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INTRODUCTION

In Central Amazonian floodplains (called seasonal várzea, Prance 1979), trees
are subjected to periodic changes between a terrestrial and a flooding phase,
which can last up to 230 d (Junk et al. 1989). During this aquatic phase, the
soil is covered by a water-table that reaches a height of 10 m. Seedlings and
small trees are then completely flooded. High, adult trees, or trees standing
on higher levels in the flooding gradient, suffer inundation of the roots and
parts of the stems that causes a lack of oxygen in the rhizosphere (Crawford
1989). Gessner (1968) compared the growth conditions in the aquatic phase
with temperate winters and introduced the term ‘physiological winter’. Leaf-
fall and reductions of growth and metabolic activity, which he observed in the
aquatic phase, led him to the assumption that trees in floodplains reduce their
activity as do trees of temperate forests during the period of unfavourable
conditions (Gessner 1968). Annual growth rings are formed in the wood of
most tree species in Central Amazonian floodplains as a consequence of regular
growth reductions (Worbes 1986, 1989).

Changes of root formation and function, leaf respiration, leaf metabolite and
chlorophyll content, water potential and photosynthetic O2-production were
observed in flooded tree seedlings in the várzea (Meyer 1991, Schlüter 1989,
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Schlüter & Furch 1992, Schlüter et al. 1993, Scholander & Perez 1968). These
studies indicated that flooding induces a series of physiological, anatomical
and morphological changes. In particular, submerged leaves showed significant
differences of metabolic activity when compared with leaves that emerged
above the floodwater (D. Waldhoff, pers. comm.). However, all of these studies
were performed during a restricted part of the year and no information is
available concerning the timing and seasonal variation of the metabolic activ-
ity. Quantitative measurements of the changes that occur with flooding of the
roots and stems are lacking. The aim of this study was to describe and quantify
seasonal variation of growth and its timing. Suitable parameters for this ana-
lysis include vegetative phenology and photosynthetic CO2-assimilation of the
trees in situ. Leaf-fall and the production of new leaves can be used as indicators
of tree growth. Trees shed their leaves and reduce the production of new leaves
in a period of unfavourable hydrological conditions (Reich & Borchert 1982,
Wright & Cornejo 1990). Leaves are shed to reduce the transpirational surface,
an adaptation that regulates tree water status and reduces drought and flood
stress (Borchert 1994, Medina 1983). Tree growth is then reduced leading to
the formation of growth rings (Worbes 1989, 1997). When tree water status
has recovered, new leaves can be flushed and tree growth is regained (Borchert
1994). Photosynthetic CO2-assimilation is a direct expression of the metabolic
activity of a tree. Reductions are caused by leaf senescence, nutrient supply
and environmental factors, e.g. flooding (Pezeshki 1993, Pezeshki et al. 1996,
Sesták 1985).

Timing and seasonal variation of phenology and photosynthetic CO2-
assimilation are used here to answer the question: Does the aquatic phase
represent an unfavourable period that is comparable to the temperate winter
as postulated by Gessner (1968)? A second question deals with the high divers-
ity of growth strategies found in trees of the Central Amazonian floodplains.
Among the several hundred tree species that grow in the várzea, there are
evergreen and deciduous ones, as well as fast-growing, light-demanding pion-
eers and slow-growing, shade-tolerant non-pioneers (sensu Swaine & Whitmore
1988). The present study attempted to consider the role of the different growth
strategies by comparing species that were typical pioneers and non-pioneers,
and that were evergreen and deciduous. Does photosynthetic activity change
with flooding in a similar way in species with different growth strategies?

SPECIES AND STUDY AREA

Six tree species, which represent a range of different growth strategies, were
chosen for this study. Cecropia latiloba Miq., Senna reticulata (Willd.) Irwin &
Barn and Nectandra amazonum Nees are evergreen, while Crateva benthami Eichl.
in Mart., Tabebuia barbata E. Mey. and Vitex cymosa Benth. are deciduous. Cecropia

latiloba and Senna reticulata are fast-growing, light-demanding pioneer species
with low wood density (Parolin et al. 1998). Nectandra amazonum, Crateva benthami,
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Tabebuia barbata and Vitex cymosa are non-pioneer species, and are shade-
tolerant, with slow growth and high wood density. The terms pioneer/non-
pioneer are used according to the definition of Swaine & Whitmore (1988).
All of the chosen species are widespread in Central Amazonian white-water
floodplains and represent different successional stages (Prance 1979, Worbes
et al. 1992).

