Vegetation types of the upper Madeira River in Rondonia, Brazil
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Abstract. We characterize the vegetation types of the upper basin of the Madeira River
in the Brazilan state of Rondonia, a biodiverse region with elevated rates of habitat loss.
Vegetation and environmental parameters were recorded from 37 observation points
distributed along and near a 160 km stretch of the Madeira River and representing the
range of regional environments. Analysis of structure and floristic variables, as well as
associated edaphic attributes and water table fluctuation, permitted recognition of five
main vegetation types and seven subtypes. Open Ombrophilous Forest was the most
frequently encountered vegetation type and occurred on well-drained, nutrient-poor
soils, whereas Dense Ombrophilous Forest was seldom recorded. Alluvial
Ombrophilous Forests (vdrzea) were found along a narrow strip of land along the
banks of the Madeira River on the most fertile soils in the study area. Semideciduous
Forests were found on small areas of rocky outcrops with shallow soils and reduced
water availability during the dry season. Campinaranas, which range from open
savanna physiognomies to closed canopy forests, were found to be a key environment
in the lowlands south of the Madeira River on silty hydromorphic soils, where they
harbor a peculiar flora tolerant of flooding during the rainy season. Our classification of
the main vegetation types in the upper Madeira River illuminates a high degree of
floristic and environmental heterogeneity in a highly threatened region. Our results will
be useful for designing conservation strategies aimed at protecting the full range of
floristic diversity present in the region.
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Resumo. Caracterizamos os tipos de vegetacao do alto rio Madeira no estado de Rondénia,
uma regido biodiversa mas com taxas elevadas de perda de habitat. Parametros de vegetagdo ¢
ambientais foram registrados em 37 pontos de observagao distribuidos ao longo de um trecho
de 160 km do rio Madeira, representando a gama de ambientes da regido. A analise das
variaveis estruturais e floristicas, bem como dos atributos edaficos associados e a flutuagdo do
lencol freatico, permitiram o reconhecimento de cinco principais tipos de vegetacao e sete
subtipos. A Floresta Ombrofila Aberta foi o tipo de vegetacdo mais freqiientemente
encontrado e ocorreu em solos bem drenados e pobres em nutrientes, enquanto que a Floresta
Ombrofila Densa foi raramente registrada. As Florestas Aluviais (varzea) foram encontradas
ao longo de uma estreita faixa de terra ao longo das margens do rio Madeira, nos solos mais
férteis da area de estudo. As Florestas Semideciduas foram encontradas em pequenas areas de
afloramentos rochosos com solos pouco profundos e disponibilidade de agua reduzida durante
a estacdo seca. As Campinaranas, que variam de fisionomias de savana aberta a floresta de
dossel fechado, constituem-se em um ambiente chave nas terras baixas ao sul do rio Madeira,
em solos siltosos, hidromorficos, e abrigam uma flora peculiar, tolerante as inundacdes
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durante a estacdo chuvosa. Nossa classificacdo dos principais tipos de vegetagdo no alto rio
Madeira revela um alto grau de heterogeneidade floristica e ambiental em uma regido
altamente ameacada. Nossos resultados serdo uteis para a elaboacdo de estratégias de
conservacdo destinadas a proteger toda a gama de diversidade floristica presente na regido.

Despite its reputation as an area covered by
homogeneous rainforest, lowland Amazonia en-
compasses a wide variety of landscapes and veg-
etation types, which individually harbor rich and
often exclusive associated floras (Ducke & Black,
1954; Pires & Prance, 1985; Daly & Mitchell,
2000). Climate is relatively uniform in the region,
but variation in annual precipitation and the dura-
tion of the dry season is associated with spatial
variation in the vegetation (Eiten, 1992; ter Steege
et al., 2006). In addition to climate, soil gradients
(texture and fertility), drainage, and topography
(elevation and slope) are important drivers of
floristic composition and biomass at different spa-
tial scales (Castilho et al., 2006; Bohlman et al.,
2008), resulting in different vegetation types.

Vegetation types in Amazonia include both for-
ested and non-forested formations. Forests cover
most of the region and are classified into two broad
categories: non-flooded (terra firme) and flooded
forests (Pires & Prance, 1985). Terra firme forests
vary in structure and floristic composition,
allowing for subdivision into dense and open forest
types (Pires & Prance, 1985). The open terra firme
forest can be further divided depending on the
predominance of associated elements such as
palms or bamboo, which brings to each of these
forest types a particular physiognomy (IBGE,
2012). Flooded forests occupy areas adjacent to
major rivers and can be classified as varzea or
igapo. Varzea forests are periodically flooded by
rivers that carry clay-rich sediments (white-water
systems), while igap6 forests are associated with
sediment-poor rivers (black or clear-water sys-
tems), normally occurring on sandy soils (Braga,
1979; Prance, 1980). Varzea forests have higher
soil fertility and species richness, whereas igapo
forests grow on nutrient-poor soils and are less
diverse (Junk et al., 2011). Non-forested vegeta-
tion types are distributed discontinuously in Ama-
zonia, thus conferring habitat heterogeneity in a
forest-dominated landscape. The main types of
non-forested physiognomies are campinaranas,
campinas, caatingas, upland savannas and campos
rupestres (Pires, 1973; Pires & Prance, 1985;
IBGE, 2012; Adeney et al., 2016).

Intensive floristic studies have occurred
mainly near large cities such as Belém and
Manaus in Brazil and Iquitos in Peru, but
most of Amazonia has been surveyed poorly
or not at all (Hopkins, 2007; Sousa-Baena
et al., 2014). This inhibits understanding of
structural patterns and regional differences in
terms of vegetation types and species com-
position (e.g., Milliken et al., 2010). While
exceptionally high levels of alpha diversity
have been well documented in Amazonian
plant communities (Oliveira, 2000; ter
Steege et al., 2006), plant species turnover
accross Amazonian landscapes (i.e., beta di-
versity) has been much less studied.

