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ABSTRACT — (Photosynthetic responses of tropical tree speciesfrom different successional groupsunder contrasting irradiance
conditions). This study evaluated the photosynthetic responses of seven tropical trees of different successional groups under
contrasting irradiance conditions, taking into account changes in gas exchange and chlorophyll a fluorescence. Although early
successional specieshave shown higher values of CO, assimilation (A) and transpiration (E), therewas not adefined pattern of the
daily gasexchangeresponsesto highirradiance (FSL) among eval uated species. Carinianalegalis(Mart.) Kuntze (late secondary)
and Astronium graveolens Jacq. (early secondary) exhibited larger reductions in daily-integrated CO, assimilation (DIA) when
transferred from medium light (ML) to FSL. On the other hand, the pioneer species Guazuma ulmifolia Lam. had significant DIA
increase when exposed to FSL. The pioneers Croton spp. trended to show a DIA decrease around 19%, while Cytharexyllum
myrianthum Cham. (pioneer) and Rhamnidium elaeocarpumReiss. (early secondary) trended to increase DIA when transferred to
FSL. Under thiscondition, al species showed dynamic photoinhibition, except for C. legalisthat presented chronic photoinhibition
of photosynthesis. Considering daily photosynthetic processes, our results supported the hypothesis of more flexible responses
of early successional species (pioneer and early secondary species). The principal component analysis indicated that the
photochemical parameters effective quantum efficiency of photosystem |1 and apparent electron transport rate were more suitable
to separate the successional groups under ML condition, whereas A and E play amajor role to this task under FSL condition.
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RESUMO - (Respostas fotossintéticas de espécies arbéreas tropicais de diferentes grupos sucessionais em condicfes
contrastantes de irradiancia). Neste estudo foram avaliadas as respostas fotossintéticas a alta irradiancia de sete espécies
arbéreas tropicais de diferentes grupos sucessionais, através de alteracdes nas trocas gasosas e fluorescéncia da clorofila a.
Embora as espécies pioneiras tenham apresentado maiores valores de assimilagéo de CO, (A) e transpiragdo (E), nd houve
padréo de resposta do curso didrio das trocas gasosas entre as espécies estudadas na condicdo de alta irradiancia (FSL).
Cariniana legalis (Mart.) Kuntze e Astronium graveolens Jacq. apresentaram redugdes significativas na quantidade de CO,
assimilado durante o dia(DIA) quando transferidas dacondi¢cdo demédiairradiancia(ML) paraFSL. A pioneiraGuazumaulmifolia
Lam. mostrou aumento significativo de DIA quando expostaaFSL . Jaaspioneiras Croton spp. tenderam aapresentar redugdesem
DIA ao redor de 19%, enquanto Cytharexyllum myrianthum Cham. (pioneira) e Rhamnidium elaeocarpum Reiss. (secundaria
inicial) mostraram ligeiroincremento de DIA. Sob condicdo de FSL todas as espéci es apresentaram fotoi nibi¢cdo dindmica, exceto
C. legalis que mostrou fotoinibicéo crénica. Considerando os processos fotossintéticos didrios, nossos resultados suportam a
hip6tese de maior flexibilidade de respostadas espécies pioneiras. A anali se de componentes principai sindicou que 0s parametros
fotoquimicos eficiéncia quantica efetivado fotossistema || e ataxa aparente de transporte de el étrons foram mais adegquados para
adistingdo dos grupos sucessionais em ML, ao passo que A e E apresentaram papel determinante na condicdo de FSL.

Palavras-chave - altaluminosidade, flexibilidade de resposta, fluorescéncia da clorofila, grupos funcionais, trocas gasosas

I ntroduction programs of restoration and sustainable forest

management are important and necessary. In this way,

Centuries of natural resources exploration have  the use of adequate tree seedlingsin specific programs
degraded the tropical forests around the world, where  of forest or recovery of degraded areas is limited due
to the lack of knowledge concerning the plant

physiological responses in such complex ecosystems.
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temperature (Strauss-Debenedetti & Bazzaz 1996).