Four study sites (Costa do Catalão, Fazenda Lira, Ilha da Marchantaria,
Fazenda Pec Terra Nova/Careiro) were located in white-water floodplains in
the vicinity of Manaus. The floodplain forests of these sites are situated
between 21 and 27 m above sea level (asl) and are subject to a maximum high
water level of 8 m, corresponding to a mean period of inundation of up to 9
mo per year (Junk 1989). The vegetation on the chosen sites is typical várzea
forest with a high diversity of species (Worbes et al. 1992) and secondary forest
dominated by Cecropia latiloba and Senna reticulata.

METHODS

Climate and flooding regime

The precipitation is markedly seasonal with a rainy season from December
to May, followed by a dry season from June to November. Three to four months
after the onset of the rains, the water level of the rivers rises and reaches the
highest peak in June at 28 ± 2 m asl. The lowest level is reached in November
at 18 ± 2 m asl. The water level oscillation of c. 10 m is very regular and
predictable (‘flood pulse concept’, Junk et al. 1989). The study period from April
1994 to June 1995 included one terrestrial and two aquatic phases.

Vegetative phenology

Timing of leaf-fall and of the production of new leaves was monitored qualit-
atively every month in five selected individuals per species, all occurring on the
same elevation in the flood gradient and of similar diameter at breast height
(dbh), located randomly in the four study areas. A tree was labelled deciduous
if it lost almost all the leaves and the remaining leaves were senescent. Ever-
green trees were those that changed leaves continuously.

Measurements of CO2-assimilation
Photosynthetic CO2-assimilation was measured once a month between 09h00

and 12h00 using an infra-red gas analyser (IRGA, ADC LCA-2, Analytical
Development Co. Ltd., Hoddesdon, Herts, UK) on marked adult individuals of
the six selected tree species in the field. Ten fully expanded, non-flooded leaves
from each of the previously selected five individual trees of each species were
chosen for measurements at high quantum flux density, with photosyn-
thetically active radiation (PAR) over 2000 µmol m−2 s−1 (Amax). Access to the
leaves in the high-water period was by boat, and in the low-water period by
wooden towers and ladders. Only leaves that emerged above the level of
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floodwaters were considered. Whenever possible, only adult, healthy leaves of
the outer canopy were chosen for measurements. If this was not possible
because the deciduous period had begun, measurements were made on senes-
cent leaves.

The significance of differences between measurements of the terrestrial and
aquatic period were tested using ANOVA.

RESULTS

Vegetative phenology

Leaf shedding and replacement occurred continuously in the evergreen spe-
cies (Cecropia latiloba, Senna reticulata and Nectandra amazonum). In the deciduous
species (Crateva benthami, Tabebuia barbata and Vitex cymosa), leaf-fall was very
pronounced for 2–3 mo in the period of highest water level, but the trees were
leafless only for a 4-wk period.

The production of new leaves in the pioneer species (Cecropia latiloba and
Senna reticulata) occurred during the whole year, but was reduced for 2–4 mo
in the period of the highest water level (Figure 1). The four non-pioneers
(Nectandra amazonum, Crateva benthami, Tabebuia barbata and Vitex cymosa) had a
strong flush of new leaves at the highest water peak and towards the end of

Figure 1. Phenology of six tree species from the Amazonian floodplains showing leaf production during 15
mo, from April 1994 to June 1995. Oval points indicate the production of new leaves, and the line shows the
river level measured at the harbour of Manaus (Rio Negro) during the study period. Full species names are
given in Table 1.
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the aquatic phase. In all species, leaf-flush began or occurred completely before
the end of flooding.

Photosynthetic CO2-assimilation

In all species, CO2-uptake on average was lower during the aquatic phase
than in the non-flooded terrestrial phase (Table 1). In the pioneers, CO2-
uptake in the aquatic phase was c. 10% lower than in the terrestrial phase,
while in the non-pioneers it was between 20 and 50% lower than in the terrest-
rial phase. Only in Cecropia latiloba were the differences not statistically
significant.

A detailed view of the monthly changes of mean CO2-uptake in the six spe-
cies is given in Figure 2. During the 15 mo of data recording, in all species
mean CO2-uptake remained high in the first 1–4 mo of flooding, then declined
for some weeks to months. In this period, deciduous trees shed their leaves
(qualitative observations only). In all species except Senna reticulata, mean CO2-
uptake rose again before the end of the aquatic phase and remained high
through the terrestrial phase. With the onset of flooding, mean CO2-uptake
was reduced again after several weeks to months.

