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ABSTRACT

The structure of aquatic macrophyte assemblages can be affected by myriad factors, including physical,
chemical and morphometric characteristics. We describe the patterns of plant species diversity and com-
position and vegetation height in aquatic ecosystems and their potential determinants at a regional scale
in the Middle Parana River floodplain. Sampling was conducted in twenty-three water bodies, includ-
ing secondary channels, connected lakes and disconnected lakes. We compared the macrophyte species
richness, composition and vegetation height in water bodies with different degrees of connectivity with
the river and assessed the most important abiotic explanatory variables (morphometric, physical and
chemical) associated with these assemblage attributes. Species accumulation curves showed that species
richness did not differ between water bodies with different degrees of connectivity, although it tended to
be lowest in secondary channels. Species richness was specifically associated with depth, conductivity,
percent of solar radiation reaching the bottom and nitrate. Macrophyte assemblage composition was
related primarily to the degree of connectivity, as rare species mostly occurred in disconnected lakes.
Composition was also related to the degree of wind exposure (fetch), distance to shoreline and depth.
Finally, vegetation height (a surrogate for biomass) was associated with the ammonium and sediment
organic matter. Thus, a combination of morphometric and abiotic factors explained species richness,
while degree of connectivity and morphometry explained assemblage composition. Vegetation height
was explained by nutrients. These results suggest that a single set of variables is not sufficient to explain
different aspects of macrophyte assemblages.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

and chemical characteristics of the water and sediment, generating
patterns which are also mirrored at broader scales (Bornette and

Aquatic macrophytes comprise a variety of species belonging to
different life forms that colonize almost all types of shallow waters
(Sculthorpe, 1967). The richness and composition of macrophyte
assemblages are affected by a myriad of factors, which include
physical and chemical characteristics and morphometry of the
water body (Murphy et al., 2003; Johnston and Brown, 2013; Kisson
et al., 2013; Steffen et al., 2014; Azzella et al., 2014). At fine spa-
tial scales, macrophytes are likely to be sensitive to the physical
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Puijalon, 2011; Neiff et al., 2014). For example, while free-floating
species usually thrive in water with high nutrient concentrations,
submerged plants are mainly associated with light availability
(Chambers and Kalff, 1985). Alternativelly, morphometric charac-
teristics especialy affect macrophytes on broader spatial scales.
Wave disturbance, measured indirectly by degree of wind expo-
sure (fetch), for instance, can influence macrophytes by changing
the rates of sedimentation and the resuspension process or by
causing direct damage to these plants (Madsen et al., 2001; Zhang
et al., 2014). The littoral slope is another important morphometric
variable that influences the establishment of rooted macrophytes,
determining the biomass of submerged plants (Duarte and Kalff,
1986) and affecting the dissipation pattern of wave energy and
sediment dynamics (Azza et al., 2007).
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Particularly in river floodplain systems, patterns of richness
and composition of macrophytes species are also affected by
the degree of connectivity between the water body and river
(Neiff, 1979; Junk et al., 1989; Monc¢ao et al.,, 2012; Rooney et al.,
2013). In more connected water bodies floating species are usu-
ally removed by flushing and submerged species are commonly
limited by increase in water column turbidity, both caused by dis-
turbance events of strong floods (e.g., Madsen et al., 2001; Zhang
et al,, 2014). In contrast, macrophyte assemblages colonizing dis-
connected lakes, which are more stable, may be structured by
biotic interactions, such as interspecific competition (Grime, 1974;
Thomaz et al., 2007). As the degree of connectivity with the river
regulates the magnitude of disturbance caused by floods (Monc¢ao
etal, 2012; Rooney et al., 2013), intermediate disturbance hypoth-
esis (Grime, 1974; Ward and Tockner, 2001) is quite probable
to be supported by macrophytes assemblages colonizing these
ecosystems.

