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Abstract

Although the importance of long-term data has been emphasized by ecologists in recent years, little is known about
how communities may change over time. In this study, we describe the general patterns of aquatic macrophyte diver-
sity in the Parana River floodplain observed during six years of study. Temporal changes in community composition
were also evaluated. Data on the presence or absence of aquatic macrophytes were collected between March 2002 and
March 2008, in six lakes associated with three rivers. Different analytical strategies were used to evaluate the dynam-
ics of aquatic macrophyte communities between the different systems in the floodplain. The composition of aquatic
macrophytes differed among the rivers, mainly with respect to the different vegetation life forms (floating, submersed,
emergent and rooted with floating stems). The temporal similarity of species composition during the six years and the
beta-diversity index indicated that the month-to-month species turnover was, in general, lower in the connected lakes,
which are directly influenced by the river. Probably the water level fluctuation is a selective force that contributes to
maintaining diversity or richness. Our findings indicated the importance of abiotic characteristics and connectivity of
the lakes in determining macrophyte composition and community stability over a long time frame.
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Padroes temporais e espaciais da diversidade de macrdfitas
aquaticas na planicie de inundac¢ao do Alto Rio Parana

Resumo

Estudos utilizando ampla escala temporal ainda sdo escassos na ecologia, mesmo considerando sua importancia no
estudo de comunidades. Esse trabalho teve como objetivo principal descrever padrdes gerais sobre a diversidade de
macroéfitas aquaticas na planicie de inundag@o do Alto Rio Parand utilizando uma ampla escala temporal (seis anos de
estudo). Mudangas na composi¢io das comunidades ao longo do tempo também foram avaliadas. Dados de presenga
ou auséncia de macroéfitas foram obtidos entre Marco de 2002 e Margo de 2008 em seis lagoas associadas a trés rios
na planicie de inundacdo. Diferentes técnicas foram utilizadas para avaliar a dinamica das comunidades de macrdfitas
aqudticas entre os diferentes ambientes. De maneira geral, a composi¢do das comunidades foi dissimilar entre os
diferentes rios, principalmente considerando os diferentes grupos funcionais de macroéfitas (flutuante livre, submersa,
emergente e enraizada com folha flutuante). A similaridade temporal na composi¢do de espécies e o indice de di-
versidade beta indicaram que a substituicdo de espécies ao longo dos meses foi, de maneira geral, menor nas lagoas
conectadas ao rio principal. Provavelmente, a flutuacio no nivel da dgua representa uma pressdo seletiva que ajuda a
manter a diversidade de espécies nas lagoas diretamente influenciadas pelo rio. Os resultados desse estudo indicaram
a importancia das caracteristicas abidticas e da conectividade das lagoas na composi¢do e estabilidade temporal das
comunidades de macrofitas aquéticas na planicie de inundacio do Alto Rio Parana.

Palavras-chave: diversidade, macrdfitas aqudticas, planicie de inundago, longa duracéo.

1. Introduction

Macrophytes constitute one of the major compo-  Ritchie, 2001; 2002; Bouchard et al., 2007; Bianchini
nents of freshwater environments, because they help to  Jr. et al., 2008). This community is highly productive in
maintain the biodiversity (Agostinho et al., 2007a; Theel ~ floodplains (Junk and Piedade, 1993; Bini, 1996), and
et al., 2008) and ecosystem functions (Engelhardt and  part of the macrophyte biomass can be used as food by
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aquatic organisms (Gaspar da Luz et al., 2002; Hahn
et al., 2004; Oliveira et al., 2006; Lopes et al., 2007).

Macrophytes are affected by a variety of abiotic fac-
tors, including water and sediment nutrients, underwater
light, fetch, and water-level fluctuations (e.g., Wetzel,
2001; Camargo et al., 2006; Maltchik et al., 2007). Flood
pulses are especially important in river-floodplain eco-
systems (Junk et al., 1989; Neiff, 1990) and they alter
macrophyte biomass, productivity, composition, and
richness (Bini, 1996; Camargo and Esteves, 1996; Ward
and Tockner, 2001; Maltchik et al., 2007).