Stretching from southwestern to central
Amazonia, the Madeira River basin accounts
for about 20% of the total Amazon basin. It
harbors a wide variety of environments such
as upland and floodplain forests, campinaranas,
savannas, swamps and grasslands (Cochrane &
Cochrane, 2006; Py-Daniel, 2007; Moser et al.,
2014). Despite its size and high beta-diversity, the
Madeira River basin is one of the least studied in
the Amazon. Rapid development in the region
over the last 30 years, particularly in the upper
Madeira basin in Rondénia, has posed a major
threat to a number of natural habitats (Ferraz
et al., 2005). Agricultural colonization and
large-scale deforestation —and more recently,
the building of hydroelectric dams and infra-
structure projects— have affected native vege-
tation at a much faster pace than biological
surveys are carried out (e.g., Carleial &
Bigio, 2014). Considering the lack of botanical
studies focused on the landscapes of the upper
Madeira, and the high levels of environmental
threats experienced in this region, efforts to-
wards documenting its vegetation and flora
should be a priority. Here we investigate the
main vegetation types that occur along the
upper Madeira River in Ronddnia. We describe
structural aspects and the major floristic ele-
ments, as well as associated edaphic and drain-
age attributes that distinguish each
physiognomy.
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Materials and methods

STUDY AREA

The study was conducted along a stretch of
approximately 160 km of the upper Madeira River
between the districts of Abuna and Jaci-Parana in
northern Rondénia (Fig. 1), the site of previous
floristic and ecological studies in the area affected
by the Jirau hydroelectric dam (e.g., Moser et al.,
2014; Catenacci & Simon, 2017). The climate in
the region is tropical humid hyperthermic, with
five months experiencing less than 100 mm rain
(May—September), average temperatures around
26°C and annual rainfall between 1700 and
2000 mm (Cochrane & Cochrane, 2006; ANA,
2014). These climatic conditions fall within the
limits of the Am and Aw categories of the Képpen
system (Kottek et al., 2006).

The relief of the region is flat, mostly around
100 m elevation, but on the left bank (facing
downstream) north of the Madeira River, the ele-
vation may exceed 300 m. In the study area, each
side of the Madeira River represents a different
type of geological formation. The left side is char-
acterized by igneous and metamorphic rocks of
Pre-Cambrian origin (ca. 1.5 billion years old). In
contrast, the floodplains of the right side comprise
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Pliocene-Pleistocene formations <3.6 million
years old, as well as much more recent alluvial
deposits <10,000 years old (RADAMBRASIL,
1978). Dystrophic well-drained oxisols predomi-
nate along the left bank, whereas haplic gleysol
dystrophic soils occur on the poorly-drained plains
of the right bank between the districts of Abuna
and Mutum-Parand, as well as oxisols in well-
drained areas (RADAMBRASIL, 1978;
Cochrane & Cochrane, 2006). The right margin
of the Madeira has been strongly affected by de-
forestation, agriculture and road building (Fig. 1),
while the left margin is better preserved and in-
cludes the 1.8 million ha Mapinguari National
Park.

DATA COLLECTION AND ANALYSIS

Field surveys employed the Rapid Ecological
Assessment protocol of Sayre et al. (2003), a quick
survey method aimed at characterizing the main
species and vegetation types of a given area. We
sampled 37 observation points (i.c., discrete local-
ities) aiming at covering the extent of the study
area and its variety of environments. Most obser-
vation points were arranged along transects per-
pendicular to the river, which were used for
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Fic. 1. Study area in the region of the upper Madeira River in northern Rondénia, Brazil. Symbols represent observation
points surveyed and their respective vegetation types. Background Landsat 8 image from 18/06/2014 (Source: USGS).
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monitoring the vegetation in the study area (see
Moser et al., 2014), while other observation points
were choosen because of the presence of particular
vegetation types or easy access by road (Fig. 1). At
each observation point, we recorded basic environ-
mental parameters (geo-coordinates, relief, topog-
raphy, slope, drainage and rockiness), water table
depth, soil properties, vegetation structure, canopy
openness, and dominant species by stratum.
Classification of vegetation types was based
mainly on the IBGE (2012) system, and character-
ization was based on field observations and vali-
dated using cluster analysis of species occurrence
data (see below). Vouchers of species found at the
observation points were collected and deposited in
the CEN herbarium.

Canopy openness was estimated in May 2014
using hemispherical photography, with a digital
camera fitted with a 15 mm fisheye lens. The aver-
age of canopy openness for each observation point
was calculated from four photographs taken at least
10 m apart. The photos were turned into two-tone
(black and white, 8 bits) in Adobe Photoshop 13.0,
and the percentage of open canopy area was mea-
sured using the software Image] 1.48v (Abramoff
etal., 2004). Water table measurements were carried
out using piezometers, with measurements taken
every 30 min from June 2012 to June 2013 and
stored in a data logger. Piezometers were installed at
24 of the 35 observation points, and the remaining
observation points were visually classified as either
well-drained or seasonally flooded.

Two to six soil samples were collected at each
observation point. Each sample was composed of
four sub-samples from depths of 0-5, 5-10, 10-20
and 20-30 cm, after removal of the surface organic
layer. The sub-samples were stored at room tem-
perature until completly dry. For each observation
point, sub-samples of the same depth were homog-
enized. Samples were then sent for physical-
chemical analysis in the laboratory following the
protocol of EMBRAPA (1997). The soil analysis
included texture (sand, clay, silt) and chemical
(pH, Ca®*, K*, Mg?*, Na*, AI’*, C, N, P)
parameters. For the purpose of analysis, averages
calculated from across the four depths (sub-
samples) were used to represent physical and
chemical variables. A principal component analy-
sis (PCA) was performed to reduce the dimension-
ality of the soil variables at each observation point,
and to identify possible associations between veg-
etation types and soil parameters. Soil data were
standardized to the same relative scale Z-score
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(Gotelli & Ellison, 2012), and the PCA was per-
formed in the program R (R Development Core
Team, 2014) using the bpca package (Faria &
Demetrio, 2011). Some of our observation points
coincided with flora monitoring plots already
established in the study area (Moser et al., 2014),
for which there are detailed data on composition
and structure of vegetation, texture and fertility of
soil and variation in groundwater level. This infor-
mation was included in our analyses.