Many studies using morphometric and limnological vari-
ables to explain macrophyte richness and composition have
been conducted in rivers and lakes in temperate regions (e.g.,
Rooney et al., 2013). In large subtropical river-floodplain sys-
tems, several studies explored the effects of flood pulse on
macrophytes (Thomaz et al.,, 2007; Neiff et al.,, 2011), while
others tested the correlation between macrophyte assemblage
attributes and the degree of connectivity with the river, lake
morphometry, and physical and chemical factors (e.g., Murphy
et al., 2003; Neiff and Poi de Neiff, 2003). However, mor-
phometric and abiotic variables are usually not studied in
combination. Therefore, it is necessary to test the combined
importance of the degree of connectivity with the river,
lake morphometry and water physic-chemistry for macro-
phyte assemblage attributes in large river-floodplain ecosystems,
especially in Neotropical regions where these ecosystems are
highly representative.

Along the Parand River system, the middle course is the
richest stretch in macrophyte diversity (Neiff et al., 2014). The
middle Parand course has been studied from different per-
spectives, and investigations related to the composition, the
structure and successional dynamics have been conducted in this
area (e.g., Neiff and Orellana, 1972; Neiff, 1975; Franceschi and
Lewis, 1979; Lewis and Franceschi, 1979; Neiff, 1979; Sabattini
et al.,, 1983). Nevertheless, despite having a high diversity of
macrophytes, the morphometric and abiotic factors associated
with macrophyte richness and composition are unknown in
this part of the Parand, as well as in other large subtropi-
cal rivers. Strong influences of physical and chemical factors
on macrophyte assemblages are expected, especially during the
dry season, when lakes and channels differ from one another
with regards to morphometry and other physical and chemical
features (Thomaz et al., 2007). Thus, the high environmental het-
erogeneity (in terms of abiotic factors) provided by the isolation
of lakes during low water levels may be a key factor for the
maintenance of high macrophyte diversity in river-floodplain sys-
tems.

Considering the assumptions of the intermediate disturbance
hypothesis, we first tested the hypothesis that along a gradi-
ent of increasing connectivity, connected lakes (with intermediate
disturbance) contain the highest species richness, followed by dis-
connected lakes and secondary channels (with lower and higher
levels of disturbance, respectively). Second, we tested whether
macrophyte composition differed between different degrees of
connectivity. Finally, we used selected morphometric and abiotic
environmental data to explore the likely determinants of macro-
phyte richness, composition and vegetation height. To reach our
targets, we studied a wide variety of habitats within a large spatial
scale (approximately 184 km?) in the floodplain.

2. Methods
2.1. Study area

The Middle Parana River (Fig. 1A-C) extends from its conflu-
ence with the Paraguay River (27°29'S; 58°50’ W) to the city of
Diamante (Argentina) (32°4’S; 60°32’3” W) and covers an area
of 2,600,000-2,800,000 km?2 (Iriondo and Paira, 2007). Its main
channel has a braided pattern with variable width (0.4-8 km) and
several anabranches. Sediment deposition has almost filled the
river valley, forming a complex floodplain with islands, bars, lev-
ees, secondary channels and shallow lakes (Paira and Drago, 2007).
The dry season, when the water level is low and some lakes are iso-
lated from one another (<10.5 m a.s.l.), usually occurs from July to
December, while the flooding season (>13.2 m a.s.l) occurs between
January and June (Drago, 2007). Due to its middle position along the
river course, the Middle Parana River serves as habitat for species
common to both the Upper and the Lower Parana River, establish-
ing a continuum or biological corridor between them (Sabattini and
Lallana, 2007).

2.2. Methods

Twenty-three water bodies (nine disconnected lakes, eight con-
nected lakes and six secondary channels) distributed along the
Middle Parana River floodplain were sampled twice (from March
to June 2012, and October 2012 to January 2013) during the dry
seasons (Fig. 1C). We sampled during the dry season because, in
general, individual habitats (see Thomaz et al., 2007) and macro-
phyte assemblages (Padial et al., 2009; Neiff et al., 2014) within
a floodplain differ the most during this period (however, see
Mayora et al. (2013)). Thus, a gradient of habitats with distinct
connectivity to the main river could be used to assess the asso-
ciation of environmental variables and macrophyte assemblage
attributes.

