photosynthesis. Vcmax was 74% higher in mature leaves than in 

young leaves, while Jmax was 65% higher m mature leaves (Table 2.1). Comparisons of 

upper- and middle-canopy leaves showed significantly lower Vcmax and Jmax in leaves 

sampled in the middle canopy (Table 2.2). A significant interaction of canopy poshion 

and sample date was noted for Vcmax (Table 2.2). There was also a leaf-age effect on the 

ratio of Jmax to Vcmax (Table 2.1), which was 36%) lower in mature leaves than in young 

leaves. There were also significant interactions of leaf age and sample date (Table 2.1) 

and canopy poshion and sample date (Table 2.2) on the ratio of Jmax to Vcmax-

Leaves grown in elevated [CO2] had significantly higher photosynthetic nitrogen-

use efficiency (PNUE, AgrowthlN/i), which is carbon assimilation per unit leaf nitrogen, 

than leaves grovwi in ambient [CO2] in both the leaf-age (Table 2.1) and canopy-position 

studies (Table 2.2). PNUE was 63% and 50% higher in the leaves sampled in elevated 

[CO2] for the leaf-age (1999) and canopy-poshion (2000) studies, respectively. Both 

young and mature leaves exhibhed a CO2 effect on PNUE (Table 2.3). While the amount 

of absolute change in PNUE was 42% lower in young leaves than mature leaves, the 

relative change was 87% higher in young leaves. Growth in elevated [CO2] increased the 

PNUE of both upper- and middle-canopy leaves (Table 2.4). Both the absolute and 

relative change in PNUE whh growth in elevated [CO2] was slightly higher in the middle 

versus upper canopies. 
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PNUE was also significantly affected by leafage (Table 2.1), but not canopy 

poshion (Table 2.2). The PNUE of mattire leaves was 67% higher in mattire leaves than 

in young leaves (Table 2.1). In the leaves sampled for the canopy-poshion sttidy, the 

PNUE of leaves collected in May was 20% higher than in leaves harvested in July (Table 

2.2). 

Leaf biochemistry 

Leaf mass per unit leaf area (LMA) was not affected by growth in elevated [CO2] 

in samples collected in the leaf-age (Table 2.5) and canopy-poshion studies (Table 2.6). 

However, leafage and canopy position significantly affected LMA. LMA was 29% 

higher in mature leaves than in young leaves (Table 2.5). The LMA of middle-canopy 

leaves was 34% lower than that measured in the upper canopy (Table 2.6). 

There was a CO2 treatment effect on leaf nitrogen content when expressed per 

unit leaf mass {NM), but not per unit leaf area {NA) in leaves sampled for both the leaf-age 

(Table 2.5) and canopy-position studies (Table 2.6). Overall, NM was 10% and 7% lower 

in leaves grown in elevated [CO2], as quantified in the leaf-age and canopy-position 

studies, respectively. A comparison of CO2 treatment effects on the NM of young versus 

mature leaves (Table 2.7) and upper- versus middle-canopy leaves (Table 2.8) revealed a 

significant CO2 effect on mature upper-canopy leaves only. 

A leaf-age effect was noted for both NA and NM (Table 2.5). NA was 26% higher 

in mature leaves than in young leaves, but NM was 1% lower in mature leaves. 

Significant differences were also noted between NA and NM measured in upper- and 
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middle-canopy leaves (Table 2.6). Â^ was 28% higher m leaves sampled m the upper 

canopy, while Â ^ was 9% lower in upper-canopy leaves. Significant interactions of leaf 

age and sample date (Table 2.5), and canopy poshion and sample date (Table 2.6) were 

also noted for NM. 

There was a CO2 treatment effect on the total chlorophyll content of leaves grown 

in elevated [CO2] when expressed on both a leaf area {CMA) and leaf mass {CMM) basis m 

the leaf-age sttidy only (Tables 2.5). There was no CO2 effect on CMA or CMM in the 

canopy-position sttidy (Table 2.6). hi 1999, CMA and CMM were 11% and 14% lower in 

leaves grown in elevated [CO2], respectively. In examining CO2 effects on young and 

mature leaves separately, only the CMM of young leaves was significantiy reduced (-14%)) 

with growth in elevated [CO2] (Table 2.7). 

Both CMA and CMM were significantly affected by leafage (Table 2.5). Mature 

leaves contained 64% and 47% more CMA and CMM, respectively. Sample date also 

aflFectpd CMM m the leaf-age data set, where CMM was 12% higher in June than in July 

1999. There was also a significant interaction of leaf age and sample date for CMM 

(Table 2.5). CMM was also significantly affected by canopy poshion (Table 2.6), with 

leaves sampled in the middle canopy having 32% more CMM than leaves sampled in the 

upper canopy. Both CMA and CMM exhibited significant interactions of canopy position 

and sample date (Table 2.6). However, the interaction of [CO2], canopy poshion and 

sample date was not significant for either CMA or CMM. 

There was no CO2 treatment effect on the foliage content of sugar, starch or total 

nonstructural carbohydrates (TNC) in the leaf-age data collected in 1999 (Table 2.9). 
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There were also no significant CO2 effects on TNC when comparing young and mattire 

leaves dkectly (Table 2.10). Starch and TNC were significantly affected by [CO2] in the 

data collected for the canopy-poshion sttidy (Table 2.11). Growth in elevated [CO2] 

resuhed in 17%) and 10% higher starch and TNC contents, respectively. In examining 

CO2 treatment effects on TNC content within upper- and middle-canopy leaves 

separately, a significant CO2 effect was observed in the starch content of middle-canopy 

leaves, which exhibited a 25% increase with growth in elevated [CO2] (Table 2.12). 

There were no CO2 effects on sugar content in leaves of ehher poshion, whether 

sampling dates were combined or analyzed separately (data not shown). There was, 

however, a significant CO2 effect on upper-canopy leaves sampled in July only (data not 

shown). 

Leafage significantly affected leaf sugar and starch content (Table 2.9). While 

foliar sugar content was 13% higher in mature leaves, starch content was 65% lower in 

mature leaves than in young leaves. Leaf sugar content also exhibited a significant 

interaction of [CO2] and leafage. Young leaves grown in elevated [CO2] contained 11%» 

less sugar than young leaves grown in ambient [CO2], while mature leaves showed a 3% 

increase in sugar content with growth in elevated [CO2] (Table 2.10). 

Canopy-position effects were noted in the foliar sugar, starch and TNC contents 

(Table 2.11). Sugar content was 12% lower in upper-canopy leaves, while the foliar 

content of starch and TNC was 30% and 9% higher in leaves sampled in the upper versus 

middle canopies. 
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Leaf samples collected in July 1999 contained 8%, 45% and 24% more sugar, 

starch and TNC, respectively, than samples collected in June of that year (Table 2.9). 

The sugar and TNC contents of leaves collected in July 2000 were also higher (34% and 

14%, respectively) than leaves harvested in May 2000 (Table 2.11). Interactions between 

sample date and both leafage (Table 2.9) and canopy position (Table 2.11) were also 

noted. In addhion, a significant interaction was detected between [CO2], canopy poshion, 

and sample date for leaf starch content (Table 2.11). 

Discussion 

Growth in a C02-enriched atmosphere resuhed in increases in leaf-level net 

photosynthetic rates of both young and mature upper-canopy sweetgum foliage and of 

mature leaves sampled in the middle and upper sweetgum canopies. A 76% increase in 

Agrowth was noted for the young and mature leaves sampled in June and July 1999 in the 

upper canopy with growth in elevated [CO2]. This increase is greater than the three-

season average 63% enhancement of Agrowth noted m sweetgum sun leaves m the Duke 

FACE experiment (Herrick and Thomas, 2001). In addition, the seasonal average 

photosynthetic enhancement of mature leaves with growth in elevated [CO2] ranged from 

44% to 54% in the first three seasons of CO2 exposure at the ORNL FACE experiment 

(Chapter I). When examined separately, the Agrowth of both young and mature leaves was 

increased with growth in elevated [CO2]. While the net photosynthetic rate of mature 

upper-canopy leaves was increased by an average of 37% in June and July, that of young 

upper-canopy leaves was increased by 123%). The increased photosynthetic enhancement 
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of young leaves when grown in C02-enriched atmospheres has been demonstrated 

previously in both deciduous and evergreen tree species (Wah et al., 1999; Tissue et al., 

2001). 