COMPARISONS AMONG OBSERVATION POINTS

Floristic similarity between observation points
was examined using a species presence/absence
matrix. This data matrix was built using the ten
most abundant species at each observation point.
It included mostly tree species (forest formations),
but also shrubs and herbs where they predominate
(e.g., open campinarana). The Jaccard Index was
used to calculate a dissimilarity matrix for all ob-
servation points. Clustering analysis performed on
the dissimilarity matrix employed UPGMA
(Unweighted Pair Group Method with Arithmetic;
Sneath & Sokal, 1973). The resulting dendrogram,
in conjunction with field observations, enabled us
to classify the different vegetation types found in
the study area. Analyses were conducted using the
vegan package (Oksanen et al. 2016) in R (R
Development Core Team, 2014).

Results and discussion—General
characterization of vegetation in the upper
Madeira

Overall, the study area showed a markedly het-
erogeneous landscape. The 37 observation points
sampled were classified into a total of ten vegetation
types, comprising five main types and seven sub-
types (Figs. 2, 3; Table 1): Alluvial Ombrophilous
Forest, Dense Lowland Ombrophilous Forest, Open
Lowland Ombrophilous Forest (including three sub-
types), Lowland Semideciduous Forest, and
Campinarana (including four subtypes). [The term
“Lowland” will be omitted hereafter when referring
to vegetation types.] Six observation points were
classified as transitional between different vegeta-
tion types (Table 1). Open Ombrophilous Forest
was the most frequently encountered vegetation
type. It was divided into three subtypes: with palms
(the most common subtype), with sororoca
(Phenakospermum guyannense), and with bamboo.
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Fic. 2. Vegetation types in the upper Madeira region. A. Alluvial Ombrophilous Forest (varzea). B. Upper varzea during dry

season. C. Open Ombrophilous Forest with palms. D. Open Ombrophilous Forest with sororoca. E. Open Ombrophilous Forest
with bamboo. F. Semidecidous Forest (wet season) growing on rocky soil. Photos: N. A. Perigolo.

Dense Ombrophilous Forest was less frequent, be-
ing recorded at only one observation point. Alluvial
Ombrophilous Forest (varzea) and transitions to
Open Ombrophilous Forest were found along the
Madeira, whereas Semideciduous Forest occurred
as small patches growing on rocky outcrops.
Campinaranas belonging to four different subtypes
occurred in the flat lowlands on the right bank of the
Madeira (Fig. 1). The vegetation types surveyed

showed structural variation ranging from an average
canopy height of 25 m in Dense Ombrophilous
Forest to the absence of trees in Grassy-Woody
Campinarana (Figs. 2, 3). Canopy openness varied
widely among vegetation types (Table 1). Decidu-
ousness was observed only in the Semideciduous
Forest.

Water table levels rose rapidly from November,
soon after the start of the rainy season, and
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Fic. 3. Vegetation types in the upper Madeira region continued. A. Forested Campinarana. B. Detail of Forested Campinarana
during wet season flooding. C. Wooded Campinarana. D. Detail of herbaceous layer in Wooded Campinarana. E. Shrubby
Campinarana. F. Grassy-woody Campinarana. Photos: N.A. Perigolo.

remained high until May, followed by a gradual
reduction from June to October (Fig. 4). While this
general pattern was apparent across sites, unique
patterns of variation in water table levels were
observed among vegetation types. Open
Ombrophilous Forest displayed relatively deep
water table levels, whereas campinaranas were
found to have more superficial water tables subject
to ca. five months of seasonal flooding during the

rainy season. Within Open Ombrophilous Forest,
the subtype with palms showed the lowest annual
variation in water table levels, while the subtype
with bamboo had both the highest amplitude and
the most superficial levels (Fig. 4).

Soil samples showed wide variation in texture,
pH, concentration of Al*>, C, N and sum of
exchangeable bases (Appendix 1). The
PCA displayed marked separation of observation
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Continued.

TaBLE 1.
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3.28 18

4.29

0.6

8.85

well-drained

98 0-4%

65° 3'54"W

9°35'42"S

Open and Alluvial

Ombrophilous Forests
TC-Transition between

1.21 3.02 1.45 14

5.12

seasonally
flooded

0-4% 0

109

65°2127"W

9°35'52"S

Open Ombrophilous

Forest and

Campinarana

points based on soil parameters and revealed an
overall congruence between vegetation type and
soil fertility and texture (Fig. 5). Alluvial
Ombrophilous Forest stood out for having the
most fertile soils, with higher pH, sum of bases,
and phosphorus concentration, but the lowest
aluminum levels (Appendix 1). Open
Ombrophilous Forest exhibited wide ranges for
soil texture and fertility, but in general soils
supporting this vegetation type tended to be
more acidic and of clay-sandy texture. Soils
supporting the subtype with sororoca were com-
paratively less acidic and had a higher propor-
tion of silt, whereas soils suppporting the sub-
type with bamboo tended to have clayey texture
and higher concentrations of aluminium. Soils
supporting Semideciduous Forest had clay-
sandy texture and intermediate fertility, but a
high degree of rockiness, whereas soils
supporting Dense Ombrophilous Forest had
low-fertility, high sand content, and low pH.
Soils supporting campinarana generally showed
relatively high silt content and higher pH and
N, with a gradient of these parameters from
Forested to Open Campinaranas. An outlier
point among campinaranas was Shrubby
Campinarana, which had soil with higher pro-
portions of sand, low pH and low N (Appendix
1; Fig. 5).

