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Variation in leaf lifespan is highly correlated with variation in leaf physiological 

and structural traits within and among plant communities.  The cost-benefit theory of leaf 

lifespan links interspecific variation in leaf lifespan with the decline of photosynthetic 

capacity with leaf age, assuming that photosynthetic capacity (Amax) is linearly correlated 

with daily net assimilation rate (Aday).  In Chapter 1, I evaluated these alternative 

predictions by comparing the decline rate of photosynthetic capacity with leaf age for 

eleven tropical tree species from Barro Colorado Island, Panama.  Leaves were sampled 

from seedlings that had been grown for 2-3 years in common gardens established in 

natural tree fall gaps.  Leaves representing a range of leaf ages were sampled for 

photosynthetic capacity (Amax), total daily photon flux density (PFD), leaf mass per unit 

area (LMA), leaf nitrogen (leaf N), and photosynthetic nitrogen use efficiency (PNUE).  

In all species, Amax, PFD, and PNUE decreased with leaf age.  Leaf N decreased with leaf 

age in seven out of eleven species. There was no consistent relationship between LMA 



x 

and leaf age.  In most species, leaves were lost before their photosynthetic capacity 

reached zero.  Species with shorter leaf life spans had a high initial photosynthetic 

capacity and a steep decline rate of photosynthetic capacity with leaf age.  My results 

favor the second prediction of the cost-benefit theory, suggesting that the total number of 

leaves per seedling is constrained by factors other than decline of photosynthetic rates 

with leaf age.  

The above theoretical predictions assume that instantaneous photosynthetic 

capacity (Amax) is linearly correlated with daily net carbon gain (Aday).  In Chapter 2, I 

evaluated how Aday may be correlated with Amax by estimating daily carbon gain for 

seedling leaves of five tropical tree species that varied in median leaf lifespan.  I 

estimated daily net carbon gain averaged over three days, using photosynthetic light 

response curves and PFD directly measured on individual leaves.  While leaf age was 

correlated with carbon gain in four out of the five species in this study, Amax was 

correlated with carbon gain in three species.  In contrast, leaf PFD was correlated with 

carbon gain in all species.  In a multiple regression using leaf PFD and Amax as predictive 

variables for Aday, Amax was a predictor of Aday only in one species. These results can be 

explained in terms of the light environment leaves experienced during the study.  

Previous studies that documented a strong correlation between Amax and Aday measured 

canopy leaves that received consistent light saturating conditions.  In contrast, the leaves 

in this study received light below their light compensation point for 12 to 52% of the total 

day light.  Based on the results of this study, it appears that leaf PFD is a better predictor 

of daily carbon gain than Amax in conditions where light is not saturating. 
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CHAPTER 1 
DECLINE OF PHOTOSYNTHETIC CAPACITY WITH LEAF AGE IN SEEDLINGS 

OF ELEVEN TROPICAL TREE SPECIES 

Introduction 

Tropical rain forest species produce leaves with widely variable leaf lifespan.  For 

example, while leaves of pioneer species generally live less than one year, leaves of 

shade-tolerant species can live five years or more (Coley 1988, Williams et al. 1989).  

Variation in leaf lifespan among species reflects genotypic differences that evolved partly 

in relation to life history strategies.  Pioneers survive best in sites with high light and 

nutrients where their inherent fast rates of growth and leaf turnover help them out-

compete other plants (Bazzaz 1979, Ellsworth and Reich 1996).  Shade-tolerant species, 

although rapidly out-competed in high light environments, persist in light-limited 

environments where slower growth rates, lower photosynthetic capacity, and longer leaf 

lifespans allow them to maintain a positive carbon budget by amortizing initial 

construction costs (Bazzaz 1979, Koike 1988).  When comparing species, it has been 

shown that shade tolerant species have lower photosynthetic capacity, higher leaf mass 

per unit area, and longer leaf lifespans than pioneer species under comparable light 

conditions (Williams et al. 1989, Ellsworth and Reich 1996, Reich et al. 2004).  These 

patterns are thought to be the result of functional constraints that enhance either 

productivity or nutrient conservation and defense.  A plant can allocate resources to 

leaves with a high photosynthetic capacity but short lifespan, or produce physically 

resistant leaves that have a lower rate of carbon assimilation over a longer period of time 
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(Reich et al. 1992).  For example, thicker cell walls are necessary to increase leaf 

toughness which provides mechanical protection essential to keeping leaves for long 

periods of time (Hikosaka 2004).  However, thicker leaves require higher nitrogen 

investments in cell walls rather than photosynthetic proteins and thus, have lower overall 

carbon assimilation (Hikosaka 2004).   

Variation in leaf lifespan is highly correlated with variation in leaf physiological 

and structural traits within and among communities (Reich et al. 1991, Reich et al. 1992, 

Reich et al. 1999).  Mass-based photosynthetic capacity (Amass) and leaf nitrogen (Nmass) 

are usually positively correlated, and both are negatively correlated with leaf mass per 

unit area (LMA).  Amass and Nmass decrease with increasing leaf lifespan, while LMA 

increases with increasing leaf lifespan.  The decline of Amass and Nmass with leaf age is 

thought to be due to the retranslocation of nitrogen to younger leaves which maximizes 

whole-shoot photosynthetic income rather than to uncontrolled physiological 

deterioration (Field and Mooney 1983, Ackerly and Bazzaz 1995).  Hikosaka et al. 

(1994) showed that age-related changes due to retranslocation were more pronounced 

when of light or nitrogen were limiting.   

Photosynthetic nitrogen use efficiency (PNUE), the rate of photosynthesis 

expressed per unit nitrogen, is an important leaf trait to characterize in relation to leaf 

lifespan.  Although a few studies did not find a change in PNUE with leaf age (Mooney 

et al. 1981, Field and Mooney 1983), more recent studies have shown that PNUE 

decreases with both leaf age and LMA (Reich et al. 1991, Kitajima et al. 1997, Escudero 

and Mediavilla 2003, Mediavilla and Escudero 2003, Wright et al. 2004).  The 

retranslocation of nitrogen to younger leaves can result in the decline of both leaf 
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nitrogen and PNUE in older leaves which consequently leads to the decline of 

photosynthetic capacity with leaf age.  The decrease of PNUE with LMA can be 

explained by the allocation of nitrogen to non-photosynthetic functions in leaves 

(Escudero and Mediavilla 2003, Hikosaka 2004).  Leaves with a high LMA allocate a 

larger amount of nitrogen to cell wall proteins, and a lower amount of nitrogen to 

photosynthetic proteins (Takashima et al. 2004).  This trade-off in nitrogen allocation 

between photosynthesis and structure results in a negative correlation between PNUE and 

LMA (Hikosaka 2004).  Thus, in studies attempting to explain age-related changes in 

photosynthetic decline, the relationship between leaf age, leaf nitrogen, and PNUE must 

be evaluated.   

Cost-benefit analyses have been used to explain variation in leaf lifespan (Chabot 

and Hicks 1982, Kikuzawa 1991, Kikuzawa and Ackerly 1999).  Leaf lifespan is 

typically considered to reflect a balance between lifetime leaf carbon gain and 

construction and maintenance costs (Chabot and Hicks 1982).  Thus, the affect of leaf age 

on photosynthesis is important in cost-benefit theories of leaf lifespan.  Maximum 

photosynthetic capacity (Amax) typically declines monotonically with leaf age and can be 

approximated by the following linear equation: Amax = a (1 – t/b), where t is the leaf age 

in days from the time of full leaf expansion (Kikuzawa 1991).  The parameter a (y 

intercept of the regression) represents the initial photosynthetic capacity after full leaf 

expansion, and can be directly measured.  The parameter b (x intercept of regression) 

represents the time when photosynthetic capacity would reach zero.  This parameter is a 

statistical extrapolation determined as a function of the initial photosynthetic rate (a) and 

the rate of its decline (parameter a/b, the slope of the regression).   



