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PHOTOSYNTHESIS AND LEAF NITROGEN IN FIVE AMAZONIAN
TREE SPECIES DURING EARLY SECONDARY SUCCESSION!
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Abstract. Field measurements of maximum net photosynthesis (P,,,), leaf nitrogen
(N) content (leaf N per area and percent N), and specific leaf area (SLA) were made for
Amazonian tree species within and across early successional sites of known ages after
abandonment from slash-and-burn agriculture. We examined five species across a succes-
sional sere near San Carlos de Rio Negro, Venezuela, to test whether plasticity was as-
sociated with successional status and to determine whether changes in foliar properties
during secondary succession can be attributed to shifts in species composition, in resource
availability, or both. Average leaf N concentration was high (nearly 3%) for a pioneer
species (Cecropia ficifolia) early in succession (1-3 yr after abandonment) but was always
lower for the other early and mid- to-late succession species, especially later in succession
(1-2% at 5-10 yr after abandonment). Net photosynthetic capacity (P, /area and P,/
mass) varied as much as sixfold, being higher in pioneer species such as Cecropia and
Vismia on recently abandoned sites and lower in late successional species such as Miconia
and Licania on 10-yr abandoned agricultural sites. Total daily light availability also varied
widely (14-fold) from its peak 1 yr after farm abandonment to low levels 9 yr into succession.

During the first 5 yr of secondary succession, there were significant (P < 0.05) dif-
ferences in P,,,, and leaf N concentration among species in any given year. In most species,
P.... values declined with increasing time since abandonment within any given site. There
were important differences in photosynthetic plasticity among species: P, tended to be
much greater in earlier than later successional species soon after abandonment. Also, the
difference in P,,, among species narrowed (or reversed) over time since abandonment,
largely because of decreasing P, in pioneer species. The results suggest that changes in
both species composition and in resource availability combine to produce the common
pattern of decreasing leaf N concentration and photosynthetic rates during early rain forest
succession after agriculture.

Early successional species showed strong (r*> = 0.57, P = (0.0001) mass-based photo-
synthesis—N relationships but weak (#2 = 0.40 or lower, P = 0.0001) area-based relationships
both across the secondary successional sere after agriculture and across sites varying in
types of disturbance. Both mass- and area-based photosynthesis—N relationships were poorer
or not significant (P > 0.05) for mid- to late-successional species. Higher instantaneous
P.../N and greater slopes of the photosynthesis—N relationships in early than late succes-
sional species suggest that pioneer species may show greater carbon assimilation capacity
with elevated leaf N concentration on early successional sites than co-occurring species.
The data suggest that early and late successional species may differ in the mode and degree
of leaf-level physiological plasticity across succession.
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INTRODUCTION

Distinct patterns in the successional dynamics of
species dominance following disturbance have long
been recognized (Cooper 1926) and have frequently
been associated with patterns in resource availability
(Tilman 1988). While the role of key resources such
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as light and nutrients have been considered paramount
in secondary succession following anthropogenic dis-
turbance, species may both alter and respond to the
availability of these resources as they vary over suc-
cessional time scales (Vitousek and Walker 1987, Til-
man and Wedin 1991). There is a considerable theo-
retical framework suggesting that plant species char-
acteristic of early successional habitats have contrast-
ing physiological and life history traits compared to
species from later successional habitats (Bazzaz 1979,
Bazzaz and Pickett 1980), which is generally consistent
with patterns in the availability of light and nutrients
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through succession (Huston and Smith 1987). Although
these relationships have been well elucidated for plants
grown in constant or controlled environments (i.e.,
Bjorkman 1981, Oberbauer and Strain 1984, Strauss-
Debenedetti and Bazzaz 1991), we know much less
about such relationships in natural environments.

Within the constraints of intrinsic morphological and
physiological traits, the ability of a given species to
grow in the face of changing resource availability dur-
ing succession may depend on its physiological plas-
ticity. To remain competitive and dominant on a site
during succession, species must be capable of altering
functional traits that maximize physiological perfor-
mance during succession (Schulze and Chapin 1987).
Although it has been hypothesized that plasticity in
photosynthetic traits may be associated with differ-
ences in successional status among temperate species
(Bazzaz 1979, Bazzaz and Carlson 1982), there is
growing evidence from tropical studies indicating that
early successional species are not necessarily more
flexible in this regard compared to later successional
species (Oberbauer and Strain 1984, Thompson et al.
1988, Chazdon 1992, Clark and Clark 1992). Com-
parisons of gap-phase successional species in tropical
forests have found considerable within-species plastic-
ity in leaf photosynthesis in many woody species, re-
gardless of the light availability characteristic of their
typical habitat (Chazdon and Field 1987, Walters and
Field 1987, Chazdon 1992, Thompson et al. 1992).
However, to our knowledge there has been no system-
atic analysis of adjustments in species photosynthetic
capabilities across a successional chronosequence in
human-disturbed tropical ecosystems or with reference
to the changes in light and soil resources that are co-
incident with early succession after agriculture (Uhl et
al. 1982a, Vitousek and Walker 1987). Because canopy
development and hence shading progresses rapidly dur-
ing early tropical succession (Ewel et al. 1981, Brown
and Lugo 1990), and site nutrient availability also typ-
ically shows large changes at that time (Vitousek et al.
1989, Ewel et al. 1991), it is important to understand
the physiological responses of tropical species to en-
vironmental variation during early secondary succes-
sion (Mooney et al. 1984). Such information is critical
to understanding patterns in forest recovery following
human-induced disturbance.