According to the spatial and temporal plant
distribution in the forest mosaic, where plants have
different strategiesto survive and develop (Pickett et al.
1987, Luken 1990), tree species may be separated into
two successional groups based at growth characteristics
and shade adaptation: i) an early successiona group
(pioneer and early secondary species), which haslight
demand, andii) alate successional group, whichisshade
tolerant (late secondary species) (Bazzaz & Pickett
1980). If early and late successional plants havedifferent
photosynthetic characteristics (Strauss-Debenedetti &
Bazzaz 1996), these differenceswill be expected to arise
when plants are grown under similar conditions,
especially under highirradiance.

Photochemical reactions of photosynthesis are
sensibleto high irradiance condition, being affected by
decreased potential and effective quantum efficiency
of photosystem I1 (PSI1) (Osmond 1994). These events
decrease electron flow through photosystems, leading
to lower ATP and NADPH formation and decreasing
the CO, fixation. According to Critchley (1998), a
reduction in the total photochemical capacity isknown
as photoinhibition, which may be a photoprotective
mechanism (dynamic photoinhibition) or represent
damage of PSII (chronic photoinhibition) due to
excessive light energy (Osmond 1994). In addition to
excessiveirradiance, photoinhibition may be enhanced
by decreasein electron sink for CO, fixation under high
temperature (Laisk et al. 1998).

Ashighirradianceisassociated to high temperature
and leaf-to-air vapor pressure difference, it is expected
negative effect on photosynthesisby alternative electron
sinks under high temperatures (Laisk et al. 1998), and
by stomatal closure under high atmospheric demand to
water vapor (Jones 1998, Nobel 1999). Low stomatal
conductance may affect photosynthesis by preventing
CO, flow to carboxylation sites (Farquhar & Sharkey
1982). Photosynthetic activity depends upon both the
efficiency of the photochemical apparatus and the
stomatal control of gas exchange, being regulated
according to specific characteristics of different
successional groups.

Itisconsidered that early successional speciesshow
higher responsiveness to irradiance increase than late
successional ones (Chazdon et al. 1996, Strauss-
Debenedetti & Bazzaz 1996). Nevertheless, Pearcy
(1987) sustains that late successional species should
respond promptly to peaks of irradiance when growing
under a sunfleck dynamic at understorey. This
responsiveness could be considered as phenotypic

plasticity, which is a change in an organism’s
characteristics in response to an environmental signal
(Schlichting & Smith 2002). Homeostasis is another
fundamental aspect of biological response to
environmental changes, which is a self-regulating
mechanism that allows the organisms to maintain a
dynamical equilibrium with their parameters varying
between limits of tolerance (Cannon 1932). According
to Kauffman (1993), homeostasisisthe system capacity
to return to its initial condition after an external
disturbance on its biological parameters. Thus,
homeostasis can be refereed as a general expression
indicating the tendency of the internal environment of
an organism to be maintained constant (Mgller &
Swaddle 1997).

Although thefunctional group hypothesis hasbeen
supported by previousstudies (Mulkey et al. 1993, Ellis
et al. 2000), there is not a reliable criterion that
establishes a clear consensus in relation to species
successional status and the forest dynamics. In fact,
the physiological responses of tropical tree speciesfrom
different successional groupsto environmental changes
are not completely understood (Strauss-Debenedetti &
Bazzaz 1996, Ellis et al. 2000). Accordingly, the
objectives of thisstudy were: i) to evaluate differences
in the phenotypic plasticity and homeostasis of different
successional groupsfrom nursery condition to the open
environment, and ii) to characterize the daily
physiological responsesof tropical speciesfrom different
successional groupsto increasing irradiance, measuring
diurnal changesin leaf gas exchange and chlorophyll a
fluorescence.

M aterial and methods

Plant material and species description — Seedlings of seven
speciesof tropical Brazilian treesfrom different successional
groups were evaluated considering their responses to
increasing irradiance. Three six month-old seedlings of each
speciesweregrown in 8 L plastic potswith oxisoil. Seedlings
were irrigated daily. According to Lorenzi (1992), Gandolfi
et al. (1995) and Martins & Rodrigues (2002), Croton
urucurana Baill. (Euphorbiaceae) isadeciduoustreetypical
from humid areas, belonging to early forest successional
stages, while Croton floribundus Spreng. (Euphorbiaceag),
also a deciduous or semi-deciduous pioneer species, grows
in dry areas. Cariniana legalis (Mart.) Kuntze
(Lecythidaceae) is a semi-deciduous tree from dry regions,
which appears at final forest successional stages, i.e, alate
secondary species. Species as Astronium graveolens Jacg.
(Anacardiaceae) and Rhamnidium elaeocarpum Reiss.
(Rhamnaceae) are deciduous trees from humid areas,
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appearing both in early (early secondary) or late (late
secondary) successional stages. Guazuma ulmifolia Lam.
(Sterculiaceae) and Cytharexyllum myrianthum Cham.
(Verbenaceae) are pioneer species, the former is a semi-
deciduous tree typical from dry regions and the latter is a
deciduous species from humid areas.

