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Abstract

Structure and species diversity of tree seedlings (1 - 100 cm plant
height) was described in three white-water (varzea) floodplain forests in the
western Brazilian Amazon. The forests are of different successional stages and
they are subjected to different heights of flooding. A total of 24 square sample
plots with the sizes of 1 m* were installed, nested within three rectangular 1-ha
permanent sample plots where adult trees (? 10 cm dbh) and saplings (1 - 10
cm dbh and ? 1 m growth height) were formerly inventoried. Mean inundation
and relative photosynthetic active radiation (rPAR) on the forest floor was
recorded. Average density of seedlings was reduced with proceeding forest
succession associated with decreasing impact of flooding. Simultaneously,
within-habitat and between-habitat seedling species similarity declined, and
species diversity increased. The biomass of tree seedlings amounted to at least
3.28 Mg ha™ in the early successional stage, corresponding to about 13 % of
the total aboveground wood biomass of adult trees, whereas in the later
successional forests, these values are lower. Stand structure, species richness
and beta-diversity of tree seedlings in varzea forests are strongly linked to the
height and duration of the annual inundations. Flooding superimposes the
influence of other abiotic and biotic factors, which normally are of crucial
importance for tree establishment in non-flooded Neotropical forests. On the
other hand, proceeding forest succession implies architectural changes in the
overstory, which reduce solar radiation intensity at the forest floor. This
increases the amount of possible niches in late successional varzea forests,
contributing to elevated seedling diversity.
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Introduction

Amazonian varzea forests establish within the periodical flooded
landscape that occur along the system of white-water rivers originating from the
Andes. The forests cover an area of 60.000 — 100.000 km? and establish where
the water column reaches heights less than 7 m and where submersion of trees
averages less than 230 d every year (Junk, 1989; Wittmann et al., 2002).
Flooding represents a limiting factor influencing ecophysiology of trees (Junk et
al., 1989; Parolin et al., 2002; Schongart et al.,, 2002). Thus, tree species
composition and richness in varzea forests is linked to the location of forest
types along the flood-level gradient, and ranges from monospecific stands at
the highest flood-levels to up to 150 species ha™ in low flooded sites (Junk,
1989; Worbes et al., 1992; Nebel et al., 2001; Wittmann et al., 2002).

Floristic inventories in varzea forests mainly dealt with overstory trees,
mostly defined as trees ? 10 or 15 cm diameter at breast height - dbh (e.g.,
Pires & Koury, 1959; Balslev et al., 1987; Campbell et al., 1992; Worbes et al.,
1992; Cattanio et al., 2002; Wittmann et al., 2002). Only a few inventories also
considered saplings, defined as trees of low growth heights and < 10 cm dbh
(Worbes, 1986; Colonnello, 1990; Nebel et al,. 2001; Wittmann & Junk, 2003).
At the seedling level (normally defined as trees < 1 m growth height), some
information was obtained by experimental studies, which focused on the
establishment of single tree species (Ziburski, 1991; Parolin, 2001; Oliveira,
1998; Ferreira, 2002). However, there is no information about stand structure,
species composition and richness of tree seedlings in Amazonian floodplain
forests. Regeneration behavior in most varzea trees is still unknown, and no
information exists about the content of tree seedlings within total forest biomass
and net primary production (NPP).

Based on data collected by Adis et al. (1979) and Worbes et al. (1992),
Worbes (1997) estimated the total biomass (trees ? 10 cm dbh) in varzea
forests to 279 Mg ha™. Schoéngart (2003) instead demonstrated that the
aboveground wood biomass of trees ? 10 cm dbh depends strongly on the
stand age of varzea forests, and increases from 19 Mg ha™ in a 7-yr old early
successional stages to 206 Mg ha™ in late secondary stages with stand ages of
240 yrs. In subsequent successional stages, biomass decreases to 186 - 194
Mg ha™. NPP in central Amazonian varzea forests was estimated to range
between 23.8 Mg ha™ year™ in early successional stages (stand age: + 40
years) and to 33.6 ha™ year™ in secondary forests (+ 80 years, Worbes, 1997).
No NPP data are available for late successional varzea forests. Additionally,
biomass and NPP ratios lack data about small understory trees, saplings, and
seedlings.

