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Abstract

Although flooding and the highly dynamic geomorphology influence ecophysiology of trees in Amazonian white-water
forests (varzea), information about the extent of these environmental conditions on distribution and richness of tree species is
scarce. To better understand dynamic of natural forest succession and the development of different varzea forest types, we
inventoried structure and floristic composition of trees >10 cm DBH in a total area of 5.24 ha in varzea forests near Tefé and near
Manaus, Brazilian Amazon. The forests were of different successional stages and situated on different sites along the flood-level
gradient. Topography and average inundation of all inventoried trees was measured with a theodolite. Sedimentation was
recorded during the aquatic phase 2000 and the soil texture in each site determined.

The low-varzea forests were composed of different successional stages subjected to annual floods between 7 and 3 m. Stand
density per hectare averaged 490 individuals in the early successional stage, up to 1000 individuals in the early secondary stage
and 434 individuals in the late successional stage, species richness amounted to 4, 45 and 91 tree species, respectively. The high-
varzea forests were late successional stages subjected to annual inundations above 3 m. Stand density per hectare averaged 407
individuals and species richness amounted to 68 species in a frequently exploited forest near Manaus and to 172 species in a
undisturbed forest near Tefé.

Species richness and distribution along the gradients of flooding and sedimentation was well defined. Only 2.6% of 222
recorded tree species occurred over the whole flood-level gradient. Sedimentation was highest in the early successional stages
near the slip-off slopes of the main-river channels, and decreased with increasing topographic level of the forested sites and
proceeding succession, reaching lowest rates in the high-varzea forests. Simultaneously, soil texture changed from coarse-
grained soils in early stages to fine-grained soils in subsequent stages. Thus, natural succession in varzea forests is linked to the
biogenical induced silting up of the sites, because dunes and large stems building trees slow down water energy and favour the
deposition of fine grained sediment. A special vegetation unit within the low varzea is the ‘chavascal’, a species-poor swamp
forest, which establishes in the marginal zone of lakes or in ancient silted up river arms. Since it is located off the direct influence
of the main-river channels, it seems to be characterised by longstanding stable environmental conditions, and therefore cannot
rank with the successional sequence near the highly dynamic river systems.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Amazonian varzea forests cover an area of about
60000-100 000 km* (Goulding, 1996; Junk, 1997).
They are influenced by periodic floods of sediment
loaded, nutrient-rich white-water rivers (Prance,
1979), such as the Solimdes, the Madeira and the
Japura Rivers. The annual water-level fluctuations
result in the existence of an aquatic and a terrestrial
phase during the year (Junk et al., 1989). In central
Amazonia, average amplitude of flooding is about
10 m, corresponding to a submersion of trees of up
to 230 days per year (Junk, 1989).

Due to its high nutrient status, the varzea is one of
the most influenced ecosystems by human activities in
Amazonia (Junk, 2000; Ohly, 2000). Forests are
cleared to enable the agricultural use of the varzea
soils, particularly in a large scale near the centres of
human concentration. However, the forests are the
habitat of several endemic plant and animal species
and many trees offer food resources for fish and other
organisms. Furthermore, the forests are rich in fibre
and timber products extracted by the local population
(Klenke and Ohly, 1993; Parolin, 2000). Therefore,
the preservation of varzea forests by the introduction
of sustainable management plans is strongly recom-
mended (Ayres et al., 1999; Junk, 2000; Worbes et al.,
2001; Wittmann and Junk, 2003).

A sustainable management of varzea forest
resources needs information about floristic composi-
tion and structure of the different forest types, includ-
ing the detailed knowledge about the environmental
site conditions influencing richness and distribution of
tree species. Amazonian floodplain forests normally
contain fewer species than their non-flooded counter-
parts of the same region (Prance, 1979; Balslev et al.,
1987; Junk, 1989). Worbes (1997) and Parolin (2000)
estimated overall tree species richness in the central
Amazonian varzea to 250-300 species. The distribu-
tion of species is strongly linked to the flood-level
gradient (Junk, 1989; Ayres, 1993), because duration
and height of flooding influences ecophysiology of
trees and therefore requires special adaptations of
trees to the periodically anoxic site conditions. Witt-
mann et al. (2002) distinguished between forests of the
low varzea and forests of the high varzea. Low-varzea
forests establish where the annual water column
averages heights >3 m (inundation period >50 days

per year), whereas high-varzea forests establish where
it averages <3 m. Within the low varzea, structure and
species composition depends on the successional stage
of the forests. However, the number of low-varzea tree
species is restricted due to the impact caused by the
high and prolonged inundations. In the high varzea,
inundation is reduced to that way that many species of
the surrounding terra firme can establish. Thus, spe-
cies richness in undisturbed high-vérzea forests can be
up to 150 species ha™' (>10 cm diameter at breast
height—DBH), which is almost similar to non-flooded
terra firme forests (Ribeiro et al., 1999; Nebel et al.,
2001; Wittmann et al., 2002).

Without taking the flood gradient into considera-
tion, Worbes et al. (1992) described the successional
sequence in varzea forests, from the first establishment
of early successional stages on fresh deposited sand
bars until late successional forests, with trees reaching
ages between 100 and 300 years. With proceeding
succession, species richness increases from monospe-
cific stands to stands with about 100 species ha™'
>10 cm DBH. Tree density declines from a maximum
of some 1000 stems ha ' in early stages to about
500 stems ha~"' in subsequent stages. Growth height
of upper canopy trees increases from 10 to 15 m in
early stages to about 30-35 m in subsequent stages
and forests develop from mono-layered to multi-
layered and well stratified stands (Wittmann et al.,
2002). Besides flooding and natural forest succession,
sedimentation, erosion and the physical soil features
are determinant environmental factors for the devel-
opment of varzea forests (Salo et al., 1986; Terborgh
and Petren, 1991). The low inclination of the Ama-
zonian rivers in combination with the high content of
sediments and suspended material causes the devel-
opment of a highly dynamical landscape, character-
ized by the formation of depressions, levees, lakes and
river-channels (Gibbs, 1967; Irion et al., 1995). Sedi-
mentation on slip-off slopes can reach 0.3—-1 m every
year (Junk, 1989; Campbell et al., 1992). On undercut
slopes, erosion can wash out several hectares of forests
during one high-water period (Wittmann, 2001).
These unstable conditions result in the parallel exis-
tence of several forest types, forming a patchwork of
microhabitats (Kalliola et al., 1991; Campbell et al.,
1992).