4 

4 

Cost-benefit analyses of leaf lifespan have generated two alternate predictions.  If 

there are no external constraints on the maximum number of leaves produced and 

photosynthesis declines with leaf age (i.e., self-shading causes photosynthetic decline and 

limits the number of leaves per shoot; Case 1), a leaf is expected to maximize net carbon 

gain over its entire lifetime (Kitajima et al. unpublished manuscript).  In this case, the 

optimum leaf lifespan should be close to the time when photosynthetic rates equal zero 

(Parameter b).  Since total daily net photosynthetic income should reach zero before net 

photosynthetic rates equal zero, actual leaf lifespan is expected to be less than parameter 

b (Kitajima et al. 2002).  Parameter b approximates actual leaf longevity when the same 

leaf is repeatedly measured for plants with very short lifespans (Ackerly and Bazzaz 

1995).  In contrast, in tropical tree species with leaf life-times ranging from 183-343 

days, b was significantly greater than actual leaf longevity (Kitajima et al. 1997).   

Alternatively, if the total number of leaves is limited by external resources (Case 

2), a leaf is expected to maximize the rate of net carbon gain averaged over the lifetime of 

the leaf (Kikuzawa 1991, Kikuzawa and Ackerly 1999, Kitajima et al. unpublished 

manuscript).  In this scenario, leaves are replaced when their net carbon gain per unit 

time averaged over their entire lifespan has reached a maximum and optimal leaf lifespan 

is predicted to be equal to (2bC/a)1/2 where C is the construction cost of the leaf 

(Kikuzawa 1991).  The parameters a and C can be considered on a mass or area basis.  

Based on this theoretical model, it is expected that leaf lifespan will be short when the 

initial photosynthetic rate of the leaf is high, and long when construction costs are high or 

the rate of decline of photosynthetic rates with leaf age is slow (Kikuzawa 1991).  Based 

on a comparison of seven canopy tree species, Kitajima and others (unpublished 
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manuscript) found that Case 1 is most applicable only to short-lived leaves of pioneer 

species, while Case 2 is equally applicable to both short- and long-lived leaves. 

Numerous studies have analyzed the maximum photosynthetic rates of different 

species (Reich et al. 1991, Reich et al. 1992, Reich et al. 1999).  However, data on the 

rate of photosynthetic decline with leaf age in species with different lifespans are 

relatively scarce (Kikuzawa and Ackerly 1999). Such data are essential in estimating the 

long-term carbon budget of individual leaves and entire plants.  Here, we report the rate 

of decline of photosynthetic capacity with leaf age for seedlings of eleven tropical tree 

species with median leaf lifespans of from 140-797 days.  Previous studies have focused 

on comparing the rate of photosynthetic decline for canopy trees (Kitajima et al. 1997, 

Kitajima et al. 2002) or have only evaluated changes in one species (Ackerly and Bazzaz 

1995).  Thus, my study appears to be the first to evaluate whether cost-benefit theory 

explains variation in the leaf lifespan of seedlings.  Why might leaf lifespan be different 

in seedlings and adults?  In both seedlings and adults, leaf lifetimes are expected to be 

correlated with the cost and maintenance of leaves and supporting structures (Kikuzawa 

and Ackerly 1999).  The higher initial construction and maintenance costs, the longer a 

leaf is expected to live in order to pay back those costs.  As seedlings grow in height, the 

costs of biomechanical support and the transport of water and nutrients to leaves are also 

expected to increase (Kikuzawa and Ackerly 1999).  To offset these increased costs, leaf 

photosynthetic capacity should also increase with plant height.  Indeed, in temperate 

species, light-saturated photosynthetic rates have been documented to increase with 

ontogeny, from seedlings to saplings and adult trees (Koike 1988).  As leaves with higher 

photosynthetic capacity and more supporting structures are expected to be more costly to 
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produce, they are also anticipated to require longer to pay back initial construction costs.  

Thus, seedlings should have shorter leaf lifespans than adult trees of the same species 

because construction and maintenance costs of supporting structures are expected to be 

lower for seedlings than adults (Kikuzawa and Ackerly 1999).  When leaf lifespan was 

compared across species with different life forms, species with lower biomechanical and 

transport costs, such as aquatic floating plants, had a shorter leaf lifespan than leaves with 

higher construction and maintenance costs such as temperate deciduous trees (Kikuzawa 

and Ackerly 1999).  Alternatively, leaves in high light environments are expected to pay 

back construction and maintenance costs more quickly than leaves in shaded 

environments. When species are compared, plants grown in high light conditions often 

have a faster leaf turnover than plants grown in the shaded understory (Bongers and 

Pompa 1990).  Therefore, it is likely that the average leaf lifespan of a seedling growing 

in the forest understory will be longer than that of an adult tree with access to a higher 

light environment. 

Due to the effect of light environment on leaf lifespan, it is imperative that plants 

be grown in similar light environments when comparing leaf lifespans across species or 

life forms.  Thus, all species in this study were planted in naturally occurring canopy 

gaps.  Canopy gaps are particularly important for tropical tree regeneration as species are 

thought to be differentiated in part by their response to light conditions in gaps (Denslow 

1980).  This response is partially determined by differences in leaf dynamics among 

species as species with shorter leaf lifespans are typically intolerant of shade, while 

species with longer leaf lifespans are shade-tolerant (Bongers and Pompa 1990).  

Detailed knowledge of species responses to similar gap micro-environments could lead to 



7 

7 

an understanding of the degree of differentiation among species in the way they exploit 

photosynthetically active radiation.  This differentiation is most pronounced during early 

stages of the tree life cycle when seedlings or saplings suffer high mortality.   

The objectives of this study were: (1) to fill a gap in empirical data on declines of 

photosynthetic capacity with leaf age for seedlings of tropical tree species with a range of 

leaf lifespans; (2) to evaluate two alternative predictions of cost-benefit theory; and, (3) 

to explore the functional basis for relationships among leaf age, leaf position, light 

microenvironment, leaf mass per area, nitrogen content, and photosynthetic capacity.  We 

compared the x intercept of the regression of leaf age with photosynthetic capacity 

(parameter b) with the observed leaf lifespan of each species.  A relationship between the 

parameter b, the x intercept of the regression of leaf age with photosynthetic capacity, 

and species leaf lifespan would provide qualitative support for Case 1 in which external 

resources do not limit the total number of leaves produced.  Alternatively, if plants are 

limited by external resources (Case 2), I expected that the rate of photosynthetic decline 

would be faster (i.e. a/b would be larger) in species with shorter leaf lifespans according 

to Kikuzawa’s (1991) predictions.  I also predicted that photosynthetic rate, nitrogen per 

unit area, and photon flux density (PFD) measured at the leaf surface would decrease 

with leaf age.   

Methods 

Study Site 

The study was conducted on Buena Vista Peninsula, a 60-year-old secondary 

lowland tropical forest area in the Barro Colorado National Monument (BCNM), 

Republic of Panama (9˚09’ N, 79˚51’W).  The species composition, climate, and ecology 

of the Buena Vista Peninsula is similar to that of the young forests on Barro Colorado 
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Island (Croat 1978, Leigh 1982).  The BCNM forest is semi-deciduous during the 

pronounced dry season that usually lasts from mid-December to April, and receives 

annual rainfall ca. 2,600 mm (Daws et al. 2002). 

Plot Establishment 

Three gap plots were established in natural tree fall gaps of approximately 100 m2 

in May 2002.  Seeds were collected on Barro Colorado Island from at least two parent 

trees and germinated in a greenhouse.  At radicle emergence, seedlings were transplanted 

into three common gardens located natural tree fall gaps on Buena Vista Peninsula.  Each 

garden was 7 x 7 m2 and enclosed in a hardwire fence to exclude vertebrate herbivores.  

Based upon the mean percentage of total daily PFD in the center of the plot relative to 

total daily PFD above the canopy, the light environment in each plot was determined to 

be 50.7%, 37.7%, 23.4% of full sun in plots 1, 2 and 3, respectively (Kitajima 

unpublished data).  Newly expanded leaves were marked with unique identification 

numbers and monitored for survival during monthly census.  Median leaf lifespan was 

estimated for each species at the time from full leaf expansion to abscission with the 

Kaplan-Meyer method (Donovan and Weldin 2002), which accounts for censored leaves 

(leaves removed from the study before their death or alive at the last survival census). 

Measurement of Light and Photosynthesis in the Field 

I selected eleven species of tropical trees common to BCNM that varied in median 

leaf lifespan and shade tolerance for sampling (Table 1-1).  Species are hereafter referred 

to by their generic names.  Median leaf lifespan varied between 140 days in Ceiba and 

792 days in Aspidosperma.  All species are canopy trees, except for Pentagonia which is 

a small tree commonly found in gaps but also encountered in the shaded understory.  