Information about the regeneration behaviour of tree species along the
gradients of flooding or other environmental site conditions in Amazonian
floodplain forests is still missing. Foster et al. (1986), Hubbell & Foster (1992)
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and Nebel et al. (2001) emphasized the importance of small trees for the local
fauna, because they provide shelter and food for many animals. Furthermore,
seedlings represent the natural potential for cultivation or even recruitment of
already endangered tree species, and the creation of basical information about
their species composition and structure is of decisive importance to understand
and protect this ecosystem, i.e, by the development of sustainable forest
management plans. In the present study we therefore present a floristic
inventory of tree seedlings (1-100 cm in height) in three different forest types of
the Western Brazilian varzea. Average inundation and radiation measurements
were recorded in order to test whether seedling structure and species diversity
is linked to these environmental gradients. The biomass of the most abundant
seedling species was determined and total seedling biomass in the different
forest types estimated to calculate its content within total forest biomass. In
seedlings identified to the species level, we compared the population structure
between seedlings, saplings and mature trees and discuss different
regeneration behaviors among tree species and successional stages.

Methods

Study area and plot descriptions

This study was conducted in three permanent 1 ha-sample plots
(Wittmann et al. 2002) within the Mamiraua Sustainable Development Reserve
(MSDR) (2°51" S, 64°55" W), approximately 70 km NW of the city of Tefé, in the
western Brazilian Amazon (Fig. 1). The MSDR is influenced by annual
inundations of the Solimdes and the Japura Rivers. Mean monthly temperature
ranged between 25 - 28°C, and mean annual rainfall was about 3000 mm
during 1996-2000 (Institute of Sustainable Development Mamiraua - IDSM,
Tefé). Annual water-level fluctuations of the Solimdes and Japura Rivers
amounted to 11.3 m during 1993 - 2000 (IDSM, Tefé).

Two of the forest plots chosen for this study were of the low-varzea type
(plot I and 1), where mean annual inundation height amounts up to 3 m
(submersion period > 50 d year™), and one plot (plot Ill) of the high-varzea type
(inundation height < 3 m, submersion period < 50 d year™; Wittmann et al.,
2002). In the classification of Worbes et al. (1992), the forest of plot | represents
an early successional stage, whereas the forests of plot Il and Il represent late
successional stages. Structure and species composition of trees ? 10 cm dbh
was known for all trees within the 1-ha plots (Wittmann et al,. 2002), whereas
structure and species composition of saplings (1-10 cm dbh, > 1m growth
height) was known for each 625 m? per 1-ha plot (Wittmann & Junk, 2003). The
plot characteristics are summarized in Table 1.

Seedling inventories

In each of the three 1 ha-plots, eight randomly distributed sites of 1 m?
in size were installed for the seedling inventories during the end of the terrestrial
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phase, October/November 2000. All seedlings were numbered and identified to
morphospecies, when they developed cotyledons and at least one primary leaf,
and when they had growth heights of 1 - 100 cm. According to Harper (1977),
the exact taxonomic determination of seedlings is not necessary for richness
and diversity calculations. However, for the classification of different seedling
species, we used morphological patterns of stalks and leaves in the field, i.e.,
form and arrangement of leaves, presence of hair and glands, etc. In several
morphospecies, identification to the species, genus or family level was possible
by later identification in the Herbarium of the National Institute for Amazonian
Research (INPA), Manaus.

Average inundation of the seedling sites was derived comparing 1999
flood marks on the next localized tree stem with water levels recorded in the
Lago Tefé (IDSM, Tefé). We calculated the length of the terrestrial phase for the
study site from the daily water-level records (1903-2000) at the port of Manaus,
because data of water-level fluctuations of the study area are only available
since 1993. Despite the long distance of ~550 km, the available data sets
(1993-2000) of water-level fluctuations of the Japura River in the MSDR and the
lower Solimbes River at Manaus show a strong correlation (R2 = 0.80, p <
0.001), with a difference of only 9 cm in the mean amplitude (Schongart et al.,
2005).

