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Summary.  The relationships between resource availabili- 
ty, plant succession, and species' life history traits are 
often considered key to understanding variation among 
species and communities. Leaf lifespan is one trait im- 
portant in this regard. We observed that leaf lifespan 
varies 30-fold among 23 species from natural and dis- 
turbed communities within a 1-km radius in the northern 
Amazon basin, near San Carlos de Rio Negro, Venezue- 
la. Moreover, leaf lifespan was highly correlated with 
a number of important leaf structural and functional 
characteristics. Stomatal conductance to water vapor (g) 
and both mass and area-based net photosynthesis de- 
creased with increasing leaf lifespan (r2= 0.74, 0.91 and 
0.75, respectively). Specific leaf area (SLA) also de- 
creased with increasing leaf lifespan (r e = 0.78), while leaf 
toughness increased (r2=0.62). Correlations between 
leaf lifespan and leaf nitrogen and phosphorus concen- 
trations were moderate on a weight basis and not signifi- 
cant on an area basis. On an absolute basis, changes 
in SLA, net photosynthesis and leaf chemistry were large 
as leaf lifespan varied from 1.5 to 12 months, but such 
changes were small as leaf lifespan increased from 1 to 
5 years. Mass-based net photosynthesis (A/mass) was 
highly correlated with SLA (r e =0.90) and mass-based 
leaf nitrogen (N/mass) (r2=0.85), but area-based net 
photosynthesis (A/area) was not well correlated with any 
index of leaf structure or chemistry including N/area. 
Overall, these results indicate that species allocate re- 
sources towards a high photosynthetic assimilation rate 
for a brief time, or provide resistant physical structure 
that results in a lower rate of carbon assimilation over 
a longer time, but not both. 
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Variation among plant species in leaf duration, leaf ni- 
trogen (N) content, leaf area to dry mass ratio (specific 
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leaf area, (SLA)), stomatal conductance (g) and rate of 
photosynthesis ranges over one to two orders of magni- 
tude. Species differences in these characteristics have 
been associated with biogeographical, ecological, and 
edaphic patterns. Extended leaf lifespan has been hy- 
pothesized to be advantageous for nutrient conservation 
(Monk 1966; Chapin 1980), carbon balance (Mooney 
and Dunn 1970; Waring and Franklin 1979), and nu- 
trient-use efficiency (Chapin 1980; Chabot and Hicks 
1982; Gray and Schlesinger 1983). Conversely, short leaf 
life span and/or deciduousness have been considered ad- 
aptations for rapid growth rate (Coley 1988), and 
drought-avoidance (Axelrod 1966) or other seasonal 
stresses such as cold winters. Increased leaf lifespan has 
also been invoked as an adaptive strategy employed by 
plants in the understory, in order to gain access to light 
during periods of overstory leaflessness (Lassoie et al. 
1983; Harrington et al. 1989). Habitat resource availabil- 
ity has also been postulated as a driving force for the 
evlution of a suite of interdependent plant characteris- 
tics, including leaf lifespan (Bazzaz 1979; Chabot and 
Hicks 1982; Coley et al. 1985). According to these theo- 
ries, resource-limited habitats favor plants with inherent- 
ly slow growth; low photosynthetic rates, nutrient con- 
tents and SLA; long leaf lifetimes; and large investments 
in antiherbivore defenses, with the reverse more likely 
for resource-rich environments. 

Although existing data provide general support for 
the above hypotheses and theories, these data are largely 
from studies at unrelated sites by different investigators 
or from studies in which leaf lifespan was at best crudely 
estimated (Chapin 1980; Chabot and Hicks 1982; Baz- 
zaz 1979). As a result these data have usually not been 
subjected to statistical analyses. Thus, the quantitative 
forms of such relationships have not been determined. 

Most studies which address questions related to leaf 
lifespan have usually examined few plant species at a 
time (however, see Small 1972; Kikuzawa 1983, 1984; 
Reich and Borchert 1984; Williams et al. 1989). Another 
exception is the work of Coley (1988) with a large group 
of species in tropical forest in Panama. She found a 
significant negative correlation between height growth 



Table 1. Species studied at San Carlos de Rio Negro 

Plant community/soil Species and family 

Agricultural/oxisol 
Secondary 
successional/oxisol 

Species-rich tierra 
firme/oxisol 

Legume-dominated 
tierra firme/ultisol 
Tall caatinga/spodosol 

Bana/spodosol 

Manihot esculenta (Euphorbiaceae) 
Bellucia grossularioides (Melastomataceae) 
Cecropia ficifoIia (Moraceae) 
Clidemia sericea (Melastomataceae) 
Miconia dispar (Melastomataceae) 
Solanum straminif olia (Solanaceae) 
Vistula japurensis (Clusiaceae) 
Vismia lauriformis (Clusiaceae) 
"Cabari" ~ (Leguminosae) 
Licania heteromorpha (Chrysobalanceae) 
Oetea costulata (Lauraceae) 
Protium sp." (Burseraceae) 
Eperua purpurea (Caesalpinaceae) 