The macrophytes were sampled using quadrats (1 m x 1 m) that
were placed along transects perpendicular to the shoreline. The
number of transects in each lake ranged from one to five, accord-
ing to the total area of the water body. Within each transect, the
distance between successive quadrats was constant, and the num-
ber of quadrats per transect varied from one to sixteen according
to the length of the macrophyte stand (3-50 m from the shore-
line toward the limnetic zone). This procedure takes into account
habitat area and the size of the macrophyte stands, ensuring a rep-
resentative inventory of aquatic flora. In addition, this procedure
accounts for the zonation along depth gradients and the variation
of spatial distribution in the margins, allowing the investigation of
associations between macrophyte assemblage attributes and envi-
ronmental variables.

Inside each 1 m x 1 m quadrat, macrophyte species were visu-
ally scored for percent cover to provide an estimate of abundance.
Rakes were used to sample the submersed macrophytes. We also
measured the total height of the vegetation (a proxy for biomass) in
each quadrat. The collected material was transported to the Insti-
tuto Nacional de Limnologia (INALI-UNL-CONICET), and the plants
were identified according to Cabrera (1968), Pott and Pott (2000)
and others (complete list in Appendix S1). Despite some taxa were
not identified to species level, for the sake of simplicity, we used
the term species to represent taxonomic units.

Environmental parameters were characterized at different
scales encompassing physical and chemical variables and morpho-
metric features. In each transect, we measured the conductivity and
pH with a portable water checker (Hanna®). The Secchi depth was
determined in each transect and was used to estimate the light
extinction coefficient (k) according to Padial and Thomaz (2008).
We used k and the depth of the water column to calculate the mean
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Fig. 1. The map of South America (A) highlighting the drainage basin and the main tributaries of the Parana River (B), in addition to the sites where surveys were conducted
(C). The locations of the disconnected lakes (dark gray), connected lakes (light gray) and secondary channels (white) are indicated by circles.

percent (%) light reaching the bottom, which represents the amount
of light available for plants growing from the sediment. Mean dis-
tance to shoreline was measured in each quadrat as an indication
of stand length. The littoral slope was calculated using depth mea-
surements and distances between quadrats along each transect.
The fetch, a surrogate for wave disturbance, was also calculated for
each transect. To obtain the fetch we measured the maximum dis-
tance of open water in a straight line from the macrophyte stand to
the furthest point to the shoreline or an island. In each water body,
we determined the total phosphorus, nitrate and ammonium (using
HACH, Greenberg et al., 1985). For this purpose, we sampled water
superficially from a point within the macrophyte stand, but near the
open water or the limnetic region of the water body. A grab sam-
ple of sediment was collected from within the macrophyte stand
in an area close to the shoreline, and the organic matter content of
the sediment was determined using ignition in a muffle furnace at
500°C for 3 h.

2.3. Data analysis

To compare species richness between the disconnected lakes,
connected lakes and channels, we used species accumulation
curves and rarefaction procedure to standardize sampling effort
between the ecosystem types. We used the presence and absence
of macrophyte species from each quadrat to generate the curves
for each ecosystem type. Comparisons between the curves were
conducted on the basis of a standardized sampling effort, and we
used 95% confidence intervals to evaluate differences in species
richness. We used these same data to estimate the true species
richness through nonparametric estimators (Chao 2, ICE, Jackknife

1 and Jackknife 2). Smooth curves of species richness estimators
accumulated over samples were obtained after 999 randomisations
without replacement, and the performance of richness estimators
was evaluated after analysing the precision of estimation (95% con-
fidence intervals) and stabilization of curves (Magurran, 2005). The
rarefaction curves and estimators of species richness were calcu-
lated using EstimateS 9.10 (Colwell, 2013) and SPADE (Chao and
Shen, 2009).

To investigate the possible effects of environmental variables
on species richness and composition, we pooled the data from
quadrats after re-scaling our sampling units to water bodies.
Explanatory variables were averaged when necessary to adjust
for the scale of response variables. This method was used to
avoid potential pseudo-replication (e.g., dependency of quadrats
within transects) while maintaining valid relationships between
the response and explanatory variables.