The physiological responses of varzea tree species
to the periodical inundations are well documented
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(e.g. Schliiter et al., 1993; Parolin, 1997; Walhoff et al.,
1998; Wittmann and Parolin, 1999; Miiller and Junk,
2000; Piedade et al., 2000; Schongart et al., 2002).
However, information about the influence of flooding
on richness and distribution of tree species in varzea
forests is scarce. No information exists about the
influence of sedimentation and the physical soil fea-
tures on the establishment of different forest types.
The present study provides a quantitative description
of structure and floristic composition of trees >10 cm
DBH in all registered forest types within two regions
of the Amazonian varzea. Average inundation and
sedimentation was recorded and the physical soil
features were analysed in order to determine whether
there is a tree species zonation along these environ-
mental gradients, and how these gradients interact
with natural forest succession.

2. Materials and methods
2.1. Study areas

The study was completed in two regions in the
Brazilian Amazon, one located at the lower Solimdes
River (3°15'S, 59°58'W) near the city of Manaus, the
other located within the Mamiraua Sustainable Devel-
opment Reserve (MSDR) (2°51S, 64°55'W), approxi-
mately 70 km NW of the city of Tefé. The study areas
are influenced by annual inundations of the Solimdes
(Manaus) and the Japura (MSDR) Rivers. Despite the
distance of +500 km between both the regions, the
study areas are comparable relating to forest structure
and physiognomy, the location of forests along the
flood-level gradient and the geomorphologic site con-
ditions. However, due to the vicinity of the city of
Manaus, the forests of the lower Solimdes River are
characterized by frequent timber exploitation, which
results in general lower tree species diversity when
compared with the Mamiraua forests.

Mean monthly temperature in the two regions vary
little over the year and range between 25 and 28 °C.
Between 1996 and 2000, mean annual rainfall was
about 2300 mm near Manaus and about 3000 mm in
Mamiraua (Max-Planck-Institute for Limnology,
Manaus; Institute for Sustainable Development
Research Mamiraua—ISDRM, Tef¢). Mean ampli-
tude of flooding was almost the same in both the

regions, and averaged to 10.8 m between 1995 and
2000.

2.2. Data collection

Floristic inventories were carried out in a total area
of 5.24 ha, distributed on a total of nine sites. Plots
with the size of 1ha were installed when species
richness exceeded 20 species, whereas plots with
the sizes of 625 m” were installed when species rich-
ness was below that. The location of the studied plots
was determined by forest structure (growth height,
basal area) and the flood-level gradient, so that all
recognised forest types within the surroundings of the
regions (20 kmz) were sampled (Table 1). In the
region of the lower Solimdes River, two plots with the
size of 1 ha and two plots with the size of 625 m? were
installed, within the MSDR, three plots (1 ha) and two
plots (625 m?), respectively (Table 1).

According to the classification of Worbes et al.
(1992), the plots were covered by forests of the early
successional stage (plots I and II), early secondary
stage (plot IV), secondary stage (plot V), late second-
ary stage (plot VI) and late successional stage of the
low varzea (plot VII). In one plot, the ‘chavascal’
(Ayres, 1993), a type of swamp forest, localised at the
margin of a still-water lake, is of an unknown succes-
sional stage. Two plots were installed in high-varzea
forests (plots VIII and IX, Table 1).

All trees >10 cm DBH were identified to species
and their diameters measured. Each individual tree
was entered into a three-dimensional coordinate sys-
tem (position: x, y, height: z) using a theodolite (Carl
Zeiss Ni2, Jena, Germany). The vertical position of
individual trees was derived comparing 1999 flood
marks on trunks with water levels recorded in Manaus
(Engenharia dos Portos) and in Tefé (ISDRM).

Sedimentation was recorded with the aid of mea-
suring slats, put up at the end of the terrestrial phase in
March 2000, and read at the end of the aquatic phase,
in August/September 2000. The woody slats
(3cem x 3cm x 200 cm) with a millimetre scale were
dug right-angled into the ground to a depth of 60 cm.
In each square plot (I-IV), one measuring slat was
installed, while in each of the rectangular plots (IV-
I1X), two slats were installed.

Soil samples were obtained in a total of 14 sites, one
in the centre of each square plot, and two in each
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Table 1
Plot characteristics

Plot Size (m?) Region” Growth Successional Age (year)* Other designations

height (m) stage®
I 625 Ms 10-15 Early succession 0-10 Salix spp.-type”
1I 625 Mm 10-15 Early succession 0-10 Salix spp.-type”
it 625 Mm 12-18 - - Chavascal®
v 625 Ms 14-20 Early secondary 10-30 Cecropia latiloba-type*
A% 10000 Mm 14-20 secondary 10-50 Crataeva benthamii-type*
VI 10000 Ms 20-25 Late secondary 20-60 Pseudobombax munguba-type®
viI 10000 Mm 30-35 Late succession 100-300 Piranhea trifoliata-type®
VIII 10000 Ms 35-40 Late succession - High restinga®

High varzea®

IX 10000 Mm 35-40 Late succession - High restinga”

High virzea®

* Ms: Manaus; Mm: Mamiraua.
% Worbes et al. (1992).

® Ayres (1993).

¢ Wittmann et al. (2002).

rectangular plot, localised near the small sides of the
plots. The samples were taken at the ground surface
and depths of 40, 100 and 200 cm below the ground
surface. The samples were dried, sieved and their
particle size distribution was determined.

Phytosociological studies include calculations of
the total importance value (TIV, Curtis and McIntosh,
1951), determinations of floristical equitability (‘even-
ness’, Shannon and Weaver, 1949), determinations of
floristical similarity (Sgrensen, 1948) and the B-diver-
sity (‘B-turnover’, Shmida and Wilson, 1985). One-
dimensional ordinations were performed to check the
zonation of tree species along the environmental
gradients.

3. Results
3.1. Inundation

In both the regions, the closed-forest border was
established when the water column averaged 6.5-7 m,
corresponding to a submersion period between 219
and 240 days per year. Below the forest border, single
shrubs and trees were established in the marginal zone
of lakes, but never developing closed-canopy forests.