Caraipa heterocarpa (Clusiaceae) 
Eperua leueantha (Caesalpinaceae) 
Micrandra sprucei (Euphorbiaceae) 
Mieropholis maguirei (Sapotaceae) 
Protium sp." (Burseraceae) 
Aspidosperma album (Apocynaceae) 
Neea obobata (Nyctaginaceae) 
Protium sp." (Burseraceae) 
Retiniphyllum truncatum (Rubiaceae) 
Rhodognaphalopsis humilis (Bombacaceae) 

a Fertile material has been sent to the New York Botanical Garden 
for species identification 

rate and mean leaf lifetime, and observed that immobile 
antiherbivore defenses (several fiber and tannin mea- 
sures) were significantly greater in long-lived than short- 
lived leaves. Leaf lifetime was able to explain between 
15 and 40% of the variation in these growth and leaf 
defensive measures, indicating that other factors were 
also important. Other extensive data sets of this type 
are minimal (Coley 1988) and even quantitative data 
on leaf lifespans themselves are surprisingly rare (Chabot 
and Hicks 1982; Nilsen et al. 1987). 

We present such a data set herein comparing leaf 
duration and related leaf chemical, structural, and physi- 
ological properties for 23 neotropical tree species from 
six different plant communities found within 1 km of 
one another near San Carlos de Rio Negro (SCRN), 
in Amazonian Venezuela (Table 1). We compare leaf- 
level traits for these species under ambient conditions 
using trees growing in their natural habitats. Given the 
similarity in climate at all sites, these species and com- 
munities otherwise represent a diversity in soils and suc- 
cessional status (Cuevas and Medina 1988). Use of this 
sample population enabled us to answer the following 
questions: 

a) do leaf structural, chemical, and physiological 
traits vary in relation to increasing leaf lifespan? 

b) if so, what functions best describe these relation- 
ships ? 

c) what are the physiological and ecological explana- 
tions for, and implications resulting from, these relation- 
ships ? 
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Study site and species 

The research site was located near SCRN, Venezuela 
(1 ~ 56' N, 67 ~ 03' W) at approximately 100 m elevation 
in the north-central region of the Amazon River basin. 
The climate of the region is humid equatorial, with a 
mean annual temperature of 26 ~ C, a mean annual rain- 
fall of 3565 mm, and a mean annual potential evapora- 
tive demand of about 1900 mm (Jordan and Heuveldop 
1981; Cuevas and Medina 1986). Mean temperature 
variation is slight across the year. Minimum monthly 
rainfall occurs in December and January, but even dur- 
ing these months, average rainfall (200 ram/month) (Jor- 
dan and Heuveldop 1981) still exceeds potential evapo- 
transpiration. Thus, plant communities at SCRN, in 
comparison with most other ecosystems appear to be 
faced with slight limitations to carbon gain and growth 
due to low temperatures or prolonged drought. Due to 
the low water retention capacity of the sandy forest soils 
at SCRN, however, a series of dry days can lead to 
temporary drought (Cuevas and Medina 1983). 

Vegetation and soil in the upper Rio Negro region 
vary with small changes in elevation above the mean 
river level. Several well differentiated forest communities 
occur in the region, all associated with distinct geomor- 
phological positions and soil types (Herrera 1977; Clark 
and Uhl 1987). In this report, we present data from 
four natural communities: species-rich Tierra Firme, le- 
gume-dominated Tierra Firme, Tall Caatinga, and the 
Bana. The Tierra Firme forests occur on oxisols and 
ultisols on the highest sites (Jordan and Uhl 1978; Jor- 
dan 1982). The Caatinga and Bana communities are at 
lower elevation, on periodically flooded fine-sand and 
coarse- sand spodosals, respectively (Klinge and Herrera 
1983; Clark and Uhl 1987). In addition, we present data 
from a slash-and-burn agricultural community on a 
Tierra Firme site and a secondary successional commun- 
ity on a recently abandoned (2-3 years prior) Tierra 
Firme farm. The successional community included a 
mixture of pioneer species that occupy post-agricultural 
sites (Uhl 1987). The agricultural community consisted 
largely of Manihot  esculenta, a perennial root crop, 
which was therefore chosen as the only species studied 
in this community. The legume-dominated Tierra Firme 
community was likewise represented by the dominant 
tree species, Eperua purpurea.  Each of the other four 
communities were represented in this study by 4-7 com- 
mon species. 