A number of studies have investigated the effects of
limnological and hydrological features on aquatic mac-
rophytes in the Upper Parana River floodplain. In gener-
al, both limnological variables (Bini et al., 2001; Murphy
et al., 2003) and the hydrological regime (Bini, 1996;
Santos and Thomaz, 2007) are important determinants of
macrophyte populations and community composition in
this stretch of the Parana. Although some of these stud-
ies have focused on large spatial scales (e.g., Bini et al.,
2001; Murphy et al., 2003), little is known about the dy-
namics of these communities from long-term vegetation
monitoring.

In this study, we describe the general patterns of
aquatic macrophyte diversity in the Upper Parand River
floodplain. We first examine the species richness and life
forms of aquatic macrophytes in different lakes in the
floodplain. Second, we analyze the long-term changes in
the vegetation composition in these environments. The
effects of the degree of connectivity of lakes with the
main river and water-level fluctuations are used to inter-
pret our data. The study includes both a large spatial scale
(connected and isolated lakes belonging to three rivers in
the Upper Parand River floodplain) and a long temporal
scale (samples obtained over a six-year period).

2. Study Area

The Parand River Basin covers a large area in Brazil
(ca. 802,150 km?). In its upper portion, the Parand River
is associated with a wide floodplain (the Upper Parana
River floodplain, 5-20 km width), the last undammed
stretch of this river in Brazil. The study was under-
taken in this floodplain (Figure 1), which encompasses
a variety of aquatic, transitional, and terrestrial habi-
tats (Agostinho et al., 2007b). Our study is part of the
Brazilian program of “Long-Term Ecological Research”
(LTER - site number 6). Several studies have suggested
that habitats differ among the rivers in this floodplain,
with respect to both biological and limnological features
(Thomaz et al., 2004a). In general, lakes connected di-
rectly (by small canals) or indirectly (by the hyporheic
corridor or major flood events) to the main river, back-
waters, and channels constitute the main aquatic envi-
ronments.

We selected six lakes, associated with three riv-
ers (Parand, Bafa, and Ivinheima). For each river, two
lakes were studied, one directly connected to the river,

and another isolated, in direct contact with the river only
during major floods, when bank overflow occurs. These
lakes vary widely in area, from 0.006 ha (Osmar Lake)
to 113.8 ha (Patos Lake).

3. Methods

Aquatic macrophytes were surveyed approximately
every three months, between March 2002 and March
2008 (totaling 23 sample series). In each lake, data on
macrophyte species were recorded from a boat mov-
ing at a constant slow speed along the entire shoreline.
Submersed plants were sampled from the boat with a
rake, for 10 minutes. Taxonomic identification followed
the specialized literature (Cook, 1990; Velasquez, 1994;
Pott and Pott, 2000; Lorenzi, 2000).

Different analytical strategies were used to compare
the structure of aquatic macrophyte communities among
the different habitats in the floodplain (lakes directly
connected or not to the main river, and associated with
three different rivers), during these six years of study.
First, the number of taxa (herein “number of species”
or “richness”) per lake was plotted for each month, to
look for temporal patterns of this attribute and for pos-
sible effects from two exceptional floods that occurred
in January 2005 and 2007. The effect of lake area on
richness was tested by correlation analysis. Second, spe-
cies-accumulation curves were used to compare species
richness among lakes. The species-accumulation curve
is the graph of the expected number of species detected
as a function of the number of surveys (our sampling
effort). Plotting this curve provides a useful method
for both quantifying species richness and standardize
the sampling effort (Gotelli and Colwell, 2001). Third,
macrophytes were grouped according to their life forms
(Esteves, 1998), and the lakes were compared in regard to
this aspect. Finally, species composition of communities
was assessed with a detrended correspondence analysis
(DCA), which was applied to ordinate the macrophyte
community and to visualize general patterns (Hill and
Gauch, 1980).

‘We also estimated, for each lake, a matrix of commu-
nity similarity between months, using the Jaccard index:

j

JAB)= (a+b+j)

)

in which a is the number of taxa in community A (com-
munity of a lake in one sampling period), b is the number
of taxa in community B (community of the same lake in
another sampling period), and j is the number of taxa
in both communities. This index indicated the degree of
temporal stability regarding community composition.