The vegetation types surveyed showed sig-
nificant differences in floristic composition,
which allowed the recognition of suites of
characteristic species associated with each
physiognomy: Attalea speciosa, Eschweilera
coriacea, Protium paniculatum in Open
Ombrophilous Forest; Ceiba pentandra,
Gustavia poeppigiana, Hura crepitans,
Magquira coriacea, Martiodendron elatum
and Schizolobium parahyba in Alluvial
Ombrophilous Forest and transitional areas;
Astronium sp., Cedrela fissilis, Handroanthus
serratifolius and Hymenaea courbaril in
semideciduous forest; and Byrsonima spp., Clusia
sp., Euterpe precatoria, Henriettea granulata,
Iryanthera spp., Pera spp., Ruizterania retusa,
and Xylopia neglecta in Forested and Wooded
Campinaranas. A list containing occurrence data
for 180 species in 12 vegetation types, along with
full species names and herbarium vouchers, is
presented in Appendix Table 2. The classification
of the vegetation types based on field observations
was largely corroborated by cluster analysis
(Fig. 6), in which observation points were grouped
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Forest with bamboo (observation points Fb1-Fb2). Cf: Forested Campinarana (Cf1-Cf5). Cd: Wooded Campinarana (Cd1-Cd2).

See also Table 1.

based on the occurrence of the most common
species. Major clusters included Campinaranas,
Alluvial and Open Ombrophilous Forests.

Descriptions of the principal vegetation types
of the upper Rio Madeira

ALLUVIAL OMBROPHILOUS FOREST (FLORESTA
OMBROFILA ALUVIAL, VARZEA FOREST)

The upper Madeira has a very deep channel and
high riverbanks, and the floodplain is much more
narrow than in many other parts of Amazonia where
varzea systems are developed (Junk et al.,, 2011). In
the study area, Alluvial Ombrophilous Forest
(Fig. 2A, B) occupies a narrow (10-20 m) zone
along the banks of the river. This zone is influenced
by seasonal flooding as a result of 10 m variation in
river levels between periods of flood and drought.
Soils in Alluvial Ombrophilous Forest had the
highest measured fertility levels, apparently
resulting from the annual deposition of nutrient-
rich sediments by the river. The terrain where this
vegetation type occurs is steep, with the lower part
more exposed to river currents and subject to ero-
sion and sediment deposition. Soils supporting this
vegetation type were collected on both the lowest
and highest parts of the river bank, with the two
collecting points showing similar characteristics but
the upper with slightly higher fertility (symbols Fal
and Fa2 in Fig. 5). Transitional areas between

Alluvial and Open Ombrophilous Forest that occur
adjacent to the banks of the Madeira River (Fig. 1)
are less prone to seasonal flooding and have inter-
mediate levels of fertility (Fig. 5; Appendix 1).
During low-water periods, the lower part of the
banks of the Madeira are exposed and colonized
by annual herbs such as Echinochloa sp. In the
intermediate zone further up the slope, the tall
grass Gynerium sagittatum predominates, forming
clumps on the riverbank. There are also a few tree
species that establish in this zone, including Albizia
niopoides, Cecropia spp., Muntingia calabura,
and Inga spp. The highest zone of the varzea is
less affected by inundation. It has a canopy height
of ca. 15-20 m and emergent trees of ca. 25-30 m,
such as Ceiba pentandra, Maquira coriacea, and
Schizolobium parahyba. In this zone, the forest
edge and canopy are often covered by lianas,
whereas the understory is dominated by smaller
trees such as Gustavia poeppigiana. Although
generally not affected by seasonal flooding, the
terra firme zone closest to the Madeira harbors a
flora that differs markedly from the more wide-
spread upland areas away from the river (Moser
et al., 2014), possibly due to higher soil fertility,
canopy openness, and water availability in the
zone adjacent to the river. Two observation points
(Fa, TA1) corresponding to the lower varzea clus-
tered together with high similarity, while four ob-
servation points classified as transitional vegeta-
tion types showed higher affinity with Open
Ombrophilous Forest (TA2-TAS; Fig. 6).
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DEeNSE OMBROPHILOUS FOREST (FLORESTA
OMBROFILA DENSA, DENSE TERRA FIRME FOREST)

Dense Ombrophilous Forest is uncommon in
the upper Madeira region and was recorded here
at only one observation point east of Jaci-Parana
(Fig. 1), where it occurred on flat terrain with
well-drained sandy soil of intermediate fertility.
This vegetation type presented a tall canopy 25—
30 m high, with an average canopy openness of
only 13% (Table 1). The most common tree
species recorded were Copaifera multijuga,

Eschweilera coriacea and Theobroma
speciosum. Emergent individuals of Dinizia
excelsa, Peltogyne heterophylla and
Pseudopiptadenia psilostachya were also en-
countered. Babassu palm (Attalea speciosa),
which was very frequent in the sampled Open
Ombrophilous Forest, was not found here, while
Astrocaryum aculeatum and Euterpe precatoria
were occasional. The understory was dominated
by young individuals of various tree species and
a few shrubs and herbs such as Piper spp. and
small palms such as Bactris elegans.
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Fic. 6. UPGMA dendrogram of 37 observation points in the upper Madeira region based on analysis of occurrence data
(Jaccard similarity index) for the ten most abundant species in each observation point. See Table 1 for abbreviations

OPEN OMBROPHILOUS FOREST (FLORESTA OMBROFILA
ABERTA, OPEN TERRA FIRME FOREST)

According to IBGE (2012), the “open” nature
of Open Ombrophilous Forest is strongly related to
the presence of elements such as palms, sororoca,
bamboo and lianas. Depending on the prevalence
of these elements, Open Ombrophilous Forest can
be subdivided into three subtypes. The subtype
“with palms” is the most frequent in Amazonia
and in some regions it is known as “babassu
forest” due to high abundance of Attalea speciosa.
The subtype “with sororoca” is found in tempo-
rarily flooded depressions. It is reported as forming
extensive patches in the middle course of the