I rradiance conditions— The seedlings were maintained under
mediumirradiance (ML) environment (34% of full sun-light)
for 30 days, simulating a nursery condition. Measurements
of leaf gas exchange and chlorophyll a fluorescence were
taken at ML and after 72 h of seedling transference to the
high irradiance (FSL) environment (in open arealocated in
Piracicaba, SPBrazil, 22°42' S, 47°38' W, 546 m of altitude). Air
temperature, photosynthetic photon flux density (PPFD) and
leaf-to-air vapor pressure difference (VPD4y..,) in both ML
and FSL conditions are showed in figure 1. Physiological
evaluations (leaf gas exchange and chlorophyll a
fluorescence) were carried out in both irradiance
environments, in the same three plants of each species,
randomly disposed in a 6 m? area, in the same leaf fully
expanded. The measurements were taken between 7:30 and
16:30hinintervalsof 1 h (except between 11:30and 13:30 h)
inaclear day (without clouds) in each irradiance environment
in August 2002.

Leaf gas exchange measurements — CO, assimilation
(A, umol.m2.s1), stomatal conductance (gs, mol.m2.s1),
transpiration (E, mmol.m?.s*), and intercellular CO,
concentration (Ci, pmol.mol™) were taken with a portable
infrared gas analyzer (L1-6400, Li-Cor, Lincoln, NE, USA).
Before measurements, the gas exchange system was zeroed
using CO,-freeand H,0,,,,~free air. We used aleaf chamber
of 6 cm? and natural irradiance. The air entering the gas
analyzer was taken from height of 2 m above ground and
passed through 10 L mixing volume before reaching the | eaf
chamber. Air CO, concentration was 360 + 10 umol.mol* during
measurements.

Chlorophyll a fluorescence measurements — Chlorophyll a
fluorescence was recorded using a PAM-2000 portable
fluorometer system (Walz, Effeltrich, Germany). The
fluorometer was operated viaa Palm-top computer (Hewl ett
Packard Co., Idaho, USA), which also stored the measured
fluorescencedata. A special leaf clip holder wasused (2030-B,
Walz, Effeltrich, Germany), with which thefiberoptics could
be adjusted at adefined angle (60°) and afixed distancerdative
totheleaf. Thisleaf clip holder hasamicro-sensor to monitor
PPFD and a thermocouple to measure lower leaf surface
temperature. Measurementsweretaken in both light-and dark-
adapted (30 min) leaves. The following parameters were
assessed in order to evaluate photochemical activity:
potential [F/F,,= (F.-F.)/F.] and effective[AF/F, = (F.,-F)/
F..'] quantum efficiency of photosystem 1 (PSI1) (Genty et al.
1989), and the apparent electron transport rate (ETR) through
PSII (ETR=AFF,’ x PPFD 02x0.5x0.84) (Krall & Edwards
1992). Photochemical quenching [gP = (F,, —F)/(F.’-F,’)] and
non-photochemical quenching [NPQ = (F.-F,’ )/F.'] were

calculated according to Van Kooten & Snel (1990). F,and F,
were maximum and minimum fluorescence yields of dark-
adapted leaves, respectively, and F ' and F were maximum
and steady-state fluorescence yields in light-adapted state,
respectively. F,’ was the minimum fluorescence yield after
photosystem | (PSl) excitation by far-red light. For the
calculation of ETR, 0.5 was used asthefraction of excitation
energy distributed to PSII, and 0.84 was used as a general
fraction of total irradiance absorbed by leaves (Demmig &
Bjorkman 1987).