Seeds of Aspidosperma, Ceiba, and Vochysia are wind-dispersed, while those of the other 
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eight species are dispersed by birds and mammals.  Ceiba, Pentagonia, and Vochysia are 

early successional species while other species are intermediately shade tolerant 

(Tabernaemontana, Genipa) or very shade tolerant (Aspidosperma, Calophyllum, 

Gustavia, Tetragastris, Trichilia and Virola) based on the abundance and survival of 

juveniles in the shaded understory of BCNM (Kitajima personal observation, CTFS data 

set available online, S. J. Wright unpublished data). 

To include a wide-range of leaf ages for each species, I selected four marked leaves 

of contrasting ages on each individual seedling for measurements using the leaf census 

data (Table 1-2).  For each selected leaf, I measured the rates of light-saturated net CO2 

assimilation (=photosynthetic capacity per unit area, Aarea), stomatal conductance (Gs) at 

photon flux density (PFD) of 1000 µmol m-2 s-1, and then measured dark respiration with 

a portable infra-red gas analyzer (LI-6400, LICOR, Lincoln, Nebraska, USA).  Light was 

supplied with blue-red light emitting diodes.  The CO2 concentration of the reference air 

entering the leaf chamber was adjusted with a CO2 mixer control unit so that the 

“reference” air entering the chamber had [CO2] = 38 Pa.  Sample [CO2] ranged from 36.4 

to 38.2 Pa.  The chamber temperature was stabilized by maintaining the Peltier block 

temperature at 28ºC.  The relative humidity of the sample was kept as close to ambient as 

possible (typically between 70-85%) and air flow rate was set at 400 µmol s-1.  Gas-

exchange measurements were made between 0800-1200 h between May and August of 

2004.  Additional leaves were measured between July and September of 2005 to 

supplement the age range for species with long-lived leaves. 

Total daily PFD at the leaf surface was measured for 3 days for a subset of leaves 

representing the full range of leaf age of five species after gas exchange measurements 
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(Table 1-3).  A calibrated GaAsP sensor (Hamamatsu, Japan) was attached to the adaxial 

surface of each sampled leaf.  Campbell Dataloggers (Models 21X and 10X) sampled 

PFD sampled every 2 s and recorded a mean for each minute.  The results were expressed 

as %PFD (the mean percentage of the total daily PFD above the canopy) for each leaf.  

All light measurements were made between May and August of 2004.  

Laboratory Measurements and Statistical Analyses 

Leaf mass per area (LMA) for each leaf was determined from two 19.6 cm2 leaf 

disks dried at 60ºC until a stable dry mass was reached.  Nitrogen content per unit mass 

(Nmass) and per unit area (Narea) were determined for these leaf disks with an elemental 

analyzer (Costech Analytical Model 4010, Valencia, California, USA). Instantaneous 

photosynthetic nitrogen use efficiency (PNUE) was determined by dividing Aarea by Narea.  

Statistical analyses, including leaf survival analysis and regression and correlation 

analyses among leaf traits, were completed using JMP V.5.1 (SAS, 2003).  The 

relationships of Aarea, Amass, LMA, Narea, and PNUE with leaf age were modeled with 

ANCOVA for each species with leaf age as the covariate and plant as a random effect.  

The rate of photosynthetic decline (parameter a/b) was estimated as the slope of the 

regression line of leaf age and Aarea or Amass (hereafter leaf age-Aarea or leaf age-Amass).  

The y and x intercept of the leaf age-Aarea or leaf age-Amass regression was used as an 

estimate initial photosynthetic capacity (parameter a) and the leaf age when 

photosynthesis would equal zero (parameter b) respectively.  Significance of PFD 

relationships with leaf age and Aarea were tested with a simple linear regression with 

leaves, plants, and plots pooled for each species.   
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Results 

Aarea declined significantly with leaf age in all species (Figure 1-1).  The rate of 

decline varied among species as indicated by regression slopes of Aarea against leaf age 

that ranged from -0.008 to -0.039 µmol CO2 m-2 s-1 d-1.  Amass also declined significantly 

with leaf age in all species (Figure 1-2).  Regression slopes of Amass against leaf age 

ranged from -0.0007 to -0.0001 µmol CO2 g-2 s-1 d-1.  While there was no relationship 

between initial Aarea and median leaf lifespan among species, the regression slope of Aarea 

against leaf age increased significantly with increasing median leaf lifespan among 

species (Figure 1-3a and 1-3c).  Although it was still included in statistical analyses, the 

slope value for Vochysia was outside of the 95th percentile, and was thus considered an 

outlier.  It had the steepest slope on both a mass and area basis, but only an intermediate 

median leaf lifespan (Figure 1-3a and 1-3c).  Initial Amass decreased with median leaf 

lifespan, whereas the slope of Amass against leaf age increased with median leaf lifespan 

(Figure 1-3b and 1-3d).   

In all species, x intercepts were greater than median leaf lifespan by 89 (Trichilia) 

to 403 days (Ceiba) when photosynthetic capacity was measured on an area basis (Table 

1-4).  When photosynthetic capacity was measured on a mass basis, x intercepts 

overestimated median leaf lifespan by 4 (Gustavia) to 403 days (Aspidosperma) and 

underestimated median leaf lifespan by 30 days in Trichilia (Table 1-4).  There was a 

positive relationship between median leaf lifespan and the x intercept of species’ leaf age-

Aarea and leaf age-Amass regression (Figure 1-4).  

There was no consistent relationship within species between LMA and leaf age 

(Figure 1-5).  In some species, LMA increased with leaf age (Ceiba, Genipa, Gustavia, 

Tetragastris, and Trichilia), in others, it decreased (Calophyllum and Pentagonia), while 



12 

12 

in Aspidosperma, Tabernaemontana, Virola, and Vochysia there was no relationship.  

The percent change in LMA from a 30-day old leaf to a 300-day old leaf ranged between 

-5% in Calophyllum and 35% in Genipa.  Seven out of the eleven species showed a 

decline in Narea with leaf age (Figure 1-6), but PNUE decreased with leaf age in all 

species (Figure 1-7). 

Light availability declined significantly with leaf age in the five species for light 

data were available (Figure 1-8).  Aarea was positively correlated with light availability in 

three out of five species (Figure 1-9) which also showed a decline in Narea with leaf age 

(Figure 1-5).  In contrast, Aspidosperma and Genipa did not increase in Aarea with leaf age 

although they did decline in Narea with leaf age. 

Discussion 

This paper provides further support for a negative relationship between leaf age and 

photosynthetic capacity across species (Reich et al. 1992, Reich et al. 1999, Wright et al. 

2004) while also supplying rare data on the rate of photosynthetic decline with leaf age 

which allows for the evaluation of cost-benefit theories of leaf lifespan (Kikuzawa 1991, 

Kikuzawa and Ackerly 1999, Kitajima et al. unpublished manuscript).  Cost benefit 

theories have generated two alternative optimization criteria for predicting leaf lifespan 

(Kikuzawa 1991, Kitajima et al. unpublished manuscript).  Depending upon whether or 

not external resources are limiting, a leaf should either maximize total lifetime carbon 

gain (Case 1) or average daily carbon gain (Case 2).  In Case 1, leaf lifespan should be 

similar to the x intercept of the Aarea-leaf age relationship (parameter b in Kikuzawa’s 

model).  Because total daily net photosynthetic income should reach zero before 

photosynthetic capacity reaches zero, the x intercept is expected to be greater than the 

actual leaf life time of a given species.  In a previous study, estimated x-intercepts 
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approximated the mean leaf lifespan for seedlings of a tropical pioneer tree with very 

short mean leaf lifetimes (Ackerly and Bazzaz 1995; Table 1-5).  In contrast, the x-

intercept of the Aarea-leaf age relationship in this study consistently overestimated median 

leaf lifespan by 89-403 days (Table 1-4).  Kitajima and others (1997) also reported x-

intercepts that were greater than the mean leaf life times of five tropical tree species 

(Table 5).  Contrary to an earlier study by Kitajima and others (2002), I found no 

relationship between the discrepancy in the x intercept and median leaf lifespan with 

species-specific median leaf lifespans.  Instead, there was a significant positive 

relationship between the x intercepts and median leaf lifespans which provides qualitative 

support for Kikuzawa’s model.  However, rates of photosynthetic capacity declined 

sharply before reaching the potential leaf lifespan b suggesting that actual leaf lifespan is 

much shorter than the potential.  Thus, it appears that Case 1 applies only to very short-

lived leaves. 