To identify the most important explanatory variables associ-
ated with macrophyte richness and vegetation height, we used
the Multimodel Inference of Akaike Information Criterion (AIC;
corrected for a small number of samples) based on the all-
subsets approach (Burnham and Anderson, 2002). This approach
consists of constructing all possible linear models using differ-
ent combinations of explanatory variables. For each model, the
AIC. was obtained and then the Akaike weights were calculated,
which indicate the probability of each model to be the best
model of the set (Burnham and Anderson, 2002; Johnson and
Omland, 2004). Inferences were made using Multimodel Inference
(Burnham and Anderson, 2002) by analysing the relative impor-
tance of the variables and the standardized regression coefficients
of the weight-averaged model, both obtained from the total set
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of models using the Akaike weights. The 95% confidence inter-
vals were used to assess the statistical effects of the variables.
Explanatory variables considered in this analysis were conduc-
tivity, nitrate, ammonium, total phosphorus, sediment organic
matter, proportion of radiation reaching the bottom, pH (chemi-
cal and physical variables), distance to the shoreline, depth, littoral
slope, fetch (morphometric variables) and degree of connectiv-
ity with the river. The degree of connectivity was expressed as
0, 1 or 2, indicating secondary channels, connected lakes and
disconnected lakes, respectively. Proportion of radiation reach-
ing the bottom was not included in the vegetation height model
because only plants above the water surface were used for this
response variable. Some variables (distance to the shoreline, fetch,
total phosphorus, nitrate, slope, depth and degree of connectiv-
ity) were log (x+1) transformed to improve the assumption of
normality and linearity before analysis. Differences in sampling
effort were controlled by including in every model the number of
quadrats pooled when re-scaling the sampling units, which might
allow estimating the pure effects of explanatory variables (e.g.,
Mitchell et al.,, 2010). Multimodel Inferences of AIC. were per-
formed using Spatial Analysis in Macroecology (SAM v4.0; Rangel
etal., 2010).

To assess whether the species composition differed among the
channels, connected lakes and disconnected lakes, we employed
a permutational multivariate analysis of variance (PERMANOVA).
This analysis was performed using the Jaccard dissimilarity based
on the presence and absence data of the macrophyte species. The
type IIl sums of squares were used to account for the unbalanced
statistical design (Quinn and Keough, 2002), and a total of 9999
permutations were used to assess the significance of the pseudo-
F statistic derived from the PERMANOVA. Significant differences
between particular groups were investigated with a posteriori pair-
wise comparisons using pseudo-t statistic also derived from the
PERMANOVA (Anderson, 2001). Effects of sampling effort were
removed in these analyses by including the number of pooled
quadrats as a covariate when running tests. PERMANOVAs were
performed in PRIMER 6.1.13, PERMANOVA + 1.0.3 add on (Anderson
et al., 2008; Clarke and Gorley, 2006).

To identify the subset of environmental variables that best cor-
related with the composition of the macrophyte species, we used
the BioEnv routine (Clark and Ainsworth, 1993). This routine cor-
relates the dissimilarity matrix of the species composition (Jaccard
dissimilarity on the presence and absence data) with each possible
dissimilarity matrix combining different environmental variables
(based on Euclidean distances). The subset of environmental vari-
ables that best explained the composition of the macrophyte
species was the one with the highest correlation (denoted by stan-
dardized Mantel statistic (ry)). To assist interpreting the results
obtained by the BioEnv routine, we reported correlations between
the dissimilarity matrix of the macrophyte species and the dissim-
ilarity matrices based on single environmental variables. For the
same purpose, cumulative correlations considering the variables
indicated by the BioEnv routine were also reported. For these anal-
yses, the effect of sampling effort was removed by partialling out a
matrix of Euclidean dissimilarity of the number of pooled quadrats.
The significance of the standardized Mantel statistics was assessed
using 99999 permutations. The same environmental variables were
used and log (x+1) transformed as those used in the Multimodel
inference of the AICc. The BioEnv and Mantel tests were performed
in R using the vegan package (Oksanen et al., 2013).