Dataanalysis— The experimental design wasin random blocks
with threereplicates (leavesfrom different plants), wherethe
factorsweretheirradiance conditions (ML and FSL) and the
time of day. Data were submitted to variance analysis
procedures (ANOVA) and the mean val ues compared by the
Tukey test (p < 0.05). Ordination multivariate analysis by
principal components (PCA) was used in order to verify the
global influence of all parameters evaluated on the species
grouping in each irradiance regime. PCA is a linear
dimensionality reduction technique, which identifies
orthogonal directions of maximum variance in the origina
data, and projectsthe datainto alower-dimensionality space
generated by a sub-set of the highest-variance components
(Manly 1994, McGarigal et al. 2000). In this study aspace of
two dimensions (two principal components), which was
demarcated by two axeslabeled pcl and pc2, was suitable to
our analysis. The software PC-ORD version 3.12 (MJM
Software Design, Gleneden Beach, Oregon, USA) was used.

Results

Environmental conditions—Mean solar global radiation
in August 2002 (local weather station) was
14.4 MJ.m2.d?, with an average relative humidity of
77% and maximal air temperature above 31 °C. Air
temperature (T °C) changed from 21 to 39 °C, and from
21to 36 °Cin FSL and ML, respectively. The leaf-to-
air vapor pressure difference (VPD,.,,) varied from
0.6to 5.3 kPaunder FSL, whilethisvariation wasfrom
0.7 to 3.8 kPa under ML. PPFD changed from 100 to
1,800 pmol.m2.s* under FSL, but at ML these values
varied between 50 and 600 pmol.m2.s (figure 1). The
daily-integrated PPFD was around 13.83 mol.m?2.d*
under ML and around 39.60 mol.m2.d*in FSL.

Effectsof highirradiance on daily gasexchange—Under
FSL, the higher CO, assimilation (A) values were
observed in C. myrianthum, C. floribundus,
C. urucurana, and G. ulmifolia. However,
C. myrianthum and C. floribundus reached their
maximal A rates around 14:30 h, while C. urucurana
and G. ulmifolia showed the highest A values at 8:30 h.
These four species showed the highest A between 9:30
and 11:30 h under ML condition. The A rates of
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Figure 1. Daily course of leaf-to-air vapor pressure
difference, VPD, .. (A), air temperature (B), and
photosynthetic photon flux density, PPFD (C) at medium
(ML, closed squares) and high (FSL, open circles) irradiance
conditions. -@—=ML,—-O—=FSL.

C. urucurana, C. myrianthum, R. elaeocarpum and
C. floribundus showed a quite drop around 9:30 h at
FSL condition, recovering in afternoon. The diurnal
change of A in C. myrianthum and R. elaeocarpum
did not present significant differences (p > 0.05)
between FSL and ML conditions. The other species
exhibit significant differences (p < 0.05), mainly between
9:30 and 14:30 h (figure 2A-G), corresponding to the
hours of the highest T °C, PPFD and VPD, ..,
(figure 1).

An analysis of daily-integrated CO, assimilation
(DIA) revealed someinteresting patterns (table 1). The
species C. legalis and A. graveolens showed large
reductionsin DIA from ML to FSL. On the other hand,
the pioneer species G. ulmifolia showed significant DIA
increase when exposed to FSL. The pioneers Croton
spp. trended to reduce DIA in 19%, while
R. elaeocarpum (early or late secondary) showed no
significantincreasein DIA under FSL condition (table 1).
Daily-integrated transpiration was not significantly
affected by irradiance regimesin all species. However,
the pioneers species trended to exhibit higher
transpiration values than early and late secondary ones
(table 1), for instance, the transpiration of
C. myrianthum (pioneer) was 87.6 and 83.0% higher
than C. legalis (late secondary) under ML and FSL
conditionsrespectively.

The irradiance regimes did not affect gs of
C. legalis, G ulmifolia and R. elaeocarpum (p > 0.05).
C. urucurana and C. floribundus showed higher gs
values (p < 0.05) at noon under ML condition, while
A. graveolens and C. myrianthum exhibited statistical
differencesbetweenirradianceregimesonly inthedaily
gs mean (figure 2H-N).