There was no evidence of photosynthetic down-regulation in leaves of sweetgum 

sampled in this experiment, as evidenced by the lack of CO2 effects on ;̂;,̂ ,̂ Vcmax and 

Jmax. Similarly, in the first three years of exposure in the Duke FACE experiment, 

sweetgum trees exhibhed no photosynthetic down-regulation (Herrick and Thomas, 

2001). Although an age-dependent effect of [CO2] on photosynthesis was not 

demonstrated in this study, it has been shown that expanding leaves of potted one-year-

old Populus deltoides saplings failed to exhibh the physiological signs indicative of CO2-

induced down-regulation, while fiilly expanded sapling leaves had significantly lower 

carbon gain and rubisco content (Wah et al., 1999). Other age-dependent photosynthetic 

effects have also been noted. For instance, in response to growth in elevated CO2, 

current-year needles of Pinus radiata were shown to increase their photosynthetic 

capacity {Amax) by 10%), due to increased electron transport capachy, while one-year-old 

needles showed no response (Tissue et al., 2001). 

Given that nitrogen is an important component of leaf structural proteins as well 

as enzymes found in chloroplasts and mitochondria, an examination of foliar nitrogen 

content can provide information about the leaf-level physiological effects of growth in 

elevated [CO2]. Like the resuhs seen in our study of mature upper-canopy leaves only 

(Chapter I), growth in elevated [CO2] significantly reduced foliar NM but not NA. 
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Although there was no CO2 treatment effect on LMA in the leafage sttidy, m 

general LMA was greater in leaves grown in elevated [CO2]. Therefore, reciprocal 

changes were noted in Â ^ and LMA, which resuhed in significant changes m ÂÂ  but not 

Â ,̂ as has been previously reported (Luo et al., 1994; Curtis, 1996; Rogers et al., 1996; 

Curtis and Wang, 1998; Medlyn et al, 1999; Norby et al, 1999; Curtis et al., 2000). In 

addhion to having lower NM, these leaves also invested less in CMM. Therefore, although 

there was no CO2 effect on NA, the large increases in net photosynthetic rates observed m 

both young and mature leaves resuhed in significant increases in the photosynthetic 

nitrogen-use efficiency of young and mature upper-canopy leaves. 

Although leaf-age effects were noted for almost every variable measured, CO2 

effects were limited to Agrowth, NM and CMM. The photosynthetic enhancement effects of 

elevated [CO2] have been tied to plant sink activity, with the greatest enhancement 

occurring during periods of high sink activhy (Koch et al, 1986). The indeterminate 

growth of Liquidambar styraciflua, which exhibhed continued leaf production untU 

terminal bud formation in late July, resulted in high sink activhy that produced the 

photosynthetic enhancement noted in both young and mature upper-canopy leaves. 

In this study of CO2 effects on mature upper-canopy leaves over the course of 

three seasons (May through September), significant effects were noted on sugar, starch 

and TNC content (Chapter I). No CO2 effects were noted on carbohydrates in my study 

utilizing young and mature leaves in which sampling was limhed to early and mid-season 

1999, which is prior to the part of the season when the greatest CO2 effects were noted on 

foliar carbohydrates (Chapter I). Increased sugar and starch build up in soybean {Glycine 
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max L.) and pea {Pisum sativum L.) leaves have been attributed to decreased sink 

strength (Xu et al., 1994). 

Leaf poshion in the sweetgum canopy significantly affected Agrowth, whh upper-

canopy leaves having 26% higher ̂ g;.̂ ,̂̂  than middle-canopy leaves. These mature 

upper- and mid-canopy leaves also showed enhanced Agrowth with growth in elevated 

[CO2] (+48%)). Leaves grown in an elevated-C02 atmosphere demonstrated increased 

Agrowth of 45% in the upper canopy and 52% in the middle canopy. These findings differ 

from the resuhs reported by Herrick and Thomas (2001), whereby light-saturated net 

photosynthesis in sweetgum grown in elevated [CO2] was stimulated by 63%) in sun 

leaves and 48% in shade leaves, when averaged over three years. Radiata pine also 

exhibited a greater relative enhancement in net photosynthesis in the upper versus lower 

canopy, 94%) and 66%, respectively, when grown m elevated [CO2] (Tissue et al., 2001). 

Canopy poshion significantly affected the photosynthetic capacity of sweetgum. 

The light- and C02-saturated rate of photosynthesis {Amax) was 25%) lower m leaves 

sampled in the middle canopy. In addhion, Vcmax and Jmax were 30%) and 25%) lower, 

respectively, in middle-canopy leaves. Herrick and Thomas (2001) found that the Vcmax 

and Jmax of shade leaves were 44% lower than those observed in sun leaves. There was no 

effect of canopy position on the ratio of Jmar to Vcmax hi this study. There was also no 

CO2 effect on photosynthetic capachy due to canopy poshion. This is in keeping with the 

general lack of evidence of photosynthetic down-regulation in sweetgum in both the 

ORNL and Duke FACE experiments (Chapter I; Herrick and Thomas, 2001). 
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Upper- and middle-canopy leaf samples demonstrated reciprocal changes in LMA 

and NM in ttees grown in elevated [CO2], therefore there were no CO2 effects on Â .̂ The 

increased Agrowth exhibhed by leaves produced m elevated [CO2] resuhed in increased 

PNUE in both the upper and middle canopies. Unlike the leaf-age samples, there were no 

CO2 effects on leaf CMA or CMM in the canopy-poshion leaves. 

Canopy poshion significantly affected LMA, leaf A':4, NM and CMM. AS was noted 

in this study, the shade leaves of many tree species have been shown to have lower LMA 

than sun leaves, with this decrease associated with increased CMM (Kozlowski and 

Pallardy, 1997). NA has been shown to decrease with vertical distance from the top of the 

sweetgum canopy, and whhin a given crown location, middle- and lower-canopy leaves 

were shown to have lower Â î than upper-canopy leaves (Kuers and Stembeck, 1998b), 

thus explaining the lower NA observed in middle-canopy leaves in this study. The shift 

of nitrogen away from the inner shaded leaves of a plant (with lower LMA), to outer 

leaves (with higher LMA) that receive more light is seen as a means of obtaining 

resource optimization (Field, 1983; Field and Mooney, 1983; Farquhar, 1989). 

Moreover, the NM of peach {Prunus persica L.) leaves has been related to soil nitrogen 

availabilhy, whh apparent partitioning resuhing from the homogeneous distribution of 

leaf nitrogen concentration {NM) in leaves of different mass (i.e., LMA) (Rosati et al., 

2000). 

The phenology of sweetgum appears to have played a role in the pattern of 

carbohydrate accumulation observed in the upper- and middle-canopy leaves. Sweetgum 

has been shown to initiate leaf fall by late June, with leaf loss becoming progressively 
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greater than leaf addhion by late July (Kuers and Steinbeck, 1998a). ft has been further 

demonstrated that early leaf fall in sweetgum occurs primarily among lower inner-crown 

leaves. Therefore, middle-canopy leaves manifest the signs of sink limhation prior to 

leaves sampled in the upper canopy. In general, the increase in TNC, and starch in 

particular, noted in the elevated-C02-grown upper- and middle-canopy leaves sampled in 

this study has been atttibuted to sink limhation in previous studies (Sharkey, 1990; Van 

Oosten and Besford, 1994; Xu et al, 1994; Komer et al, 1995; Curtis and Wang, 1998). 