The six community types differ in total biomass, 
standing nutrient pools, and soil chemistry (Jordan and 
Uhl 1978; Jordan 1982; Cuevas and Medina 1983; K1- 
inge and Herrera 1983; Uhl and Jordan 1984; Saldarria- 
ga 1985; Cuevas and Medina 1986; Uhl 1987) and have 
minimal species overlap, despite being located within 
1 km of each other. The agricultural, successional and 
Bana communities were of short stature (mean canopy 
height less than 4 m) and the species studied all grow 
in moderate to high light microenvironments in these 
ecosystems (Uhl and Jordan 1984; Saldarriaga 1985; 
Cuevas and Medina 1986; Uhl 1987). Only sun leaves 
were sampled from these species. Both canopy trees (sun 
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leaves) and understory individuals (shade leaves) were 
studied for 4 of the 5 species from each of the tall forest 
ecosystems (Tierra Firme and Caatinga) (only under- 
story saplings were studied in the two other species). 

Methods 

In order to determine leaf lifespans, tagged branches were surveyed 
at regular intervals from 1982 until the present (the census is ongo- 
ing). During each survey visit, the presence and position of individ- 
ual new leaves on each branch is noted and dated on a drawing 
for that branch. The absence of each leaf is noted and dated on 
a subsequent survey, with leaf lifetime estimated as the time interval 
between the two dates. Survey intervals ranged from weekly to 
every three months in the different communities, with the interval 
scaled to approximately 10-15% of the .average leaf lifespan for 
that community. Median leaf lifespan for each study species was 
estimated from data on the observed lifetimes of  numerous individ- 
ual leaves (total~100-800) from numerous trees (15-50), except 
for two species. For these species, median leaf lifespan was estimat- 
ed from data on leaf productioaa and turnover rates for individual 
trees (and for one of these two, on a limited survey of lifespans 
of 50 individual leaves). Median leaf lifespan was used because 

r 

g 
Z 

. J  

50 

40 

30 

20 

10 

0 

~x 

A 

A 

100 ]  2 ^ ~n  
r = u . o= :  

O0  

1 / . . . . . . . .  , . . . . . . . .  , 

1 10  A 10C 

�9 J �9 i . . ,. ,i �9 i , 

1 0 2 0  3 0  4 0  5 0  

Leaf l ifespan ((;months) 

E 

Z 

4 �84 

3' 

A 
2 

NOT S IGNIF ICANT  

A 

A 
~X A 

A A A A 
A a a 

0 
0 1 0  2 0  3 0  4 0  5 0  6 0  

Leaf l ifespan (months) 

Fig. 1. A Weight-based leaf N concentration (rag g -  1) in relation 
to leaf lifespan (months), for sun leaves of 21 Amazonian tree 
species (no data available for sun leaves of Eperua purpurea, Tierra 
Firme or Protium sp., Tall Caatinga; in other Figures as well). 
Standard errors were on average less than 5% of the value for 
any given species (same for all data). The insert in A shows the 
same variables both on a log (base 10)-transformed scale. Log 
(leaf N/mass)=l .53--0 .30 log (lifespan), r2=0.52, p<0.001. B 
(data as in A) presents area-based leaf N (g m-2)  in relation to 
leaf lifespan (months). This relationship was not significant (p < 
0.10) regardless of transformation 

for species with long-lived leaves many leaves (but < 50%) were 
still alive and mean lifespan could not be determined. In species 
where both mean and median lifespan were estimated, the values 
were similar. 

At SCRN, leaf phenology is relatively aseasonal (Cuevas and 
Medina 1986). Since leaf lifespan varies substantially among the 
species studied, and leaf traits (e.g. photosynthesis, SLA) vary with 
leaf age as well, contrasts among species in this paper were made 
using leaves of a similar "physiological" age rather than a similar 
chronological age. Unless otherwise noted, we chose the "physio- 
logical" age of peak leaf performance as defined by maximum 
a~ea- and weight-based photosynthesis and leaf nitrogen concentra- 
tion. This "physiological" age corresponded in all species with 
the period when their median leaf lifetime was approximately 15- 
25% over and was therefore ,observed in young, fully expanded 
leaves (data not shown). Leaf photosynthetic rates were measured 
in the field in January :and February 1'987 :and 1988 using an open 
gas exchange system in the differential mode (Analytical Develop- 
ment Corporation, Hodd, esdon, England),as .described by Walters 
and Reich (1989). Leaves were measured under ambient CO2 con- 
centrations, air temperatures, relative humidi~ies, and irradiances 
(except for several leaves which were measured using artificial 
light). 