Finally, to visually inspect the multivariate patterns of species
composition, we used Canonical Analysis of Principal Coordinates
(CAP; Anderson and Willis, 2003). For this analysis, an ordination of
sampling sites was produced using Jaccard dissimilarity of species
presence and absence data, constrained by the environmental vari-
ables contained in the best subset indicated by BioEnv. The effect
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Fig. 2. The macrophyte species accumulation curves with 95% confidence intervals
of total water bodies (black), disconnected lakes (dark gray), connected lakes (light
gray) and secondary channels (white). Details of the comparisons between total
samples, disconnected lakes, connected lakes and secondary channels on the basis
of a standardized sampling effort and estimates of true species richness are given in
Table 1.

of sampling effort was removed by partialling out the effect of the
number of pooled quadrats before constraints. Canonical Analy-
sis of Principal Coordinates was performed in R using the vegan
package (Oksanen et al., 2013).

3. Results

The species richness in each water body ranged between
4 in a secondary channel and in a disconnected lake and 23
in another disconnected lake. According to the relative fre-
quency of occurrence, the most frequent species were Salvinia
spp. (0.710 £ 0.050; mean + standard error) and Ludwigia peploides
(Kunth) P. H. Raven (0.668 4 0.050), while between the rarest were
Cyperus virens Michx., Eleocharis sp., Polygonum hydropiperoides
Michx., Polygonum lapathifolium L. and Solanum glaucophyllum Desf.
(0.003 +0.003 each species) (Fig. S1). Considering the candidate
variables used to explain variation in macrophyte assemblages,
our results indicated a broad gradient of morphometric, physical
and chemical characteristics occurring among disconnected lakes,
connected lakes and secondary channels (Fig. S2).

The species accumulation curves tended to reach an asymptote
for the total samples in the disconnected and connected lakes, indi-
cating that our sampling effort was sufficient to survey most of the
species in the region (Fig. 2). In general, species richness estima-
tors performed well (except Chao2 for secondary channels, which
clearly presented problems of precision and stabilization - see Fig.
S3) and provided very similar values among different indexes indi-
cating that estimates of number of species were consistent (Table 1;
Fig. S3). In accordance with the accumulation curves, all estima-
tors produced values that were similar to the observed species
richness (Table 1), indicating that the estimated and observed
species richness were close. Rarefied species richness was lowest
in secondary channels and highest in connected lakes, followed by
disconnected lakes, a pattern which was also consistent among esti-
mators (Table 1). Despite this trend, no significant differences were
found when richness was compared across species accumulation
curves using rarefaction or across most of species richness esti-
mators, as evidenced by overlapping confidence intervals (except
for Jackknife 1; Table 1). Thus, these results conservatively indicate
that species richness did not significantly differ between different
degrees of connectivity (Fig. 2; Table 1).
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Table 1

Number of quadrats, species recorded and rarefied species richness for macrophytes sampled in all water bodies and specifically in disconnected lakes, connected lakes and
secondary channels. Upper and lower boundaries of 95% confidence intervals are given within brackets.

Ecosystem type Number of Species richness Species richness estimators
quadrats

Number of Rarefied species Chao 2 Jackknife 1 Jackknife 2

species recorded richness
Total 400 67.0 (62.2-71.9) 36.1(30.1-42.1) (68.5-84.4) 72.1(68.1-90.4) 76.0 (70.7-88.6) 79.0 (71.0-103.1)
Disconnected lakes 208 54.0 (49.5-58.5) 34.8 (29.4-40.2) (55.8-74.6) 58.5 (55.0-74.6) 63.0 (57.7-75.6) 65.0 (57.3-89.9)
Connected lakes 156 54.0 (48.8-59.3) 36.6 (31.1-42.1) (56.0-75.8) 60.4 (55.5-81.1) 63.9 (58.3-77.0) 67.9 (59.1-92.2)
Secondary channels 36 28.0(20.5-35.5) 28.0(20.5-35.5) (30.1-56.8) 59.1(32.7-233.8) 35.8(31.1-47.7) 42.4(34.1-62.2)