Within the low varzea, average water column in the
last 9 years reached to 7 m (231 days per year) at the
slip-off slopes of the main-river channels (plots I and

II) and to 6.8 m (227 days per year) in the chavascal
(plot IIT). Lowest inundation was recorded within the
high varzea forests (plots VIII and IX, Table 1).

3.2. Sedimentation and soil texture

Sedimentation and soil texture was linked to the
time of inundation, which the sites were subjected, and
to the distance of the sites to the main-river channel. In
general, sediment deposition decreased with increas-
ing elevation of the sites. Simultaneously, the soil clay
partition increased. Highest sedimentation was
recorded at the slip-off slopes of the main-river chan-
nels (plots I and IT), lowest rates within the high varzea
(plots VIII and IX, Table 2). The soil clay partition
reached low percentages near the riverbanks and
higher percentages in the high varzea. In spite of
the high inundations, sedimentation in the chavascal
(plot III) was exceptional, and amounted to only
0.2 cm. The soil clay fraction was the highest recorded
in this study (Table 2).

3.3. Stand structure and species composition

Field inventory yielded a total of 2609 individual
trees >10cm DBH on the entire research area of
5.24 ha, belonging to 222 species and 57 families.
Species belonging to the Leguminosae dominated
with a total of 11%, followed by species belonging
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Table 2
Environmental site conditions

203

Plot Distance to the Inundation height Inundation period Sedimentation Soil clay partition
river (km)* (m) (day per year) (cm) (%)
I 0.1 7 232 19.8 532
I 0.2 6.9 230 14.7 54.6
111 4 6.8 227 0.2 83.2
v 0.8 6 168 1.2 57.5
\% 1.5 4.8 131 1.1 62.2
VI 2.8 5.5 155 0.5 67.6
VII 2.7 4.1 111 0.2 64.9
VIII 1.5 2.4 43 0.1 64.7
10:¢ 7.2 1.9 36 0.1 65.4

 Distance of the sites from the Solimdes (Ms) and Japurd (Mm) Rivers.

to the Rubiaceae (8%), Euphorbiaceae and Annona-
ceae (both 7%, Fig. 1).

The stand densities were 32 and 27 individuals
625 m ™2 (corresponding to 490 and 435 individuals
ha™') in the early successional stages and 57 indivi-
duals 625m~? (corresponding to 912 individuals
ha™') in the chavascal (Fig. 2). The highest stand
density was within the early secondary stage, exceed-
ing 1000 individuals ha™'. Within the secondary and
the late successional stages of the low and the high
varzea, stand densities ranged between 370 and
466 individuals ha~' (Fig. 2).

Tree species richness increased from 4 species ha™
in the early successional stages to 172 species ha~'

1

2% Elaeocarpaceae

2% Apocynaceae l\
-
3% Polygonaceae 3
3% Myristicaceae

3% Clusiaceae
4% Sapotaceae

4% Meliaceae
Lecythidaceae (4%)

Myrtaceae (4%) __|
Lauraceae (4%) A _
Moraceae (5%)

Chrysobalanaceae
(5%)

within the late successional stages of the high varzea
(Fig. 2). The species/area curves for the nine plots
indicate, that the plots covered by the early succes-
sional stages, the chavascal and the secondary stages
were adequate samples for the plots I-VI. The slope
of the late successional stages (plots VII-IX) were
still steeply climbing after 1ha (m = 5.4 species
0.05ha™', 4.6 species 0.05ha ' and 9.4 species
0.05 ha™ ", respectively, Fig. 3).

In all forest types, the distribution of trees by DBH
class showed reverse j-shaped curves. The basal areas
per hectare averaged 5.3 m* in plot I and II, 13.9 m? in
plot III, 17.3 m? in plot IV and 30 m? in plot V. The
highest basal area of 48.2 m” was recorded in plot VI.

Flacourtiaceae (2%)

Annonaceae (7%)

e
e \&others (22%)

™,

Euphorbiaceae (7%)

Fig. 1. Dominating tree families of the inventoried forests (n = 2609 individuals, 222 species).
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Fig. 2. Stand densities, species richness and basal area of the inventoried forests. Crosses: Mamiraua plots, circles: Manaus plots. With plots I
and II: early successional stage, plot III: chavascal, plot IV: early secondary stage, plots V and VI: late secondary stages, plot VII: late
successional stage, all low varzea; plots VIII and IX: late successional stages of the high varzea.
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Fig. 3. : Species/area curves of the inventoried plots. For covering forest types see Table 1.
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With proceeding succession, the basal areas in the
plots VII-IX decreased to 38.1, 32.6 and 31.8 m?
(Fig. 2).

The total importance values (TIV) between the
forest types differed considerably. Within the low
varzea, the plots I-IV were uniform stands, with
one or two predominant species. At the slip-off slopes
(plot I and II), both species, Alchornea castaneifolia
and Salix martiana reached between 61 and 72% of
the TIV, less important species, such as Pseudobom-
bax munguba or Ficus anthelminthica reached at least
10% of the TIV. In the chavascal (plot II), Buchenavia
sp. reached 43% of the TIV, followed by Bactris
maraja (23.1%), Pseudobombax munguba (18.7%)
and Symmeria sp. (12.3%). The most uniform stand
was plot IV, covered by the early secondary stage.
Among the five recorded species, Cecropia latiloba
was predominant with 87% of the TIV, followed by
Nectandra amazonum (8%) and Crataeva benthamii
(3%). Within the subsequent stages of the low vérzea,
abundance and dominance values decreased continu-
ously with proceeding succession. In plots V and VI
(secondary stages), the 10 most important species
account for 77-82% of the TIV, in plot VII (late
successional stage) for 35%, respectively. Important
species were Crataeva benthamii, Vitex cymosa and
Pseudobombax munguba in the secondary stages and
Couepia sp., Tabebuia barbata and Piranhea trifoliata
in the late successional stage. In the high varzea, the 10
most important species account for 52% of the TIV in
plot VIII and 26% in plot IX, important species were
Spondias monbim, Pouteria procera and Aspidos-

09

perma riedelii. Species equitability was related to
the successional sequence (Fig. 4). The highest degree
of equitability was in the early successional stage (plot
I), indicating the even distribution of the few tree
species. With proceeding succession and increasing
species richness, the equitability values decreased
exponentially, reaching lowest degrees in the high
varzea (plot IX, Fig. 4).