In the last two decades, large areas of the Amazon
Basin have been cleared for agriculture (Houghton et
al. 1991). However, much of this land is abandoned
after a short period of land use (Brown and Lugo 1990).
In this paper we describe a study of field photosynthetic
performance, leaf structure, nutrient content, and their
plasticity in five tree species common during secondary
succession in the upper Rio Negro region of the Am-
azon Basin (Uhl 1987, Reich et al. 1995). Based on 10
yr of data from an adjacent site (Uhl 1987; C. Uhl,
unpublished data), these five species can be charac-
terized according to the time in secondary succession
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at which they are most common, ranging from 1-2 yr
to =10 yr after abandonment (see Methods: Study site
and species descriptions below). The present study
complements earlier studies of seed dispersal, seedling
establishment, tree abundance, and growth and biomass
accumulation for the study species on secondary suc-
cessional sites adjacent to those used in our study (Uhl
et al. 19824, Uhl and Jordan 1984, Uhl 1987), and
represents one of the best characterized secondary suc-
cessional seres in a tropical rain forest. Although pat-
terns of early plant community succession may be de-
termined by differential seed dispersal, germination,
and seedling establishment among species (Pickett et
al. 1987), differences in physiological and morpholog-
ical traits, and their plasticity with respect to resources
during succession, can indicate differential abilities of
co-occurring species to use and compete for limiting
resources during succession (Chapin et al. 1987, Til-
man 1988). Thus we concentrated our analysis on leaf
photosynthetic traits and plasticity during succession
in relationship to other key leaf traits such as leaf nu-
trient concentration (an indication of plant and site nu-
trition) and specific leaf area (SLA, an index of leaf
structural density).

We hypothesized that there would be differences in
leaf photosynthetic traits among tropical species that
are most common at different stages along an early
successional sequence after slash-and-burn agriculture.
Since most plant species are capable of some degree
of physiological, morphological and/or allocational al-
terations to improve acquisition of limiting resources
for growth and biomass accumulation (Chapin et al.
1987, Schulze and Chapin 1987), we also expected
plasticity in leaf traits within any given species that
occurs along such a sere. We hypothesized that indi-
vidual species would show significant differences in
Pav SLA, leaf nitrogen concentration, and photosyn-
thetic nitrogen-use efficiency across successional stages
that vary in resource levels, and that different species
would show different degrees of plasticity in response
to changing resource levels depending on their suc-
cessional status (Bazzaz 1979, Bjorkman 1981).

METHODS
Study site and species descriptions

The research was carried out near the village of San
Carlos de Rio Negro (1°56’ N, 67°03' W, 120 m ele-
vation), a remote location in Venezuela’s Amazon Ter-
ritory. The climate at San Carlos is wet equatorial with
a relatively aseasonal pattern of temperature and pre-
cipitation. Mean annual temperature is 26°C, annual
precipitation averages 3500 mm, and mean monthly
precipitation exceeds 200 mm in every month of the
year (Estacién de Hidrologia, San Carlos de Rio Negro,
Ministerio del Ambiente y de Recursos Naturales Re-
novables, unpublished data).

The study sites were located 4-5 km east of San
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Carlos in lowland tierra firme forest in the gently roll-
ing terrain (20-40 m above mean river level). The local
tierra firme forest is an evergreen rain forest 20-30 m
in height. Tierra firme forests occur on relatively well-
drained, highly weathered Oxisols and Ultisols covered
by a thin cap of sand <50 cm deep (Medina and Cuevas
1989). These are the only soils used locally for agri-
culture. Tierra firme soils of the upper Rio Negro basin
are acid (pH =~ 4), nutrient-poor, and composed of high-
ly weathered clays with high Fe and Al concentrations
and very low cation-exchange capacity (Fittkau et al.
1975, Herrera et al. 1978). Aspects of the nutrient dy-
namics and nutrient limitations in the primary forest
communities near San Carlos are summarized in Me-
dina and Cuevas (1989) and Reich et al. (1994).

The study focused on sites abandoned from slash-
and-burn agriculture, the most common anthropogenic
disturbance in the upper Rio Negro region (Clark and
Uhl 1987). Postagricultural successional sites were all
located within 0.5 km of each other near a large un-
disturbed tierra firme forest tract. Sites were selected
for traditional agriculture and cut, burned, and farmed
by an experienced local farmer. On each site, =0.5 ha
of forest was cut in September—November and burned
in December—March (Clark and Uhl 1987). Manioc
(Manihot esculenta Crantz) is by far the most abundant
crop planted on these sites. Farm sites were weeded
occasionally and the resulting plant residue was burned
in slash piles on the site. Abandonment from active
agriculture occurred =2 yr after burning, mainly be-
cause of declining crop yields (Uhl et al. 1982a).

The study was conducted on three postagricultural
sites representing 1, 3, and 9 yr after abandonment in
1988 (referred to as Sites 1, 2, and 3, respectively).
Three to five study trees of each species (when present)
were selected at each site. Leaf physiology was sub-
sequently followed for the same marked trees on each
site for either 2 or 3 yr, providing early successional
seres from 1 to 3, 3-5, and 9-10 yr after abandonment.
Species on an additional site at 2 yr after abandonment
were also measured, but only in a single year. When-
ever a study species was present and located on a site
it was included in the study design. In order to contrast
extremes in disturbance regimes, we also studied 3—4
individuals of the successional trees Vismia japurensis
Reichardt and Miconia dispar Bentham that were pres-
ent in a tierra firme treefall gap (=200 m? in area) 2
yr after formation (cf. Uhl et al. 1988) and on a highly
degraded, bulldozed site 10 yr after disturbance (Uhl
et al. 1982b). Besides a number of herbaceous and
graminoid species, only scattered, short trees (< 2m
tall) of one species (Vismia) were present on the bull-
dozed site 10 yr after disturbance.

Study species were chosen based on previous studies
of their successional ecology and abundance on dis-
turbed sites (Uhl 1987, Uhl et al. 1988). Cecropia fi-
cifolia Snethlage is a short-lived, fast-growing early
successional pioneer that colonizes agricultural sites
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before abandonment from agriculture and persists for
3-5 yr. Vismia colonizes early successional postagri-
cultural sites and forms the dominant canopy in stands
2-5 yr after abandonment. Bellucia grossularioides
(L.) Triana is longer lived and later successional than
the previous two species and is frequently found with
Vismia on early successional sites in low densities. Mi-
conia dispar is a common small-gap colonizer that also
establishes under early successional trees on postagri-
cultural sites. Melastomataceous trees (including Mi-
conia spp.) form the dominant subcanopy and canopy
of postagricultural sites at 10—-15 yr after abandonment.
Both Miconia and Vismia were also abundant in the
tierra firme treefall gap used in this study. Licania het-
eromorpha Bentham is abundant in both the canopy
and understory of undisturbed and late successional
tierra firme forests and may colonize postagricultural
sites between 6 and 10 yr after abandonment. In order
to interpret our measurements with respect to perceived
species successional strategies, the successional status
of each species will be defined as in Reich et al. (1995)
according to the time after abandonment when each
species is most common. Cecropia is a pioneer species,
Vismia is the next earliest successional, followed by
Bellucia and the mid-to-late successional species Mi-
conia and Licania. Species are ranked by successional
status in tables and figures (e.g., earlier successional
species are listed first).