Species turnover over time in each lake was used to
measure which group of lakes (connected versus isolat-
ed) was more temporally stable. Turnover was assessed
by an index of beta diversity provided by Harrison et al.
(1992):
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Figure 1. Study sites. 1 = Ventura Lake; 2 = Patos Lake; 3 = Osmar Lake; 4 = Gargas Lake; 5 = Fechada Lake; 6 = Guarana
Lake. Lakes 1 and 2 are associated with the Ivinheima River, lakes 3 and 4 with the Paran4 River, and lakes 5 and 6 with the
Baia River. Lakes 1, 3 and 5 are isolated, and the others are directly connected to the river main channel.

p-1=[S/a,,) - 11/(N-1) @)

‘mean:

where S = total number of species in each lake;
o, .., = mean alpha diversity (mean S in each lake be-
tween March 2002 and March 2008); N = number of
months (23).

Differences in species richness, community simi-
larity, and community composition (represented by the
first scores of the DCA) between connected and isolated
lakes during all the months studied were tested using the

paired-sample 7-test.

4. Results

We recorded a total of 50 taxa of macrophytes during
these six years. The richness per lake ranged between 5
(Osmar Lake in March 2006 and 2007) and 24 (Guarana
Lake in December 2004) (Figure 2). The mean number
of species was lowest in Osmar Lake (8.4) and highest in
Guarana Lake (17.0). The species-accumulation curves
(Figure 3) show that the highest richness was found in
the lakes associated with the Baia River (Guarana Lake),
while the lowest number of species was recorded in
Osmar Lake, an isolated lake located on an island of the
Parand River. The number of species was not affected by
lake area (r=-0.337; p=0.514), but it was affected by the
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Figure 2. Temporal trends in species richness in six lakes of
the Parana River floodplain.

degree of connectivity: lower mean richness was found
in the isolated lakes (10.6 £ 2.28) than in the connected
lakes (13.9 +2.25) (t = 8.352, df = 22, p < 0.001).
Despite these differences, there was no clear tempo-
ral trend in species richness per lake (Figure 2). Although
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the exceptional floods in 2005 and 2007 apparently de-
creased macrophyte richness, it is difficult to associate
both variables because of the wide and irregular fluctua-
tions in richness, which also decreased in several months
that did not experience major floods (Figure 2).

The most frequent species recorded in the lakes
associated with the Parand River were Eichhornia
azurea Kunth. (100%), Nymphaea amazonum Mart.
and Zucc., Polygonum ferrugineum Wedd. (95.6%),
Polygonum stelligerum Cham., and Salvinia auriculata
Aubl. (86.9%), in Gargas Lake; and P. ferrugineum and
N. amazonum (86.9%) in Osmar Lake. In the lakes as-
sociated with the Bafa River, the most frequent species
were Paspalum repens Berg. (100%), P. ferrugineum,
L.f., E. azurea, and
Eichhornia crassipes (Mart.) Solms (95.6%) in Guarana
Lake; and Pistia stratiotes L. (100%), P. stelligerum
(95.6%), and E. crassipes (91.3%) in Fechada Lake. In
the lakes associated with the Ivinheima River, E. azurea
(95.6%) and E. crassipes (91.3%) were the most fre-
quent species in Patos Lake; while E. crassipes (95.6%),
P. stelligerum (91.3%) and E. azurea (82.6%) were fre-
quent in Ventura Lake.

Although they were recorded in low frequencies in
the lakes, two exotic species were also found: the emer-
gent Poaceae Urochloa subquadripara (Trin.) R.D.
Webster (syn. Brachiaria subquadripara) and the rooted
submersed Hydrilla verticillata L.f. Royle. The latter
species was also recorded only twice in Gargas Lake,
connected to the Parand River main channel. Although
it is rare in lakes, H. verticillata develops very rapidly
and attains high biomass in the Parana River main chan-
nel and its lateral channels (W. T. Souza, unpublished),
where it was first recorded in June 2005. Other sub-
mersed native species found in our surveys were Egeria
najas Planch., Cabomba furcata Schult. and Schult.f.,

Hydrocotyle ranunculoides
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Figure 3. Species accumulation curve of aquatic macro-
phytes in six lakes of the Parand River floodplain.

Najas microcarpa K. Schum., Nitella furcata, and Chara
guairensis R.Bicudo.