Xingu River in Pard, and in smaller patches on
undulating terrain over oxisols in the states of
Amazonas, Rondonia, and Roraima, but its distri-
bution is not easily mappable on a regional scale
(IBGE, 2012). The subtype “with bamboo” occurs
mainly in southwestern Amazonia, with species of
the genus Guadua forming large patches of
“bamboo forest” (Carvalho et al., 2013). Open
Ombrophilous Forest was the most frequently en-
countered vegetation type in the study area, com-
prising 18 of 37 observation points. The distinc-
tiveness of the Open Ombrophilous Forest sub-
types was supported by the UPGMA analysis,
where plots corresponding to the three subtypes
grouped into different clusters, and with bamboo
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and sororoca subtypes showing higher similarity
(Fig. 6). The three Open Ombrophilous Forest
subtypes are described as follows.

Open Ombrophilous Forest with palms (Floresta
Ombrofila Aberta com palmeiras).—This was the
most common subtype of Open Ombrophilous
Forest in the study area. As the name suggests, it
can be distinguished from other subtypes by the
high density of trunked palms, with a predomi-
nance of babassu palm (Attalea speciosa) in the tree
stratum, along with other species of palms that
appear less frequently such as Astrocaryum
murumuru, Oenocarpus spp., and Euterpe
precatoria (Fig. 2C). This vegetation type occurrs
on flat terrain or on gentle slopes, on well-drained
clayey soils, normally without rocks. Soils that
support this subtype tend to be more acidic and less
fertile than those that support other vegetation
types, while the level of the water-table remains
deeper throughout the year (Fig. 4). Open
Ombrophilous Forest with palms has an average
canopy height of 20-25 m, with emerging trees
reaching 30-35 m, and canopy openness of 10—
18% (Table 1). In the tree layer, the most common
species were Attalea speciosa, Eschweilera
coriacea, Neea floribunda and Rhodothyrsus
macrophyllus. Among the emergent species were
Bertholletia excelsa, Hevea brasiliensis,
H. guianensis, and Peltogyne heterophylla. How-
ever, the occurrence and abundance of species in
this subtype varied substantially between observa-
tion points, mainly due to the high incidence of rare
species. Among the herbaceous species, Olyra spp.
and the fern Trichomanes pinnatum were the most
common, whereas bamboo, lianas and sororoca
were generally infrequent.

Open Ombrophilous Forest with sororoca
(Floresta Ombrdfila Aberta com sororoca)—The
Open Ombrophilous Forest with sororoca is char-
acterized by the high frequency of
Phenakospermum guyannense, an essentially ar-
borescent herb that can reach 10 m height (Fig.
2D). This vegetation subtype was observed on the
right margin of the Madeira (Fig. 1) in a flat
lowland area formed by alluvial deposits that
may be occasionally flooded. Soils have clay-
silty texture, high pH (Fig. 5; Appendix 1), and
the shallowest water-table level among the sub-
types of Open Ombrophilous Forest (Fig. 4). The
vegetation structure varied little in comparison with
the Open Ombrophilous Forest with palms, al-
though the canopy is slightly lower, with an aver-
age height of 15-20 m and emergent trees around
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25-30 m. Floristic composition differed notably
from the previous subtype, the most common spe-
cies being Miconia eriocalyx, Oenocarpus bataua,
Protium spp., Sacoglottis mattogrossensis,
Tachigali poeppigiana, and Virola calophylla, as
well as the emergent species Qualea paraensis
and Erisma bracteosum. Eschweilera coriacea,
Hevea brasiliensis and Neea floribunda, which
were frequent in the Open Ombrophilous Forest
with palms, were encountered only occasionally
in this subtype. The understory consisted of young
trees and relatively few shrubs. The most common
herbaceous species were Ischnosiphon arouma,
Olyra spp. and sororoca, as noted. Babassu palm
and bamboo were sparse.

Open Ombrophilous Forest with bamboo
(Floresta Ombrofila Aberta com bambu)—QOpen
Ombrophilous Forest with bamboo was recorded
at only two observation points in hilly sites on the
left bank of the Madeira (Fig. 1) over well-drained
clayey soil without rocks. The water table levels
at these sites showed the greatest annual changes
in amplitude among the sites analysed, with very
deep levels during the dry season followed by a
sharp increase at the beginning of the rainy season
(Fig. 3). The average height of the vegetation was
15-20 m, with emergent trees of 25-30 m, and
canopy openness around 17%, mostly due to the
incidence of bamboo stands (Fig. 2E). Palms were
occasional in both the canopy and understory. The
most common species in the tree layer were Licania
spp., Mezilaurus itauba, Miconia punctata,
Protium spp. and Tachigali spp., with Vatairea
sericea and Qualea paraensis present in the emer-
gent stratum. Species frequent in other Open
Ombrophilous Forest subtypes such as Eschweilera
coriacea and Tachigali poeppigiana also occurred
in bamboo forest. The understory of this subtype
was dense, consisting of the bamboo Guadua sp.,
as well as Olyra sp., and the ferns Adiantum
argutum and Trichomanes pinnatum. Sororoca
and lianas were found occasionally. Forests domi-
nated by bamboo seem to be expanding their ranges
in Amazonia (IBGE, 2012). The causes of such
expansion could be related to either favorable en-
vironmental change or human-induced distur-
bances (McMichael et al., 2014). Establishment of
bamboo in areas where it was previously absent
alters the structure and dynamics of the local plant
communities, since bamboo forests have smaller
average tree size and density, lower species rich-
ness, and increased mortality rates (Griscom et al.,
2007; Medeiros et al., 2013).
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SEMIDECIDUOUS SEASONAL FOREST (FLORESTA
ESTACIONAL SEMIDECIDUAL, DRY FOREST)