The results of this study supported predictions that leaves will maximize daily 

average carbon gain (Case 2) as suggested by Kikuzawa’s cost-benefit model (1991) and 

two earlier empirical studies (Kitajima et al. 1997, Kitajima et al. 2002).  In general, 

species with shorter leaf lifespans had (1) a higher initial photosynthetic capacity and (2) 

a steeper rate of decline of photosynthetic capacity with leaf age (parameter a/b in 

Kikuzawa’s model) than species with longer leaf lifespans.  Aarea-leaf age slopes were 

steeper for the five species with short median leaf lifespans (140-280 days) than the six 

shade-tolerant species with long median leaf lifespans (504-797 days; Table 1-4).  These 

slope values are similar to Aarea-leaf age slopes reported in previous studies (Table 5).  

Kitajima et al. (1997) found Aarea-leaf age slopes ranging from -0.032 to -0.0018 µmol 
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CO2 m-2 d-1 for adults of five tropical tree species with mean leaf lifespans of 174-315 

days.  Adults of two tropical pioneer species with very short leaf lifespans (74-93 days) 

had much steeper slopes (-0.2 to -0.25 µmol CO2 m-2 d-1; (Kitajima et al. 2002).  Even 

steeper slopes between -0.57 and -1.32 µmol CO2 m-2 d-1 have been documented for 

seedlings of Heliocarpus appendiculatus, a tropical pioneer tree with mean leaf life times 

of only 28-37 days (Ackerly and Bazzaz 1995).  

Although a general dichotomy between Aarea-leaf age slopes of species with short 

and long-lived leaves is evident, some species do not fit the predicted pattern.  For 

instance, Vochysia had both the steepest rate of photosynthetic decline with leaf age and 

the highest initial Aarea, yet had the longest median leaf lifespan (280 days) of the pioneer 

species studied.  The species with the longest median leaf lifespan (797 days) 

Aspidosperma, had the shallowest slope, but not the lowest initial Aarea as Kikuzawa’s 

cost-benefit analysis would predict.  Nevertheless, this study still provides strong support 

for Case 2 which provides leaf lifetime optimization criteria for plants of various leaf 

lifespans that are primarily limited by external resources.  

Species differences weakened the among species relationship between Amass and 

leaf lifespan (Figure 1-3b, r2 = 0.56, p = 0.009).  Previous studies have documented 

stronger correlations (r2 values typically between 0.70-0.91, with p-values < 0.001; Reich 

et al. 1992, Reich et al. 2004, Wright et al. 2004).  I believe this can be explained by the 

greater range in leaf lifespans as well as the greater number of species measured in 

previous studies.  Reich et al. (1992) reported leaf lifespans up to 4200 days, while the 

maximum leaf lifespan in my study was 792 days.  This five-fold greater range in leaf 

lifespans could result in stronger correlations, particularly when coupled with a greater 
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number of species for comparison.  The absence of a significant relationship between 

initial Aarea and leaf lifespan among species has been frequently cited in earlier studies 

(Reich et al. 1992, Reich et al. 2004, Wright et al. 2004) and is due to the effect of LMA 

on photosynthetic capacity (Peterson 1999).  When LMA is controlled statistically, the 

slope of the relationship between photosynthesis and leaf nitrogen is the same for both 

area and mass-based expressions (Peterson 1999).  

Aarea, Amass, Narea, and PFD decreased with leaf age as predicted for all species 

measured while LMA did not vary consistently with leaf age across species.  In most 

species, the changes in LMA with leaf age were so small that they could not have 

contributed much to the decrease of Aarea, Amass, and Narea.  In contrast, the observed 

decline in Narea with leaf age did contribute to the decline in photosynthetic capacity in 

seven out of the eleven species and was likely caused by the reallocation of nitrogen to 

newer leaves where PFD was greater.  Indeed, due to shading by younger leaves, leaf 

light levels decreased with leaf age for the five species for which leaf PFD was measured 

in this study.  This pattern is consistent with theories of optimal resource allocation in 

which nitrogen from older shaded leaves is reallocated to younger unshaded leaves, 

resulting in a more favorable carbon gain for the entire plant (Field and Mooney 1983, 

Hirose and Werger 1987, Hikosaka et al. 1994).  In all species, the decrease in PNUE 

with leaf age also contributed to the decline of photosynthetic capacity.  The retention of 

leaves despite their low photosynthetic capacity and PNUE has been explained as a 

means of increasing total production due to the longer retention of plant nitrogen 

(Escudero and Mediavilla 2003). 
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This study is apparently the first to evaluate whether cost-benefit theory explains 

variation in leaf lifespan in several species of seedlings ranging in shade tolerance and 

median leaf lifespan.  I have no data on the leaf lifespan of adult life forms.  However, 

sapling leaf lifespans were measured for three of the eleven species I studied (Coley 

1988, King 2003).  Gap-grown saplings of Tetragastris and Calophyllum 1-2 years of age 

had mean leaf lifespans of 690 and 1050 days respectively (Coley 1988).  This value is 

only a little greater than the median leaf lifespan of 671 days for Tetragastris reported in 

my study.  For Calophyllum, 1050 days is much greater than the median leaf lifespan of 

700 days reported in this study.  King (1993) evaluated the mean leaf lifespans of 

Trichilia and Calophyllum saplings grown over a range of light environments and found 

mean leaf lifespans of 1350 and 2640 days, respectively, which is much greater than the 

values of 630 and 700 days reported in this study.  However, since King (1993) evaluated 

mean leaf lifespan in saplings across gap, understory and intermediate light conditions, it 

is difficult to account for the effect of light on leaf lifespan.  Leaf lifespan is expected to 

be greater in shaded than in gap conditions (Bongers and Pompa 1990).  For all three 

species in which sapling leaf lifespan was measured, leaf lifespan was greater in saplings 

than in seedlings, providing support for the idea that leaf lifespan should increase with 

increasing construction and maintenance costs of supporting structures (Kikuzawa and 

Ackerly 1999).  In order to evaluate this hypothesis further, sapling and adult leaf 

lifespans should be measured for the eleven species in this study under similar light 

conditions. 

In summary, general predictions made by Kikuzawa’s cost-benefit model (1991) 

were supported by the results of this study.  Leaf lifespan was shorter for species with 
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higher initial photosynthetic rates and longer when the rate of photosynthetic decline with 

leaf age was slow.  The x-intercept of the Aarea-leaf age relationship consistently 

overestimated median leaf lifespan, indicating that the observed leaf lifespan was much 

shorter than the potential.  Thus, it appears the optimal strategy for the seedlings of 

tropical tree species in this study is to maximize daily carbon gain as external resources 

are limiting (Case 2).  Leaf age was a strong determinant of photosynthetic capacity, 

supporting the idea that knowledge of the distribution of leaf age in a canopy will allow 

for estimates of canopy photosynthetic performance. 



18 

18 

Table 1-1. Median and mean leaf lifespan of marked leaves using the Kaplan-Meyer 
method for each species studied.  Species are ranked from shortest median 
leaf lifespan to longest median leaf lifespan.  Nomenclature follows Croat 
(1978). 

Species 
 

Family 
Total 

Leaves Median Mean 
Std 
Dev 

Ceiba pentandra Bombacaceae 296 140 156.1 3.10 

Genipa americana Rubiaceae 478 224 234.8 4.96 

Pentagonia macrophylla Rubiaceae 304 252 274.2 6.03 

Tabernaemontana arborea Apocynaceae 542 279 277.6 3.94 

Vochysia ferruginea Vochysiaceae 549 280 280.3 3.41 

Virola surinamensis Myristicaceae 709 504 494.3 6.56 

Gustavia superba Lecythidacaceae 111 629 591.2 17.17 

Trichilia tuberculata Meliaceae 59 630 626.1 20.12 

Tetragastris panamensis Burseraceae 89 671 648.3 13.87 

Calophyllum longifolium Clusiaceae 108 700 679.9 12.79 

Aspidosperma cruenta Apocynaceae 31 797 745.3 12.51 
 
Table 1-2. Number of plants and leaves measured for Amax, Aarea, LMA, Narea, and PNUE 

measurements for each species.  Species are ranked from shortest median leaf 
lifespan to longest median leaf lifespan. 