The relative photosynthetically active radiation (rPAR) was recorded on
forest ground within all inventoried seedling sites, using an integrating quantum
photometer (Li-cor, Li 188b) at fixed horizontal positions in the centre of the
sites (90° to light incidence). The measurements were recorded at the time of
the highest sun position, between 11h 00 and 13h 00, in a total of eighteen
times during the terrestrial period 2000. Simultaneously, control measurements
of the absolute irradiation were performed on a fixed point outside the forests.
The measured unit was pmol s™ m™.

Determinations of the floristical similarity (Sgrensen, 1948) and the
beta-diversity (‘beta-turnover’, Shmida & Wilson, 1985) were performed, and
the stand density of seedlings compared to that of saplings and adult trees.
One-dimensional ordinations were performed to check for the zonation of
seedling species along the gradients of flooding and solar radiation intensity at
the forest floor. T-statistics of multiple regression analysis were calculated
between the floristic similarity of the species composition of tree seedlings as
dependent variable, and the mean water level at the study site and the
corresponding rPAR as independent variables (STATISTICA).

Biomass of the 16 most frequent seedling species was determined
collecting 30 specimens with different growth heights of every tree species.
From each collected individual, the aboveground growth height was measured
on the stalk, from the main root until the vegetation cone. After oven drying at
110 °C during a period of 72 h, the dry weight of all individuals was determined.
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Seedling biomass was correlated (Pearson) with individual plant heights in the
field.

Results

Environmental conditions

Mean water column averaged 4.8 m (corresponding to a submersion
period of 131 d year™) in the early successional forest (plot I) and 3.7 m (101 d
year™) in the late successional forest (plot Il) of the low varzea during 1993 -
2000. In the late successional stage of the high varzea (plot Ill), mean water
column averaged 2.2 m (41 d year™).

Among the forest types, the amount of relative photosynthetically active
radiation (rPAR) reaching the forest floor depended on the forest architecture of
the overstory. In plot |, the overstory trees formed a non-stratified canopy. The
amount of rPAR measured on forest ground averaged 17.3 % (min. 7.8 %, max.
29.3 %). The overstory of the plots Il and Ill was well stratified, and the amount
of rPAR reaching the seedling sites averaged 7.9 % (min. 3.9 %, max. 44 %) in
plot Il and 3.1 % in plot Ill (min. 1 %, max. 6.2 %).

Structure and species composition of seedlings

Field inventory yielded a total of 2,882 tree seedling individuals on the
entire research area of 24 m? belonging to 83 morphospecies. The stand
densities summarizing the eight seedling sites in each forest were 2,627
individuals in plot I, corresponding to a density of 328 + 112 individuals m™
(3,280,000 individuals ha™), 167 individuals in plot II, corresponding to 21 + 7
individuals m™ (210,000 individuals ha™), and 88 individuals in plot IIl,
corresponding to 11 + 4 individuals m (110,000 individuals ha™).

From the 83 morphospecies recorded, 24 were identified to the species
level (9 in plot I, 10 in plot Il and 6 in plot Ill), 14 to the generic and 17 to the
family level, whereas 28 morphospecies remained without taxonomical
identification. Total species richness amounted to 29 morphospecies in plot |, to
43 morphospecies in plot Il and to 32 morphospecies in plot IIl.

The distribution of seedlings by height class showed, with exception of
plot I, an increasing number of individuals until reaching growth heights of 10 -
20 cm (Fig. 2). In plot I, the occurrence of 2,086 individuals of Cecropia latiloba
Mig. with heights of 1 - 2 cm distorted the height-class distribution of the plot.
However, in all forest types, the number of seedlings decreased continuously
above heights of 20 cm (Fig. 2).