Semideciduous Seasonal Forest was found in
the study area at a single observation point com-
prising a small patch of vegetation growing on
rocky soil (rock cover 50-90%) surrounded by
Open Ombrophilous Forest (Fig. 2F). The soil
had clay-sandy texture, and pH and fertility with
intermediate values compared to other vegetation
types. The canopy was around 10-15 m tall with
emerging trees reaching 20-25 m, and the canopy
openness measured 34% at the end of the rainy
season (May 2014), a value that would increase
considerably at the end of the dry season. Typical
dry forest species were recorded in the tree layer,
including Astronium sp., Cedrela fissilis,
Handroanthus serratifolius, Hymenaea courbaril
and Poeppigia procera. The understory was com-
posed of shrubs, bamboo, herbs and lianas, includ-
ing Bauhinia spp., Begonia guaduensis, Calathea
sp., Metrodorea flavida, Peperomia sp., Piper
umbellatum, and Urera baccifera. Epiphytic mem-
bers of Araceae, Bromeliaceae and Orchidaceae
were also common. Despite the humid climate of
the region and the lack of prolonged drought, this
vegetation type exhibits deciduousness during the
short dry season, although the canopy is never
completely leafless. At the site where this vegeta-
tion type was encountered, the large percentage of
granite outcrops and shallow soil probably reduce
water availability during the dry season. Similar
Semideciduous Forests associated with rocky out-
crops were reported in northern Mato Grosso,
where low water availability in the dry season
was also linked to shallow soils (Sasaki et al.,
2010). In that region, the dry forest had a mixed
composition of evergreen and deciduous species,
and the absence of species typically associated
with other forest types on terra firme (Zappi
etal., 2011). Seasonally dry forests in the Neotrop-
ics are often associated with high-fertility soils on
limestone outcrops (Pennington et al., 2000), but
that does not seem to be the case here since the soil
exhibited low to intermediate fertility (Appendix 1;
Fig. 5). Although we encountered it at only a
single site, it is likely that semideciduous forests
associated with rocky outcrops were previously
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more extensive in the upper Madeira. The presence
of valuable timber species makes this vegetation
type an obvious target for logging, and thus we
suspect that many areas that formerly supported it
are now deforested.

CAMPINARANA

The term campinarana (or campina) is normal-
ly used to define a type of stunted vegetation
dominated by small trees with thin stems, usually
growing on white sands, or less often on hydro-
morphic soils (podzol) (Daly & Mitchell, 2000;
IBGE, 2012). Campinarana forms extensive and
disjunct patches of various sizes surrounded by
terra firme forests throughout the Amazon basin
(Pires, 1973; Lisboa, 1975; Pires & Prance, 1985;
Adeney et al., 2016). Although they display wide
structural and floristic variation, ranging from
open grassy fields to closed forests, campinaranas
encompass a gradient in vegetation structure with
some common features, including the predomi-
nance of shrubs and small trees, reduced biomass,
high incidence of light in the understory, and
seasonal flooding (Rodrigues, 1961; Anderson,
1981; Coomes & Grubb, 1996).

The campinaranas encountered in the present
study occupied large flat lowland areas along the
right bank of the upper Madeira basin (Fig. 1) and
are locally known as “umirizal” (Fernandes &
Guimaraes, 2001). These campinaranas share both
similarities and differences with campinaranas in
other parts of Amazonia, such as those found in the
floodplains of the Negro, Orinoco, and Branco
river basins (e.g., Anderson, 1981). Similarities
include the occurrence of seasonal flooding by
elevation of the water table, vegetation structure
composed of small trees and often a dense herba-
ceous cover, low species richness and strong dom-
inance of a few species. However, a key difference
in the upper Madeira campinaranas is the predom-
inance of soils composed by fine alluvial (silty)
sediments, which contrasts with the sandy soils
(often white sand) that support campinarana (or
“white-sand forest”) elsewhere (Adeney et al.,
2016). Plant genera previously referred to as indi-
cators for campinarana (e.g., Byrsonima, Clusia,
Pagamea, Tovomita; see Pires & Prance, 1985;
Daly & Mitchell, 2000) were recorded at
campinarana sites sampled in the present study.
However, Ruizterania retusa, the dominant species
in the tree layer of the campinaranas studied here,
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has not previously been considered to be an indi-
cator species for campinarana (Pires & Prance,
1985), although it was recorded in the
campinaranas of the Virua National Park in Rorai-
ma (Cordeiro et al., 2016). Our findings reinforce
the view that the campinaranas encompass hetero-
geneous species assemblages and physical condi-
tions accross Amazonia (Adeney et al., 2016; Daly
et al., 2016).

Water table levels at the campinarana sites sur-
veyed were typically shallow (<4 m deep)
throughout the year, with 4-5 month of flooding
during the rainy season (Fig. 4). It must be
stressed that water saturation in the campinarana
sites was caused by the rise of the water table and
not by flooding from nearby rivers, although rare-
ly (as was the case with the exceptional floods of
2013/2014) campinaranas in the study area can be
inundated by the Madeira.

The campinaranas surveyed formed a vegeta-
tion gradient ranging from open grasslands domi-
nated by Cyperacae and Poaceae to closed canopy
forests with a canopy height of 10-20 m. Slight
differences in topography, and consequently in the
duration of flooding appear to be important in
structuring the floristic gradient in campinaranas,
from open formations in the low-lying areas to
forested formations in uplands. Such fine scale
topographic variations are also critical in the tran-
sitions between flood-tolerant campinaranas and
flood-sensitive terra firme forests. Despite substan-
tial structural and floristic differences, most obser-
vation points classified as campinaranas clustered
into a large group (Fig. 6). Based on structural and
floristic variation, and following the classification
system adopted here (IBGE, 2012), the
campinaranas in the study area were divided into
four subtypes: Forested, Wooded, Shrubby, and
Grassy-woody Campinarana (Table 1).