Physiological measurements

‘We measured gas exchange for young, fully expanded
leaves of naturally occurring plants in the field during
January and February in three consecutive years. Mea-
surements were made on =6-20 leaves per tree in mid-
to upper-crown positions of trees =6 m in height (or at
the top of the crown for the unbranched tree Cecropia).
Dominant trees of Cecropia, Vismia, and Bellucia were
randomly selected for measurements on all sites (when
present). Miconia and Licania only occurred as saplings
<4 m in height beneath a canopy of the early succes-
sional species. Vismia was not measured on sites beyond
5 yr after abandonment because of the high mortality of
this species on those sites (C. Uhl, unpublished data).
All five species are evergreen but vary in leaf life-span
(Reich et al. 1991); hence, measurements for each spe-
cies were taken on young mature leaves at the nodal
position corresponding to the age of peak physiological
capacity (Reich et al. 1991).

Simultaneous measurements of photosynthetic CO,
assimilation and leaf conductance to water vapor were
made under ambient conditions with a portable leaf
chamber and infra-red gas analyzer (IRGA) operated
in the differential mode (ADC model LCA-2, Hoddes-
don, Hertsfordshire, England). Measurements in open,
successional sites were made at mid- to late-morning
(0800-1100 local time) to minimize limiting vapor
pressure deficits or excessive temperatures. In shaded
understory and gap sites, measurements were made lat-
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er in the day (1100-1400 local time) on foliage located
in stable sunflecks for at least 5 min in an attempt to
ensure that photosynthetic induction had already oc-
curred (Pearcy 1988). We present data for leaves mea-
sured at above-saturating photosynthetic photon flux
density (PPFD) under natural sunlight as determined
by photosynthetic light response curves derived from
field measurements on a population of leaves measured
at different instantaneous PPFD levels (D. S. Ellsworth,
unpublished data) using the methodology of Riddoch
et al. (1991). Thus, sampling was designed so that mea-
surements were made under nonlimiting environmental
conditions to closely reflect leaf photosynthetic capac-
ity at ambient CO, (P,,,) in the field (Reich et al. 1991).
After P, was measured, leaves were collected,
traced for fresh leaf area determinations, and oven-
dried to a constant mass at 70°C. Single-sided leaf areas
were measured from the leaf traces with a leaf area
meter (LI-3100, LI-COR, Lincoln, Nebraska, USA).
Specific leaf area (SLA; in square centimetres per
gram) was expressed as the ratio of fresh leaf area to
leaf dry mass (excluding the petiole) for all samples.
Nutrient analyses were performed by the University of
Wisconsin Soil and Plant Analysis Laboratory. Total
leaf N was analyzed colorimetrically after micro-Kjel-
dahl digestion and other mineral nutrients were deter-
mined by plasma-emission spectrometry techniques.

Leaf light environment

Horizontally mounted quantum sensors (LI-190S,
LI-COR, Lincoln, Nebraska, USA) or leaf-mounted
gallium-arsenide phosphide photodiodes (Model G-
1118, Hamamatsu Photonics KK, Hamamatsu, Japan)
were used to characterize the light environment of the
different successional stages in this study. Leaf-mount-
ed sensors were calibrated against a quantum sensor
under metal halide lamps in the laboratory. Quantum
sensors were mounted at 1.5 m in arbitrary locations
in each study plot. Data for leaf-mounted sensors on
horizontally oriented leaves ranging from 1.5 to 1.7 m
in height were also analyzed for this purpose. Sensors
were monitored at 5-s intervals and summed to provide
daily estimates of PPFD.

Statistical analyses

Data from the four leaves for each tree and site-year
combination exhibiting the highest net photosynthetic
rates (on a mass basis) were used in all statistical anal-
yses to ensure that the field measurements closely re-
flected P, for each species in the specific habitat.
Photosynthetic rates from the larger sample of leaves
measured from each individual were 85-95% of P,_,,.
Differences among species on a site using the larger
data set were consistent with those shown for the re-
duced data set. Data were analyzed using a repeated-
measures analysis of variance (SAS 1994) for each site
separately (using only complete combinations of spe-
cies and years) with species and year as the main ef-

D. S. ELLSWORTH AND P. B. REICH

Ecology, Vol. 77, No. 2

fects. When species or species X year interactions were
highly significant (7 < 0.01) for a site, comparisons
between species (within years) and between years were
made at P < 0.05 using Bonferroni’s least significant
difference test (Steel and Torrie 1980). A randomized
model for linear regression was used to analyze rela-
tionships among all physiological and leaf traits (SAS
1994). Data were log transformed if heterogeneous er-
ror variances were encountered.

RESULTS
Successional trends in leaf characteristics

On recently abandoned Sites 1 and 2, net photosyn-
thesis varied by as much as threefold among species
and years combined for P, /area (Fig. 1) and sixfold
for P,,/mass (Fig. 2). To clarify differences among
species and years, repeated-measures analyses were
made for common groupings of species and years (see
Table 1). At Sites 1 and 2 (Table 1, Figs. 1 and 2),
there were generally significant (P < 0.001) differences -
in P, among species, P, rates declined from year
to year (1-3 or 3-5, respectively), and there were sig-
nificant differences in plasticity (interactions between
species and year): rates tended to be much greater in
earlier than later successional species sooner after
abandonment, and the differences between species nar-
rowed (or reversed) with time, largely due to decreas-
ing P, in early successional species. At Site 3 there
were generally consistent differences between species
in both years for all leaf traits, but no significant dif-
ference between years 9 and 10.

Photosynthetic rates on a unit mass basis (P, /mass)
were always greater in the early successional species
Cecropia than in other species (Fig. 2), but the differ-
ences narrowed with time. At Site 1, P, /area was great-
er (P < 0.05) in Cecropia than in Vismia and Bellucia
in year 1, but not later in succession (years 2-3), and
also not 3—4 yr after abandonment at Site 2. P, /mass
in Vismia was also generally greater (P < 0.05) than in
the later successional species Bellucia and Miconia at
both sites (Fig. 2). Overall differences in P,,/mass
among species were smaller later in succession (=10-
50% at 5 and 9-10 yr after abandonment) than earlier
(up to 300% at 1 yr after abandonment). Significant
differences (P < 0.05) in all leaf parameters were ob-
served between Miconia and Licania in years 9 and/or
10, with lower P, leaf N concentration, and SLA in
late successional Licania (Figs. 1 and 2).