Sgrensen’s index of floristical similarity indicated
that species composition among the plots differed
both, along the flood-level gradient and the succes-
sional stage (Fig. 5). Highest similarity was 92%
between plots covered by the early successional stage
(plot I and II). Similarity amounted to 50% comparing
the early secondary and the late successional stage of
the low varzea (plots IV and VII), and decreased to 17—
23% comparing the late successional stages between
the low varzea and the high varzea (plots VII-IX).
Similarity decreased below 5% when early succes-
sional stages of the low varzea were compared with the
high-varzea forests (Fig. 5).

3.4. Species zonation along the environmental
gradients

Species diversity was strongly linked to the flood-
level gradient. Constructing a hypothetical B-diversity
profile, the studied sites were compared in spatial
order along the flood-level gradient with those of
other, neighbouring plots. The B-turnover between
highly inundated plots was low, and increased
continuously with decreasing influence of flooding,

0,8
0,7 -
061 @

Equitability

0,5 1

0,4 -

0,3

0 50

100 150 200

Number of species

Fig. 4. Shannon and Weaver’s equitability index of all inventoried plots. (J) = H(InS) ",

!, where H is the Shannon’s diversity index

(H = —2P;InP;, where P, is the number of individuals of species A/total number of individuals of all species), S is the total number of

species. For covering forest types see Table 1.
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Fig. 5. Sgrensen’s index of similarity, IS = 2a(2a + b +¢) ",

where a is the number of species common to both plots, b and ¢ are the number

of species unique to plots 1 and 2. For covering forest types see Table 1.

reaching highest values between the low inundated
high-varzea plots (Fig. 6).

The distribution of species along the flood-level
gradient was well defined. Four species cluster show-
ing a typical spatial-distribution range were distin-
guished (Table 3). Only eight species (2.6% of all
species found) showed a wide spatial distribution
along the whole inventoried area (e.g. Laetia corym-
bulosa, Pseudobombax munguba and Calycophyllum
spruceanum), 84 species (27.4%) were restricted to an
average water column of 7-3 m (‘low-varzea associa-
tion’, e.g. Vitex cymosa, Crataeva benthamii and
Pouteria elegans), 93 species (30.4%) were restricted
to 6-1 m (‘intermediate association’, e.g. Etaballia
dubia, Gustavia poeppigiana and Mabea nitida) and
121 species (39.5%) to 3—1 m (‘high-varzea associa-

tion’, e.g. Spondias monbim, Acacia loretensis and
Hura crepitans, Table 3).

Besides inundation, the zonation of tree species also
showed relationships to the gradient of sediment
deposition and to the soil texture. Sedimentation dur-
ing the aquatic phase 2000 decreased with increasing
topographic level of the sites and increasing distance
of the sites to the main-river channels. In general, the
late successional stages were located more distant to
the river than earlier stages (Table 2). They were
characterized by a higher amount of fine grain sizes
in the soil samples. In spite of the high inundations,
sedimentation and soil texture was exceptional in the
chavascal. Therefore, it cannot rank with the succes-
sional sequence in forests directly influenced by the
main-river systems (Table 2).

0,8

low varzea
_ 0,61
= [ )
7} 04 1 ° high varzea
0,2 1
64 6 56 52 48 44 36 32 28 24 2 16 12

Average flood height (m)

Fig. 6. Hypothetical B-diversity profile (Shmida and Wilson’s index) between the plots (1 ha) along the flood-level gradient.
SMI = (g +1)/(a+ b), where g and [ are the gained and lost species from site 1 to site 2; a and b are the number of species in sites 1

and 2.
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Table 3
Zonation of important tree species along the flood-level gradient
Species Average flood height (m) z
Low varzea High varzea
7-6 6-5 54 4-3 3-2 2-1
1 Laetia corymbulosa Spruce ex Benth 9 60 64 6 11 150
2 Pseudobombax munguba Dugand 8 43 32 3 1 96
3 Calycophyllum spruceanum K. Schum 6 12 1 5 24
4 Tabebuia barbata Sandwith 1 8 18 7 3 37
>5-8 19 228 170 44 15 8 484
Low-varzea association
1 Buchenavia sp. 37 37
2 Alchornea castaneifolia A. Juss 16 16
3 Vitex cymosa Bert. Ex Spreng 65 80 9 1 155
4 Crataeva benthamii Eichl. 28 67 63 158
5 Pouteria elegans Baehni 2 19 23 7 51
6 Nectandra amazonum Nees 6 44 4 54
7 Luehea cymulosa Spruce ex Benth 18 17 1 36
8 Maclura tinctora (L.) Grisebach 8 34 14 56
9 Piranhea trifoliata Baill. 3 10 3 16
10 Conceveiba sp. 5 7 12
11 Inga cinnamonea Spruce ex Benth. 2 4 6
> 12-84 83 91 148 59 381
Intermediate association
1 Triplaris sp. 5 5 4 36 1 51
2 Cecropia membranacea Trec 3 1 5 14
3 Paramachaerium ormosioides Ducke 1 1 2 5 2 11
4 Etaballia dubia (H.B. & K.) Rudd. 8 3 3 1 15
5 Gustavia augusta L. 3 1 10 14
6 Neea ovalifolia Spruce ex J.A. Schmidt 3 4 1 8
7 Mabea nitida Spruce ex Benth. 4 14 1 19
8 Vatairea guianensis Aubl. 3 9 3 15
9 Naucleopsis sp. 5 20 1 26
10 Virola calophylla Warb. 3 12 5 20
11 Pseudoxandra polyphleba Diels (R.E. Fries) 2 7 3 12
>°12-93 22 76 45 81 74 298
High-varzea association
1 Spondias monbim L. 21 21
2 Acacia loretensis Machr. 16 4 20
3 Annona hypoglauca Mart. 9 2 11
4 Tapura juruana (Ule) Rizzini 1 9 10
5 Guatteria innundata Mart. 1 6 7
6 Pouteria procera (Mart.) K. Hammer 5 22 27
7 Aspidosperma riedelii Muell. Arg. 2 11 13
8 Hura crepitans L. 2 6 8
9 Aniba riparia Mez. 2 5 7
10 Rollinia cuspidata Mart. 2 3 5
11 Apeiba membranacea Spruce ex Benth. 2 3 5
12 Ocotea floribunda Benth. & Hook 9 9
>12-121 75 116 191
> 274 681 747 245 348 314 2609

Values represent absolute abundances of trees >10 cm DBH 5.24 ha™".