Forested Campinarana (Campinarana
Florestada).—Forested Campinarana was the
subtype with highest vertical structure (Fig. 3A).
Its soils exhibited the highest proportion of silt
registered in this study, as well as high concentra-
tions of nitrogen and high pH (Fig. 5). This vegeta-
tion type was subject to seasonal flooding and had
canopy height ranging from 8 to 20 m, an average
canopy openness of 25% (Table 1). The mostly
commonly encountered tree species was
Ruizterania retusa, which represented up to one-
third of the individuals in a given area. Other com-
monly encountered trees were Euterpe precatoria,
Iryanthera juruensis, Pera decipiens, Tachigali
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tinctoria, Meriania urceolata, Ouratea spp.,
Vochysia ferruginea, V. vismiifolia and Xylopia
neglecta. The herbaceous layer for this subtype
was the least developed among the campinarana
subtypes due to lower light penetration in the un-
derstory. A high frequency of epiphytes of Araceae
and Orchidaceae were found, often associated with
ants that make nests in the roots of epiphytes (e.g.,
Anthurium gracile), forming “ant gardens”. Transi-
tional areas between Forested Campinarana and
Open Ombrophilous Forest, which are only partially
affected by water saturation, were taller and exhib-
ited a more closed canopy and higher species diver-
sity relative to Forested Campinarana. Ruizterania
retusa was observed to be less prevalent in these
transitional areas, which harbored a mixture of both
terra firme species (e.g., Eschweilera coriacea,
Hymenaea parvifolia, Licania spp., Peltogyne
heterophylla) and campinarana species (e.g., Futer-
pe precatoria, Garcinia macrophylla, Iryanthera
Juruensis, Xylopia neglecta).

Wooded Campinarana (Campinarana
Arborizada).— This subtype comprises an inter-
mediate form between Forested and Shrubby
Campinarana. In the study area it was found to
occur on flat terrain subject to seasonally
flooding, and was characterized by the high inci-
dence of small hummocks around 1 m” in area
and 40 cm high. These small elevations in the
terrain provided a dry refuge where trees
establish, whereas the lower areas between
mounds remained flooded for most of the year
and were colonized by herbaceous species (Fig.
3D). Wooded Campinarana differed from Forest-
ed Campinarana by having smaller (3 to 5 m tall)
and more scattered trees with a canopy openness
around 42% (Fig. 3C), and lower species richness.
The predominant species encountered was
Ruizterania retusa, accounting for up to half the
number of stems. Other common species were
Byrsonima punctulata, Clusia sp., Henriettea
granulata, Miconia prasina, and Tachigali
tinctoria. The palm tree Mauritiella armata was
occasionally found, while Mauritia flexuosa was
rare. A dense herbaceous layer was found, dom-
inated by species of Cyperaceae such as Scleria
stipularis and Rhynchospora cephalotes, and spe-
cies of Eriocaulaceae such as Syngonanthus
biformis and S. longipes.

Shrubby Campinarana (Campinarana
Arbustiva)—This subtype was found at a single
site where it occurred as a patch of low vegetation
next to a stream subject to flooding by seasonal
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elevation of the water table. This was the only
campinarana registered on white-sand soil, and it
was markedly distinct from other sites supporting
campinarana in both soil properties (Fig. 5) and
species composition (Fig. 6). This essentially open
formation was composed mainly of shrubs and
herbs, with discontinuous structure ranging from
pure herbaceous cover to large aggregates of shrubs
and small trees, with a canopy height of 1-2 m (Fig.
3E) and a few larger individuals reaching 4 m. The
canopy was observed to be quite open, ranging from
70-100% open (Table 1). Among woody species
encountered were Byrsonima melanocarpa,
Caraipa savannarum, Jacaranda campinae,
Macairea radula and Ouratea spruceana. The
dense herbaceous stratum was dominated by
Poaceae, Eriocaulaceae and Xyridaceae, including
Bulbostylis sp., Comanthera xeranthemoides,
Eragrostis maypurensis, Paepalanthus
polytrichoides, Syngonanthus bisumbellatus, S.
bracteosus, S. longipes, Trachypogon spicatus, and
Xyris jupicai, as well as Siphanthera cordata and
the terrestrial orchid Catasetum cassideum.
Grassy-woody Campinarana (Campinarana
Gramineo-lenhosa)—This is a savannah-like for-
mation (Fig. 3F) dominated by herbaceous species,
with few scattered trees and shrubs, usually oc-
cupying higher ground (mounds). In our ar-
ea, it was found on silty soils subject to
seasonal flooding. Soil fertility exhibited in-
termediate values in comparison to sites
supporting other subtypes of campinarana,
with the mounds being slightly more fertile
than flat areas (Fig. 5; Appendix 1). Trees
and shrubs were mostly 1.5-3 m tall, with
some individuals occasionally reaching 4-8
m. The most common tree species were
Guatteria sp., Pterandra arborea and
Ruizterania retusa. The palms Mauritiella
armata and Mauritia flexuosa were also re-
corded. The herbaceous layer was dominated
by Cyperaceac and Poaceae, such as
Bulbostylis sp., Digitaria sp., and
Echinolaena inflexa, as well as Palhinhaea
camporum, Selaginella asperula,
Syngonanthus biformis, and S. humboldtii.

Conclusions

The vegetation surveyed in the study area
showed major structural and floristic variation,
which permitted the recognition of a number of
physiognomies that varied in stature, canopy
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openness and dominant species. Field observa-
tions allowed the recognition of unique suites of
indicator species that occurred in high densities in
each of the vegetation types surveyed. In
addition to vegetation structure and composi-
tion, physical and chemical properties of soil
and drainage were additional parameters that
contributed to our classification of vegetation
types. Observation points varied widely in
terms of soil texture, fertility, and seasonal
variation in groundwater levels between
physiognomies. Seasonal flooding appears to
be a major driver of floristic composition
and structure at the sites where it occurs.
Resolution of high levels of environmental
and floristic heterogeneity, on both local
and regional scales, such as detected in this
study would undoubtedly be obscured in
studies based solely on satellite imagery.