At both Sites 1 and 2, leaf N concentration varied (P
< 0.05) among species and years, and there were sig-
nificant species X year interactions, although the latter
explained only a very small portion of the total variation
in N concentration compared to species or year. Differ-
ences in leaf N concentration between species at Site |
corresponded closely to those for P, /mass in years I-
3 (Fig. 2). At both Sites 1 and 2 in all years, percent N
(2.2-2.7%) and SLA were greater in Cecropia than in
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Fic. 1. Variation in area-based net photosynthesis (P, /area) and specific leaf area (SLA) in five successional tree species on

three sites along a successional chronosequence after slash-and-burn agriculture. (a-b) P,,/area and SLA for Site 1; (c—d) data for
Site 2; {e~f) data for Site 3. Each bar represents the mean value for 3-5 trees with 1 sk indicated. For Bellucia, only one individual
was measured on Site 1 at 2 and 3 yr. For all other species, if bars are absent, then the species was not present on the site at the
time of measurement. Within each site and at a given successional stage (years after abandonment), different letters indicate means
that are significantly different (P < 0.05) using Bonferroni’s test. See Table 1 for overall analysis of variance results. An absence
of letters for a site at a given successional stage indicates that the species differences were not significantly different (P > 0.05).

the co-occurring species (e.g., percent N ranged from 1
to 2%), which did not vary consistently in these respects.

Photosynthetic capacity (both P,.,/area and P,/
mass) and percent N were significantly greater in Cec-
ropia and Vismia at year 1 on Site 1 than all other years
on either site where they occurred (P < 0.01). Both
species showed an overall decreasing trend in P, /area,
P../mass, and percent N in successive years on a given

site (Figs. 1 and 2). P, /mass and percent N decreased

by =50 and 25%, respectively, in both species on Site
1 from the 1st to 3rd yr after abandonment (Fig. 2). In
contrast, there were weaker or no apparent trends in
these characteristics for the melastomataceous trees Bel-
lucia and Miconia in years 1-3 or 3-5 of succession, at
Sites 1 and 2, respectively. The only significant year-to-
year changes in SLA were decreases in Vismia and Bel-
lucia from years 1 to 3 at Site 1 (Table 1, Fig. 1). Overall,
the above results suggest that changes in both species
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Fic. 2.

Variation in net photosynthesis on a unit mass basis (P,,,/mass) and leaf nitrogen concentration (leaf N) among

species on three sites along a successional chronosequence. (a—b) P, /mass and leaf N concentration data for Site 1; (c—d)
data for Site 2; (e—f) Site 3. Legend otherwise as in Fig. 1. Within each site and at a given successional stage (years after
abandonment), different letters indicate means that are significantly different (P < 0.05).

composition and in resource availability combine to
cause the pattern of decreasing leaf N concentration and
photosynthetic rates during secondary succession.
Variation in P, /mass between the study trees on any
given site for each species considered separately (av-
erage coefficient of variation = 20%, range 4-36%) was
similar to variation in this parameter among species on
a site (average coefficient of variation = 25%). Only
two successional ages (2 and 3 yr after abandonment)
were replicated on independent sites in this study. P,/
mass varied by 30-50% for species on different sites at
the same successional stage (Fig. 2a), which is not sur-

prising given intrinsic site differences and site patchi-
ness. Both Vismia and Bellucia showed significant dif-
ferences (P < 0.05) in P, /mass and percent N between
site 1 and site 2 at 3 yr after abandonment (Fig. 2a).
Data from a second site measured only at 2 yr after
abandonment, however, were not significantly different
from those shown in Figs. 1 and 2 for any parameter or
species (P < 0.05, data not shown).

Leaf light environment

Light availability (both average and total daily
PPFD) showed strong decreases as succession pro-
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Summary of results of repeated-measures analyses of variance.* Mean square errors are shown in the final row

P, ./mass P . /area SLA %N
Variable F P F P F P F P
Site 1. Cecropia, Vismia, and Bellucia contrasted across years 1-3 (df = 22)
Year 35.1 0.0001 40.7 0.0001 NS 30.8 0.0001
Species 32.7 0.0001 NS 60.7 0.0001 75.7 0.0001
Year X species 4.4 0.018 7.4 0.0024 NS NS
Error Ms 114.01 4.0 3399 0.025
Site 2. Cecropia, Vismia, Bellucia, and Miconia contrasted across years 3—4 (df = 26)
Year 26.5 0.0001 28.7 0.0001 NS ) NS
Species 26.9 0.0001 7.2 0.0020 30.0 0.0001 10.7 0.0003
Year X species 4.4 0.016 NS NS NS
Error ms 68.03 4.2 338.0 0.056
Site 2. Vismia, Bellucia, and Miconia contrasted across years 3-5 (df = 28)
Year 17.8 0.0001 27.2 0.0001 NS NS
Species 6.1 0.088 11.0 0.0006 21.6 0.0001 NS
Year X species NS NS NS NS
Error Ms 590.6 2.79 100.8

* F statistics and P values are for main effects (year or species) and interactions (year X species) on mass-based photo-
synthesis (P, /mass), area-based net photosynthesis (P,,/area), specific leaf area (SLA) and N concentration at Sites 1 and
2, using groupings of species common in 2 or 3 yr. On Site 3 there were generally significant differences among species,
but not among years, and there were no significant interactions (data not shown).

gressed from 1 to 9 yr (across sites, Table 2). Mean
daily PPFD at 1.5-1.7 m above the ground decreased
more than one order of magnitude from years 1 to 9
with increasing vegetation stature and leaf area index.
Average daily PPFD was similar for a 9-yr abandoned
agricultural site and a treefall gap in the tierra firme
forest (Table 2), although the temporal pattern of PPFD
differed (data not shown).