DISCUSSION

The vegetative phenology and photosynthetic CO2-uptake of the six chosen
species show a high plasticity during the annual cycle. In the aquatic phase,
CO2-uptake is high in the first months of flooding, and is reduced after some
months. In the second part of the aquatic phase, CO2-uptake rises again to
levels that are comparable to those of the terrestrial phase, or even more
elevated. This takes place before the end of flooding in all species. During the
terrestrial phase, the range of photosynthetic assimilation is smaller again, and
reductions can occur that are probably related to water shortage in the driest
months.

The seasonal changes of photosynthetic assimilation of the chosen species

Table 1. Mean CO2-uptake at maximum quantum flux density (Amax) in six tree species from the Amazonian
floodplain during the terrestrial and the aquatic phase: lowest and highest measured values (min – max),
means ± SD, difference between the terrestrial and the aquatic phase in per cent, F-ratio of the ANOVA;
sample size (n) was 80 measurements on separate leaves of five trees per species, each per terrestrial and
aquatic phase.

Species Min–max Terrestrial phase Aquatic phase Difference (%) F P
(µmol m−2 s−1) (µmol m−2 s−1) (µmol m−2 s−1)

Cecropia latiloba 4.8–21.0 16.8 ± 1.5 15.0 ± 4.6 −10.5 2.21 n.s.
Senna reticulata 9.8–24.5 20.0 ± 4.0 18.4 ± 4.3 −7.8 18.07 ***
Nectandra amazonum 3.2–15.6 9.3 ± 2.4 7.6 ± 3.1 −18.7 6.36 *
Crateva benthami 5.4–22.0 10.7 ± 4.8 8.6 ± 1.0 −19.7 6.02 *
Tabebuia barbata 3.2–15.1 11.1 ± 2.3 8.6 ± 2.6 −21.9 13.38 **
Vitex cymosa 4.1–19.6 16.6 ± 1.5 8.4 ± 2.2 −49.2 161.05 ***
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Figure 2. CO2-uptake at maximum quantum flux density (Amax) of three evergreen species (Cecropia latiloba,
Nectandra amazonum, and Senna reticulata) and three deciduous species (Crateva benthami, Tabebuia barbata and
Vitex cymosa). Mean monthly values ± SD in six tree species from Amazonian floodplains between April 1994
and June 1995. Sample size (n) per species and month = 10 leaves from five trees of each species. Months
boxed show when the species was flooded. The arrows indicate flushing of new leaves.
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were closely related to leaf age and indirectly determined by flooding. With
flooding of the roots, tree water status probably decreased, leaves were shed to
reduce transpirational surface and water loss, and photosynthetic assimilation
decreased as a consequence of the lower photosynthetic capacity of senescent
leaves (Reich et al. 1999, Sesták 1985). When new leaves were flushed, photo-
synthetic CO2-uptake rose again although the roots were still flooded, and
reached a maximum when the young leaves were fully expanded.

The aquatic phase represented an unfavourable period for the six tree spe-
cies, as shown by the shedding of leaves, by the reduced production of new
leaves, and by the reduction of photosynthetic assimilation during inundation.
The terrestrial phase was the main vegetation period for the six species. Even
so, the aquatic phase cannot be considered to be a ‘physiological winter’ as
postulated by Gessner (1968) since this implies a reduction of growth and
metabolic activity that lasts for the whole of the unfavourable period. This is
clearly not the case in the six species analysed in this study. The trees showed
high photosynthetic assimilation for a considerable part of the aquatic phase,
where values were reached that were comparable or even higher than those of
the terrestrial phase.

Furthermore, in the months when photosynthetic assimilation was reduced,
most species produced flowers or fruits (Gottsberger 1978, Kubitzki & Ziburski
1994). The metabolic activity of the trees was high the whole year round, not
only during the terrestrial phase. They were probably only shifted from wood
increment and photosynthetic assimilation to reproduction. In the six chosen
species there was no absolute period of rest or reduced metabolic activity last-
ing for the whole aquatic period.

The second question dealt with the growth strategies of the six species.
There was no association between species and different growth strategies in
relation to periodic flooding. Some reactions were similar within strategies,
e.g. pioneer species reduced photosynthetic assimilation less than non-pioneers
when flooded. But in general, within a group of growth strategies there were
few similarities and most reactions did not show a pattern linked to strategy.
Several hundred tree species with differing growth strategies manage to adapt
to the extreme conditions of Amazonian floodplains. There is no dominance of
specific strategies, but a high diversity of species and strategies that coexist
and are all efficient under flooding stress. The existence of these different
growth strategies shows that flooding cannot be such a strong factor for these
species as not to allow a high diversity of life-cycle strategies.
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