Considering the explanatory variables we investigated to
explore the likely determinants of macrophyte richness, a total of
4095 possible models were generated (Table S1). Multimodel Infer-
ence of the AICc showed that the weight-averaged model explained
28% of the total variance (Rzadj =0.28). The most important vari-
ables were the depth, conductivity, nitrate, and the proportion
of radiation reaching the bottom. All of these variables (except
nitrate) had positive associations with richness, according to the
weight-averaged model (depth: 8=0.604 (95% CI=0.026-1.182);
conductivity: 8=0.266 (0.091-0.441); nitrate: f=-0.237 (-0.382
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Fig. 3. The Multimodel Inference of Akaike Information Criterion (AICc) used to
explain species richness, demonstrating the relative importance of the variables
(A) and weight-averaged model (B). Explanatory variables considered were depth
(DEP); distance to the shoreline (DSH); proportion of radiation reaching the bottom
(PRB); fetch (FET); nitrate (NIT); ammonium (AMO); total phosphorus (PHO); con-
ductivity (CON); organic matter content of the sediment (OM); slope (SLO); degree of
connectivity of water bodies (CNT). All models included number of pooled quadrats
to remove differences in sampling effort (8=0.604 (95% CI=0.026-1.182)). Aster-
isks indicate positive or negative effects with 95% confidence intervals not including
zero.

to —0.092); proportion of radiation reaching the bottom: =0.528
(0.097-0.960); Fig. 3A and B). The slope, phosphorus and fetch were
also associated with species richness; however, these variables
were not considered for interpretation due to their low contribu-
tion according to the weight-averaged model (absolute values of
B<0.147).

In regard to all possible combination of variables used to explore
the likely determinants of the vegetation height, a total of 2047
possible models were generated (Table S2). The weight-averaged
model obtained by the Multimodel Inference of the AIC¢ explained
only 5% of the total variance. Despite of the weak explanatory
power of the weight-averaged model, the most important vari-
ables were ammonium and sediment organic matter; the former
had a positive association with the vegetation height (8=0.391
(0.121-0.660)), whereas the latter had a negative association with
the height (8=-0.473 (-0.121 to —0.660)); Fig. 4A and B). The fetch,
distance to the shoreline, phosphorus and conductivity were also
associated with height; however, these variables were not consid-
ered for interpretation due to their low contribution according to
the weight-averaged model (absolute values of 8 <0.163).

We found significant differences in the PERMANOVA analysis
(pseudo-F=2.45; p<0.001), indicating that the composition of the
macrophyte species differed between the degrees of connectivity.
Pairwise comparisons indicated that disconnected lakes were sig-
nificantly different from connected lakes (pseudo-t=1.86; p<0.001)
and from secondary channels (pseudo-t=1.42; p=0.010). How-
ever, the composition of the macrophyte species did not differ
between secondary channels and connected lakes (pseudo-t=0.97;
p=0.520). Exploratory analyses of the data showed that rare species
(more frequent in the disconnected lakes) were primarily respon-
sible for the differences between the degrees of connectivity (Fig.
S1).

Among the environmental variables explaining the composition
of the macrophyte species, the subset including degree of con-
nectivity, fetch, distance from shoreline and depth presented the
strongest correlation (ry =0.31), as evidenced by BioEnv. In this sub-
set, the degree of connectivity was the variable with the strongest
individual correlation, followed by fetch, distance to the shoreline
and depth (Table 2). Patterns of species composition constrained
by these explanatory variables are also evidenced by the biplot of
the Canonical Analysis of Principal Coordinates (Fig. 5). This find-
ing indicates that the degree of connection, in conjunction with the
degree of wind exposure and diversity of microhabitat (in terms of
distance to shoreline and depth), are the primary determinants of
the structure of the macrophyte assemblage.