Since the purpose of these observations was to measure photo- 
synthetic rates under near optimal ambient conditions a set proto- 
col was followed based on prior experience and on data such as 
photosynthetic-light response curves. Almost all measurements 
were made in the morning on leaves that had received direct, photo- 
synthesis-saturating light for between 15 to 120 minutes. This pro- 
tocal was used to ensure that photosynthetic light induction was 

r 

E o 

=_ 

0 
,=_ 

o 

O0  

A 
300 

2 0 0  

100 

A 

1000 1 r 2 = 0.78 

1 1 0  1 0 0  

0 
0 1 0 2 0 3 0 4 0 5 0 

Leaf l ifespan (months)  

'6 0 

03 
C~ 

g 
Z 

Q) 
- - I  

5 0  

40' 

30' 

2 0  

1 0  

0 
0 

2 
r = 0.82 

A 

10o 200 300 
2 -1  

Specific leaf area (cm g ) 

Fig. 2 A. Specific leaf area (cm 2 g -  l) of sun leaves of 21 Amazonian 
tree species in relation to leaf lifespan (months). The insert shows 
the same variables both on .a log (base 10)-transformed scale. Log 
(SLA)=2.37-0 .33  log {lifespan) r2=0.78, p<0.001. B Leaf N/ 
mass in relation to SLA '(data as in A). Leaf N/mass=2.55+0.13 
(SLA) r 2 =0.82, p < 0.001 



maximized (Pearcy et al. 1985) but that photosynthesis was not 
limited by midday overheating, vapor deficit stress, leaf water defi- 
cit, translocation inhibition, or other potential stresses as far as 
possible. Net photosynthesis measured using the above protocol 
closely resembles net photosynthetic capacity (90-95% as great) 
measured under optimal controlled conditions at ambient CO2 
concentrations (Ellsworth and Reich, unpublished data). There- 
fore, it will be treated synonymously with photosynthetic capacity 
for the purposes of comparison with other data sets. We measured 
photosynthetic rates of about 15 30 young, mature leaves per spe- 
cies, with about 2-4 leaves per individual tree. Immediately after 
photosynthesis measurements, each leaf was harvested, traced for 
subsequent leaf area determination, and oven-dried. Leaf samples 
were later weighed to obtain specific leaf area (SLA) (cm-2 g-1). 
Leaf tissues were analyzed for total organic nitrogen by the Univer- 
sity of Wisconsin Soil and Plant Analysis Laboratory using a mi- 
cro-Kjeldahl assay. Leaf toughness was measured with a Chatillon 
penetrometer. For this analysis, twenty leaves per species were sam- 
pled (two leaves from each of 10 individuals, except for canopy 
foliage of tall trees in Tierra Firme and Caatinga in which four 
leaves were sampled from each of five individuals). Six probes 
were made per leaf. 

Data were pooled from 1987 and 1988. Data were analyzed 
using analyses of variance, regression analyses, and mean separa- 
tion tests (SAS 1985). Because a simple linear regression model 
was not generally appropriate to describe the relations between 
leaf lifespan and the measures of leaf structure, physiology and 
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Fig. 3. A Leaf toughness (g per 7.5 mm 2 to perforate) of sun leaves 
of 16 Amazonian species in relation to leaf lifespan (months) (only 
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chemistry, we faced two choices: either search for a more appro- 
priate general model (or models) or transform the data so that 
a linear model was appropriate for the transformed data (Neter 
and Wasserman 1974). Although a series of more complex nonlin- 
ear models were fitted to each relationship, no single model yielded 
the best fit overall, and error variance was not constant in several 
cases. Also, there are serious difficulties in using complex nonlinear 
models with small data sets such as available here (R. Nordheim, 
personal communication; Neter and Wasserman 1974). Therefore, 
we chose to systematically use logarithmic transformations of the 
data where needed in order to linearize the regression functions 
and stabilize the error term variances. In addition to the statistical 
advantages, log transformations are often suitable for biological 
data, and have been previously used in relationship to leaf lifetime 
(e.g., Coley 1988 ; Williams et al. 1989). In this study, if a given 
relationship was not linear we first logarithmically transformed 
the independent variable (often leaf lifespan) and stopped at that 
point if an appropriate linear regression was identified (e.g., area- 
based net photosynthesis vs. lifespan). For other relationships (e.g. 
A/mass versus leaf lifespan) it was necessary to log-transform both 
variables to linearize the regression. In the figures, both non-trans- 
formed (main compartments) and transformed (inserts) axes are 
used. This enables the reader to examine both the raw data and 
the fit of the linear relationships between the transformed data. 
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Fig. 4. A Weight-based net photosynthetic rate (nmol g-1 s-~) 
in relation to leaf lifespan (months) for sun leaves of 21 Amazonian 
tree species. The insert shows the same variables both on a log 
(base 10)-transformed scale. Log (A/mass)=2.67--0.65 log (life- 
span), r2=0.91, p<0.001. B Net photosynthesis per unit leaf N 
(gmol CO2 [mol N ] -  1 s 1) in relation to leaf lifespan (months) 
for sun and shade leaves of 21 and 9 species, respectively (relation- 
ship not affected by inclusion of shade leaves). The insert shows 
the independent variable on a log (base 10)-transformed scale. A/ 
leaf N = 162.4-  68.6 log (lifespan), r 2 = 0.89, p < 0.001 
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Results 

In analyzing the relationships between leaf traits and 
leaf duration, data from all species, sites and light envi- 
ronments (i.e., canopy and understory leaves) were 
pooled initially. Because the relationships were often dif- 
ferent for leaves from shaded habitats (which were pres- 
ent only in the three tall forest communities), only data 
for sun leaves were used in the Figures, unless noted 
otherwise. 