Leaf structure, nitrogen content, and photosynthesis

On early successional sites recently abandoned from
agriculture, we observed significant within-species re-
lationships between P, and leaf N concentration (Ta-
ble 3). These relationships were stronger for mass-
based than for area-based parameters in all four suc-
cessional species. Leaf phosphorus concentration was
not correlated with P, /mass in three species, and was

TABLE 2. Average daily and total daily integrated (+1 SE)
photosynthetic photon flux density (PPFD) for successional
and undisturbed forest sites near San Carlos de Rio Negro,
Venezuela. Data for each site are from three arbitrarily
located sensors at 1.5-1.7 m above the ground on a pre-
dominately clear day, except for the primary forest site,
where six sensors are averaged.

Mean daily
PPFD
(pmol- Total daily PPFD
Successional stage m-2s7") (mol-m~2-d-")

1 yr abandoned 815 352+24
2 yr abandoned 482 20.8 £ 2.9
3 yr abandoned 398 172 £ 2.5
4 yr abandoned 319 13.8 =25
9 yr abandoned 57 2.4+ 0.2
Treefall gap 64 28+ 1.0
Primary forest 33 1.4+03

weakly correlated in Vismia (r> = 0.41, P < 0.02, data
not shown). Relationships between P, /mass and SLA
(r?ranged from 0.16 to 0.55) were generally better than
for P,,J/area and SLLA. SLA and N were correlated
when N was expressed on a mass basis (in Vismia) and
an area basis (in Cecropia) (Table 3).

The species-specific slope of the linear relationship
between P, /mass and percent N decreased with later
species successional status (Cecropia > Vismia > Bel-
lucia and Miconia; Table 3). Overall, however, there
was still a strong relationship between P, ,/mass and
percent N for data pooled among species of early suc-
cessional trees on sites ranging up to 5 yr after aban-
donment (> = 0.61, P < 0.0001, Fig. 3). On a given
site, P ., expressed on a unit N basis (P, /N) decreased
with later species successional status (Table 4) as did
the slope of the P,,~N relationship (Fig. 3). Trees on
younger sites showed significantly higher P, /N (P <
0.05) than trees on the same site at a later successional
stage (Table 4).

Correlations among leaf traits along
successional gradients

In Vismia, mass-based photosynthesis—N (72 = 0.74,
P < 0.0001) and photosynthesis—SLA relationships (r?
= (.58, P < 0.0001) were similar in slope to those in
Table 3 when data from trees colonizing sites after other
disturbance regimes (i.e., treefall gap and mechanized
clearing) are included with data from postagricultural
sites (Figs. 4a and Sa, respectively). In general, P,/
mass and percent N were greatest for individuals grow-
ing in the treefall gap and 1st-yr abandoned agricultural
site and lower for trees in older abandoned agricultural
sites and the bulldozed site (P < 0.01, Fig. 4). Variation
in SLA also followed this same general trend (Fig. 5).
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TABLE 3.
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Linear regression relationships between maximum photosynthetic rate (P, /mass or P, /area), specific leaf area

(SLA), and leaf N content (%N or N/area) for leaves of four early to midsuccessional tree species growing in former
agricultural sites up to 5 yr after abandonment near San Carlos de Rio Negro, Venezuela.*

Dependent Independent

Species variablet variable r? P Slope Intercept
Cecropia P /area SLA 0.09 0.011 —-0.055 22.616
Vismia P . /area SLA 0.12 0.0014 0.065 6.394
Bellucia P, /area SLA NS
Miconia P . /area SLA NS

Cecropia P /mass SLA NS
Vismia P, /mass SLA 0.55 0.0001 2.065 ~76.169
Bellucia P,./mass SLA 0.41 0.0001 1.848 —46.661
Miconia P, ./mass SLA 0.16 0.0242 0.638 15.850
Cecropia P, /area N/area 0.40 0.0001 10.367 —1.835
Vismia P,.J/area N/area 0.24 0.0001 5.572 4.206
Bellucia P,./area N/area NS
Miconia P../area N/area 0.24 0.0053 3.550 1.939
Cecropia P /mass %N 0.57 0.0001 206.76 —269.95
Vismia P,./mass %N 0.63 0.0001 115.55 —48.55
Bellucia P a/mass %N 0.14 0.0260 23.470 48.648
Miconia P../mass %N 0.32 0.0009 42.162 3.492
Cecropia N/area SLA 0.68 0.0001 —0.009 2.960
Vismia N/area SLA 0.09 0.0057 —0.005 2.065
Bellucia N/area SLA NS
Miconia N/area SLA 0.24 0.0050 —0.0120 2.942
Cecropia %N SLA NS
Vismia %N SLA 0.31 0.0001 0.011 0.496
Bellucia %N SLA NS
Miconia 90N SLA 0.13 0.0434 0.008 0.961

* Ns indicates relationships that are not statistically significant (P > 0.05) and thus no slopes or intercepts are presented.
Sample size (leaves) for the analyses were: Cecropia, n = 68; Vismia, n = 82; Bellucia, n = 36; and Miconia, n = 30.
Individuals of Licania were not present on any of these sites.

T Abbreviations and units as follows: P,

nax/area, area-based maximum net photosynthesis measured under ambient conditions

at full sunlight, pmol-m-2-s~!, P, /mass, mass-based maximum net photosynthesis at full sunlight, nmol-g~'-s~!, N/area, leaf
N content per unit area, g/m?, %N, leaf N concentration as a percent of leaf dry mass; SLA, specific leaf area, cm?/g.

TABLE 4. P, /N for four successional species on two dif-

ferent slash-and-burn sites at 1, 3,

and 5 yr after abandon-

400 A ment.* P_./N is expressed as the instantaneous rate of
A Cecropia A DA maximum net photosynthesis per unit leaf N concentra-
2} w Vismia & AA A tion. T
€N o Bellucia
T . 3004 A PouiN
= A A Years _ e
E ] . %ﬁ A abandoned Species X SE
-
8 IU) 200 i A A Site 1
lC—) % = k. A A 1 Cecropia 186.32 3.9
I E :l. Y S E YN Vismia 144.7° 53
o c = Bellucia 93.8¢ 4.6
o 100+ '@ 3 Cecropia 121.4¢ 95
z °g Vismia 101.3¢ 2.7
Bellucia 88.0¢ 6.0
0 . . . Site 2
0 1 3 4 3 Cecropia 141.82 5.4
Vismia 129.52 6.8
LEAF N (%) Bellucia 81.7% 34
Miconi 1.3 .
F1G. 3. Relationship between mass-based net photosyn- ~zcoTna 73 3.0
thesis (P, /mass) and leaf N concentration (leaf N, %) among 5 stmza. 95-8"d 54
three successional species on early successional slash-and- Be.llucga 68.5¢ 3.7
Miconia 61.3d 4.8

burn sites (up to 5 yr after abandonment). The overall linear
relationship for the three species was P, /mass = —80.834
+ 125.85-leaf N (¥> = 0.61, P < 0.0001). Individual rela-
tionships for each species were also significant (P < 0.05)
and are given in Table 3.