208 F. Wittmann et al. / Forest Ecology and Management 196 (2004) 199-212

4. Discussion

4.1. Species zonation along the environmental
gradients

Floristic composition, tree species richness and
structure of varzea forests is strongly linked to the
location of forest types along the flood-level gradient
(Junk, 1989; Ayres, 1993), and to the geomorphologic
behaviour of forest covered sites as a result to their
location to the highly dynamic river systems. The
varzea is characterized by a patchwork of microhabi-
tats (Campbell et al., 1992), including sites with
unstable environmental conditions next to the rivers,
and sites with relative longstanding stable conditions
when located off the direct influence of the rivers.
Early successional stages normally establish within
the unstable, low varzea. These stages are character-
ized by low species richness, high tree density and
poorly stratified canopies (Worbes et al., 1992; Witt-
mann et al., 2002). As response to the prolonged
inundations, trees of early successional stages often
show adaptations to the anoxic site conditions, such as
areduced metabolism during the aquatic phase and the
formation of hypertrophic lenticells (Kozlowski,
1984; Parolin, 1997; Piedade et al., 2000; Parolin
et al., 2002). They are light-demanding pioneers,
and as such typical ‘r-strategists’ (Pianka, 1970),
characterized by fast growth, relative short life cycles
and a high potential of vegetative and sexual repro-
duction (Puhakka and Kalliola, 1993; Worbes, 1997,
Parolin, 1998). Furthermore, tree species colonising
highly inundated areas show specific adaptations to
the geomorphologic site conditions at the root level:
Wittmann and Parolin (in press) observed, that species
establishing near riverbanks form deep primary roots,
which probably offer good mechanical support against
the relative high water velocity during the aquatic
phases. Moreover, Salix martiana and Alchornea cas-
taneifolia form new secondary root layer every year,
which are installed above the fresh deposited sedi-
ment. Trees of the chavascal establish on fine-grained
soils with a high content of organic matter. Therefore,
they are subjected to extreme anoxic conditions at the
root level, which persist during the most part of the
year. Thus, tree species of the chavascal often develop
stilt roots to get better aeration, whereas the below-
ground roots hardly reach depths of up to 1 m

below the ground surface (Wittmann and Parolin, in
press).

The well-defined zonation of tree species along the
flood-level gradient becomes evident with regard to
the floristical evolution of varzea forests since the
tertiary. Kubitzki (1989) stated, that many varzea tree
species are ecotypes originating from the surrounding
terra firme. When they immigrated to the nutrient-rich
varzea, they gradually developed adaptations to the
periodic inundations. The high varzea maybe an
important transitional zone for these immigrants.
The ability of some species to develop adaptations
to flooding favoured them to colonise the higher
inundated low varzea.

With increasing water column and inundation per-
iod, natural selection lad to only a few species, which
tolerate the extreme inundations near the forest border,
where inundation persists during the most part of the
year.

Only a few tree species inventoried in this study
were distributed along the whole flood-level gradient.
Moreover, some of these species, like Pseudobombax
munguba or Duroia duckei, are known to have a
widespread distribution over the whole Neotropis,
in particular in semi-deciduous forests and savannas
(Prance, 1979). Junk (1989) and Worbes (1997)
assume that those widespread species are not primarily
adapted to flooding, but generally tolerant to season-
ally poor growing conditions.

4.2. Allogenic versus autogenic succession

The results of this study indicate, that forest succes-
sion alters the geomorphologic site conditions in
varzea forests. The establishment of early successional
stages intensifies the deposition of coarse-grained
sediment because high tree densities offer resistance
against water energy. This leads to an increasing
topographic level of the sites. With decreasing inun-
dation, secondary stages be composed of trees with
large basal areas-establish. So far, the causes of
changes in vegetation are alterations triggered by
the environmental site conditions, and succession
can be defined as ‘allogenic’ (Tansley, 1929; Burrows,
1990). However, geomorphologic site dynamic is
strongly reduced when subsequent stages establish.
Water velocity is slowed down and the coarse grains
were already deposited on riverbanks, dunes or tree
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stems when inundation reaches the high-lying sites.
Therefore, the causes of changes in vegetation in late
successional stages are alterations mainly triggered by
the vegetation itself (‘autogenic succession’, Tansley,
1929) and to a lesser extend by changes of the
environmental conditions. Finally, succession results
in high-varzea forests, where structure and species
richness is almost similar to the non-flooded terra
firme. Wittmann et al. (2002) documented the general
small size and the isolated character of patches of
high-varzea forests and assume, that they could also be
regressive forest types, formed from previous forests
of more elevated Pleistocene terraces, as a conse-
quence of the constantly changing riverbeds of
white-water rivers. Up to date, no dendro-chronolo-
gical information exists about high-virzea trees.
Therefore, it remains unclear if the high varzea devel-
ops in natural forest succession from low-varzea
forests, or if it is a regressive forest type.

Due to the relative stable environmental site con-
ditions, the chavascal represents a special vegetation
unit within the low varzea. The chavascal establishes
in the marginal zone of still-water lakes or in ancient,
silted up river-arms that do not drain. In spite of the
high inundations, sedimentation in the chavascal is
low, because dunes and large stems building trees
slow down water energy. Thus, the chavascal is not
comparable to forests near the highly dynamic river
systems. Rather its development shows similarities
to long-term developing tropical fens, which are
known as ‘matupa’ (Junk, 1983; Junk and Piedade,
1997) and which are characterized by the silting up
of organic matter in self-contained still-water sys-
tems.