The increased starch content of middle-canopy, but not upper-canopy, leaves grown in 

elevated [CO2] may provide evidence for these shifting seasonal patterns in local source-

sink relations. However, there were no notable differences apparent in the timing of 

onset or completion of senescence in either CO2 treatment in ehher the middle or upper 

canopies. 

Leaves sampled throughout the sweetgum canopy experienced enhanced light-

saturated photosynthesis in elevated [CO2]. There were no signs of photosynthetic down-

regulation in young or mature leaves, or m upper-canopy or middle-canopy leaves. This 

is largely attributable to the availabilhy of plant shiks during the early and middle 

portions of the growing season when sampling was conducted. Young leaves 

demonstrated a greater relative enhancement of Agrowth, while mattire leaves had greater 

absolute enhancement of Agrowth when grown in an enriched-C02 atmosphere. Mature 

leaves sampled in the upper canopy had greater absolute, though lower relative, CO2 

enhancement of Agrowth than mature leaves in the middle canopy due to the increased 

photosynthetic capacity of leaves exposed to higher levels of irradiance. Therefore, while 
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leaves of all types sampled in this experiment utilized the enhanced [CO2] to increase 

Agrowth, differences were found to exist with leaf age and canopy poshion that should be 

taken into account when developing a whole-tree profile of the photosynthetic response 

of sweetgum to CO2 enrichment. 
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Table 2.3. Gas-exchange parameters calculated from A-C curves collected in upper-
canopy, young and mature sweetgum leaves grown at ambient (365 nmol mol"') and 
elevated (556 nmol mol"') CO2 in June and July 1999. Agrowth is the net 
photosyntiietic rate. Amax is the CO2- and light-satiirated rate of photosynthesis. 
Photosynthetic nifrogen-use efficiency (PNUE) is carbon assimilation per unit 
nifrogen. Vcmax is the maximum mbisco carboxylation rate. Jmax is the rate of 
ribulose bisphosphate regeneration. Values presented as means ± SEM. Relative 
change calculated as [(Elevated - Ambient) / (Ambient)] and expressed as a 
percentage, witii absolute change calculated as (Elevated - Ambient). Comparison 
of freatinent means made using two-sample t-test (SYSTAT 8.0). 

Pdiaiidei 

Agfov^h 

(ixirini s") 

Amax 

(jirolm' s") 

PNLE 

dmilg^Ns') 

''anax 

(HTDlm" s") 

Jmax 

(jjnvim s ) 

Jmax"'onax 

LeafA^ 
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Mtue 

Yoirg 
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Yoing 
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Young 

Nfetue 

Yang 

Nfetue 
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Mtute 

A J - ' . J 

Antaert 

270(0.57) 
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014(0.03) 

055(0.07) 

24.63(2.96) 

101.50(6.-^) 

59.7(7.8) 

188.7(118) 

2.45(0.19) 
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-r-t t J 

Elevated 
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11.99(1.45) 
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1.93(0.07) 

Rdadse 

QBngp(%) 
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-9.7 

135.7 

49.1 

7.0 

-13.7 

17.2 

-104 

11.8 
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Absokte 

Qangp 
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5.11 

090 

-3.25 

019 

027 

1.73 

-13.89 
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-19.70 

029 

006 

n 1. 
F-'valiE 

aozo 

<aooi 

0593 

0321 
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aQzs 

0731 

0203 

0384 

0334 

0359 
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Table 2.4. Gas-exchange parameters calculated from A-Ci curves collected in mature 
upper- and middle-canopy sweetgum leaves grown at ambient (366 nmol mol"') and 
elevated (555 ^mol mol"') CO2 in May and July 2000. Agrowth is the net photosynthetic 
rate. Amax is the CO2- and light-saturated rate of photosynthesis. Photosynthetic 
niti-ogen-use efficiency (PNUE) is carbon assimilation per unit nitrogen. Vcmax is the 
maximum mbisco carboxylation rate. Jmax is the rate of ribulose bisphosphate 
regeneration. Values presented as means ± SEM. Relative change calculated as 
[(Elevated - Ambient) / (Ambient)] and expressed as a percentage, with absolute 
change calculated as (Elevated - Ambient). Comparison of freatment means made 
using two-sample t-test (SYSTAT 8.0). 

Parameter 

Agfowfll 
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Mdde 

Upper 

Mddle 

l^}per 

Middle 

Upper 
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Table 2.7. Leaf property parameters measured for upper-canopy young and mature 
sweetgtmi leaves grown at ambient (365 ^mol mol"') and elevated (55I ^mol md"') 
CO, m June and July 1999. LMA ,s leaf mass per unit area. NA IS leaf rlitrogen per 
unit leaf ^ea. iV^isleaf nitrogen per miit leaf mass. A ,̂ is leaf nitrogen per unit leaf 
volume. CMA IS leaf chlorophyll per unit leaf area. CMM IS leaf chlorophyll per umt 
leaf mass^ Values presented as means ± SEM. Relative change calculated as 
[^levated - Ambient) / (Ambient)J and expressed as a percentage, with absolute 
change calculated as (Elevated - Ambient). Comparison of treatment means made 
usmg two-sample t-test (SYSTAT 8.0). 

Rdatise AhsdUe 

Î ratiEtg l£af^ Anfaiat Hsvatad Chat̂ (%> QBig f-vake 

l£afMss/Atea Yoi^ 80.35(6.58) 7830(1.49) -26 -205 0771 

Miire 108.75(3.40) 11856(296) 9.0 981 0078 (gm') 

Mrog£n(nBss) 

(ngg') 

Youg 20.76(067) 1957(1.20) -5.7 

NMie 19.91(1.00) 17.46(060) -123 

-119 0374 

-245 0104 

Nirogpn(area) Youg 1.62(002) 1.56(006) -3.7 -0.06 0.404 

(gnî ) Mtue 227(0.22) 201(010) -11.4 -0.26 0386 

TdalOiioii^ Yoig 1298(057) 1217(011) -6.2 -0.81 0.218 

(i%cm) iV&lure 37.18(089) 3255(3.14) -124 -4.63 0.252 

TotalOiiofi^ Youig 1.86(009) 1.60(0.03) -140 -0.26 aQ27 

(ngg"') Mtue 3.56(023) 3.04(022) -14.6 -0.52 0171 
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Table 2.8. Leaf property parameters measured for mature upper- and middle-canopy 
sweetgum leaves grown at ambient (366 ^mol mol"') and elevated (555 jimol mol") CO2 
in May and July 2000. Values presented as means ± SEM. Relative change calculated as 
[(Elevated- Ambient) / (Ambient)] and expressed as a percentage, with absolute change 
calculated as (Elevated - Ambient). Comparison of treatment means made using two-
sample t-test (SYSTAT 8.0). 

ftranieter 

LeafN&sArea 

(srn) 

Ntrqg3i(nBSs) 

(mgg') 

Ntrogai(area) 

(gm^ 

Total OilcroFMl 
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Table 2.10. Total nonstructural carbohydrate (TNC) content of young and mature 
upper-canopy sweetgum leaves grown at ambient (365 nmol mol"') and elevated (556 
^mol mol ) CO2 in June and July 1999. Values presented as means ± SEM. Relative 
change calculated as [(Elevated - Ambient) / (Ambient)] and expressed as a percentage, 
with absolute change calculated as (Elevated - Ambient). Comparison of treatment 
means made using two-sample t-test (SYSTAT 8.0). 
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Table 2.12. Total nonstmctural carbohydrate (TNC) content of mature upper- and 
middle-canopy sweetgum leaves grown at ambient (366 nmol mol"') and elevated 
(555 ^mol mol") CO2 in May and July 2000. Values presented as means ± SEM 
Relative change calculated as [(Elevated - Ambient) / (Ambient)] and expressed as a 
percentage, with absolute change calculated as (Elevated - Ambient). Comparison of 
treatment means made using two-sample t-test (SYSTAT 8.0). 