Weight-based leaf N (rag g-~) decreased significantly 
(r 2 = 0.52, p < 0.01 for all relationships unless mentioned 
otherwise) in relation to leaf lifespan (Fig. 1 A). The two 
species with the shortest leaf lifespans had by far the 
greatest weight-based leaf N concentrations. No signifi- 
cant trends in N content per unit leaf area (leaf N/area) 
were found in relation to leaf lifespan, for either all data 
or only canopy data, regardless of transformation used 
(Fig. 1 B). Thus, species with shorter leaf lifespans did 
not allocate a greater amount of N per unit leaf surface 
area than species with longer leaf lifespans. Trends for 
weight- and area-based leaf P concentration in relation 
to leaf lifespan (data not shown) mirrored those for leaf 
N concentrations. 

In sun leaves SLA decreased dramatically (by 60%) 
among species as leaf lifespan increased from 1.5 to 
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about 12 months and then SLA decreased gradually (by 
30%) as lifespan increased from I to 4 years (Fig. 2A, 
r z -- 0.78). Total variation in SLA with leaf lifespan was 
about three-fold from lowest to highest. Leaves from 
understory saplings were significantly thinner (higher 
SLA) on average than canopy leaves from the same spe- 
cies and thus were examined separately. A significant 
negative linear relationship (r2= 0.60) was observed be- 
tween SLA and leaf lifespan for understory individuals 
(data not shown). Leaf N/mass was highly linearly corre- 
lated (r2:0.82) with SLA among the SCRN species 
(Fig. 2B). 

Leaf toughness (defined as force required to perfo- 
rate leaf) increased significantly (rZ= 0.62) with increas- 
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Table 2. Estimated impact on leaf traits of a 1-year increase in lifespan of leaves for short vs long lifetimes. Based on 
from Figs. 2, 4 and 5 
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regression equations 

Leaf lifespan SLA g A/area A/mass A/unit leaf N 
(cm z g-l) (mmol m -2 S 1) (pmol m -2 S -1) (nmol g-1 s-l) (pmol [mol N] -1 s -1) 

1.5 months 221 1927 16.0 355 150 
13.5 months 92 589 9.3 84 85 

Absolute change 130 1338 6.7 271 65 
Proportional 
(%) change ( - 59%) ( -  69 %) ( -  42%) ( -  76%) ( -  44%) 

2 years 79 432 7.5 58 68 
3 years 73 347 6.2 45 56 

Absolute change 7 85 1.3 13 12 
Proportional 
(%) change ( -9%) (-20%) ( -  17%) (-23%) ( -  18%) 

3 years 73 347 6.2 45 56 
4 years 68 296 5.3 37 47 

Absolute change 4 51 0.9 8 9 
Proportional 
(%) change (-- 6%) (-- 15%) ( -- 15%) ( - 17%) (-- 15%) 

ing leaf lifetime for leaves from exposed canopy posi- 
tions (Fig. 3 A), in agreement with the results of  Coley 
(1988) for a tropical forest in Panama. Moreover,  leaf 
toughness was significantly negatively correlated (r2= 
0.60) with SLA among the SCRN species (Fig. 3 B). 

Net  photosynthesis on a dry mass basis (A/mass) 
decreased significantly ( r2= 0.91) in relation to leaf life- 
span (Fig. 4A), and the relationship was no different 
using data for only canopy leaves or canopy plus under- 
story foliage. The shape of  this response surface was 
similar as for SLA versus leaf lifespan, but even more 
dramatic. Differences in weight-based photosynthesis 
were about  10-fold for leaf lifespans ranging from 1.5 
to about  15 months and then slight among species with 
leaf lifespan between 15 and 50 months. Photosynthesis 
on a leaf N basis (A/leaf N) also decreased with increas- 
ing leaf lifespan (r 2 =0.88), with a three-fold range in 
this measure among species (Fig. 4B). Area-based pho- 
tosynthesis (A/area) decreased significantly (r2=0.75) 
with increasing leaf lifespan (Fig. 5 A), but  the decline 
was more gradual and the total range was three-fold 
rather than the ten-fold range found for mass based 
photosynthesis. Area-based photosynthesis was signifi- 
cantly lower in understory than canopy leaves (within 
and across species) even for similar leaf lifetimes (data 
not shown). 

Stomatal conductance (g) varied by an order of  mag- 
nitude among species and also declined significantly 
(r 2 = 0.74) with increasing leaf lifespan (Fig. 5 B). Similar 
to photosynthesis, leaf N, and SLA, the largest absolute 
differences in g were noted among species with shorter 
leaf lifetimes, g was highly correlated with A/area (r 2 = 
0.76) among all species. 