 # of Leaves 

Species # of 
Plants Aarea Amass LMA Narea PNUE 

Ceiba  7 28 28 28 28 28 
Genipa 11 43 43 43 43 43 

Pentagonia  8 31 31 31 31 31 
Tabernaemontana 9 32 32 32 32 32 

Vochysia  13 42 42 42 42 42 
Virola  10 105 51 78 83 78 

Gustavia  8 44 32 39 39 39 
Trichilia  5 27 27 36 36 36 

Tetragasteris  7 46 30 38 38 38 
Calophyllum  6 42 24 41 41 41 

Aspidosperma  9 69 38 49 50 49 
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Table 1-3. Number of plants and leaves for which % PFD and Aarea were measured for a 

subset of species. Species are ranked from shortest median leaf lifespan to 
longest median leaf lifespan. 

 # of Leaves 

Species # of 
Plants %PFD % PFD 

and Aarea 

Genipa  5 19 9 
Tabernaemontana 2 10 8 

Virola  4 17 13 
Tetragasteris  4 17 15 
Aspidosperma  2 8 8 
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Table 1-4. Mean leaf lifespan and regression statistics (x and y intercepts and slopes) for area- and mass-based light-saturated net 
photosynthesis against leaf age (days after full expansion) for seedlings of eleven tropical tree species. 

Aarea (µmol m-2 s-1) Amass (µmol g-1 s-1) 

Species 
Median 

Leaf 
Lifespan 

x intercept 
(b) 

y intercept 
(a) 

Slope 
(a/b) 

x intercept 
(b) 

y 
intercept 

(a) 

Slope 
(a/b) 

Ceiba 140 543 11.4 -0.021 443 0.31 -0.0007 
Genipa 224 512 8.7 -0.017 400 0.20 -0.0005 

Pentagonia 252 525 8.4 -0.016 700 0.14 -0.0002 
Tabernaemontana 279 489 9.3 -0.019 433 0.26 -0.0006 

Vochysia 280 369 14.4 -0.039 400 0.28 -0.0007 
Virola 504 730 7.3 -0.010 750 0.15 -0.0002 

Gustavia 629 882 9.7 -0.011 633 0.19 -0.0003 
Trichilia 630 800 8.0 -0.010 600 0.12 -0.0002 

Tetragastris 671 888 7.1 -0.008 700 0.14 -0.0002 
Calophyllum 700 887 13.3 -0.015 750 0.15 -0.0002 

Aspidosperma 797 1125 9.0 -0.008 1200 0.12 -0.0001  

Table 1-5.  Mean leaf lifespan and regression statistics (x and y intercepts and slopes) for light-saturated net photosynthesis (Aarea in 
micromols of CO2 m-2 s-1) against leaf age (days after full expansion) for eight tropical tree species measured in previous 
studies (Ackerly and Bazazz 1995, Kitajima et al 1997, 2002).  Since measurements were made for a range of nutrient and 
light conditions for Heliocarpus appendiculatus, average values for each parameter are reported. Species are arranged from 
shortest to longest mean leaf lifespan. 

Species Mean Leaf 
Lifespan 

x intercept 
(b) 

y intercept 
(a) 

Slope 
(a/b) Source 

Heliocarpus appendiculatus 33 36 14.6 -0.915 Ackerly and Bazzaz 1995 
Cecropia longipes 74 133 23.7 -0.179 Kitajima et al. 2002 
Urera caracasana 93 98 21.2 -0.255 Kitajima et al. 2002 

Antirrhoea trichantha 174 550 12.1 -0.022 Kitajima et al. 1997 
Luehea seemannii 201 1200 10.8 -0.009 Kitajima et al. 1997 
Castilla elastica 206 365 11.7 -0.032 Kitajima et al. 1997 
Annona spraguei 221 482 10.6 -0.022 Kitajima et al. 1997 

Anacardium excelsum 315 985 6.9 -0.007 Kitajima et al. 1997 
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Figure 1-1. Light saturated photosynthetic assimilation rates (Aarea) of leaves of different 

age on seedlings of eleven tropical tree species.  Each point represents a leaf. 
Circles were leaves measured in 2004; triangles were leaves measured in 
2005. 
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Figure 1-2. Mass-based photosynthesis (Amass) of leaves with contrasting leaf age in 

eleven species of tropical trees. Each point represents a leaf.   
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Figure 1-3. Relationship between initial Aarea, Aarea-leaf age slope, Amass, Amass-leaf age 

slope with median leaf lifespan for each species. (a) Relationship between 
initial Aarea and median leaf lifespan for each species. (b) Relationship 
between the Aarea-leaf age slope and the median leaf lifespan for each species. 
(c) Relationship initial Amass and median leaf lifespan for each species. (d) 
Relationship between the Amass-leaf age slope and median leaf lifespan for 
each species. 
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Figure 1-4. The relationship between the actual median leaf lifespan and an estimate of 

the time when photosynthetic capacity would reach zero (parameter b, the x 
intercept of the leaf age-Aarea and leaf age-Amass regression).  Solid circles and 
the solid line represent the relationship when photosynthetic capacity is 
presented on an area basis (r2 = 0.87, P < 0.0001), while empty circles and the 
dashed line represent the relationship when photosynthetic capacity is 
presented on a mass basis (r2 = 0.58, P < 0.01). 
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Figure 1-5. Relationship between leaf mass per unit area (g m-2) and leaf age in seedlings 

of eleven species of tropical trees.  Each point represents a leaf.  Circles were 
leaves measured in 2004; triangles were leaves measured in 2005.  Significant 
and nonsignificant regression lines are indicated by solid and broken lines, 
respectively. 
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Figure 1-6. Relationship between leaf nitrogen (g m-2) and leaf age.  Each point 

represents a leaf. Circles were leaves measured in 2004; triangles were leaves 
measured in 2005.  Significant and nonsignificant regression lines are 
indicated by solid and broken lines, respectively.    
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Figure 1-7. Relationship between photosynthetic nitrogen use efficiency (PNUE) and leaf 

age.  Each point represents a leaf.   
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Figure 1-8. Decline in %PFD (the total daily PFD incident on the leaf relative to the total 

daily PFD above the canopy) with leaf age in a subset of species and leaves.  
Each point represents a leaf. 
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Figure 1-9. Effect of % PFD (the total daily PFD incident on the leaf relative to the total 

daily PFD above the canopy) on light-saturated photosynthesis (Aarea) and for 
a subset of species and leaves.  Each point represents a leaf.  Significant and 
nonsignificant regression lines are indicated by solid and broken lines, 
respectively.
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CHAPTER 2 
LEAF AGE, PHOTOSYNTHETIC CAPACITY, AND LEAF LIGHT LEVEL AS 

PREDICTORS OF DAILY CARBON GAIN IN SEEDLINGS OF FIVE TROPICAL 
TREE SPECIES 

Introduction 

Cost-benefit theories of leaf lifespan are a powerful approach that explains global 

patterns of leaf lifespan across latitudes (Kikuzawa 1991, Kikuzawa and Ackerly 1999) 

and the negative correlation between leaf lifespan and photosynthetic capacity (Reich et 

al. 1997, Reich et al. 1999, Wright et al. 2004).  A basic assumption central to cost-

benefit theory is that leaves, as the primary carbon gaining organs of plants, must 

optimize photosynthetic gain (Aday) relative to construction and maintenance costs 

(Chabot and Hicks 1982).  Because photosynthetic characteristics change with leaf age, 

leaf-age effects are an important consideration in cost-benefit theories of leaf lifespan.  