* Data shown are means *= 1 Sg. Within a site (column),
means followed by different letters are significantly different
(P < 0.05) using Bonferroni significant differences.

+ Units for P, /N are pmol CO,-[mol N]~!-s~%
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F1G. 4. Regression relationship between (a) mass-based net photosynthesis (P, /mass) and leaf N concentration (leaf N)
and (b) area-based net photosynthesis (P, /area) and area-based leaf N content (N/area) for Vismia growing across a suc-
cessional sere on postagricultural sites and a disturbance intensity gradient from natural treefall to slash-and-burn sites to a
bulldozed site. Sites are 1 yr after abandonment from slash-and-burn agriculture (1 yr ag site), 2-5 yr after abandonment
from agriculture (older ag sites), a tierra firme treefall gap (treefall gap site), and a site that had been bulldozed 10 yr prior
to measurement (bulldozed site). The relationships shown are P, ,/mass = —53.3 + 118.0 - leaf N (»2 = 0.74, P < 0.0001)
and P, /area = 1.50 + 7.19-N/area (2 = 0.38, P < 0.0001). (c, d) Regression relationship between (c) mass-based net
photosynthesis (P, /mass) and leaf N concentration (leaf N) and (d) area-based net photosynthesis (P,,,,/area) and area-based
leaf N content (N/area) for Miconia. The axis scale for Miconia is half of that shown for Vismia. Sites are 3—5 yr abandonment
from slash-and-burn agriculture (3-5 yr ag sites), 9-10 yr after abandonment from agriculture (ag sites > 5 yr), a tierra firme

treefall gap (treefall gap site), and in the understory of an undisturbed tierra firme forest (forest understory). The relationships
shown are not significant (Ns, P > 0.10) and P, /area = —0.41 + 4.32-N/area (v = 0.30, P < 0.0001).

Across broad site variation, relationships in Vismia be-
tween area-based photosynthesis and N or SLA were
poorer (v = 0.38 and 0.10, Figs. 4b and 5b, respec-
tively) than mass-based ones.

Miconia, on the other hand, had a significant area-
based P,,—N relationship (P < 0.0001) but not mass-
based PN relationship (P > 0.05) when data from a
treefall gap and more deeply shaded, later successional
sites are included with data from early successional sites
(Fig. 4d). Also contrasting with Vismia, there was a
significant negative correlation between P,,/area and
SLA (P < 0.0001, Fig. 5d), whereas the P, /mass—SLA
relationship was not significant (Fig. 5c¢).

DiscussIioN

Early successional species had higher P, than later
successional species on both an area and mass basis

when species are compared on sites where they are most
abundant (e.g., compare Cecropia at 1 yr after aban-
donment, Vismia at 2-3 yr, and Miconia at 9-10 yr).
These results support earlier hypotheses concerning dif-
ferences in P, Vis-a-vis species successional status
(Bazzaz 1979, Bazzaz and Pickett 1980) and are con-
sistent with a more limited survey of 13 tierra firme
species (Reich et al. 1995). However in earlier studies
it was not possible to distinguish between species dif-
ferences and differences in successional stage as the cause
of such a pattern because early and late successional spe-
cies have frequently been measured on different sites at
different successional stages (cf. Riddoch et al. 1991,
Reich et al. 1995). To address this issue we should com-
pare co-occurring species on common sites across a range
of successional stages, as in the current study.
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0.20) and P,,/area = 13.14 + 0.05-SLA (v = 0.29, P < 0.0001).

Among species co-occurring in the same succes-
sional habitat, early successional species such as Cec-
ropia and Vismia generally had higher P, /mass (and
to a lesser extent, P, /area) than later successional
species Bellucia and Miconia, and these differences
were much greater sooner following abandonment
(e.g., 1 yr) than later (Figs. 1 and 2). Photosynthetic
rates also generally decreased in all species with time
during succession, suggesting that both species com-
position and temporal patterns (i.e., patterns in resource
availability) together contribute to the strong decrease
in leaf photosynthesis observed during early secondary
succession. While the chronosequence approach taken
in this study did not incorporate true replicate chron-
osequences on different sites starting at the same point
in succession (Pickett 1989), the consistency of trends
over 3 yr on the two earlier successional sites (Sites 1
and 2) does suggest commonality of these decreases
with increasing time since abandonment from slash-
and-burn agriculture (up to 5 yr) in the upper Rio Negro
region.

Comparisons of species on common sites may also

indicate that there are intrinsic species differences in
photosynthetic capacity among species with different
successional status (Bazzaz 1979), although other fac-
tors such as favorable microhabitat occupation of early
colonizing species and intrinsic species differences in
nutrient uptake capacities and allocation to roots vs.
shoots (Walters et al. 1993) may also indirectly influ-
ence patterns in species photosynthetic capacity on a
given site. For instance, pre-emptive use of resources
by pioneer species may in part explain why the pioneer
species Cecropia has higher leaf N than co-occurring
species and may also have an important bearing on
habitat resource availability for later colonizing species
(Uhl 1987).

Photosynthesis and resource theory

Leaf photosynthetic characteristics may be consid-
ered in the broader context of plant growth and resource
utilization in order to make inferences about species
ecophysiological strategies in early secondary succes-
sion. Arguments based on species intrinsic growth rae
differences and resource limitation theory suggest that
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early successional species will predominate in re-
source-rich environments where high resource supply
rates are capable of supporting species with high re-
source acquisition rates, high leaf nutrient contents,
high rates of photosynthesis and respiration, short leaf
lifetimes, and rapid height and whole-plant growth
(Bazzaz 1979, Chapin 1980, Reich et al. 1992, 1995).
The species Cecropia and Vismia show a suite of char-
acteristics typical of such species on early successional
sites including high leaf N concentration early in suc-
cession and high P, ,/mass (Fig. 2), and thin leaves
(high SLA, Fig. 1), short leaf life-span (Uhl 1987,
Reich et al. 1995), and rapid growth (Uhl 1987; D. S.
Ellsworth and P. B. Reich, unpublished data) that are
generally consistent with these ideas.