ftrameter 
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Upper 
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86.67(1.73) 

70.98(8.26) 

48.15(230) 

144.4(7.5) 

134.8(3.6) 

Hevated 

82.30(16.33) 

86.12(4.03) 

8321(7.78) 

59.98(5.12) 
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146.1 (7.4) 

Relative 

Change (%) 
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-0.6 
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Chat^ 
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1223 
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21.1 

11.3 
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CHAPTER m 

EFFECTS OF ELEVATED CO2 EXPOSURE ON SWEETGUM 

CANOPY NITROGEN CONTENT 

Summary 

The development of a profile of the distribution of nitrogen (N) through a tree 

crown can be used to estimate canopy- and stand-level carbon assimilation. As was 

previously discussed, a 10% decrease in foliar N concentration {NM) was observed in the 

upper canopy of sweetgum {Liquidambar styraciflua L.) trees grown in elevated [CO2] 

(Chapter I). However, more than 50% of the N pool found in sweetgum through most of 

the growing season is found in the middle and lower crown (Kuers and Steinbeck, 

1998a). Therefore, the long-term effects of growth in a C02-enriched atmosphere on 

foliar N, analyzed per unit leaf mass {NM), per unit leaf area (Â )̂ and per unit leaf volume 

{Nv), were examined at one-meter intervals throughout the depth of the canopy of the 

sweetgum trees growing in the Oak Ridge National Laboratory (ORNL) Free-Air CO2 

Enrichment (FACE) experiment. Data were collected over the course of the first three 

seasons of CO2 enrichment. While a homogeneous distribution ofiVwwas noted through 

the sweetgum canopy, mean NM was 9% lower in the leaves of trees grown in elevated 

versus ambient [CO2], with significant differences being found in comparisons made at 

three of seven canopy depths. No CO2 effects were noted on mean Â^ or mean Nv 

Nitrogen resorption efficiency, which is defined as the relative reduction in N between 

green and senesced leaves, was unaffected by growth in elevated [CO2] in the upper 
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canopy, but was decreased by 7% in the middle canopy. Litter quality, whether measured 

as the NM, NA or Â K of fully senesced leaves, was also unaffected by growth in a CO2-

enriched atmosphere. Therefore, N resorption proficiency, which is the concentration of 

nutrients in fiilly senesced leaves, was not affected by elevated [CO2]. Therefore, it was 

concluded that the changes in N throughout the sweetgum canopy that result with growth 

in a C02-enriched atmosphere are not expected to impact the litter chemistry found 

beneath this forest stand. 

Introduction 

A strong sink exists between plant nitrogen (N) content and photosynthetic 

capacity because approximately three-quarters of foliar N is invested in chloroplast, 

peroxisome and mitochondrial enzymes associated with photosynthesis (Field and 

Mooney, 1986). Therefore, carbon assimilation at the scale of the canopy, stand or 

landscape can be modeled using the pattern of N allocation in a tree canopy (HoUinger, 

1996). Moreover, knowledge of the effects of elevated atmospheric [CO2] on the N 

profile of the tree crown can be used to estimate CO2 effects on canopy- and stand-level 

carbon assimilation in sweetgum {Liquidambar styraciflua L.). Optimal N distribution 

within a plant canopy occurs when leaf N is distributed in a proportional manner wdth the 

distribution of intercepted photosynthetically active radiation (PAR) (Hirose and Werger, 

1987). This allocation of plant resources (i.e., N) maximizes carbon assimilation per unit 

N (Field, 1983). The distribution of N per unit leaf area (Â )̂ in a number of plant 

canopies has been shovm to vary in parallel with the availability of light at a given 
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position within the crown, while the concentration of N per unit leaf mass {NM) has been 

shown to be extremely variable with decreasing light availability, depending on the 

species studied (Field, 1983; Hirose and Werger, 1987; Evans, 1989; Hirose et al., 1989; 

Hollinger, 1989; Ellsworth and Reich, 1993; Kull and Niinemets, 1993). 

Decreases in leaf mass per area (LMA) in response to shading have been 

demonstrated in many tree species (Kozlowski and Pallardy, 1997). Because NA is the 

product of LMA and NM, the pattern of NA distribution has been attributed to the positive 

relationship that exists between LMA and leaf irradiance (Ellsworth and Reich, 1993), 

even when NM is constant or decreases with increasing light. The latter scenario exists in 

those situations where the decrease in NM is less than the increase in LMA, thereby 

resulting in increased NA. 

Considerable variation exists among the responses of NM to elevated [CO2] in 

field-grown trees. Responses range from a 20% increase in NM to a 35% decrease due to 

elevated [CO2], with an overall average decline of 11%> in gymnosperms and 14%) in 

angiosperms (Norby et al., 1999a). Reductions in NM may be explained by the presence 

of increases in structural and non-structural carbon, i.e., increased LMA, in response to 

growth in elevated [CO2], which dilute NM (Epron et al, 1996). Further support for the 

apparent decline in leaf NM, resulting from increased foliar carbon content and not an 

actual decrease in N content, is provided by the meta-analysis of data collected using 

trees grown in greenhouses, growth chambers and open-top chambers (Curtis, 1996). 

The cycling of N and other nutrients from senescing plant tissues provides for the 

translocation of these nutrients to other plant tissues including perennial tissues for 
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storage, especially at the end of the growing season (Chapin and Kedrowski, 1983). 

Resorption efficiency represents the relative reduction of a nutrient between green and 

senesced leaves (Killingbeck, 1996). The mean resorption efficiency of N in a variety of 

perennial plant species was 50% (n = 287), while in deciduous trees and shrubs mean N 

resorption efficiency was 54% (n = 115) (Aerts, 1996). It has also been demonstrated 

that resorption efficiency is not related to plant nutrient status or site fertility (Aerts, 

1996; Killingbeck, 1996), but may be related to leaf biochemisty, such as the ratio of 

soluble-to-insoluble N (Pugnaire and Chapin, 1991), the presence of N-fixing symbionts 

(Rodriquez-Barrueco et al, 1984; Cote and Dawson, 1986; Cote et al., 1989), soil 

moisture content (Boemer, 1985; dd Arco et al., 1991; Escudero et al., 1992), sink 

strength (Nambiar and Fife, 1991) or source-sink interactions (Chapin and Moilanen, 

1991). 

Elevated atmospheric [CO2] has been shown to have no effect on the N resorption 

efficiency of field-grown Acer rubrum L., A. saccharum Marsh., Quercus alba L. (Norby 

et al, 1999b) and Q. myrtifolia Willd (Li et al., 2000). The decreases noted in the NM of 

A. rubrum, A. saccharum and Q. alba leaf litter were attributable to the increased dry 

matter content (i.e., LMA) of leaves grovm in a C02-enriched atmosphere (Norby et al., 

1999b). A meta-analysis of more than 60 field experiments that explored the effects of 

elevated [CO2] on the NM of naturally senesced leaves found no statistically significant 

effects on litter NM in individual experiments. However, most studies showed a small 

decline in mean litter NM, that when combined in a meta-analysis framework revealed a 

significant CO2 effect (Norby et al., 2001a). 
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The withdrawal of nutrients from leaves can also be expressed in relation to the 

terminal nutrient concentration. The concentration of nutrients in fiilly senesced leaves 

(i.e., litter) is termed the resorption proficiency (Killingbeck, 1996). Plants resorb N until 

a certain minimum concentration is attained, but that value may be dependent on the 

growth nutrient conditions (Norby et al., 1999b). The mean NM in the senesced leaves of 

77 species of deciduous and evergreen woody perennials was 8.7 mg g"' (Killingbeck, 

1996). 