Understanding the relationship between photosynthetic gain and leaf age can facilitate the 

integration of photosynthetic carbon gain from individual leaves to individual crowns to 

the entire forest canopy (Kitajima et al. 1997, Kitajima et al. 2002).  Because Aday is 

difficult to measure directly for many leaves, previous studies have focused on the 

relationship between photosynthetic capacity and leaf age, assuming that Aday can be 

approximated by maximum photosynthetic capacity, or Amax (Kitajima et al. 1997, 

Kitajima et al. 2002, Kitajima et al. unpublished manuscript, Chapter 1).  This 

assumption is based upon a strong correlation between Amax and Aday reported across 

several tropical canopy tree and epiphyte species (Zotz and Winter 1993, 1994).  

However, the degree to which Aday, not Amax, varies with leaf environmental and 
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physiological factors has not been adequately explored.  It is particularly important to 

elucidate the relationship between Aday and Amax as predictions made using cost-benefit 

theory are based on Aday, not Amax (Kikuzawa 1991). 

Photosynthetic capacity (Amax) and daily (24 hour) photosynthetic gain (Aday) 

typically decline monotonically with leaf age and can be approximated by two similar 

equations that differ only by the notation ’ which indicates daily rather than instantaneous 

parameters.  The equations are: Amax = a (1 – t/b) or Aday = a’ (1 – t/b’), where t is the 

leaf age in days from the time of full leaf expansion (Kikuzawa 1991).  The parameters a 

and a’ represent the photosynthetic rate at the time of full leaf expansion.  The parameters 

b and b’ is a statistical extrapolation determined as a function of the initial photosynthetic 

rate (a or a’) and the rate of its decline (parameter a/b or a’/b’).  Thus, parameter b is an 

estimate of the time when photosynthetic capacity would reach zero.  Studies exploring 

the relationship between leaf age and photosynthetic capacity have reported a tight 

relationship between leaf lifespan and the parameter a/b indicating that it is possible to 

estimate the effect of leaf age on photosynthetic gain if the mean leaf lifespan of the 

species is known (Kitajima et al. 1997, Kitajima et al. 2002, Kitajima et al. unpublished 

manuscript, Chapter 1).     

Based upon the approximately linear decline of photosynthesis with leaf age 

(Kitajima et al. 1997, Kitajima et al. 2002, Chapter 1), cost-benefit analyses of leaf 

lifespan have generated two alternate predictions.  If there are no external constraints on 

the maximum number of leaves produced and maintained (Case 1), a leaf is expected to 

maximize net carbon gain over its entire lifetime (Kikuzawa 1991, Kitajima et al. 

unpublished manuscript).  In this case, the optimum leaf lifespan should be close to the 



32 

 

time when photosynthetic rates equal zero (parameter b).  Alternatively, if the total 

number of leaves is limited by external resources (Case 2), a leaf is expected to maximize 

the rate of net carbon gain averaged over the lifetime of the leaf (Kikuzawa 1991, 

Kikuzawa and Ackerly 1999).  In this scenario, leaves are replaced when their net carbon 

gain per unit time over their entire lifespan has reached a maximum and optimal leaf 

lifespan is predicted to be equal to (2bC/a)1/2 where C is the construction cost of the leaf 

(Kikuzawa 1991).  Based on this theoretical model, it is expected that leaf lifespan will 

be short when the initial photosynthetic rate of the leaf is high, and long when 

construction costs are high or the rate of decline of photosynthetic rates with leaf age is 

slow (Kikuzawa 1991). 

Daily photosynthetic gain can be affected by both environmental and physiological 

factors, some of which are directly correlated with leaf ageing.  Environmental factors 

that affect daily photosynthetic gain can vary unpredictably over short time periods, 

while other factors change predictably over the lifetime of a leaf.  For instance, 

photosynthetic gain is expected to vary in response to daily changes in weather, with 

decreases in carbon gain during cloudy conditions.  Alternatively, over the course of a 

leaf’s lifetime, a leaf can become increasingly shaded as new leaves are produced at 

higher positions on the plant (Field 1983, Ackerly and Bazzaz 1995, Ackerly 1999).  A 

reduction in light levels experienced by the leaf, whether due to self-shading, shading by 

surrounding vegetation, or weather, contributes to a decrease in photosynthetic gain as 

lower light levels directly reduce photosynthetic rates (Field 1983). 

Leaf physiological factors such as photosynthetic capacity and leaf nitrogen also 

have a substantial impact on daily leaf carbon gain and generally decrease with leaf life 
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span across plant species and communities (Reich et al. 1991, Reich et al. 1992, Reich et 

al. 1999).  Decreases in Narea directly contribute to decreases in Amass and subsequent 

decreases in daily carbon gain as leaves age.  The decline of Amass and Nmass with leaf age 

is thought to be due to the retranslocation of nitrogen to younger leaves which maximizes 

whole-shoot photosynthetic gain rather than uncontrolled physiological deterioration 

(Field and Mooney 1983, Ackerly and Bazzaz 1995).  Hikosaka et al. (1994) showed that 

age-related changes due to nitrogen retranslocation occurred primarily when light or 

nitrogen availability is limiting.   

The primary objective of this study was to examine how physiological and 

environmental factors may predict daily carbon gain in seedlings of five tropical tree 

species that differ in median leaf lifespan and shade tolerance.  Since mortality rates are 

typically highest in the seed and seedling life stages, understanding how seedling leaf 

carbon gain varies with physiological and environmental factors can be helpful in 

understanding adult abundance and distribution.  In particular, I was interested in 

determining whether changes in daily carbon gain were more highly correlated with Amax 

or photon flux density (PFD) at the leaf level.  While some studies reported a high 

correlation between Amax and diel carbon gain (Zotz and Winter 1993, 1994), others have 

cited leaf light levels as the determinant of photosynthetic capacity and resulting carbon 

gain (Chazdon 1986, Chazdon and Pearcy 1986) Previous studies have documented a 

strong correlation between leaf age, leaf PFD, and Amax (Kitajima et al. 1997, Kitajima et 

al. 2002, Chapter 1).  Thus, I hypothesized that leaf age would be highly correlated with 

daily carbon gain since it directly affects both photosynthetic capacity and leaf PFD 

(Chapter 1), which in turn directly affect carbon gain (Figure 2-1).  Given that leaf PFD 
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has a strong and documented affect on Amax (Field 1983), and both variables affect 

carbon gain, I hypothesized that leaf PFD would be the best predictor of daily carbon 

gain. 

Methods 

Study Site 

The study was conducted on Buena Vista Peninsula, a 60-year-old secondary 

lowland tropical forest area in the Barro Colorado National Monument (BCNM), 

Republic of Panama (9˚09’ N, 79˚51’W).  The species composition, climate, and ecology 

of the Buena Vista Peninsula are similar to that of the young forests on Barro Colorado 

Island (Croat 1978, Leigh 1982).  The BCNM forest is semi-deciduous during the 

pronounced dry season that usually lasts from mid-December to April, and receives 

annual rainfall ca. 2,600 mm (Daws et al. 2002). 

Plot Establishment 

Common gardens were established in three recent ~100 m2 tree fall gaps in May 

2002 on Buena Vista Peninsula.  Each garden was 7 x 7 m2 and enclosed in a hardwire 

fence with 1 cm mesh to exclude vertebrate herbivores.  Seeds were collected on Barro 

Colorado Island from at least two parent trees and germinated in a greenhouse.  Seedlings 

were transplanted at least 20cm apart at radicle emergence.  Seedlings received water 

only from rainfall.  Average daily rainfall from May to August of 2004 was 11.9 mm day-

1 (May = 15.2 mm day-1, June= 10.7 mm day-1, July= 8.8 mm day-1, August = 13.4 mm 

day-1; S. Patton, data available online).  The total daily PFD in the center of plots 1, 2, 

and 3, were 50.7%, 37.7%, and 23.4% of the light above the canopy, respectively 

(Kitajima unpublished data).  Difference in light environment reflected differences in the 

size of the gaps.  Understory vegetation and small stems were removed prior to 
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transplanting seedlings.  Newly expanded leaves were marked with unique identification 

numbers with a permanent marker and monitored for survival during monthly census.  

Median leaf lifespan was estimated for each species at the time from full leaf expansion 

to abscission with the Kaplan-Meyer method (Donovan and Weldin 2002), which 

accounts for censored leaves (leaves removed from the study before their death or alive at 

the last survival census). 