Mass- and area-based net photosynthesis were better 
correlated with leaf lifespan than were determinants of  
photosynthesis such as leaf N (or P). The question then 
arises as to whether leaf N or other possible determi- 

nants of  photosynthesis were correlated with net photo- 
synthesis among the SCRN species sample. The single 
best correlate of  net photosynthesis was SLA, which ac- 
counted for 90% of the variation among species in A/ 
mass (r 2 =0.90, Fig. 6A). Leaf  N/mass was also highly 
correlated with variation among species in A/mass (r2= 
0.85, Fig. 6 B). SLA was moderately well correlated with 
A/area (r2= 0.48, data not shown) and leaf N/area was 
not significantly correlated with A / a r e a  (/)>0.05) 
(Fig. 6C). 

All measured traits changed more among short rath- 
er than long-lived leaves, but  the forms of the relation- 
ships between leaf traits and leaf lifespan were variable. 
Net photosynthesis per unit leaf area and per unit leaf 
N changed linearly in response to the log of  leaf lifespan, 
and thus, the absolute differences in leaf traits between 
leaves with lifetimes of 1.5 (shortest observed lifetime) 
versus 13.5 months were 5-7 fold larger than such differ- 
ences between leaves with lifetimes of 2 versus 3 or 3 
versus 4 years (Table 2). The proport ional  change per 
yearly increase in lifespan in these measures was also 
much larger for short-lived rather than long-lived leaves. 
Decreases in A/mass, SLA, or leaf conductance with 
increasing leaf lifespan were even more abrupt. A/mass 
and SLA are estimated to change from 355 nmol g-X 
s -1 and 221 cm 2 g-1 for a lifetime of 1.5 months to 
84 nmol g-  1 s-  1 and 92 cm 2 g-  ~ respectively, if lifetime 
is one year longer (Table 2), which are more than 20 
times as great an absolute change as occurs for increases 
in lifetime from 2 to 3 years or 3 to 4 years. 

Discussion 

Ecological considerations 

Strong correlations between leaf lifespan and leaf N/  
mass, SLA, A/mass, A/area and A/leaf N were observed 
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for the SCRN data. Leaf N/area does not appear to 
be dependent on leaf lifespan. This is probably the result 
of offsetting influences on N/area of SLA and N/mass 
as they change with leaf lifetime: parallel decreases in 
SLA (which increases leaf mass/area) and N/mass result 
in no net change in N/area on average. 

These data indicate that species with short leaf life- 
spans generally have thin (high SLA), fragile leaves with 
high weight-based nutrient concentrations and photo- 
synthetic rates, with the reverse true for species with 
long-lived leaves. Absolute changes in leaf characteristics 
with increasing lifespan were greatest among species with 
the shortest lifespans, and least among species with life- 
spans greater than i 2 years. This suggests that small 
absolute differences in leaf duration for species with 
short leaf lifespans may have important physiological 
and ecological ramifications. The converse, that large 
differences in leaf duration for leaves with long lifespans 
are relatively unimportant, is not necessarily true. Al- 
though instantaneous physiological performance of 
leaves could be similar or only slightly different, differ- 
ences in leaf lifespan might have important impacts on 
ecosystem nutrient cycling, long-term individual tree nu- 
trient use efficiency, and both net carbon gain and nu- 
trient use efficiency over the leaf lifespan. 

The general trends observed among the SCRN data 
set for SLA, N/mass, A/mass, A/area and g as a function 
of leaf lifespan and each other were more or less in 
keeping with observations and hypotheses from the liter- 
ature (e.g. Chabot and Hicks 1982; Field and Mooney 
1986). Exceptions (or modifications) include a) the lack 
of relationship between leaf N/area and leaf lifespan; 
b) the lack or relationship between leaf N/area and A/ 
area, and c) the implications of the forms of the relation- 
ships between leaf traits and lifespan. 

Why don't all species construct thin leaves with high 
nutrient concentrations and high photosynthetic capaci- 
ty? Resource economic and growth-rate based theories 
suggest that this strategy will be successful only if light 
and nutrients are available in sufficient amounts to sup- 
port high enough photosynthetic rates to pay off com- 
bined construction, maintenance, and defensive costs be- 
fore leaves are either overtopped by other leaves, dam- 
aged or lost to herbivores or mechanical damage (e.g., 
falling detritus or wind), or otherwise become unproduc- 
tive (Coley et al. 1985). Amazonian species adapted to 
low nutrient availability (Cuevas and Medina 1986; 
Reich et al., unpublished data) and/or shaded conditions 
during regeneration do tend to produce thick, tough 
long-lived leaves (Reich et al., manuscript in prepara- 
tion). Leaf toughness and thickness increase (SLA de- 
creases) with increasing leaf duration (Figs. 2 and 3), 
perhaps because extended leaf survival requires protec- 
tion, and in nutrient- or light-poor environments meta- 
bolically undemanding structural defenses are most 
available (Coley et al. 1985). Leaf toughness was found 
to be the single most important correlate of herbivore 
damage (among species) to leaves of a number of tropi- 
cal tree species in Panama (Coley 1983). Different species 
from diverse Amazonian communities therefore do ap- 
pear to exhibit variation in adaptive "offensive and de- 

fensive" leaf-level traits, including SLA, nutrient con- 
centration, photosynthetic capacity, and leaf toughness 
and lifespan, which are associated with habitat resource 
availability and stability. 