In this study, the vertical distribution of N throughout the sweetgum canopy of the 

ORNL FACE experiment was measured, with sampling concentrated toward the outside 

of the tree crowns. Foliar N was measured throughout the growing season during the first 

three years of CO2 exposure to determine the effects of growth in elevated [CO2] on leaf 

N from the top to the bottom of the crovra. The hypothesis that elevated [CO2] would 

lower NM, but not NA, throughout the canopy was tested. At the end of the third season of 

CO2 exposure, an experiment was conducted to examine the effects of elevated [CO2] on 

N resorption efficiency and proficiency in the sweetgum leaves. Because of the observed 

decrease (-10%)) in NM in sweetgum leaves exposed to elevated [CO2] (Chapter I) and the 

lack of evidence that elevated [CO2] reduces litter ÂM in field-grown plants (O'Neill and 

Norby, 1996; Norby et al, 2001a), I tested the hypothesis that resorption efficiency 

would be lower in leaves grovm in elevated [CO2]. 
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Materials and Methods 

Oak Ridee National Laboratorv Free-Air CO. FnHr̂ hrn^nt 
(FACE) site "' 

Research was conducted at the ORNL FACE facility in Roane County, Tennessee 

(35°54' N, 84°20' W). The FACE site was constructed within the sweetgum 

{Liquidambar styraciflua L.) portion of a combined sweetgum and sycamore {Platanus 

occidentalis) plantation. The plantation was established in the fall of 1988, at which time 

one-year-old sweetgum trees were planted at a spacing of 2.3 m x 1.2 m. The FACE 

facility became operational in April 1998, at which time the live crcwn of the closed 

canopy extended from 8-9 m above the forest floor to a height of 13-14 m. Crown depth 

remained approximately the same each season, with one meter of crown height being 

added each year. Tree heights reached 14-15 m in spring 1999 and 15-16 m in spring 

2000. 

The soil at the site is classified as Aquic Hapludult. It developed in alluvium 

washed from upland soils that had derived from a variety of rock types, including 

dolomite, sandstone and shale. The soil, which has a silty clay loam texture and is 

moderately well drained (Soil Conservation Service, 1967; van Miegroet et al., 1994), is 

slightly acidic (water pH approximately 5.5-6.0) vwth base saturation largely dominated 

by exchangeable Ca (Norby et al, 2001b). 

The ORNL FACE site is comprised of five circular plots (rings), each 25 m in 

diameter enclosing 80 to 90 trees inside a 2.5 m wide buffer zone. Two rings were 

treated with air enriched with CO2 (devated CO2), while the remaining three rings 

(ambient CO2) contained air with an average ambient mid-day [CO2] of 362, 365 and 366 
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^mol mof' in 1998, 1999 and 2000, respectivdy (Gunderson et al., 2002). Two of the 

three control plots contain blower systems like those present in the elevated CO2 plots. 

Experimental treatment was applied 24 hours per day throughout each growing season. 

The treatment set point for 1998 was a constant 565 |imol mol' CO2, approximately 200 

|imol mol"' above the global average [CO2]. The treatment protocol was adjusted in 1999 

to incorporate the natural diurnal variation in [CO2], with the set point for the nighttime 

concentration increased to 645 ^mol mol"'. Actual mid-day [CO2] in the elevated-C02 

plots averaged 548, 556 and 555 nmol mol"' in 1998, 1999 and 2000, respectively 

(Cjunderson et al., 2002). 

Vertical nitrogen distribution 

Bulk samples, each comprised of four frilly expanded sweetgum leaves, were 

collected at one-meter intervals from the base to the top of the canopy in each of the five 

plots (two with elevated [CO2], three with ambient [CO2]). Samples were collected in the 

outer portions of the tree crowns at one-meter intervals between 7 and 15 m in August 

1998, 10 and 15 m in May 1999, 8 and 16 m in August 1999, and 9 and 16 m in 

September 1999, and June and August 2000. 

Following the measurement of leaf area for each bulk sample, leaves were dried 

in a 70°C oven for at least 3 days. Upon completion of the drying process, bulk samples 

were weighed and analyzed for total N concenttation in a CN Analyzer (Modd 2500, 

Carlo Erba Inc., Milano, IT). The thickness of bulk leaf samples was also measured 

using digital calipers beginning in 1999. Leaf mass per unit area (LMA), leaf volume and 
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density were also calculated. In addition, NM (mgN g"') data were converted to Â^ (gN 

m"̂ ) using LMA (g m"̂ ). N concentration per unit leaf volume (A'̂ '̂, mgN cm'̂ ) was also 

calculated. Mean values of each of the measured parameters were calculated for each 

sampling height in each plot. 

The penetration of light through the sweetgum canopy was measured at one-meter 

intervals from the base to the top of the canopy. Photosynthetic photon flux density 

(PPFD) measurements were recorded on a mid-season cloudless day in 2000, using a 

one-meter line quantum sensor (Model LI-191SA, LiCor, Inc., Lincoln, NE, USA). 

Nitrogen resorption 

Nitrogen resorption data were collected at two positions within the sweetgum 

canopy, in the upper (at approximately 14 to 15 m) and middle (at approximately 12 m) 

canopies. In September 2000, six green, non-senescent leaves were harvested in each 

plot at both canopy positions. At the time of harvesting, flagging tape was attached to the 

leaf located most proximally to the harvested leaf to allow easy identification for 

subsequent harvesting in October. Samples were deemed ready for collection if the 

flagged leaves separated from the attached branches upon gentle tugging. High winds in 

late October resuhed in the detachment of the remaining senesced leaves, which were 

retrieved from the ground and from within the neighboring tree branches. 

The leaf area and thickness of individual green leaves was measured immediately 

upon harvest. These parameters were also measured as individual fiilly senesced leaves 

(i.e., litter) were collected. An algorithm was devdoped to estimate the leaf areas of 
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senesced leaves that were too severely curied to be measured on the automatic planimeter 

(LI-3100, LiCor, Inc., Lincoln, NE). The algorithm, which utilized the prdiminary 

measurements of length and width of the middle lobe of the pre-senescent leaf tagged at 

the experiment's inception, was tested using linear regression analysis using leaf-area 

estimates and actual measured leaf areas for senesced leaves where both existed {P < 

0.001, R = 0.65, n = 31). Following measurement of leaf area and thickness, all leaves 

were dried in a 70°C oven for at least 3 days. Leaf mass was determined for all samples 

upon completion of the drying process. Foliar N concentrations were then determined 

using a CN Analyzer (Modd 2500, Carlo Erba Inc., Milano, IT). 

Nitrogen resorption was calculated as follows: 

N Resorption = (Cjreen-Leaf N - Senesced-Leaf N). 

Nitrogen resorption efficiency was calculated as follows: 

N Resorption Efficiency = (Cireen-Leaf N - Senesced-Leaf N) / CJreen-Leaf N * 100. 

Mean foliar N values per plot (n=3 ambient [CO2]; n=2 elevated [CO2]) were used to 

calculate N resorption and N resorption efficiency. Dry matter loss (%), which accounts 

for the retranslocation of carbon compounds during senescence, was calculated as the 

difference in the initial mean LMA and mean abscised LMA divided by the initial mean 

LMA per plot. Losses of N due to leaching, which typically range from 1-5% or less 
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(Potter et al., 1987; Chapin and Van Cleve, 1989), were not accounted for, and have been 

included as part of resorption. 

Statistical analyses 

In the study of vertical N distribution, treatment effects were evaluated using the 

mean values of leaf properties and foliar N from each plot (n=2 ambient [CO2]; n=3 

elevated [CO2]) for each measurement depth (n=8). Analysis of variance (ANOVA) with 

plot as the experimental unit was used to assess treatment effects of [CO2], canopy depth 

and year of sampling (and their interactions) on N distribution and leaf growth 

characteristics. In addition, two-tailed t-tests were used to compare resuhs in the ambient 

[CO2] plots (n=3) with those in the elevated [CO2] plots (n=2) at a = 0.05 for each 

measurement depth. Least squares linear regression analysis was performed to analyze 

the relationship of foliar N {NM, NA and Nv) and leaf growth characteristics (LMA, leaf 

thickness and leaf density) to depth of canopy. Additional regression analyses were 

performed relating foliar N to LMA, leaf density and PPFD. In those instances where 

statistically significant regression resuhs were noted for both ambient and elevated CO2 

treatments, homogeneity of slopes and intercepts was tested using analysis of covariance 

(ANCOVA). If the ANCOVA results indicated similar slopes and intercepts, a single 

equation (i.e., line), representing the combined data from ambient and elevated [CO2] 

(n=5) was presented in the figures. 