Floristic patterns along the environmental gradients

Within-habitat floristic similarity (between seedling sites of the same
forest plot) amounted to 37.3 £ 15.9 % in plot I, to 17.7 £ 9.5 % in plot Il and to
10.4 £ 7 % in plot lll. Between-habitat similarity amounted to 24.9 % between

NUMERO 58, ANO 2007



124 Wittmann, Piedade, Wittmann, Schéngart & Parolin

the plots | and Il and decreased to 9.4 % and 5.9 %, respectively, when
species composition of these plots was compared with those of plot Ill.

The multiple regression analysis indicated significant correlation (R2 =
0.53, Inundation: T (81) = 2.81, P = 0.006; rPAR: T (81) = 3.32, P = 0.001)
between species similarity and the location of seedling sites along the
inundation and radiation gradients (Fig. 3), indicating that similarity increases
with increasing impact of flooding and with increasing solar radiation intensity at
the forest floor.

Constructing a hypothetical beta-diversity profile (SWI, Shmida &
Wilson 1985), the studied sites were compared in spatial order along the flood-
level and along the radiation gradients with those of other, neighbouring sites.
The SWI averaged 0.45 = 0.16 in plot I, and 0.84 + 0.11 in plot Il. The highest
SWI was in plot Ill (0.87 + 0.13) (Fig. 4).

Population structure

From the nine identified seedling species in plot I, six also showed the
presence of individuals at the sapling and/or adult tree level (Wittmann et al.
2002, Wittmann & Junk 2003). In these species, a reverse J-shaped population
structure prevailed (Fig. 5). Cecropia latiloba Mig., Albizia subdimidiata (Splitg.)
Barneby & Grimes and Ficus anthelmintica Rich. ex DC. were presented with
seedlings and adult trees, but were less abundant or even absent at the sapling
level (U-shaped population structure).

From the 10 identified seedling species in plot Il, eight were recorded at
the sapling and/or adult tree community level. Cecropia latiloba, Crataeva
benthamii Eichl. and Pseudobombax munguba Dugand showed a reverse J-
shaped population structure, whereas it was U-shaped in the other species (Fig.
5). The U-shaped population structure prevailed also in the species of plot llI
(six identified species with the presence of individuals at the sapling and/or
adult tree community, Fig. 5). In this plot, only Licania mollis Benth. showed a
reverse J-shaped population structure.

Biomass

There was a strong correlation between the individual plant heights of
the 16 investigated seedling species and the individual dry weights (Fig. 6). This
justifies the estimation of seedling biomass by stand densities and growth
height measurements. Seedling biomass decreased with increasing
successional stage and increasing elevation of the sites and amounted to 246.7
g m?Zin plot I, to 108.9 g m~Zin plotllandto 97.1 g mZin plot Ill (corresponding
to 2.47, 1.09 and 0.97 Mg ha™ respectively).
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Discussion

Structure and species zonation of seedlings along environmental
gradients

The zonation of varzea tree species along the flood-level gradient was
described by several authors (Junk, 1989; Ayres, 1993; Cattanio et al., 2002;
Wittmann et al., 2002, 2004). According to Kubitzki (1989), many varzea trees
can be considered as ecotypes from the surrounding terra firme, which
immigrated to the nutrient-rich varzea. Once established, the species gradually
developed adaptations to the periodical inundations, such as the development
of adventitious roots, hypertrophic lenticels, a reduced metabolism during
waterlogging and hydrochoric and ichtyochoric seed dispersal (e.g., Goulding,
1983; Kozlowski, 1984; Kubitzki & Ziburski, 1994; Waldhoff et al., 1998;
Piedade et al., 2000; Parolin, 2001; Schéngart et al., 2002). With increasing
height of the water column and increasing length of the inundation period,
natural selection resulted in only a few pioneer species able to survive at the
highest flood-levels. This evolutionary induced trend of tree species zonation
along the flood-level gradient is also reflected by the behavior of tree
regeneration. In contrast to the terra firme, where early-successional
regeneration is mainly keyed to the light-demand of seedlings in gaps (e.g.,
Budowski, 1965; Ashton, 1978; Bazzaz & Pickett, 1980; Denslow, 1980;
Bongers et al., 1988; Whitmore, 1989), the flooding is thought to be the most
limiting factor for the establishment within floodplain forests (Junk et al., 1989;
Klinge et al., 1995; Wittmann & Junk, 2003). The results of the present study
confirm this statement. The few pioneer species that are able to survive at the
highest flood-levels, such as Cecropia latiloba, are characterized by fast growth
and the production of a vast number of small seeds which are overall dispersed
by wind, water or fish (Goulding, 1983; Parolin et al., 2002). Accordingly,
species richness and beta-diversity in the present study was lowest in the highly
flooded early successional stage, whereas seedling densities were
comparatively high.