The frequency of macrophyte life forms also dif-
fered among lakes. The frequency of emergent species
was similar among lakes, but free-floating species (rep-
resented mainly by Salvinia spp.) and rooted species
with floating stems (represented mainly by Eichhornia
azurea) were more frequent in the Bafa River lakes
(Figure 4). Rooted submersed species were most fre-
quent in Garcas Lake (Figure 4).

Ordination clearly separated lakes associated with
the three rivers. The first axis separated the Parand lakes
(positioned on the left side) from the Bafa and Ivinheima
lakes (positioned on the right side). Axis 2 separated the
lakes from the other two rivers (Figure 5a). In general,
the lakes connected to the Parand River were character-
ized by the presence of rooted submersed species (e.g.,
E. najas, H. verticillata, Nitella furcata (Roxburgh ex
Bruzelius) C. Agardh emend. R.D. Wood and C. furcata).
The difference between macrophyte communities in the
lakes connected to the Ivinheima and Bafa rivers was
mainly caused by the presence of Thalia sp. and Cyperus
giganteus Vahl in the former, and Ricciocarpus natans
(L.) Corda, Polygonum meisnerianum Schan. et Schl.,
and Utricularia foliosa L. in the latter.

The temporal fluctuations of the first axis was quite
erratic, and there was no indication that even the excep-
tionally large floods of 2005 and 2007 affected commu-
nity structure (Figure 5b). However, the composition of
connected and isolated lakes was significantly different
in lakes of the Parand (t =5.22; p < 0.001) and Ivinheima
rivers (t = 3.2; p = 0.004). Composition of the con-
nected and isolated lakes did not differ in the Bafa River
(t=-1.55;p=0.13).
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Figure 4. Frequency of macrophyte life forms in lakes
of the Parand River floodplain, between March 2002 and
March 2008.
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Figure 5. a) Detrended correspondence analysis (DCA) ordination of aquatic macrophyte communities surveyed between
March 2002 and March 2008 in lakes associated with the Parand River, Baia River, and Ivinheima River; and b) Scores of
the first DCA axis (£SD) of isolated lakes and lakes connected to their respective rivers.
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Figure 6. Similarity (Jaccard index) of aquatic macrophyte
composition in six lakes of the Parand River floodplain, dur-
ing six years of study.
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The temporal similarity of species composition,
measured by the Jaccard index during the six-year period,
was higher in the connected lakes (Bafa River: t = 14.38;
p < 0.001; Parand River: t = 8.39; p < 0.001; Ivinheima
River: t =12.57; p < 0.001; Figure 6).

Species turnover during the months (beta diversi-
ty) was, in general, lower in the connected lakes (B-1:
Gargas = 0.079; Guarana = 0.058; Patos = 0.071) than
in the isolated lakes (B-1: Ventura: 0.101; Osmar: 0.095;
Fechada: 0.076) (t = 4.88; p = 0.03), corroborating the
results of the Jaccard similarity.

5. Discussion

We concentrated our efforts on only six lakes during
six years of surveys. Therefore, our results represent a
sub-set of the macrophyte community within the flood-

621



622

Thomaz, SM. et al.

plain. For the lakes surveyed, it is quite probable that
species richness of euhydrophytes (macrophytes that
truly depend on the water table to reproduce and survive)
recorded in this study represent reasonably well the real
local species richness (alpha diversity). This is suggested
by the species-accumulation curves, in which asymp-
totes were reached in all lakes (Figure 3). On the other
hand, the total number of species recorded in the lakes
is certainly an underestimate of the real species richness
of the floodplain (gamma diversity). Underestimation is
caused, in part, by the restricted sampling in a specific
type of habitat (only lakes directly or indirectly connect-
ed to rivers). In fact, surveys carried out between 1992
and 2000 in several different types of habitats (includ-
ing rivers, backwaters, and secondary channels) found
62 species (Thomaz et al., 2004a). Even this previous
survey underestimated species richness, because several
individuals could not be identified to species level, and
only euhydrophytes were considered. A more recent
survey with an increased diversity of habitats, including
also amphibious plants and with improved taxonomic
resolution, resulted in 118 species of macrophytes re-
corded in the Upper Parana River floodplain (Thomaz
et al., 2008).