Treatment effects on N resorption were evaluated using two-tailed t-tests in which 

the mean values of foliar N and resorption efficiency from each plot were compared for 
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the two CO2 tteatments and two canopy positions. Least squares linear regression 

analysis was performed to rdate senesced-leaf (i.e., litter) NM and green-leaf Â M, and N 

resorption efficiency to green-leaf A'A/. All statistical analyses were performed usmg 

SYSTAT (Version 8.0, SPSS Inc., Chicago, IL, USA, 1998). 

Resuhs 

Vertical nitrogen distribution 

The growth of sweetgum in a C02-enriched atmosphere had no effect on the foliar 

properties (i.e., LMA, leaf thickness, leaf density) measured in this experiment (Table 

3.1, Figure 3.1). The depth of leaves within the canopy did significantly affect all three 

morphological parameters (Table 3.1). The season in which samples were collected 

significantly affected LMA and leaf density (Figure 3.1). LMA declined by 63%) 

between the top and the base of the canopy. Linear regression analysis revealed a 

significant negative correlation between LMA and depth (Figure 3.2a, F^ = 0.68), v̂ dth no 

CO2 treatment effects on this relationship. That is, the lines for ambient and elevated 

[CO2] had the same slope and intercept. Leaf thickness (Figure 3.1b) and density (Figure 

3.1c) also showed significant declines of 39%) and 25%, respectively, with increasing 

depth in the canopy. The interaction of CO2 and canopy depth noted for Nv (Table 3.1) 

was attributable to higher Nv in leaves collected in elevated [CO2] at the lowest two 

sampling depths only. Statistically significant negative correlations were also noted 

between leaf thickness (Figure 3.2b, 1^ = 0.44) and leaf density (Figure 3.2c, i?^ = 0.19 

ambient [CO2], R^ = 0.28 devated [CO2]) and canopy depth. There were no CO2 
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treatment effects on the linear relationship between leaf thickness and canopy depth. 

WTiile sharing the same slopes, the regression of leaf density and canopy depth in 

elevated [CO2] had a higher intercept than did this regression in ambient [CO2]. 

(jrowth in elevated [CO2] significantly reduced leaf Â iv/by 9% (Table 3.1). When 

compared at individual sampling depths, significantly lower NM were noted in leaves 

from C02-enriched plots at three depths in the canopy, 1 m, 2 m and 4 m (Figure 3.3a). 

There were no CO2 effects on overall xnean NA or A^K(Table 3.1), however, comparisons 

of treatment means at individual sampling depths revealed significant CO2 treatment 

effects in NA (Figure 3.3 b) and A/K(Figure 3.3c) at a single canopy depth. There was also 

a significant effect of field season (i.e., year) on Â^ (Figure 3.3b). Canopy depth had no 

effect on NM, while both Â^ and Nv significantly declined with increasing depth (Table 

3.1). Â^ (Figure 3.3b) and A^K(Figure 3.3c) were 58% and 24% lower, respectively, at 

the base of the canopy than they were at the top. 

Linear regression analysis of NM and canopy depth yielded nonsignificant resuhs 

(Figure 3.4a). However, a statistically significant negative linear relationship existed 

between Â^ and canopy depth (Figure 3.4b, i?' = 0.73, P < 0.001), with no CO2 effects on 

this relationship. Significant negative relationships between Nv and depth were observed 

in both ambient and elevated [CO2] (Figure 3.4c, P < 0.001). While sharing similar 

intercepts,, the slopes of the A^^depth regressions differed significantly (Figure 3.4c). 

Significant linear relationships were also found to exist between foliar N and 

LMA (Figure 3.5). The strongest corrdations, both positive relationships, existed 

between LMA and Â^ (Figure 3.5b, R' = 0.84 ambient [CO2]; R' = 0.77 elevated [CO2]), 
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followed by A^K(Figure 3.5c, I^ = 0.61 ambient [CO2]; R^ = 0.22 devated [CO2]), with 

elevated [CO2] not affecting the intercepts, but decreasing the slopes of both regressions. 

A weak negative relationship existed between LMA and NM (Figure 3.5a, R^ = 0.10), with 

elevated [CO2] having no effect on this relationship. Weak significant negative 

correlations were noted between leaf density and NM (Figure 3.6a, R^ = 0.19 ambient 

[CO2]; R^ = 0.36 elevated [CO2]), with growth m devated [CO2] resulting in a slightly, 

but significantiy, lower intercept for this relationship, but not affecting the slope of the 

line. Weak positive, though significant, linear correlations were also noted between leaf 

density and Â^ (Figure 3.6b, R^ = 0.27) and Nv(Fig^xe 3.6c, R^ = 0.25), with devated 

[CO2] having no effect on ehher relationship. 

NA and Nv, but not NM, were positively correlated with PPFD (Figure 3.7). The 

A^̂ -light relationship (Figure 3.7b, i?^= 0.71) was unaffected by [CO2]. A significant 

positive linear correlation of A^^with PPFD was only noted in ambient [CO2] (Figure 

3.7c, I^ = 0.83, P < 0.001), and not in elevated [CO2] (Figure 3.7c, R^ = 0.14, P = 0.21). 

A significant negative relationship existed between NM and PPFD in elevated [CO2] 

(Figure 3.7a, R^ = 0.44, P = 0.01), but not ambient [CO2]. 

Nitrogen resorption 

Green leaves sampled in the middle of the sweetgum canopy in September 2000 

had 17% lower NM in those leaves collected in elevated compared with ambient [CO2] 

(Table 3.3). There were no CO2 effects on NA or Nv of green leaves, nor were there CO2 

effects on litter N {NM, NA or Nv). Coefficients of variation (CV), which describe the 
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relative dispersion whhin variables, were always higher for litter than for green leaves. 

Dry matter loss, which ranged from 7 to 12%, was not affected by CO2 enrichment. 

Canopy poshion significantly affected foliar N in both green leaves and litter 

(Table 3.3). NM was 18%) lower in upper-canopy green leaves, and 11% higher in 

senesced leaves sampled in the upper canopy compared to the middle canopy. NA was 

16% and 38% higher in upper-canopy versus middle-canopy green leaves and litter, 

respectively. Canopy position only affected the Nv of leaf litter, with senesced leaves 

sampled in the upper canopy having 42% higher A'p'than those sampled lower in the 

canopy. 

Overall N resorption efficiency was not affected by [C02] (data not shown). 

However, in examining the upper and middle canopies separately, N resorption efficiency 

was 17% lower in elevated [CO2] in the middle canopy, while it was unaffected by 

elevated [CO2] in the upper canopy (Table 3.2). There was also no difference in the dry 

matter loss found in the litter sampled in ambient and elevated [CO2]. Significant 

differences were found in upper- and middle-canopy N resorption efficiencies, with the 

upper canopy having 10% lower N resorption efficiency (Table 3.2). Dry matter loss was 

unaffected by canopy poshion (Table 3.2). 

No correlation was found to exist between NM of green leaves and leaf-litter NM 

(Figure 3.8, F^ = 0.005, P = 0.61). In addition, no significant linear rdationship existed 

between N resorption effidency and green-leaf ÂM (Figure 3.9, P = 0.14, R^ = 0.04). 
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Discussion 

The examination of foliar N at one-mder intervals throughout the sweetgum 

canopy revealed that the effects of elevated [CO2] were Umited to a 9% reduction in NM. 