4.3. Species diversity in vdrzea forests

Worbes (1997) stated that the varzea is character-
ized by a trend of decreasing tree species diversity
from western to eastern Amazonia. The results of the
present study contradict such a gradient, because tree
species diversity within the Mamiraud Reserve is
higher than species diversity described in westerly
located inventories, performed by Nebel et al. (2001)
in Peruvian varzea forests adjacent to the Ucayali
River (141 species ha '), Campbell et al. (1992) at
the lower Jurua River, Brazil (106 species hafl) and
Balslev et al. (1987) at the Napo River, Ecuador

(149 species ha_l). Worbes (1997) and Parolin
(2000) estimated overall tree species richness in the
central Amazonian varzea to a number of 250-300
species in total. In this study, we recorded more than
200 species >10cm DBH in an area of 5.24 ha,
indicating that species richness of varzea forests
may strongly underestimated. The parallel occurrence
of several small-scaled habitats differing in hydrologic
and geomorphologic conditions complicates the regis-
tration of all occurring tree species within a region.
Besides, the dynamic of geomorphology may not
identical along the Amazon River and its tributaries,
but changes in response to the local inclination, the
amount of regional precipitation and the local beha-
viour of the ‘flood pulse’ (Junk et al., 1989). In
Peruvian varzea forests, the whole successional
sequence from early to late successional stages suc-
ceeds in a few hundred of years (Terborgh and Petren,
1991). By comparison, inclination, sedimentation and
erosion are lower in central Amazonian floodplains.
However, species diversity of a region seems to
depend on the local behaviour of the subsoil. Compar-
ing both regions chosen for the floristic inventories in
the present study, species diversity was significantly
lower near Manaus than in the Mamiraua region. The
low species diversity near Manaus becomes evident
through the extension of area potentially available for
the establishment of vérzea forests. Due to the ero-
sional resistance of the tertiary surroundings, the
quarternary varzea is reduced to relatively small sec-
tors on both banks of the Solimdes River (Rosetti and
De Toledo, 1999). For this reason, long-term devel-
oping late successional stages are scarce in the region
of Manaus, and diversity consequently lower than in
Mamiraud, where the confluence of two large rivers
results in an extensive quarternary floodplain with the
size of several millions of km?. Finally, anthropogenic
influence of varzea forests is common since the pre-
Columbian era (Junk, 2000; Ohly, 2000). Since the
forests near Manaus are located within easy reach to
the river, long-term anthropogenic disturbance is
probably.

4.4. Implications for biodiversity and the
sustainable management of vdrzea forests

Floristic composition and tree species richness in
varzea forests is strongly related to the height and the
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duration of the annual inundations and to the related
geomorphologic site conditions. This leads to a
characteristic zonation of species groups along the
flood-level gradient. This knowledge is fundamental
to enable a sustainable forest management. Accord-
ing to Klenke and Ohly (1993) and Higuchi et al.
(1994), 60-90% of timber exploited in central and
western Amazonia originates from varzea forests.
Many high-varzea trees are dense-wood species,
such as Virola calophylla, Calophyllum brasiliense
and Ocotea cymbarum, with a huge demand on the
local, regional and even international timber market
(Worbes et al., 2001). Other species, like Ceiba
pentandra and Hura crepitans are characterized by
low-density wood, which is used for plywood pro-
duction and for the construction of floating houses by
the local population. Besides, many vérzea trees are
used for the production of non-timber products, such
as oil, palm heart and edible fruits, resins, textile
fibres, aromas and tannins which are used in the
treatment of hides, for colours and medicines (Par-
olin, 2000).

In comparison with non-flooded forests, costs of
selective logging and of timber transport in virzea
forests are low, because timber is removed by boats
and shipped to the sawmills (Barros and Uhl, 1998).
However, the selective logging endangers biodiversity
of varzea forests, because wood in general is extracted
without any forest management (Higuchi et al., 1994;
Anderson et al., 1999). The selective logging of trees
decreases species diversity in a regional scale, because
especially the economical valuable dense-wood trees
are species with natural low abundances. Therefore,
many dense-wood species in frequently logged varzea
forests near the centres of human concentration
already disappeared. Moreover, large areas of forests
are cleared to enable the agricultural use of the
nutrient-rich varzea soils, especially in the lower
inundated sites of the high varzea (Wittmann and
Junk, 2003).

To maintain high biodiversity in Amazonian varzea
forests, sustainable management plans must define the
number of stems and the cutting cycles for every single
species to be logged. As late successional stages, high-
varzea forests need several hundred of years to
develop. Since they are the most rich in species, they
need preservation and particular attention in sustain-
able forest management plans.

Acknowledgements

We wish to thank the Institute for Sustainable
Development Research Mamiraua (ISDRM) and the
National Amazonian Research Institute (INPA) for
assistance, and Michael Hopkins (Department of Bot-
any, INPA) for the species determinations. The field-
work was made possible by financial support from the
INPA/Max-Planck Project.

References

Anderson, A.B., Mousasticoshvily Jr., I., Macedo, D.S., 1991.
Logging of Virola surinamensis in the Amazon floodplain:
impacts and alternatives. In: Padoch, C., Ayres, J.M., Pinedo-
Vasquez, M., Henderson, A. (Eds.), Varzea: Diversity,
Development and Conservation of Amazonian’s White-water
Floodplains. The New York Botanical Garden Press, pp. 119—
131.

Ayres, J.M., 1993. As matas de varzea do Mamiraua. In: Sociedade
Civil Mamiraua (Ed.), Estudos de Mamiraud, vol. 1. CNPq,
Brasilia, pp. 1-123.

Ayres, J.M., Queiroz, H.L., Marmontel, M., Moura, E., Lima,
D.M., Azevedo, A., Reis, M., Santos, P., Silveira, R.,
Masterson, D., 1999. Mamiraua: Die Erhaltung der Artenviel-
falt in einem amazonischen Uberschwemmungswald. In: De
Freitas, M.L.D. (Ed.), Amazonien, Himmel der Neuen Welt,
Essays und wissenschaftliche Beitrdge tiber das brasilianische
Amazonasgebiet. Bonn, pp. 262-274.

Balslev, H., Lutteyn, J., Yllgaard, B., Holm-Nielsen, L., 1987.
Composition and structure of adjacent unflooded and floodplain
forest in Amazonian Ecuador. Op. Bot. 92, 37-57.