Effects of high irradiance on daily photochemical
efficiency — High irradiance levels at FSL condition
caused reductionin potential quantum efficiency of PSI|
in all species, suggesting photoinhibition asindicated by
F/F,, valuessmaller than 0.725 (Critchley 1998) (figure
3A-G). Only C. legalisdid not show recovery of initial
F./F. valuesin bothirradiance regimes, suffering chronic
photoinhibition. The highest F,/F,, values of C. legalis
were around 0.7 at ML condition (maximal PPFD of
600 pmol.m2.s?). In this condition, only C. legalis
showed F/F,, lower than 0.7, indicating that PPFD
values of 600 pmol.nr2.st did not decrease the potential
photochemical activity for the majority of studied
species. As expected, the F /F,, reductions were higher
at hours of high PPFD, mainly between 10:30 and
14:30 h, when PPFD values were superior to
1,200 pmol.m=2.s1. While C. urucurana and
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Figure 2. Daily course of CO, assimilation (A-G) and stomatal conductance (H-N) in seven tropical tree species of different
successional statusat medium (ML, closed squares) and high (FSL, open circles) irradiance conditions. Each point represents
themean value (n = 3). Small letters mean statistical difference (p < 0.05 by Tukey’stest) between irradiance regimeswhen the
interaction irradiance x timeissignificant, whereas capital |etters mean difference between irradiance regimes (regardlesstime
of day) when the interaction is non-significant. ns represents non-significant differences between irradiance conditions.
Pioneer species: C. urucurana (A, H), G ulmifolia (D, K), C. myrianthum (E, L), and C. floribundus (G, N). Early or late

secondary species: A. graveolens (C, J) and R. elaeocarpum (F, M). Late secondary species: C. legalis (B, I).
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Table 1. Daily-integrated CO, assimilation and transpiration referent to the period of measurements (nine hours) of tropical
species from different successional groups (according to Gandolfi et al.1995 and Martins & Rodrigues 2002) under medium
(ML) and high (FSL) irradiance conditions. Each val ue represents the mean value of three replicates. Valuesin the sameline
followed by different letters show significant difference between irradiance conditions (p < 0.05, by Tukey’stest).

Successional groups Species CO, assimilation (mol.m?) Transpiration (mol.m?)
ML FSL ML FaL
Pioneer C. urucurana 0.251a 0.202b 134.910a 168.282a
Pioneer C. floribundus 0.187a 0.150b 128.586a 108.168a
Pioneer G ulmifolia 0.161b 0.217a 128.808a 97.338a
Pioneer C. myrianthum 0.213a 0.283a 216.510a 203.862a
Early or late secondary R. elaeocarpum 0.101a 0.109a 56.526a 101.622a
Early or late secondary A. graveolens 0.043a 0.016b 39456a 35.286a
Late secondary C. legalis 0.021a 0.011b 26.736a 34.692a

R. elaeocar pum showed afast photoinhibition recovery
with F,/F,,, valuesmeasured at 16:30 h closer to theinitial
values (7:30 h), A. graveolens, G. ulmifolia,
C. myrianthum and C. floribundus presented a slow
photoinhibition recovery. The excessive irradiance
effects on photosynthetic apparatus (photoinhibition)
were likely exacerbated by high T °C observed during
measurements, reaching values around 39 °C.

The higher values of effective quantum efficiency
of PSII (AF/F,’) of al species were recorded at ML
condition (figure 3H-N). As PPFD increased, AF/F,/
values decreased in both irradiance regimes (p < 0.05).
C. legalis and R. elaeocarpum showed similar AF/F,;
reduction independent from irradiance regime whereas
the other species had smaller AF/F, reduction under
ML condition (figure 3H-N). The apparent electron
transport rate (ETR) was al so influenced by irradiance
regimes (figure 4A-G). Higher ETR valueswere found
under higher PPFD, except for C. legalis that did not
show significant differences between the irradiance
regimes. C. urucurana, A. graveolens,
C. myrianthum, and C. floribundus had similar ETR
dynamic at FSL condition, with higher ratesfrom 8:30
t09:30 h and 15:30 h, showing evident ETR decrease at
hours of higher PPFD, T °C, and VPD,..;,. ThiSETR
decline was less pronounced and was not verified for
G ulmifolia and R. elaeocarpum. The highest ETR
values were observed in FSL, at 9:30 h for
C. urucurana, C. myrianthum, and C. floribundus.
At ML conditions, the highest ETR was recorded
between 10:30 and 14:30 h for the majority of species,
accompanying theincreasein PPFD. So, the favorable
environment promoted by ML condition did not induce
ETR decreases at hours of higher atmospheric demand

and PPFD, contrary to what was observed under FSL
condition.