Subsequent successional stages establish at topographical higher
elevations, because dunes and large stem building trees slow down water
energy, favor the deposition of sediment and therefore lead to a biogenical
induced silting up of the forested sites (Wittmann et al., 2004). Less adapted
tree species to flooding establish, resulting in increasing seedling diversity in
these forests. On the other hand, increasing seedling diversity with proceeding
Forest succession also depends on structural changes in the overstory,
therefore reflecting the forest architecture of the actual successional stage.
Varzea pioneers are light-demanding species, which allows them to colonize
the fresh deposited sand bars next to the riverbanks (Parolin et al.,, 2002;
Wittmann et al., 2004). Due to the relative high solar radiation intensity at the
forest floor, they still dominate the seedling layer in early successional stages,
whereas their successful establishment is reduced to small-scaled gaps and to
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forest borders in the well-stratified late-successional forests. Once established
in mature forests, seedlings of pioneer species might also be quickly eliminated
by pathogens and/or predation (Lieberman et al., 1985), because herbivory is
thought to be more effective in lower inundated than in higher inundated forests
(Wittmann & Junk, 2003).

The complex forest architecture in late-successional forests implies a
high number of ecological niches at the seedling level. The presence of both, a
closed canopy and local gaps cause a variety of microhabitats, therefore
favoring high seedling species diversity. Nevertheless, the comparatively low
species richness in the high-varzea forest recorded in this study contrasted the
high species richness found at the sapling and the overstory level. An
explanation could be that our inventory was performed during a couple of
weeks, thus representing a comparatively short period compared to the period
of the terrestrial phase in this forest, which is about 300 d year™. Thus, seeds of
further species might have a relative long period for their successful
establishment available. Furthermore, the inventoried area might be too small
especially in late successional forests, where many tree species occur with
natural low abundances.

Tree regeneration and population structure

Many varzea tree species are characterized by hydrochory and
ichthyochory, which favour long-distance dispersal (Kubitzki, 1989; Ziburski &
Kubitzki, 1994; Wittmann & Junk, 2003). Thus, it is likely that seedlings in our
plots originate from immigrated seeds, and, the other way, that mature trees in
our plots disperse to other sites. It is therefore impossible to give values about
survival and mortality rates of tree species in situ. Nevertheless, assuming that
seed import and export in our plots is within the same range, we can estimate
species mortality and compare it between the different forest types.