Barros, A.C., Uhl, C., 1998. The economic and social significance
of logging operations on the floodplains of the Amazon estuary
and prospects for ecological sustainability. In: Padoch, C.,
Ayres, J.M., Pinedo-Vasquez, M., Henderson, A. (Eds.), Varzea:
Diversity, Development and Conservation of Amazonia’s
White-water Floodplains. The New York Botanical Garden
Press, pp. 153-168.

Burrows, C.J., 1990. Processes of Vegetation Change. Chapman &
Hall, London.

Campbell, D.G., Stone, J.L., Rosas, A., 1992. A comparison of the
phytosociology and dynamics of three floodplain (varzea)
forests of known ages, Rio Jurud, western Brazilian Amazon.
Bot. J. Linn. Soc. 108, 213-237.

Curtis, J.T., McIntosh, R.P., 1951. An upland forest continuum in
the prairie-forest border region of Wisconsin. Ecology 32 (3),
476-496.

Gibbs, R., 1967. The geochemistry of the Amazon River System.
Part I. The factors that control the salinity and the composition
and concentration of the suspended solids. Am. Soc. Geol. 78,
1203-1232.

Goulding, M., 1996. Die Uberschwemmungsw'zilder im Amazo-
nasbecken. In: Konig, B., Linsenmair, K. (Eds.), Biologische



F. Wittmann et al./ Forest Ecology and Management 196 (2004) 199-212 211

Vielfalt, Beitrige aus dem Spektrum der Wissenschaft,
Spektrum, Akad. Verl., Heidelberg, Berlin, pp. 24-31.

Higuchi, N., Hummel, A.C., Freitas, J.V., Malinowski, J.R., Stokes,
B.J., 1994. Explora¢do florestal nas varzeas do Estado do
Amazonas: Selecio de arvores, derrubada e transporte. In:
Proceedings of the VIII Harvesting and Transportation of
Timber Products Workshop. IUFRO/UFPr Curitiba, Parana,
pp. 168-193.

Irion, G., Miiller, J., Nunes De Mello, J., Junk, W.J., 1995.
Quarternary geology of the Amazonian lowland. Geo-Marine
Lett. 15, 172-178.

Junk, W.J., 1983. Ecology of swamps on the middle Amazon. In:
Gore, AJ.P. (Ed.), Ecosystems of the world: mires, swamp,
bog, fen and moor. 3 regional studies, Elsevier Amsterdam,
pp. 269-294.

Junk, W.J., 1989. Flood tolerance and tree distribution in central
Amazonian floodplains. In: Holm-Nielsen, L.B., Nielsen, I.C.,
Balslev, H. (Eds.), Tropical Forests: Botanical Dynamics,
Speciation and Diversity. Academic Press, London, pp. 47-64.

Junk, WJ., 1997. General aspects of floodplain ecology with
special reference to Amazonian floodplains. In: Junk, W. (Ed.),
The Central Amazon Floodplain: Ecology of a Pulsating
System. Ecological Studies, vol. 126. Springer-Verlag, Berlin,
pp. 3-22.

Junk, W.J., 2000. The central Amazon river floodplain: concepts for
the sustainable use of its resources. In: Junk, W.J., Ohly, J.J.,
Piedade, M.T.F., Soares, M.G.M. (Eds.), The Central Amazon
Floodplain: Actual Use and Options for a Sustainable Manage-
ment. Backhuys Publisher, Leiden, pp. 75-94.

Junk, W.J., Piedade, M.T.F,, 1997. Plant life in the floodplain with
special reference to herbaceous plants. In: Junk, W.J. (Ed.), The
Central Amazon Floodplain: Ecology of a Pulsating System.
Ecological Studies, vol. 126. Springer, Berlin, pp. 147-186.

Junk, W.J., Bayley, P.B., Sparks, R.E., 1989. The flood pulse
concept in river—floodplain systems. In: Dodge, D. (Ed.),
Proceedings of the International Large River Symposium,
Ottawa. Can. Spec. Publ. Fish. Aquat. Sci. 106, 110-127.

Kalliola, R., Salo, J., Puhakka, M., Rajasilta, M., 1991. New site
formation and colonizing vegetation in primary succession on
the western Amazon floodplains. J. Ecol. 79, 877-901.

Klenke, M., Ohly, J.J., 1993. Wood from floodplains. In: Junk,
W.J., Bianchi, H.K. (Eds.), 1st SHIFT Workshop, Belém. GKSS
Researchcenter, Geesthacht, pp. 1-88.

Kozlowski, T.T., 1984. Plant responses to flooding of soil.
BioScience 34 (3), 162-166.

Kubitzki, K., 1989. The ecogeographical differentiation of
Amazonian inundation forests. P1. Syst. Evol. 163, 285-304.

Miiller, E., Junk, W.J., 2000. The influence of waterlogging on root
water uptake and transpiration of trees of the central
Amazonian varzea. Verh. Internat. Verein. Limnol. 27, 1725—
1729.

Nebel, G., Kvist, L.P,, Vanclay, J.K., Christensen, H., Freitas, L.,
Ruiz, J., 2001. Structure and floristic composition of flood plain
forests in the Peruvian Amazon I. Overstorey. For. Ecol.
Manage. 150, 27-57.

Ohly, J.J., 2000. Development of central Amazonia in the modern
era. In: Junk, W.J., Ohly, J.J., Piedade, M.T.F., Soares, M.G.M.

(Eds.), The Central Amazon Floodplain: Actual Use and
Options for a Sustainable Management. Backhuys Publisher,
Leiden, pp. 27-73.

Parolin, P., 1997. Auswirkungen periodischer Verndssung und
Uberflutung auf Phinologie, Photosynthese und Blattphysiolo-
gie von Baumarten unterschiedlicher Wachstumsstrategie in
zentralamazonischen Uberschwemmungsgebieten. Herbert Utz
Verlag, Miinchen.

Parolin, P., 1998. Floristic composition and structure of two stands
of Senna reticulata differing in age. Amazoniana 15 (1/2), 113—
128.

Parolin, P., 2000. Growth, productivity and use of trees in white-
water floodplains. In: Junk, W.J., Ohly, J.J., Piedade, M.T.F,,
Soares, M.G.M. (Eds.), The Central Amazon Floodplain:
Actual Use and Options for a Sustainable Management.
Backhuys Publisher, Leiden, pp. 375-391.