However as secondary succession progresses on a
site, there is a general trend toward decreasing pho-
tosynthetic capacity (on an area and mass basis) both
within and among species (Figs. 1 and 2). In particular,
early successional species (e.g., Cecropia and Vismia)
show decreases in photosynthetic capacity and leaf N
concentration with increasing time (Figs. 1 and 2), in-
dicating possible plant senescence and/or increasing
resource limitations during early succession. The lack
of strong differences in P, (area and mass based), leaf
N concentration, and SLA between different species at
5 yr after abandonment (Figs. 1 and 2) supports such
an argument. Still, leaf photosynthetic capacity and
plant carbon balance must be viewed along with other
factors that may contribute to species dynamics in suc-
cession, including seed rain and germination, seedling
recruitment patterns, canopy architecture, and whole-
plant carbon allocation patterns, species life history
traits, and susceptibility to herbivory and disease (Baz-
zaz and Pickett 1980, Pickett et al. 1987, Uhl 1987,
Givnish 1988, Walters et al. 1993).

On early successional sites, individuals may have
high leaf N concentration when N supply is high fol-
lowing slash-and-burn agriculture and uptake demand
is low due to low vegetation density (Vitousek and
Walker 1987). Although leaf N concentration is not
always a good indicator of N availability because of
different patterns in N uptake among species {Chapin
1980, Vitousek et al. 1989), similar trends toward de-
creases in leaf N within species during early succession
(Fig. 2) could indicate a common response of species
to overall site N availability.

Interpretations of the observed successional patterns
are based in part on the assumption that resource avail-
ability (e.g., light and nutrient availability) is high early
in and then decreases later in secondary succession.
Clearly light availability is high soon after abandonment
when the site is sparsely vegetated following short-term
agriculture and then declines as revegetation occurs (Ta-
ble 2). Patterns of N availability during succession are
more complex, and observations of both increasing or
decreasing N availability through secondary succession
have been made (reviewed in Vitousek et al. 1989). In
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both temperate and tropical ecosystems, however, a large
N release from organic matter following forest cutting
(Vitousek et al. 1982) or cutting and burning (Ewel et
al. 1981, Uhl and Jordan 1984, Matson et al. 1987) has
been well documented. An extended period of agricul-
ture or topsoil removal can result in depletion of soil N
and organic matter, giving rise to observations of low
N after abandonment in some systems (Tilman 1988,
Vitousek et al. 1989). In the Upper Rio Negro region,
however, previous studies have shown elevated N min-
eralization in recently abandoned agricultural sites
which had been cut, burned and farmed similarly to those
used in this study compared to mineralization rates in
nearby tierra firme forest (Montagnini and Buschbacher
1989). Moreover, N release from decomposition of re-
sidual forest and agricultural slash may also continue
after abandonment (Uhl 1987). In sum, evidence from
these studies indicates that the early successional se-
quence after short-term agricultural use on tierra firme
soils can likely be considered a gradient from high light
and N availability at the time of site abandonment to
relatively low availability of these resources after 5 yr
of succession. Decreases in resource availability may be
particularly relevant to species successional dynamics
after slash-and-burn agriculture because of differences
in resource-use patterns in successional species (Chapin
1983, Uhl 1987).

Photosynthesis—N relationships in successional trees

Relatively few tropical successional studies have an-
alyzed the role of variation in leaf nutrition in species
plasticity through succession. Among different species,
including Amazonian trees, photosynthetic capacity is
well correlated with leaf N because of the importance
of N-containing proteins in carbon assimilation and
metabolism (Field and Mooney 1986, Evans 1989,
Reich et al. 1991). Within species, leaf N has been
correlated with photosynthetic capacity in successional
rain forest Piper species in Mexico (Chazdon and Field
1987, Walters and Field 1987), although there were no
such correlations in species restricted to mature rain
forest sites. For species on early successional sites,
flexibility in leaf photosynthetic capabilities (P,,/
mass) are correlated with leaf N concentration in Am-
azonian trees as well (Table 3, Fig. 3; Reich et al. 1994).

We found a strong trend toward a decreasing slope
of the relationship between P, /mass and leaf N for
species with later successional status (Fig. 3, Table 3).
This pattern mirrors that for a larger survey of species
(including the five in this study) in the northern Am-
azon basin (Reich et al. 1994), despite distinct differ-
ences in sources of variation in leaf N and P,,, among
the studies. In the current study, variation was observed
among leaves of comparable physiological age and
light environment (sun leaves) but on different trees
over 2-3 yr of succession among different sites. In the
previous study (Reich et al. 1994), variation was a re-
sult of sampling diverse leaf ages and light microen-
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vironments within given site/successional stages. The
similarity of results (decreasing slope of P, to N with
later successional status) suggests that this is a common
pattern in tropical tree species despite different sources
of variation in leaf characteristics.

Also, as a result of species differences in the slope
and intercept of the P, ~N relationship, P, /N is gen-
erally higher for early than for later successional spe-
cies on the same site (Table 3), indicating that these
species can sustain a higher photosynthetic capacity
(P ./mass) per unit N in a leaf. At lower leaf N levels,
all species have roughly similar P_,/mass, corrobo-
rating the observed trend toward similar P /mass later
in succession when species have similar leaf N (for
example at 4-5 yr after abandonment, Fig. 2). Thus,
high P,,/N may confer a competitive, carbon gain ad-
vantage to early successional species when N avail-
ability is high in early secondary succession on tierra
firme (Reich et al. 1995).