Measurement of Light and Photosynthesis in the Field 

For this study, I selected five species of canopy trees common to BCNM that varied 

in median leaf lifespan and shade tolerance (Table 2-1; species are hereafter referred to 

by their generic names).  Median leaf lifespan varied from 478 days in Genipa to 792 

days in Aspidosperma.  Seeds of Aspidosperma are wind-dispersed, while those of the 

other four species are dispersed by birds and mammals.  Tabernaemontana and Genipa 

are intermediately shade tolerant while Aspidosperma, Calophyllum, Gustavia, 

Tetragastris and Virola are very shade tolerant based on the abundance and survival of 

juveniles in the shaded understory of BCNM (Kitajima, personal observation, CTFS data 

set available online, S. J. Wright unpublished data). 

To include a wide-range of leaf ages for each species, I selected four marked leaves 

of contrasting ages on each individual seedling using the leaf census data.  For each 

selected leaf, I measured the rates of net CO2 assimilation (=photosynthetic capacity per 

unit area, Aarea), and stomatal conductance (Gs) at photon flux density (PFD) of 1000 

µmol m-2 s-1 supplied with blue-red emitting diodes, and then measured dark respiration 

with a portable infra-red gas analyzer (LI-6400, LICOR, Lincoln, Nebraska, USA).  The 

CO2 concentration of the reference air entering the leaf chamber was adjusted with a CO2 

mixer control unit so that the “reference” air entering the chamber had [CO2] = 38 Pa.  
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Sample [CO2] ranged from 36.4 to 38.2 Pa.   The chamber temperature was controlled by 

maintaining the Peltier block temperature at 28ºC.  The relative humidity of the sample 

was kept as close to ambient as possible (typically between 70-85%) and air flow rate 

was set to 400 µmol s-1.  Gas-exchange measurements were made between 0800-1200 h 

between May and August of 2004.  Additional leaves were measured between July and 

September of 2005 to supplement the age range for species with long-lived leaves.   

Photosynthetic light response curves were measured for two of the four leaves 

selected for gas exchange measurements using a portable infra-red gas analyzer (LI-6400, 

LICOR, Lincoln, Nebraska, USA).  Leaves were selected to represent a range of leaf 

ages.  Light supplied with blue-red emitting diodes was decreased in steps from 1000 to 0 

µmol photons m-2 s-1 after CO2 uptake rates reached a steady-state at each light level.   

After gas exchange measurements, total daily PFD at the leaf surface was measured 

for 3 days between May and August of 2004 for a subset of leaves representing the full 

range of leaf ages (Table 2-2).  A calibrated GaAsP sensor (Hamamatsu, Japan) was 

attached to the adaxial surface of each sampled leaf.  Campbell Dataloggers (Models 21X 

and 10X) sampled PFD every 2 s and recorded a mean for each minute.  Results were 

expressed as mmol PFD m-2 day-1.  The % PFD (mean percentage of the total daily PFD 

above the canopy) for each leaf was also presented (Figure 2-2). 

Calculation of Daily Carbon Gain 

Photosynthetic light curves were fitted to non-rectangular hyperbola (Johnson and 

Thornley 1984) using Photosyn Assistant (Version 1.1.2, Dundee Scientific, Dundee, 

UK).  Best-fit estimates were made of the maximum rate of light-saturated net CO2 

assimilation (= maximum photosynthetic capacity per unit area, Amax) as well as quantum 

yield (Φ), curvature (θ), and dark respiration (R).   
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I estimated net photosynthetic carbon gain for each minute during the daytime 

(0630-1800 h) using the following equation:  

P(I) = {ΦI + Amax – {(ΦI + Amax)2  – 4θΦAmaxI}0.5 / 2θ} – R 

where P(I) is the instantaneous photosynthetic rate as a function of the apparent quantum 

yield (Φ), I is the photon flux density incident on the leaf averaged over one minute, Amax 

is the light-saturated photosynthetic capacity per unit area, θ is the curvature of the non-

rectangular hyperbola, and R is area-based daytime respiration (Johnson and Thornley 

1984).  Carbon gain was estimated for each minute for which PFD was measured, then 

averaged over three days to calculate average diurnal carbon assimilation (Table 2-4).  

Nocturnal respiration was estimated to be 10% of diurnal carbon gain (Zotz and Winter 

1993).  The estimated Aday
 does not include changes in respiration rates or stomatal 

closure. 

For a subset of leaves that lacked light curve measurements, species averages of 

curvature and apparent quantum yield and leaf-specific measurements of Amax and dark 

respiration were fitted to non-rectangular hyperbola using Photosyn Assistant.  This 

provided a best-fit estimate of Amax for each leaf.  Due to the low [CO2] differential, large 

measurements errors were associated with individual dark respiration rates. Thus, dark 

respiration rates were calculated from the regression between leaf age and dark 

respiration in all species except Genipa.  The species-specific average of dark respiration 

was used for Genipa because it showed no relationship between leaf age and dark 

respiration. 

Statistical Analyses 

Statistical analyses were carried out using JMP V.5.1 (SAS, 2003).  Significance of 

the relationship of average daily carbon gain with leaf age, Amax, and leaf PFD was tested 
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using a linear regression with leaves, plants, and plots pooled for each species.  A 

multiple regression was used to determine whether Amax or leaf PFD better predicted 

daily carbon gain with leaves, plants, and plots pooled for each species.  A simple linear 

regression was used to determine the relationship between daily carbon gain, Amax, and 

leaf PFD with all measurements and species pooled.   

Results 

Plants experienced light-limiting conditions primarily due to self-shading and 

weather, although shading by surrounding plants might have contributed to light-

limitation to an unknown extent (C. Stefanescu, personal observation).  Depending on 

their age, leaves spent 12.9 to 51.6% of the total time they were exposed to day light 

below their LCP (Figure 2-3).   

Average daily carbon gain of individual leaves varied within and among species. 

The lowest value observed was -1.8 mmol CO2 day-1 for a very old leaf of Tetragastris, 

whereas the highest was 216.4 mmol CO2 day-1 for a young leaf of Genipa.  The 

relationship between average daily carbon gain and leaf age was significant in 

Tabernaemontana (r2 = 0.5, P = 0.05), Virola (r2 = 0.5, P = 0.009), Tetragastris (r2 = 0.5, 

P = 0.003), and Aspidosperma (r2 = 0.8, P = 0.002), but not in Genipa (r2 = 0.2, P = 0.2; 

Figure 2-4).  Average daily carbon gain was also positively correlated with Amax in 

Tabernaemontana (r2 = 0.5, P = 0.05), Virola (r2 = 0.7, P = 0.0006), and Tetragastris (r2 

= 0.6, P = 0.001), but not in Genipa (r2 = 0.1, P = 0.4) or Aspidosperma (r2 = 0.1, P = 0.5; 

Figure 2-5).  Average daily carbon gain was positively correlated with leaf PFD in all 

species; Genipa (r2 = 0.8, P = 0.0005), Tabernaemontana (r2 = 0.9, P = 0.0004), Virola 

(r2 = 0.9, P < 0.0001), Tetragastris (r2 = 0.9, P < 0.0001), and Aspidosperma (r2 = 0.9, P 

= 0.002; Figure 2-6).  Amax was a poor predictor of daily carbon gain in all species except 
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for Virola (P < 0.005; Table 2-3).  Leaf PFD was a better predictor of daily carbon gain 

that Amax in all species (Table 2-3).  When all leaves of all species were analyzed 

together, both Amax and leaf PFD were highly correlated with daily carbon gain (Figure 2-

7).   

Discussion 

 Due to the documented affect of leaf age on both photosynthetic capacity and leaf 

PFD for these species (Chapter 1), it is not surprising that leaf age was correlated with 

average daily carbon gain in four out of the five species in this study.  In Aspidosperma, 

the lack of relationship between leaf age and daily carbon gain may reflect the limited 

range of leaf age sampled relative to the actual leaf lifespan of this species; the median 

leaf lifespan for Aspidosperma is 797 days, but only leaves between 37 and 365 days old 

were measured.  Leaf PFD was strongly correlated with daily carbon gain in all species.  

In contrast, Amax was correlated with daily carbon gain in only three out of five species.  

Furthermore, when evaluated in combination with leaf PFD, Amax was only correlated 

with daily carbon gain in Virola.   