Nutrient allocation, conservation and use efficiency 
are also important considerations with respect to varia- 
tion in leaf duration, and to the ways in which leaf physi- 
ology changes during the aging process. Amazonian spe- 
cies with short-lived foliage are fast-growing and occupy 
relatively resource-rich environments (Uhl 1987). In 
order to grow taller as quickly as possible, rapid uptake 
of readily available nutrients from the soil plus the real- 
location of nutrients, especially N, from older leaves 
(Field and Mooney 1983) may be required. Amazonian 
species with long-lived leaves tend to be slow-growing 
and occupy resource-poor undisturbed sites (Uhl 1987 
and Reich et al., unpublished data). Light-saturated 
photosynthetic rates are never particularly high in these 
species, but they remain relatively stable, declining little 
among leaves 0.5-5 years old (Reich et al., unpublished 
data). It is logical that species which are adapted to 
habitats with low nutrient availability have intrinsically 
nutrient-poor leaves, low photosynthetic and growth 
rates, a predominance of carbon- based structural de- 
fenses (such as leaf toughness), and low rates of tissue 
turnover (Grime 1977; Chapin 1980; Coley et al. 1985). 

Physiological considerations 

Why are weight- and area-based photosynthesis, and 
photosynthesis per unit leaf N, well correlated with leaf 
lifespan among a relatively diverse group of species? 
And why are leaf N/mass and SLA well correlated with 
A/mass across species, while A/area is not correlated 
with N/area? Consideration of variation in total leaf 
N, in N partitioning within leaves, and of other con- 
straints upon photosynthesis (Field and Mooney 1986; 
Reich and Schoettle 1988; Evans 1989) can help explain 
these trends. Although they are clearly interrelated (by 
variation in SLA), for clarity we will first discuss weight- 
based relations and then those on an area basis. 

First, several correlates of A/mass, such as SLA, leaf 
N/mass and leaf P/mass were also negatively correlated 
with leaf lifespan. A/mass has been well correlated with 
leaf N/mass in and among a wide variety of species 
(Field and Mooney 1986), including those used in this 
study (Fig. 6 and Reich et al., unpublished data). Thus, 
since leaf N/mass decreased with increasing leaf lifespan 
(Fig. 1), a proportion of the decline in A/mass with in- 
creasing leaf lifespan may directly result from this pat- 
tern. However, A/mass was more highly correlated with 
leaf lifespan than was leaf N/mass itself. 

Although Field and Mooney (1986) considered the 
idea that photosynthesis and leaf lifespan tend to be 
inversely related, they proposed several hypotheses to 
explain low A per mass and per leaf N in sclerophylls 
(which tend to have low SLA and longer leaf lifetimes) 
which did not require assumptions about the prerequi- 
sites for leaf longevity. First, because some minimum 
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N level greater than zero is required for positive net 
photosynthesis, the algebraic formulation of the linear 
A/mass vs leaf N relation results in increasing A/leaf 
N with increasing leaf N (Hypothesis 1). Thus, low A/ 
leaf N may result directly from low leaf N. 

Second, species with low SLA's may invest a relative- 
ly high proportion of leaf tissue (including N) to non- 
photosynthetic function and thus the proportion of N 
required for reactions not related to photosynthesis may 
scale negatively with SLA (Hypothesis 2). To the extent 
that this is true, low A/leaf N and low SLA are function- 
ally related, because the proportion of the total leaf N 
invested in photosynthetic machinery decreases as SLA 
decreases (and thus A/mass for a given N/mass would 
decline). Indirect support for this idea is provided by 
a) the better correlation of A/leaf N with SLA (r2= 0.62, 
p < 0.001) than with either N/mass (r 2 = 0.39, p < 0.001) 
or N/area (r2= 0.03, p < 0.47); and b) the fact that for 
species with similar N/mass, those with higher SLA have 
higher A/mass (data not shown); as also mentioned by 
Field and Mooney (1986). 