The accumulation curves also showed that lakes
(directly or indirectly) connected to the Baia River con-
tain more species, whereas the lake located close to the
Parand River but unconnected to this river has the fewest
species. Possible reasons leading to these differences are
the intense disturbances from drying (in the lake uncon-
nected to the Parand), and intermediate water-level fluc-
tuations in Bafa River habitats (which do not undergo the
diel or short-term oscillations in water level that are typi-
cal of the Parana and Ivinheima lakes). Area could also
account for these differences, as shown in other wetlands
(Rolon and Maltchik, 2006), but this variable was not
significant in our group of lakes.

The differences in both species richness and com-
position among lakes associated with the three rivers
that were found from 2002 to 2008, were also recorded
in surveys carried out in the 1990s (Bini et al., 2001).
This information indicates that this pattern is consistent
over medium time scales (ca. 10-12 years), and suggests
the existence of physical factors acting over wide spa-
tial scales on the floodplain. Also, the three rivers dif-
fer in respect to some limnological features (Thomaz
et al., 2004b), which might account for the differences
observed in their macrophyte communities. For exam-
ple, the Parand lakes have higher Secchi disk values and
lower nutrient contents, which facilitate the development
of rooted submersed species. In contrast, the Ivinheima
River carries high solids and phosphorus, which favors
the growth of free-floating, rather than rooted submersed
species. In addition, habitats associated with the same
river may have a spatial auto-correlation regarding both
biotic and abiotic features. In this case, even lakes indi-
rectly associated with the same river may have a higher
connectivity with respect to individual exchanges, than

lakes associated with different rivers. In fact, connectiv-
ity has been considered an important aspect to explain
similarities of different groups of organisms in floodplain
aquatic habitats (Thomaz et al., 2007; Ward and Tockner,
2001). This could also explain the similar species com-
position and richness among habitats of the same river.

The most frequent species recorded in the lakes
surveyed are also very common in the Pantanal
Mato-grossense wetland (Pott et al., 1989; Pott and
Pott, 2000). The proximity of these floodplains and their
similarities in water-level fluctuation are probable rea-
sons for this similarity. However, it seems that lakes of
the Pantanal contain more species than do lakes of the
Parana floodplain. Pott et al. (1989), for example, record-
ed 37 species in a single lake located in the Nhecolandia
region, much higher than found in lakes of the Upper
Parand River floodplain (5 to 24 species).

Of all the species recorded, two exotics with high
invasive potential deserve special attention: Urochloa
subquadripara and Hydrilla verticillata. The former spe-
cies is native to Africa, and has been shown to decrease
significantly macrophyte diversity at small scales (quadrats
with 1m?) in the Upper Parand floodplain (Michelan
et al., 2008). The latter species is native to Australia, the
Pacific Islands, Asia, and probably Africa (Madeira et al.,
2007). Although still rare in lakes of the Upper Parand
River floodplain, H. verticillata became widespread in
the Parand main channel after 2005 (W. T. Souza, unpub-
lished). There is a lack of information about the invasive-
ness of H. verticillata in Neotropical waterbodies. Data
from other ecosystems indicate that it may outcompete na-
tive species such as Egeria densa (Mony et al., 2007), and
it affects different aspects of its associated communities,
such as invertebrate composition (Theel et al., 2008) and
fish foraging behavior (Theel and Dibble, 2008).

With regard to the temporal variation of community
attributes, species richness per lake and species compo-
sition (represented by the scores of the first DCA axis)
oscillated erratically during the six years, making it dif-
ficult to assess the effects of two atypical floods recorded
in January 2005 and 2007. Despite a reduction in species
number following these floods, confounding responses
due to high temporal fluctuations indicate that species
richness per se and species composition are not suitable
attributes to detect the effect of high flood pulses such as
those recorded in the Upper Parand floodplain in these
two years. This confounding response is expected, be-
cause richness does not account for dominance or eq-
uitability, i.e., macrophytes are not usually eliminated
by major floods, although their density may be strongly
reduced. The species composition as measured by DCA
is also not sensitive, because it was estimated only with
a presence-absence matrix in our study. Although we
did not measure the effects of floods on plant densities
in this study, they are widely recognized in floodplain
lakes (Junk and Piedade, 1993; Bini, 1996; Camargo and
Esteves, 1996). In addition, rapid recovery of macro-
phytes from flood disturbances and/or the limitation of
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our analysis to a few locations may also have prevented
clear perception of responses of richness and composi-
tion to major floods.