There were no C02-tteatment effeds on Â^ or Nv Similar findings were reported in 

separate experiments previously described in Chapters I and H. Analysis of associated 

leaf properties revealed no CO2 effects on LMA, average leaf thickness or density. 

However, these leaf characters were inversely correlated with sampling depth. In 

addition, the linear regression of leaf density and canopy depth was significantly icreased 

in elevated [CO2]. 

A vertical pattern of leaf N distribution was noted for Â ,̂ but not NM- While a 

homogeneous distribution of leaf A'M was observed throughout the depth of the sweetgum 

canopy, foliar Â^ declined from the top to the base of the canopy. Similar results have 

been noted for sweetgum (Kuers and Steinbeck, 1998a), with significant declines in the 

average NA occurring between the upper, middle and lower canopies. In general, tree 

canopies with a moderate to high leaf area index (LAI) have exhibited a 2.5-fold range 

between NAmtn and NAmax (Hollinger, 1989; Ellsworth and Reich, 1993; Hollinger, 1996). 

The 2.9-fold difference between NAmm and NAmax noted in this study reflects the high 

estimated LAI (5.2 to 7.0) m the sweetgum canopy (Norby and Shohis, 2002). In 

addition, foliar Â ,̂ but not NM, was positively correlated with light levels transmitted 

through the sweetgum canopy. 

A similar pattern of leaf NA partitioning was described in Prurms persica (Rosati 

et al., 2000). In that study, the apparent increase in NA toward the outer canopy was 
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attributed to a homogeneous distribution of leaf A(A/ in leaves with different mass (LMA). 

The same explanation can be applied to the resuhs obtained in this sttidy regarding our 

observed pattern of A';4 distribution. In this study, leaf Â^ was poshively correlated with 

LMA. However, elevated [CO2] significantly decreased the slope of this line, indicating 

that the relative impact of changing LMA on leaf NA was lower in elevated [CO2]. 

Nittogen was also expressed on a per-unit-volume basis {Nv) because this 

measure provides a means of including both leaf morphology and composition, and as a 

consequence, leaf fiinction (Roderick et al., 1999). Foliar Nv, which incorporates the 

measured area and thickness of leaves to estimate Uquid content and the fractional air 

space in leaves, also decreased whh canopy depth. The significant poshive correlations 

noted to exist between NA and canopy depth, LMA, and PPFD also existed for A^̂ and 

these variables. However, in all instances the correlations were much weaker, which 

reflects the shared dimension of leaf area in establishing these relationships. In addition, 

a comparison of regressions for ambient and elevated [CO2] revealed that less variation in 

leaf ÂK was explained by variation in canopy depth and LMA in elevated [CO2]. Because 

elevated [CO2] also significantly decreased the slopes of these regressions, a lessening of 

the relative impact of changes in canopy depth and LMA on leaf A'̂ r is indicated. 

Furthermore, there was no significant relationship between Nv and PPFD m elevated 

[CO2], ahhough a significant regression did exist in ambient [CO2]. 

The resuhs of the late-season sampling of green leaves associated with the N 

resorption experiment revealed that the effects of growth in elevated [CO2] were limited 

to a 17% reduction in NM of green leaves. There were no CO2 effects on NA or A^̂ of pre-
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senescent leaves, and LMA was unaffected by CO2 enrichment. UnUke the resuhs of the 

vertical N distribution study, the green leaves sampled for the resorption experiment had 

18% lower NM in the upper canopy when compared to leaves from the middle canopy. 

This may be attributable to the presence of new leaves in the late season in the upper 

canopy that received rettanslocated N from neighboring foliage (Kuers and Steinbeck, 

1998a, 1998b). As in the vertical N distribution study, NA and LMA were significantly 

higher in upper- versus middle-canopy green leaves. The lack of a canopy-position effect 

on Nv in the resorption experiment may have resulted from using only two canopy 

heights in the late-season study. 

Cjrowth in an elevated-C02 atmosphere had no effect on the NM, NA or Nv of fiilly 

senesced sweetgum leaves. This was in contrast to the resuhs of a meta-analysis of data 

from naturally senesced leaves of herbaceous and woody species that found the leaf litter 

NM was 7.1% lower in elevated [CO2] compared to that m ambient [CO2] when 

considered collectively (Norby et al., 2001a). In addhion, fiilly senesced leaves collected 

in the upper canopy contained significantly higher Â M, NA and A^Kthan senesced leaves 

collected in the middle canopy. The higher NM of upper-canopy senesced leaves may be 

due to the progression of senescence in sweetgum from the base to the top of the canopy 

(Kuers and Stdnbeck, 1998b). Therefore, given that high winds removed many of the 

senescing leaves in this experiment from both the upper and middle canopies, leaves that 

grew lower in the canopy may have contained lower NM due to experiendng more-

complete resorption prior to removal. 
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Resorption efficiency for the fiiU sweetgum canopy (upper and middle canopies) 

was unaffected by CO2 enrichment. Similar findings have been reported for two maple 

and two oak species (Norby et al., 1999b; Li et al, 2000). The average N resorption 

efficiency calculated for sweetgum in this study, 64%, was higher than the mean 

resorption efficiency of 54%) reported for 115 deciduous tree and shrub species (Aerts, 

1996). This overall canopy mean (64%)) was similar to previously reported N resorption 

efficiencies for sweetgum, which include 50-74%) m nine-year-old plantation trees 

(Nelson et al., 1995), and 43-62%) in four-year-old fidd-grovra trees (Kuers and 

Steinbeck, 1998a). 

There was a significant CO2 effect on the N resorption efficiency {-!%) of the 

middle canopy, when considering that data separately. No CO2 effect on N resorption 

efficiency was manifested in the upper canopy. 

The N resorption efficiency of the upper canopy was 10% lower than in the 

middle canopy. Again, this may be attributable to acropetal senescence m sweetgum, and 

therefore, the leaves sampled in the middle canopy in September may have begun the 

physiological processes associated with senescence prior to those in the upper canopy 

(Kuers and Stdnbeck, 1998b). 

The lack of a CO2 effect on litter N, whether expressed per unit mass, area or 

volume, indicates that leaves collected in ambient and elevated [CO2] demonstrated equal 

resorption proficiency. The absence of a CO2 effed on the NM of fiilly senesced leaves 

has been reported for sah marsh plants {Scirpus olneyi) (Curtis d al., 1989) and alpine 

plants {Carex curvula and Leontodon helveticus) (Schappi and Komer, 1997). The 
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average Â M (7 mg g ' ) present in the senesced leaves of sweetgum in both treatments falls 

within the range of complete resorption proficiency described for a dedduous species, 

however the average Â^ (0.72 g m"̂ ) falls in the range of intermediate resorption 

(Killingbeck, 1996). 

No significant rdationship existed between litter NM and the NM m paked leaves 

of sweetgum prior to senescence. A weak, but statistically significant relationship was 

previously found in paired green leaf-litter NM of Acer rubrum and A. saccharum (Norby 

et al., 1999b). In addhion, no significant relationship in sweetgum was demonstrated 

between resorption efficiency and green-leaf A/̂ . Similarly, weak or absent relations 

between leaf nutrient status and nutrient resorption have been previously reported in 

evergreen and deciduous taiga trees (Chapin and Kedrowski, 1983) and in Pirms taeda 

(Birk and Vhousek, 1986). A review of more than 200 studies performed on evergreen 

and deciduous shrubs and trees, forbs and graminoids also showed no dear relationship 

between NM and N resorption (Aerts, 1996). 

The canopy N profile developed in this study may be used by modelers to predict 

the effects of CO2 enrichment on canopy- and stand-level carbon assimilation. In 

addition, the resuhs of this resorption experiment demonstrate the importance of 

sampling the complete sweetgum canopy. Leaves growing at different poshions in a 

crown may not respond in a similar marmer to increases in atmospheric [CO2]. 