This survey improves floristic knowledge of a
poorly known, athough potentially species-rich
Amazonian region. Recent taxonomic work
targeting specific groups in our study area has
uncovered high taxonomic diversity
(Catenacci & Simon, 2017) and new species
(Sobral et al., 2015; Sobral & Souza, 2017).
The data presented here should inform con-
servation strategies in the region, such that
attention is given to the full range of vege-
tation types, thus encompassing the land-
scape and biotic diversity of the region as a
whole.

Acknowledgments

We thank Antonio (“Tonico”) Barreto dos
Santos, Flavio Rodrigues, Glocimar Pereira-
Silva, Pamela Moser and Washington
Oliveira for their help during field work,
Bruno Walter for his critical review of an
early version of the manuscript, and Aelton
Giroldo for support with data analysis. We
are indebted to Benjamin Torke and Douglas
Daly for their valuable suggestions on the
paper. This research is part of first author’s
masters dissertation in the Department of
Botany at the University of Brasilia. The
research was supported by a scholarship from
CAPES (Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior). This study is part of
the project “Programa de Conservagdo da Flora
na UHE Jirau” funded by Energia Sustentavel do
Brasil-ESBR.



2017] PERIGOLO ET AL.. VEGETATION OF THE MADEIRA RIVER 439

Appendix 1

TABLE 2. SOIL PROPERTIES FOR 37 OBSERVATION POINTS SURVEYED IN THE UPPER MADEIRA RIVER, RONDONIA. VALUES REPRESENT THE AV-
ERAGE OF A COMPOSITE SAMPLE AT FOUR DEPTHS IN EACH OBSERVATION POINT. VARIABLE UNITS: SILT, CLAY, SAND (G/KG); C, N (G/KG); AL? *
CA%*, K*, MG**, Na™, S (cmoLc/pm?); P (Ma/pv?).

Obs. point* Silt Clay  Sand pH Ca®t  Mg* K* Na* S AP* C N p*
Fal (low) 344 238 419 595 573 2.08 026 008 813 0.00 465 0.62 8540
Fa2 (high) 56 281 663 515 818 2.73 023 009 1122 053 1280 044 4535
Fd 50 344 606 3.83 1.73 0.18 029 003 219 330 1495 056 493
Fpl 197 475 329 410 4.05 0.55 011 001 472 3.88 1500 188  1.08
Fp2 256 213 532 430 448 0.70 0.15 0.0l 534 1.58 11.73 1.91 2.33
Fp3 234 5% 172 420 048 0.10 001 001  0.60 538 2453 140 1.00
Fp4 242 625 133 415 030 0.10 006 001 047 528 2025 L12  3.05
Fp5 250 325 425 408 023 0.10 0.04 001 037 5.13 18.38 L13 2713
Fp6 131 619 250 338 078 0.18 022 003 119 438 2165 058  3.90
Fp7 119 463 419 405 028 0.13 009 002 051 520 1433 052 143
Fp8 321 306 373 425 480 0.90 010 001 556 2.88 1028 201  2.80
Fp9 271 175 554 408 453 0.63 007 001 523 250 773 1.53 1.88
Fpl0 111 456 433 485 045 0.15 009 001 070 778 2495 052 1023
Fpll 224 350 426 503 040 0.10 007 003 0.0 408 730 044  0.63
Fpl12 156 313 531 408  1.50 0.10 008 002 170 4.18 10.75 041 220
Fsl 501 344 156 505 030 0.15 0.14 0.0l 0.60 413 2120 140 248
Fs2 508 331 161 505 023 0.13 019 001 055 3.68 1483 253 0.60
Fs3 401 344 256 525 020 0.10 014 001 045 350 13.58 140 0.98
Fs4 555 256 189 523 023 0.13 013 001 049 3.25 11.45 122 1.05
Fbl 260 669 7 438 063 0.10 003 001 076 528 3088 247 050
Fb2 265 688 48 418 055 0.10 001 001 067 545 3845 195  0.80
Fm 144 400 456 450 258 0.33 040 003 333 2.20 1580 056 425
cfl 552 250 198 550 038 0.15 015 001 068 335 888 234 3.08
cR 434 231 335 545 025 0.15 017 001 058 290 1200  1.60 228
Cf3 550 388 63 538 020 0.10 0.18 0.0l 0.49 3.63 2885 242 183
Cf4 559 313 129 565 025 0.13 012 001 050 290 3010 281 403
Cfs 537 344 119 450 375 0.93 012 001 480 268  61.88 584 135
cdl 595 350 56 440 405 0.75 0.14 001 495 3.80 11.00 1.71 1.65
cd2 529 319 153 430  3.83 0.65 012 002 461 340 1495 158 133
Cd3 494 331 175 500 020 0.10 0.04 001 035 335 835 044 023
Cv 75 113 813 4.58 1.70 0.10 0.04 0.0l 1.85 1.78 1653 041 5.18
Cgl (low) 525 269 206 4.55 1.38 0.10 017 005 170 2.48 1685 046  3.88
Cg2 (high) 469 219 313 4.33 1.33 0.15 030 003 400 435 1850 056 248
TAL 617 313 71 505 553 3.15 016 003 887 255 928 1.64  4.20
TA2 495 375 130 558 050 0.40 021 0.01 112 410 653 1.43 1.40
TA3 520 400 80 490 818 228 020 009 1074 393 945 1.75 16.38
TA4 503 431 66 440 433 0.80 0.18 005 535 6.08 10.33 191 2.80
TA5 547 419 35 4.68  4.65 1.98 019 005 687 593 830 179 3.08
TC 430 381 189 435 4.00 0.73 020 002 495 3.98 1390 175 1.53

*For observation points Cg and Fa, soil samples have been collected in both lower and upper parts of terrain and analyzed
separately
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