The photochemical quenching (qP) (data not
shown) reflected the same AF/F,| dynamics, indicating
that alarger amount of absorbed energy (larger AF/F,’
values) was driven to photochemical reactions of
photosynthesis (larger gP values) (Bolhar-Nordenkampf
& Oquist 1993). The non-photochemical quenching
(NPQ), represented by energy dissipation processes
related to the interconversion of xanthophyllsand hesat
formation (Bilger & Bjérkman 1990, Demmig-Adams
& Adams 1992), was affected by irradiance regimes
(figure 4H-N). Except for C. legalis, all other species
presented the same behavior, where the NPQ values
werelarger at FSL condition, accompanying theincrease
in PPFD. Maximum NPQ values were recorded at
10:30 h at FSL, while the highest NPQ values at ML
condition werefound at early morning. NPQ trended to
decrease during the day at ML, when minimum NPQ
values were observed at 16:30 h. Asfor gP, C. legalis
did not show significant differences in NPQ when the
irradiance regimes were compared.

Successional groups ordination by multivariate
analysis — Principal component analysis (PCA),
performed taking into account the whole physiological
parameters measured in each environmental condition,
showed a sharp pattern of ordination among the species
similar to the classification of successional groups
(figure 5). According to PCA analysis, the most
important physiological parameters to the species
ordination under ML conditions were, in decreasing
order: AF/F,’, ETR, NPQ, F/F., 9P, A, E, gs, and Ci.
In the ordination graph, the pioneer species were
grouped on | eft side, whereasthel ate secondary species
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Figure 3. Daily course of potential (A-G) and effective (H-N) quantum efficiency of photosystem 11 (PSI1) in seven tropical tree
species of different successional status at medium (ML, closed squares) and high (FSL, open circles) irradiance conditions.
Each point represents the mean value (n = 3). Small letters mean statistical difference (p < 0.05 by Tukey’s test) between
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C. legalis was placed on the right side (figure 5A).
A. graveolens and R. elaeocarpum were placed closer
to the center of the graph. The ordination graph
considering the measurements scored under FSL
condition (figure 5B) indicated a similar species
distributioninrelationto ML, except that A. graveolens
was closer to the late secondary species C. legalis.
The physiological parameters more important to
determine species ordination were different from those
under ML. CO, assimilation and transpiration rates
played an important rol e to the species ordination, being
followed by ETR, AF/F,/, gs, gP, F,/F.,, Ci, and NPQ.

pc2 24.7%

Discussion

Stomatal apparatus and photochemical activity have
important roles on the photosynthetic process (Zeiger
et al. 1987, Long et al. 1994, Critchley 1998).
Photosynthesis is affected by stomatal closure,
decreasing CO, influx to mesophyll (Farquhar &
Sharkey 1982, Nobel 1999). Similar trends of gsand A
suggested stomatal limitation in C. floribundus,
C. urucurana, and C. myrianthum under FSL, and in
G ulmifalia and C. myrianthum under ML condition
(figure 2). The lowest E values under FSL were caused

Cm A
A
Cl
A
Cu
A pcl 66.5%
AGu Cf Ag
A 57 Re
c2 18.4%
Cm P B
A
Cl
A
pcl 68.2%
Cu A
A
Gu Ag
A Re A
A

Figure 5. Ordination graph of principal component analysis (PCA) of studied speciesunder medium (A) and high (B) irradiance
conditions. Cu, C. urucurana (pioneer); Cl, C. legalis (late secondary); Ag, A. graveolens (early or late secondary); Gu, G
ulmifolia (pioneer); Cm, C. myrianthum (pioneer); Re, R. elaeocarpum (early or late secondary); Cf, C. floribundus (pioneer).
The percentages of variability explanation are depicted in each axis.
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by gs decrease due to higher VPD,; 5, values. This
observation indicates that the stomatal response to
increasing VPD, .., Was a mechanism to maintain the
plant water status at the expenses of low photosynthetic
rates (Jones 1998, Nobel 1999). It is important to
emphasize that C. floribundus, C. urucurana,
C. myrianthum, and G. ulmifolia are early successional
species and any mechanism to prevent water loss may
beimportant to their capacity of occupying gaps exposed
to high irradiance, temperature, and VPD, . .-
C. myrianthum showed stomatal constraint of
photosynthesisin both ML and FSL conditionsprobably
becausethis speciesistypical from humid areas (Lorenzi
1992), where there is low atmospheric demand (low
VPD e cir).-