Despite the lack of a clear temporal trend in species
richness, some long-term trends of individual species are
apparent in the Upper Parand floodplain. For instance,
available data indicate an increase in the occurrence of
submersed species after 1998 (Thomaz et al., 2004a;
S. M. Thomaz, personal observation), although surveys
of macrophytes in the Upper Parand floodplain were rare
before 1995 (Souza et al., 1997). The increase of rooted
submersed species (including the exotic H. verticillata)
is a direct result of the increase in water transparency of
the Parana River (Padial and Thomaz, 2008), and from
the large input of propagules from the reservoirs located
upstream, which are extensively colonized by submersed
plants (Tanaka, 2000; Martins et al., 2008). As a result,
the highest frequency of submersed species was found
in Gargas Lake, the only lake directly connected to the
Parand River main channel.

Besides increasing the species richness and density
of submersed species, reservoirs probably contributed to
reduce the occurrence of free-floating plants in the habi-
tats connected to the Parand River, because they dras-
tically reduced phosphorus concentrations downstream
(Barbosa et al., 1999). E. crassipes, for example, a free-
floating macrophyte that is very common in aquatic hab-
itats all over South America, is rare in lakes associated
with this river. An experiment employing mesocosms to
explore the reason for this scarcity found that phosphorus
limits its growth in the Upper Parand River (Kobayashi
et al., 2008), while nitrogen is its main limiting nutrient
in downstream habitats of this river (Carignan and Neiff,
1992). Thus, reservoir operation probably has an impor-
tant role in structuring macrophyte assemblages in lakes
of the Upper Parand River floodplain.

Despite the effects of reservoir operation (which
presumably affects almost all the lakes simultaneously),
directly connected and isolated lakes differ according
to species richness, composition, and degree of stabil-
ity. Higher species richness in directly connected lakes
may be accounted for by the constant and direct input of
propagules brought by rivers into these habitats. Ward
and Tockner (2001) proposed that the alpha diversity of
several groups reaches a peak in habitats with an inter-
mediate degree of connectivity. However, because our
data only deal with connected versus isolated lakes, it is
difficult to infer if our connected lakes really represent
intermediate degrees of connectivity.

The higher temporal similarity found in the con-
nected lakes (indicated by both Jaccard and -1 indices)
suggests that these habitats are more stable over time,
compared to isolated lakes. The connected lakes are usu-
ally shallower and experience greater water-level fluc-
tuations because of their direct connection with the river
main channel (Santos and Thomaz, 2007). The variation
in water level probably represents a selective force fa-
voring certain species, which will dominate over time,
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and, together with the constant entrance of propagules
carried in by river water, may explain the greater stability
of these habitats. In fact, intermediate-level disturbances
(such as floods in wetland systems) may cause selective
mortality, which would contribute to maintaining diver-
sity or species richness (Connell, 1978; Petraitis et al.,
1989; Bhattacharjee et al., 2007), in agreement with our
results showing higher species richness in directly con-
nected lakes. On the other hand, isolated lakes usually
follow a succession independent of each other (leading
to different communities over time), and some of them
may occasionally dry completely. Thus, wider temporal
variations in species richness (temporal beta diversity)
and composition are expected in these habitats, which
is consistent with the greater dissimilarity observed over
time.

In summary, our results indicated that the degree of
connectivity of the lakes with the main river is an impor-
tant determinant of macrophyte richness and composi-
tion. We also found that, together with species richness,
species composition varies more between lakes associ-
ated with different rivers, than between lakes associated
with the same river. Therefore, the degree of connectiv-
ity and regional differences increase the gamma (large-
scale) diversity of macrophytes in the Upper Parana
River floodplain. Long-term trends of macrophyte spe-
cies richness were not noted, but an increase in the rich-
ness and abundance of submersed species was recorded
in the last ten years, as a response to increased water
transparency. An understanding of the changes in com-
munity composition through time has important implica-
tions for applied ecology, especially for the application
of predictive models (Milner et al., 2006). Our results
improved understanding of the importance of abiotic
factors on aquatic macrophyte assemblages over a long
time span.
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