Parolin, P., Oliveira, A.C., Piedade, M.T.F., Wittmann, F., Junk,
W.J., 2002. Pioneer trees in Amazonian floodplains: key species
form monospecific stands in different habitats. Folia Geobota-
nica 37, 225-238.

Pianka, E.R., 1970. On r- and K-selection. Nature 104, 592-597.

Piedade, M.T.F., Junk, W.J., Parolin, P., 2000. The flood pulse and
photosynthetic response of trees in a white water floodplain
(varzea) of the central Amazon, Brazil. Verh. Internat. Verein.
Limnol. 27, 1734-1739.

Prance, G.T., 1979. Notes on the vegetation of Amazonia III. The
terminology of Amazonian forest types subject to inundation.
Brittonia 3 (1), 26-38.

Puhakka, M., Kalliola, R., 1993. La vegetacion en dareas de
inundacion en la selva baja de la Amazonia Peruana. In:
Kalliola, R., Puhakka, M., Danjoy, W. (Eds.), Amazonia
Peruana: Vegetacion hiimeda tropical en el llano subandino.
Proyecto Amazonia, Turku, Koninklijke Wohrmann BV, the
Netherlands, pp. 113-138.

Ribeiro, J., Hopkins, M., Vicentini, A., Sothers, C., Costa, M.,
Brito, J., Souza, M., Martins, L., Lohmann, S., Assung¢do, P.,
Pereira, E., Silva, C., Mesquita, M., Procdpio, L., 1999. Flora
da Reserva Ducke, Guia de identificac@o das plantas vasculares
de uma floresta de terra firme na Amazonia central. INPA-
DFID, Manaus.

Rosetti, D.F., De Toledo, P.M., 1999. Evolution der Okosysteme in
Amazonien in den vergangenen 25 Millionen Jahren. In: De
Freitas, M.L.D. (Ed.), Amazonien, Himmel der Neuen Welt,
Essays und wissenschaftliche Beitrige tiber das brasilianische
Amazonasgebiet, Bonn, pp. 34-42.

Salo, J., Kalliola, R., Hakkinen, J., Mikinen, Y., Niemela, P.,
Puhakka, M., Coley, P.D., 1986. River dynamics and
the diversity of Amazon lowland forests. Nature 322, 254—
258.

Schliiter, U.B., Furch, B., Joly, C.A., 1993. Physiological and
anatomical adaptations by young Astrocaryum jauari Mart.
(Arecaceae) in periodically inundated biotopes of central
Amazonia. Biotropics 25, 384-396.

Schongart, J., Piedade, M.T.F., Ludwigshausen, S., Horna, V.,
Worbes, M., 2002. Phenology and stem growth periodicity of
tree species in Amazonian floodplain forests. J. Trop. Ecol. 18,
581-597.



212 F. Wittmann et al. / Forest Ecology and Management 196 (2004) 199-212

Shannon, C.E., Weaver, W., 1949. The Mathematical Theory of
Communication. University of Illinois Press, Urbana.

Shmida, A., Wilson, M.V., 1985. Biological determinants of
species diversity. J. Biogeogr. 12, 1-20.

Sgrensen, T., 1948. A method of establishing groups of equal
amplitude in plant sociology based on similarity of species
content and its application to analyses of the vegetation on
Danish commons. Det Kongelige Danske Videnskabers Selskab
Biologiske Skrifter 5 (4), 1-34.

Tansley, A.G., 1929. Succession: the concept and its values. In:
Proceedings of the Fourth International Congress on Plant
Science, Ithaca, 1926, pp. 677-686.

Terborgh, J., Petren, K., 1991. Development of habitat structure
through succession in an Amazonian floodplain forest. In:
Bell, S.S. (Ed.), Habitat Structure. Chapman & Hall, London,
pp. 28-46.

Walhoff, D., Junk, W.J., Furch, B., 1998. Responses of three
central Amazonian tree species to drought and flooding
under controlled conditions. Int. J. Ecol. Environ. 24, 237-
252.

Wittmann, F., 2001. Artenverbreitung und Bestandesstruktur in
amazonischen Varzea-Wildern und Moglichkeiten der Erfas-

sung von Waldtypen mittels fernerkundlichen Methoden. PhD
Dissertation. University of Mannheim, pp. 203.

Wittmann, F., Parolin, P., 1999. Phenology of six tree species from
central Amazonian varzea. Ecotropica 5, 51-57.

Wittmann, F., Junk, W.J., 2003. Sapling communities in Amazo-
nian white-water forests. J. Biogeogr. 30 (10), 1533-1544.
Wittmann, F., Parolin, P., in press. Aboveground roots in

Amazonian floodplain trees. Biotropica.

Wittmann, F., Anhuf, D., Junk, W.J., 2002. Tree species distribution
and community structure of central Amazonian varzea forests
by remote sensing techniques. J. Trop. Ecol. 18, 805-820.

Worbes, M., 1997. The forest ecosystem of the floodplains. In:
Junk, W. (Ed.), The Central Amazon Floodplain: Ecology of a
Pulsating System. Ecological Studies, vol. 126. Springer,
Berlin, pp. 223-265.

Worbes, M., Klinge, H., Revilla, J.D., Martius, C., 1992. On the
dynamics, floristic subdivision and geographical distribution of
varzea forests in central Amazonia. J. Veg. Sci. 3, 553-564.

Worbes, M., Piedade, M.T.E,, Schongart, J., 2001. Holzwirtschaft
im Mamiraua-Projekt zur nachhaltigen Entwicklung einer
Region im Uberschwemmungsbereich des Amazonas. For-
starchiv 72, 188-200.



	The varzea forests in Amazonia: flooding and the highly dynamic geomorphology interact with natural forest succession
	Introduction
	Materials and methods
	Study areas
	Data collection

	Results
	Inundation
	Sedimentation and soil texture
	Stand structure and species composition
	Species zonation along the environmental gradients

	Discussion
	Species zonation along the environmental gradients
	Allogenic versus autogenic succession
	Species diversity in varzea forests
	Implications for biodiversity and the sustainable management of varzea forests

	Acknowledgements
	References