Photochemical activity was affected by high
irradiance condition with further effects on
photosynthesis rate. Photochemical activity may
influencethe photosynthesisdueto decreasing efficiency
of light use (Long et al. 1994, Critchley 1998). Changes
in F/F,, may play a photoprotection role, or indicate
damage at PSII reaction center. The former is named
dynamic photoinhibition, and according to Osmond (1994)
is a decline in light capture efficiency that does not
involve a decrease in photosynthetic capacity, being
rapidly reversible. Decreases in the light absorption
efficiency could prevent the generation of reactive
oxygen species and consequent photooxidation
(Demmig-Adams & Adams 1992, Foyer et al. 1994,
Thieleet al. 1996). The chronic photoinhibitionisdowly
reversible and it is associated to reduced maximal CO,
assimilation rate (Osmond 1994). Dynamic
photoinhibition observed in C. urucurana,
A. graveolens, and R. elaeocarpum, even though
working as a photoprotective mechanism, affected the
photosynthesis under FSL condition for a moment.
C. legalis was the only species that showed chronic
photoinhibition, being its photosynthesi sal so affected by
decreasing photochemical capacity, markedly under FSL
condition. Considering the role of photochemical
reactions as a source of ATP and NADPH for
photosynthetic activity, we could consider ETR as a
fundamental parameter to evaluate the photosynthetic
process. This was supported by the similar diurnal
courses of A and ETR in all species with exception of
C. legalis and A. graveolens (figures 2A-G, 4A-G).
Thelimitation of photosynthesisby ETR was observed
in C. floribundus and C. urucurana, markedly under
FSL condition. Based on photochemical results, we
suggest that the type of photoinhibition could be a
remarkable feature in order to identify successional

groups, since the late secondary species was the only
onethat showed chronic photoinhibition. Thishypothesis
was supported by Chazdon et al. (1996) that reported
that photoinhibition was lower in early successional
species than in late ones under gap condition.

According to Krause et al. (2001), the higher
degree of photoinhibition observed in late successional
speciesindicates which this species experienced higher
light stress. As observed by Kitgjima (1994) and Ellis
et al. (2000), the higher photosynthetic rates of early
successional species could be animportant quencher of
excessivelight energy. In addition, high transpiration may
contribute to decrease photoinhibition in early
successional plants by cooling leaves and maintaining
high photosynthetic rates (Krause et al. 2001).
Photoinhibition recovery in some speciesa so reflectsa
dynamic regulatory mechanism of thermal energy
dissipation (indicated by NPQ values) that allows plants
to copewith periodsof highirradiance (Krause & Winter
1996).

Inthecurrent paradigm of ecophysiology of tropical
species there are two main hypotheses about the
differenceson flexibility of responsesto environmental
changes between early and late successional species.
The hyphotesis of the multiple-resource model (Bazzaz
& Pickett 1980) takes into account the high variability
of resources (nutrients, light, and water) in early
successional environments. It hypothesizes that
permanent understorey speciesmay exhibit a“ struggler’
metabolism that is adapted to low levels of resource
flux, whereas species that depend on gaps have higher
and moreflexible metabolic rates capable to respond to
resource pulses. The second hyphotesis, the single-
resource model, is essentially based on light resources.
It proposesthat |ate successional speciesthat eventually
reach the forest canopy are especialy sensitive to
variations in irradiance (Pearcy 1987). Our results,
considering overall photosynthetic performance (figures
2A-G, 3, 4), support the hypothesis of more flexible
responses of early successional species proposed by
Bazzaz & Pickett (1980). Thelate successional species
showed a lower and more constant photosynthetic
behavior than early onesin both irradiance regimes.