A third hypothesis suggests that the partitioning of 
N among photosynthetic compounds and/or the activity 
of rate-limiting enzymes involved in photosynthesis var- 
ies among species in relation to certain ecological traits, 
such that A/leaf N is variable among species (Evans 
1989). Shade-adapted plants tend to invest larger quanti- 
fies of N in light-harvesting pigments and proteins, but 
make smaller investments in Calvin cycle enzymes 
(Bjorkman ]981, Evans 1989). Evans (]989) pointed out 
that within-species partitioning of N into thylakoids ver- 
sus Calvin cycle compounds differs when examining 
variation in nutrition versus variation in irradiance dur- 
ing growth. At present, little is known about such parti- 
tioning among plant species adapted to different nutrient 
availabilites, which is the case for the SCRN species. 

The first two above hypothesis in combination (with 
or without the third hypothesis) can adequately explain 
why A/mass and A/leaf N decline continuously with in- 
creasing leaf lifetime: leaf N/mass and SLA tend to de- 
crease with leaf lifetime, and together may result in lesser 
total allocation of leaf N to photosynthesis, with the 
integrated result that A/mass declines continuously with 
increasing lifespan. Other possible (and potentially inter- 
acting) explanations also exist. For example, lowland 
tropical rainforests often have low availability of P (and 
other nutrients) (Cuevas and Medina 1986), and limita- 
tions of A/leaf N due to low P/N ratios may occur (Reich 
and Schoettle 1988, Reich etal., unpublished data). 
Plants with leaves of high SLA could also be less limited 
photosynthetically by diffusive conductance of COs than 
those with low SLA foliage, although this possibility 
has not been adequately examined. Despite the fact that 
the above hypotheses provide physiological explanations 
of why sclerophylls (low SLA) have low A/leaf N with- 
out requiring consideration of differences in leaf longevi- 
ty (Field and Mooney 1986), SLA and A/leaf N do de- 
crease with leaf lifespan, leaving us with questions about 
the ecological implications of such trends (see Ecological 
Considerations above). 

When leaf N contents and net photosynthetic rates 

are expressed on area rather than weight bases, some 
different implications emerge. The decline in photosyn- 
thesis per leaf area with increasing leaf lifespan (Fig. 5 A) 
cannot be explained as due to lower leaf N per unit 
leaf area, since N per leaf area was not a function of 
leaf longevity (Fig. 1 B), and area-based net photosyn- 
thesis was not significantly correlated with area-based 
N contents (Fig. 6 C). Instead, the decline in area-based 
photosynthesis with leaf lifespan appears to be related 
to decreases in A/leaf N with increasing leaf lifespan. 
Why do species with short leaf lifespans have higher 
A/leaf N than those with longer lifespans, even when 
leaf N/area is the same ? We pointed out previously that 
species with short leaf lifespans have thinner (high SLA) 
leaves with high leaf N/mass. A/leaf N is correlated with 
SLA but not with leaf N/area. Thus, if two species have 
similar area-based leaf N but vary in SLA (and as a 
result, in N/mass), the species with greater SLA (and 
N/mass) will likely have greater A/leaf N and hence 
greater area-based photosynthesis. 

Previous studies have found that variation in area- 
based net photosynthesis among species was significant- 
ly but poorly correlated with variation in area-based 
leaf N (Field and Mooney 1986). Among SCRN species 
this relationship did not hold true. Due to the relation- 
ships between either SLA or N/mass and A/mass, covar- 
iation in SLA and N/mass can result in significant A/ 
area to N/area relationships (e.g., Chazdon and Field 
1987), if variation in SLA and N/mass among leaves 
affect N/area in parallel: e.g., SLA decreases (or in- 
creases) while N/mass increases (or decreases)as can 
occur across light gradients, or during leaf development 
or aging. A/area can also be well correlated with N/area 
when N/area varies with variation in either SLA or N/ 
mass, while the other remains relatively stable. However, 
relationships among diverse Amazonian species with 
wide variation in leaf lifespan do not fit either of these 
patterns, since SLA and N/mass decrease with increasing 
lifespan, driving N/area in opposite directions. 

In conclusion, the data and analyses in this study 
suggest that there is a strong interdependency between 
leaf lifespan, A/mass, A/area, N/mass, SLA, and leaf 
toughness, which may result from the necessity for allo- 
cational trade-offs that enhance either productivity, nu- 
trient conservation or defense. Apparently a plant can 
allocate resources towards a high photosynthetic assimi- 
lation rate for a brief time, or can provide resistant phys- 
ical structure that results in a lower rate of carbon assim- 
ilation over a longer period of time, but not both. This 
trade-off has important ecological ramifications as it 
suggests that differences between species in leaf lifespan 
and associated traits should reflect their differences in 
habitat or niche. It also raises the possibility that species 
with great plasticity in modifying leaf lifespan and relat- 
ed traits may be able to grow in habitats with a wide 
range of resource availability, while species without plas- 
ticity in this regard will occupy a narrower range of 
habitats. These data also suggest that for species adapted 
to different nutrient availabilities, variation among spe- 
cies in leaf N/area is not related to variation in leaf 
lifespan and is not a direct cause of variation in A/area. 
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