When results were pooled for the five species in this study, there was a strong 

relationship between Amax and daily carbon gain (r2 = 0.48, P < 0.0001, Figure 2-7) and 

leaf PFD and daily carbon gain (r2 = 0.89, P < 0.0001, Figure 2-7).  A previous study by 

Zotz and Winter (1993) documented a higher correlation coefficient for the relationship 

between Amax and Aday for 64 diel courses of net CO2 exchange for eight tropical species 

(r2 = 0.92, P < 0.0001).  Zotz and Winter (1993) did not encounter a strong relationship 

between Aday and leaf PFD (r2 = 0.13, P < 0.01).  Indeed, there was no relationship 

between leaf PFD and Aday for a Ceiba pentandra, a tropical canopy tree (r2 = 0.48, P < 

0.1; (Zotz and Winter 1994).  I believe the contrasting results between these two studies 
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can be explained by variation in leaf light levels.  Even on clouded days, leaf PFD was 

relatively high for leaves of the eight species measured by Zotz and Winter (1993), which 

resulted in light-saturated rates of photosynthesis (Zotz and Winter 1993).  The same 

cannot be said for leaves of the five species in this study.  In all species, all leaves 

experienced light levels below their light compensation point at some time during the 

three days during which light was measured.  Even young leaves at the top of the plant 

experienced light-limiting conditions for 12-19% of day light due to plant positioning 

inside the gap and possible shading by surrounding plants.  Thus, it appears that when 

leaves are exposed to light conditions that allow for performance at maximum 

photosynthetic capacity, daily carbon gain is highly correlated with maximum 

photosynthetic capacity.  However, when leaves are not constantly exposed to light-

saturating conditions, leaf light levels are more highly correlated with daily carbon gain.  

This study documented a negative carbon gain for two out of the fourteen measured 

leaves of Tetragastris.  Both of these leaves were old (512 and 596 days) at the time of 

measurement.  At first, this result was surprising as all plants were grown in canopy gaps 

in which the light environment above the seedlings ranged from 23-52% of full sun 

(Kitajima unpublished data).  However, the light conditions within each gap were 

variable due to plant positioning inside the gap, and the height of surrounding plants.  For 

instance, above plant light measurements for Tetragastris were 8.4%, while leaves of 

Aspidosperma and Genipa experienced much higher light levels with some leaves 

exposed to as much as 30-38% of full sun.  When taking into account that the above plant 

light environment for Tetragastris was only 8.4% of full sun, negative carbon balances 

for older, shaded leaves at the bottom of the plant are reasonable.  Furthermore, the daily 



41 

 

carbon gains presented are means of three days of measurements for which the standard 

deviation of carbon gain varied from 2-3 mmol CO2 s-2 day-1 depending on the leaf.  Even 

leaves with average negative daily carbon gain generally experienced some days with a 

low positive carbon gain. 

This study used photosynthetic light-response curves to calculate carbon gain from 

daily courses of photon flux density (PFD).  While this approach has been commonly 

used in the past (Chazdon 1986, Williams et al. 1989, Poorter et al. 2006), the equation 

used to calculate carbon gain (P(I) = {ΦI + Amax – {(ΦI + Amax)2  – 4θΦAmaxI}0.5 / 2θ} – 

R, Johnson and Thornely 1984) does not take induction time into account (Kikuzawa et 

al. 2004).  Carbon gain can also be limited by the mid-day depression of photosynthetic 

rates caused by stomatal closure in response to short-term drought during the hottest and 

most humid times of day (Zotz and Winter 1993).  Thus, it is likely that the carbon gain 

calculated for leaves in this experiment are slightly overestimated.  The most direct 

method of calculating carbon gain is by measuring daily courses of photosynthetic rates 

(Zotz and Winter 1993, 1994), but this approach was not used in this study. 

Leaf PFD was the best predictor of carbon gain in this study regardless of whether 

analyses were done separately for each species or together by pooling samples across all 

species.  It is well known that the photosynthetic capacity of leaves is correlated with the 

light conditions under which they develop, resulting in a relationship between Amax and 

leaf PFD (Field 1988).  Particularly in shaded conditions, leaf PFD is more highly 

correlated with leaf carbon gain than photosynthetic capacity (Chazdon and Pearcy 

1986).  In this experiment, leaf light ranged from 0.3 to 44% of daily PFD above the 

canopy.  While this range is much greater than the 1-2% of light typically experienced by 
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understory plants, the average daily leaf PFD across leaves and species was only 10% of 

full sun, suggesting that leaves were not able to perform at maximum photosynthetic 

capacity throughout the day.  These results indicate that in conditions where light is not 

saturating, leaf PFD is a better predictor of daily carbon gain than Amax.   
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Table 2-1. Median and mean leaf lifespan of marked leaves using the Kaplan-Meyer 
method for each species studied.  Species are ranked from shortest median 
leaf lifespan to longest median leaf lifespan.  Nomenclature follows Croat 
(1978). 

Species 
 

Family 
Total 

Leaves Median  Mean 
Std 
Dev 

Genipa americana Rubiaceae 478 224 234.8 4.96 

Tabernaemontana arborea Apocynaceae 542 279 277.6 3.94 

Virola surinamensis Myristicaceae 709 504 494.3 6.56 

Tetragastris panamensis Burseraceae 89 671 648.3 13.87 

Aspidosperma cruenta Apocynaceae 31 797 745.3 12.51 
 
Table 2-2. Number of seedlings and leaves for which % PFD and Aday were measured in 

each of five species of tropical tree species. Species are ranked from shortest 
median leaf lifespan to longest median leaf lifespan. 

 # of Leaves 

Species # of 
Plants %PFD Aday 

Genipa  5 9 9 
Tabernaemontana 2 8 8 

Virola  4 12 12 
Tetragasteris  4 14 14 
Aspidosperma  2 7 7 

 
Table 2-3. Multiple regression analysis of seedlings of five tropical tree species with Amax 

and leaf PFD as predictor variables, and daily carbon gain as the response 
variable.  The coefficient of multiple determination (r2 ) represents the 
proportion of the variance explained by the two variables together, while P-
values represent the significance of each variable as it contributed to the 
model. 

 Amax Leaf PFD 
Species r2 P P 

Genipa  0.90 0.12 0.0005 

Tabernaemontana  0.91 0.43 0.006 

Virola  0.96 0.006 < 0.0001 

Tetragastris 0.87 0.17 0.0005 

Aspidosperma 0.88 0.52 0.007 
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Table 2-4.  Light curve parameters for five species of tropical tree seedlings used to 
calculate daily carbon gain. 

Amax (µmol m-2 s-1) R (µmol m-2 s-1) Species 30 day 200 day 30 day 200 day 
Quantum 
Yield (Φ) 

Curvature 
(θ) 

Genipa 13.5 6.61 -0.494 -0.494 0.058 0.697 
Tabernaemontana 9.36 8.99 -0.486 -0.333 0.049 0.674 

Virola 6.05 4.91 -0.349 -0.298 0.047 0.701 
Tetragastris 8.61 6.58 -0.416 -0.331 0.049 0.673 

Aspidosperma 8.22 10.58 -0.447 -0.396 0.056 0.734 
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Figure 2-1. A schematic representation of the expected relationship between leaf age, leaf 
PFD, Amax, and Aday. The relationships between leaf age and leaf PFD and 
Amax were explored in Chapter 1. 
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Figure 2-2.  The relationship between % PFD and mmol PFD m-2 day-1 for all leaves and 

species pooled.  Each point is a three day average. 
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Figure 2-3.  The percent of time leaves of different ages spent above and below their light 

compensation point (LCP) relative to the total day length.  Depending on their 
age, leaves spent 12.9 to 51.6% of the total time they were exposed to day 
light below their LCP. 
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Figure 2-4. The relationship between leaf age and three-day averages of daily carbon gain 

in seedlings of five species of tropical trees.  
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Figure 2-5. The relationship between maximum photosynthetic capacity (Amax) and three 

day averages of daily carbon gain for seedlings of five species of tropical 
trees.  
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Figure 2-6. The relationship between leaf age and three day averages of light incident on 

those leaves for seedlings of five species of tropical trees. Leaf PFD increased 
significantly with carbon gain in all species. 
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Figure 2-7. The relationship between daily carbon gain and Amax or leaf PFD when all 

measurements and species were pooled.  
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