The results based on daily-integrated CO,
assmilationindicated that all speciesshowed somelevel
of phenotypic plasticity to FSL condition. While
C. myrianthum and R. elaeocarpum exhibited higher
homeostatic capacity, the other species trended to
decrease DIA under FSL condition, with exception of
G ulmifolia (table 1). So, we can conclude G. ulmifolia
was the only species to respond positively and
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significantly to increasing irradiance. As the
photochemical responses of G ulmifolia were similar
to the other early successional species, we can suppose
that its higher daily CO, assimilation under FSL was
dueto the carboxylation efficiency of Calvin cycle.

The photochemical parameter AF/F,;’ indicated that
all species responded to the FSL condition, markedly
between 9:30 and 15:30 h. Considering other
photochemical parameters, such as ETR and NPQ,
C. legalis was the only species that did not show
significant differences between ML and FSL conditions.
Therefore, since this species showed signals of chronic
photoinhibition and had an accentuated DIA reduction,
we can arguethat C. legalisis ashade-tolerant species.
Although the other species have shown dynamic
photoinhibition, they exhibited an efficient homeostatic
mechanism, as suggested by F/F,, recovery at late
evening (figure 3A-G).

The above considerations refer to another
fundamental concept in ecology: competition. The
mai ntenance of high capacity of light interception with
canopy developing is of primary importance to hold
competitive advantage. Stem el ongation isan important
feature ensuring that young leaves may be exposed to
direct sun-light, improving theinterception of light energy
at first stages of forest succession (Ballaré 1996). The
early successional species evaluated in this study
exhibited higher initial growth rates (IGR) than the late
ones. C. urucurana and G. ulmifolia showed IGR
values of 10.10 and 8.83 cm.month, respectively,
whereas IGR of C. legaliswas 3.78 cm.monthr®. These
data suggest that early successional species could have
a competitive advantage in the early stages of forest
succession, regarding the light harvesting.

Another important issue that must be taken into
account to study the occupation processes of areas
exposed to high irradiance is the thermal dissipation
capacity of the excessivelight energy (Demmig-Adams
& Adams 1992, Scholes et al. 1997). As suggested by
Scholes et al. (1997) and verified in this study, NPQ
changes had an essential role as a thermal dissipative
process when plants were submitted to high irradiance
condition. In the PSII, the excitation energy can be
nonradiatively transformed into heat, whichisindicated
by NPQ parameter. This energy transduction was
higher in FSL, suggesting that NPQ was an important
mechanism to maintain the function of PSII (Demmig-
Adams & Adams 1992). The NPQ increase may reflect
an increase in zeaxanthin formation since it is well
established that both the time course and magnitude of
NPQ in leaves are strongly correlated with zeaxanthin

formation under awide range of conditions (Bjérkman
& Demmig-Adams 1994). Our results showed that the
typical late secondary species C. legalis was the only
species that did not show NPQ increase under FSL
condition (figure4l), indicating inability to dissipatethe
excessivelight energy, compromising its CO, assimilation
capacity (table 1).

The multivariate analysis revealed physiological
differences between early and late successional species
also characterizing a mid-successional group (early
secondary) represented by A. graveolens and
R. elaeocarpum. These results suggest that early
successional species can be subdivided in pioneer and
early secondary species. This classification is in
accordance with Gandolfi et al. (1995), Kammesheidt
(2000), Kohler et al. (2000), Aidar et al. (2003), and
Withmore (1996) that suggest a continuum of
ecophysiological response among gap-phase gradient
species. Inaddition, thisanalysis suggestsachangingin
the importance of photosynthetic parameters under
different irradiance levels. Photochemical parameters,
mainly AF/F,; and ETR, were more suitableto separate
the successiona groups under ML condition. Ribeiro
et al. (2004) also reported that the AF/F,,’ wasthe most
suitable parameter to distinguish pioneer, early and late
secondary speciesgrowing in agap of asemi-deciduous
forest where irradiance was similar to ML conditionin
this study. On the other hand, A and E play amajor role
to separate the successional groupsunder FSL condition.
Our results indicate that ecophysiologica studies are
relevant in planning and el aborating adequate strategies
for reforestation and recovery of degraded areas.
However, complementary studies considering the
aspects of water availability are quite important to the
understanding of tropical speciesphysiology (Souzaet al.
2004).
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