The comparison between the number of seedlings and the number of
saplings and adult trees indicate different regeneration behaviors of tree
species in the different stages of succession. Trees of early successional
stages normally are characterized by short life cycles and high reproduction
rates, leading to an advantage during the establishment under extreme
environmental conditions (Budowski, 1965; Pianka, 1970; Swaine & Whitmore,
1988). In the present study, the majority of tree species in the early
successional stage presented individuals at the seedling, sapling and mature
tree level. This indicates that regeneration in these species occurs frequently,
despite the comparatively high impact of flooding. However, mortality in these
species is high: the ratio mature trees — saplings — seedlings in this early stage
of succession was 100 — 0.07 — 0.02. Thus, seedling mortality in this forest
amounts to at least 99.98 %. Furthermore, several pioneer species are
characterized by continuous reproduction during the whole year (Oliveira, 1998;
Parolin et al., 2002), indicating that seedling mortality might be much higher.
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Proceeding forest succession and decreasing impact of flooding leads to an
increasing number of tree species able to get ages of up to 400 years (Worbes,
1997) and with lower, but more efficient reproduction. Consequently, the
seedling densities in late successional stages are low, and mortality rates
decrease: The ratio mature trees — saplings — seedlings amounted to 100 — 1.1
— 0.2 in the late successional forest of the low varzea and to 100 — 4.6 — 0.4 in
the high-varzea forest. On the other hand, our study revealed that the major
part of tree species in late successional forests were characterized by an U-
shaped population structure, indicating comparatively low abundances or even
the absence of individuals at the sapling level. Despite the low impact of
flooding in these forests, we therefore assume that flooding remains a limiting
factor influencing the establishment of late successional species. In high-varzea
forests, many tree species from the surrounding terra firme establish.
Successful regeneration in these species might be inhibited by the periodical
inundations. Thus, it might be linked to years with consecutive low inundations
(Wittmann & Junk, 2003), which i.e. occur during EI-Nifio events (Schéngart et
al., 2004).

Biomass

The results of our study indicate that seedlings in early successional
stages contribute to a significant part to the total biomass of varzea forests.
With about 2.5 Mg ha™, seedling biomass amounts to about 13 % of the total
aboveground wood biomass of trees ? 10 cm dbh (data from Schéngart, 2003).
However, the importance of tree seedlings for biomass estimations decreases
in subsequent successional stages: in both, low varzea and high varzea late-
successional stages, the seedling biomass corresponds to only 0.5 - 0.6 % of
the total aboveground wood biomass. The highly significant correlation between
plant heights and dry weights allows for rapid biomass estimations of tree
seedlings by density determinations. However, we expect high population
dynamics at the seedling level, especially in highly flooded low-varzea forests.
The high mortality in early successional forests suggests that tree seedlings
contribute significantly to the total NPP, indicating that described values might
strongly underestimated. Therefore, repeated seedling density determinations
should be performed to allow for reliable biomass values of tree seedlings in
varzea forests and their percentage of total NPP.
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Table 1: Plot characteristics. *Trees ? 10 cm dbh; **Trees 1-10 cm dbh, > 1m
height, *** Trees 1 - 100 cm height, with developed cotyledons and at least one
primary leaf.

. Overstory* Saplings** Seedlings***
Inundation (ha-l) (ha'g) (ha'g)
Plot  Height Length rPAR Ind.  Species Ind. Species Ind. Species
(m)  (dyear’) (%)
| 4.8 131 17.3 641 45 2,256 25 3,280,000 29
Il 3.7 92 7.9 434 91 2,336 35 210,000 43
1] 1.9 31 3.1 469 172 5,056 88 110,000 32
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Figure 1: Studied sites within the focal area of the Mamiraua Sustainable
Development Reserve, located between the Japura- and the Solimdes
Rivers.
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Figure 2: Distribution of seedlings by height class. For covering forest types see
Figure 1.
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Figure 3: Within-habitat similarity in the three investigated forests plotted
against the gradients of flooding and solar radiation intensity (Pearson).
Sgrensen’s index of similarity IS = 2a(2a + b + ¢)*, where a = No. of species
common to sites 1 and 2, b and ¢ = No. of species unique to site 1 and 2. For
covering forest types see Figure 1.
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Figure 4. Hypothetical beta-diversity profile between seedling sites along the
gradients of flooding and solar radiation intensity. Shmida & Wilson’s index SWiI
= (g + I)/(a + b), where g and | = gained and lost species from site 1 to site 2; a
and b = No. of species in site 1 and 2. For covering forest types see Figure 1.
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Figure 5: Population structure of species identified seedlings with individuals at
the seedling (1 - 100 cm plant height, with developed cotyledons and at least
one primary leaf), the sapling (1-10 cm dbh, > 1m height) and the mature tree (?
10 cm dbh) level.
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Figure 6: Dry weight of each 30 individuals of the 16 most abundant seedling
species plotted against plant height (Pearson).
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