Why does P, /N differ between early and late suc-
cessional species? Field and Mooney (1986) suggested
that (1) the fraction of leaf N allocated to the photo-
synthetic apparatus may vary among species and (2)
there may be species differences in the minimum N
and SLA required for the construction of a leaf that
can attain positive photosynthetic rates. These two pos-
sibilities are not mutually exclusive, but rather may
arise from the linear nature of photosynthesis—N re-
lationships (Field and Mooney 1986). Evans (1989)
showed that shade-adapted, late successional species
allocate a higher fraction of leaf N to light-harvesting
pigments and protein complexes that are not directly
involved in dark reactions of photosynthesis than do
crops and early successional herbs grown under rough-
ly similar environmental conditions.

Plasticity in leaf traits in species of
contrasting successional status

Most comparative studies of plasticity among spe-
cies characterized by different successional niches have
been carried out on potted seedlings grown for several
months in different light environments (Bazzaz and
Carlson 1982, Oberbauer and Strain 1984, Strauss-De-
benedetti and Bazzaz 1991). However, variability in
both light and nutrients across successional gradients
may together determine the magnitude and type of plas-
ticity observed (Thompson et al. 1988). The question of
whether early successional species differ in plasticity of
leaf traits compared to later successional species may
depend to a large degree upon which specific traits are
examined, since some species showed greatest plasticity
in mass-based P, (Vismia) while others varied more
in area-based P, (Miconia). The early successional spe-
cies Vismia showed a similar degree of plasticity in area-
based P, (approximately fourfold) as did the midsuc-
cessional species Miconia across the successional gra-
dients in which it occurs, suggesting that both species
have considerable capacity to alter physiological traits
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in changing successional habitats. Differences in plas-
ticity may be greater when species representing even
greater successional extremes are compared.

In both Vismia and Miconia, directional shifts in leaf
N were observed across successional gradients which
may reflect resource levels in habitats ranging from a
degraded, bulldozed site to postagricultural sites to in-
tact tierra firme forest treefall gaps and understory
(Figs. 4 and 5). Differences in the magnitude of plas-
ticity in intrinsic photosynthetic capacity in an early
and mid-successional species (compare Vismia, Fig. 4a
and Miconia, Fig. 4c) may in part be related to the
differences in photosynthetic gain per unit N as dis-
cussed earlier.

Variation in both light and N availability among dif-
ferent habitats does not appear to affect the relation-
ships among P, N, and SLA in Vismia that were
observed in Figs. 4 and 5 compared to data for aban-
doned agricultural sites only (compare Table 3 to Figs.
4a and 5a). Thus variation in P,,,, N, and SLA in Vis-
mia appears to be consistent with trends in resource
availability among sites differing in disturbance inten-
sity (natural treefalls vs. mechanized clearing) and time
since abandonment from an intermediate disturbance
(slash-and-burn agriculture). Without experimental
manipulation it is not possible to separate effects of
light and N availability on leaf characteristics in Vis-
mia. However, similar P, /mass and N concentration
were observed in trees in habitats with high and low
light availability (1-yr abandoned agricultural sites and
gap sites), whereas trees in high light habitats differing
in soil disturbance intensity showed different P, /mass
and N concentration (compare Vismia in abandoned
agricultural vs. bulldozed sites).

The trend toward increasing leaf N concentration
with increasing successional stage from younger-to-
older abandoned agricultural sites to tierra firme un-
derstory observed for Miconia (Fig. 4c) runs counter
to what might be predicted on the basis of general
successional trends in nutrient availability (Vitousek
and Walker 1987, Ewel et al. 1991). However, this pat-
tern inversely parallels differences in SLA across these
sites: SLA is highest in the shaded forest understory
and lowest in the youngest successional sites on which
Miconia occurs. Thus the greater leaf N concentration
in Miconia in late successional habitats is associated
with lower SLA (Fig. 5d) and higher N/area (Fig. 4d),
which suggests a dilution of leaf N concentration and
increased leaf carbon/nitrogen ratio in early succes-
sional habitats where light is less limiting.

Previous studies have shown that leaves produced in
response to nutrient limitation have lower SLA (thicker
leaves), but SLA also decreases in response to increases
in integrated light levels (Bjorkman 1981, Thompson
et al. 1988, Ellsworth and Reich 1992). In successional
environments, variation in resource availability (e.g.,
light and N availability in this study) may thus have
different effects on leaf characteristics such as leaf N
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and SLA (Figs. 4 and 5). Because decreases in SLA
may dilute leaf N concentration (Table 3), even when
N availability is similar between habitats, changes in
light availability may result in variation in leaf pho-
tosynthetic characteristics and N content. This appears
to be the case in Miconia, where understory leaves with
the highest SLA also show the highest N concentration
but the lowest P, /mass and P,,/area (see Evans
1989). Low P, in shaded, understory leaves has gen-
erally been interpreted as an adaptive feature of plants
common in understory habitats that cannot support
high metabolic costs of maintaining high photosyn-
thetic capacity in the shade (Bjorkman 1981, Givnish
1988). On the other hand, because of its fast height
growth rate in early successional habitats (Uhl 1987),
Vismia may maintain a large proportion of foliage in
relatively high light microsites.

The patterns in photosynthesis—N relationships that
were observed for Vismia and Miconia across broad
habitat gradients are consistent with those observed for
sun- and shade-adapted Piper species in a Mexican rain
forest (Chazdon and Field 1987). In that study, pho-
tosynthesis—N relationships showed better fits when
these variables were expressed on a mass basis for
species common in large treefall gaps and disturbed
habitats, whereas species persisting into closed forest
habitats showed either no such relationships on an area
nor mass basis, or better goodness of fit for area-based
photosynthesis~N relationships than for the corre-
sponding mass-based relationships. Based on our data
we predict that pioneer and early successional species
colonizing sites soon after abandonment will show
strong mass-based photosynthesis—N relationships
across successional seres and will also show greater
photosynthetic rates with increased nutrient availability
soon after disturbance compared to rates exhibited lon-
ger after disturbance (Fig. 3; also see Reich et al. 1994).
More persistent later successional species that are
slower growing and occupy more shaded habitats, in
contrast, may show significant area-based relationships
between photosynthesis and N, largely because of vari-
ation in SLA and hence N per area among habitats with
variability in light availability in the later successional
habitats (Ellsworth and Reich 1992). Although species’
successional strategies may vary continuously from pi-
oneer to early, mid and late successional, the con-
straints of changing resource availability early in trop-
ical secondary succession (1-5 yr after abandonment)
may especially favor selection for high plasticity in leaf
photosynthetic traits at that time.
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