Overall, CO2 effects on fohar N were found to be Umhed to a 9% declme in NM in 

elevated [CO2] and this decline in NM was found throughout the sweetgum canopy. It 

was fijrther found that N resorption efficiency was decreased by 7% in the middle 
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canopy, but was unaffected in the upper canopy with growth in a C02-enriched 

atmosphere. Therefore, limhed support was found for my hypothesis that resorption 

efficiency would be lower in leaves grown in elevated [CO2]. In addhion, there were no 

differences in litter N, whether expressed per unh mass, area or volume. Therefore, h was 

concluded that the changes in N throughout the sweetgum canopy that resuh with growth 

in a C02-enriched atmosphere are not expected to impact the litter chemistry found 

beneath this forest stand. 
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Table 3.1. ANOVA resuhs for leaf properties and foliar nitrogen in mature leaves of 
Liquidambar styraciflua grown in ambient (-364 |amol mol"') and elevated (-553 
^mol mol") CO2. Leaves were sampled at one-meter intervals throughout the depth 
of the canopy during the 1998,1999, and 2000 field seasons. NM is nitrogen per unit 
leaf mass. A'̂  is nitrogen per unit leaf area. Nvis nitrogen per unit leaf volume. 
Significance of tteatment effect, as indicated by the P-value, is reported for CO2 
concenttation, canopy depth, and the interaction between CO2 tteatment and canopy 
depth ([CO2] * Depth). 
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Figure 3.1. Change in characteristics of Liquidambar styraciflua leaves with 
increasing canopy depth in ambient (-364 ^mol mol"') and elevated (-553 nmol 
mol"') CO2. (a) Leaf mass per unit leaf area (LMA), (b) leaf thickness and (c) leaf 
density were measured in this three-year sttidy. Data are summarized by year for 
LMA and leaf density due to significant tteatment effect (year), and for two years for 
leaf thickness. Each value represents the mean (± SEM) of tteatment plots (n=3 
ambient [CO2]; n=2 tteatinent [CO2]). There were no significant differences present 
between the CO2 tteatment means at any canopy depth. 
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Figure 3.1. Continued, (c) Leaf density. 
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Figure 3.2. Linear relationships between characteristics of mattire Liquidambar 
styraciflua leaves and depth of canopy in ambient (-364 nmol mol"') and elevated 
(-553 ^mol mol"') CO2. Regression results are presented for depth of canopy and (a) 
leaf mass per area (LMA), (b) leaf thickness, and (c) leaf density. Each point 
represents a bulk sample (n^4) in ambient [CO2] (open symbols) or elevated [CO2] 
(solid symbols). The linear regressions represented in (a), (b), and (c) are significant 
at/'<0.0001. 
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Figure 3.2. Continued, (c) Leaf density. 
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Figure 3.3. Changes in foliar nittogen in mattire Liquidambar styraciflua leaves 
exposed to ambient (-364 t̂mol mol"') and elevated (-553 ^mol mol"') CO2 witii 
canopy depth. Leaf nittogen expressed per unit (a) leaf mass {NM), (b) leaf area (A^̂ ), 
and (c) leaf volume {Nv). Data are summarized by for three years for NM, by year for 
Â^ (due to significant differences between years) and for two years for Nv. Each 
value represents the mean (± SEM) of treattnent plots (n = 3 ambient [CO2]; n = 2 
elevated [CO2]). Values that are designated by a * exhibit a CO2 tteatment effect at 
P<0.05, ** a CO2 tteattnent effect at P<0.f)l, and *** a CO2 tteattnent effect at 
P<0.00\. 
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Figure 3.3. Continued, (c) Nittogen per unit volume. 
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Figure 3.4. Linear relationships between foliar nittogen of mature Liquidambar 
styraciflua leaves and depth of canopy in ambient (-364 ^mol mol"') and elevated (-553 
pmol mol"') CO2. Regression results are presented for depth of canopy and (a) leaf mass 
{NM), (b) leaf area (A^̂ ), and (c) leaf volume {Nv). Each point represents a bulk sample 
(n=-4) in ambient [CO2] (open symbols) or elevated [CO2] (solid symbols). The 
relationship in (a) is nonsignificant P>0.05. The linear regressions represented in (b) and 
(c) are significant atP<0.0001. 
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Figure 3.4. Continued. (c)Leaf nittogen per unit volume. 
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Figure 3.5. Linear relationships between foliar nittogen of mature Liquidambar 
styraciflua leaves and leaf mass per area (LMA) in ambient (-364 nmol mol"') and 
elevated (-553 pmol mol"') CO2. Regression results are presented for LMA and leaf 
nittogen per unit (a) leaf mass (NM), (b) leaf area (A^̂ ), and (c) leaf volume {Nv). Each 
point represents a bulk sample (n=-4) in ambient [CO2] (open symbols) or elevated 
[CO2] (solid symbols). The linear regressions represented in (a), (b) and (c) are 
sienificant at P<0.0001. 
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Figure 3.5. Continued. (c)Leafnitrogenper unit volume. 

124 



2.5 

60 2 0 
60 

2 1.5 
es 
ii 

1.0 

^ < P /^«.-* = 2-20 - 1.03 * Density 

O / J ^ . /r\ Z '̂ =019 

^«^„. = 2-28-1.47 *Oenii(>, 
R- =0.36 

0.2 0.4 

—O Ambient 
~ B Elevated 

0.6 0.8 

Leaf Density (mg cm ) 
(a) 

2.5 

^ 2.0 
00 

2 
2 
ca 
ii 

1.5 

1.0 

O < P ^M«,rf = 2-20- 1.03 * Density 

0 / ^ M . /y\ if^=0.19 

A ' „ ^ =2.28-1.47*/>ewifF 

R^ = 0.36 

-O Ambient 

~m Elevated 

0.2 0.4 0.6 0.8 

Leaf Density (mg cm") 
(a) 

Figure 3.6. Linear relationships between foliar nittogen of mature Liquidambar 
styraciflua leaves and leaf density in ambient (-364 ^mol mol"') and elevated (-553 
pmol mol') CO2. Regression results are presented for leaf density and leaf nittogen 
per unit (a) leaf mass {NM), (b) leaf area (A^̂ ), and (c) leaf volume (Nv). Each point 
represents a bulk sample (n=~4) in ambient [CO2] (open symbols) or elevated [CO2] 
(solid symbols). The linear regressions represented in (a), (b) and (c) are significant at 
P<0.000\. 
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Figure 3.6. Continued, (c) Leaf nittogen per imh volume. 
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Figure 3.7. Linear relationships between foliar nittogen of mature Liquidambar 
styraciflua leaves and photosynthetic photon flux density (PPFD) in ambient (-364 
jamol mol"') and elevated (-553 (imol mol"') CO2. Regression results are presented for 
PPFD and leaf nittogen per unit (a) leaf mass {NM), (b) leaf area {NA), and (c) leaf 
volume {Nv). Each point represents a bulk sample (n=~4) in ambient [CO2] (open 
symbols) or elevated [CO2] (solid symbols). The linear regression represented in (a) is 
significant at P<0.01, while those in (b) and (c) are significant at P<0.0001. 
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Figure 3.7. Continued. (c)Leaf nittogen per unit volume. 
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Figure 3.8. The 
styraciflua exposed to ambient (366 îmol mol"') and elevated (555 ^mol mof) CO2. 
Each point represents paired pre- and post-senescent leaf samples in ambient [CO2] 
(open symbols) or elevated [CO2] (solid symbols). Linear regression analysis was not 
significant at P = 0.05. 
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Figure 3.9. The relationship between nittogen resorption efficiency and green-leaf A/̂  
in Liquidambar styraciflua exposed to ambient (366 jamol mol') and elevated (555 
^mol mol"') CO2. Resorption was calculated as the relative change in NM- Each pomt 
represents paired pre- and post-senescent leaf samples in ambient [CO2] (open symbols) 
or elevated [CO2] (solid symbols). Linear regression analysis was not significant aXP = 
0.05. 
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