4. Discussion

Our study builds on earlier works assessing the relationships
between aquatic macrophytes and environmental variables
(Kisson et al., 2013; Murphy et al., 2003; Neiff et al., 2014; Rooney
et al.,, 2013; Steffen et al.,, 2014), and it indicates the extent
to which macrophyte richness and composition are related to
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Table 2

Standardized Mantel statistics (rv) for the correlation between the dissimilarity matrix of macrophyte species composition and dissimilarity matrices based on individual
environmental variables. Cumulative ry for variables composing the best subset of environmental variables indicated by BioEnv is also shown. Sampling effort was controlled
by partialling out the dissimilarity matrices based on number of pooled quadrats. Numbers in brackets indicate the order which variables were accumulated. Abbreviations
refer to depth (DEP), distance to the shoreline (DSH), proportion of radiation reaching the bottom (PRB), fetch (FET), nitrate (NIT), ammonium (AMO), total phosphorus
(PHO), conductivity (CND), organic matter content of the sediment (OM), slope (SLO), and degrees of connectivity (CNT). Bold values indicate significant correlations

(0=0.05).

Standardized Mantel statistics for
individual variables

Explanatory variable

Standardized Mantel statistics accumulated for
variables indicated by BioEnv

™ p ™ p
DEP 0.09 0.189 (4)0.31 <0.001
DSH 0.10 0.157 (3)0.31 <0.001
PRB 0.02 0.404
FET 0.23 0.007 (2)0.30 <0.001
NIT —-0.02 0.556
AMO 0.04 0.309
PHO 0.07 0.228
pH 0.08 0.208
CND 0.03 0.346
oM 0.00 0.467
SLO -0.10 0.813
CNT 0.23 <0.001 (1)0.23 <0.001
morphometric, physical and chemical characteristics of water
bodies and their degree of connectivity with the river. Our study
differs from these earlier works in two main ways. Firstly, although
1.2 the Middle Parana is considered the richest stretch in macro-
% A phyte diversity (Neiff et al., 2014), the correlation of macrophyte
L 40 assemblage attributes and a combination of the degree of con-
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S nectivity with the river, morphometric and abiotic factors was
5 previously unknown in the water bodies of this stretch of the
® 0:81 Parana River. Indeed, we showed that different combinations of
2 variables are necessary to explain different assemblage attributes.
T 0.61 Morphometry and abiotic variables explained macrophyte species
3 richness and morphometry and degree of connectivity explained
£ 044 macrophyte composition, but nutrients alone explained plant
o height. Secondly, our investigation showed the importance of the
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Fig. 4. The Multimodel Inference of Akaike Information Criterion (AIC.) used to -3 -2 -1 0 1 2 3
explain the macrophyte height, demonstrating the relative importance of the vari- CAP1

ables (A) and the weight-averaged model (B). Explanatory variables considered were
depth (DEP); distance to the shoreline (DSH); fetch (FET); nitrate (NIT); ammonium
(AMO); total phosphorus (PHO); conductivity (CON); organic matter content of the
sediment (OM); slope (SLO); degree of connectivity of water bodies (CNT). All mod-
els included number of pooled quadrats to remove differences in sampling effort
(B=0.187 (95% CI=—0.191 to 0.565)). Asterisks indicate positive or negative effects
with 95% confidence intervals not including zero.

Fig. 5. Canonical Analysis of Principal Coordinates (CAPSCALE) plot of the macro-
phyte assemblages sampled in disconnected lakes (dark gray), connected lakes (light
gray) and secondary channels (white). CAP1 and CAP2 accounted for 50.09% and
23.31% of the constrained variance, respectively. Arrows indicate the direction and
relative importance of environmental variables. Abbreviations refer to degrees of
connectivity (CNT), depth (DEP), fetch (FET) and distance to the shoreline (DSH).
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of an investigation of a multitude of different aquatic ecosystems
distributed over a large spatial scale.

Inregard to species richness, our findings demonstrate no differ-
ence between the degrees of connectivity, in spite of the tendency
of secondary channels to have a smaller number of species. In addi-
tion, it is highly likely that the number of species recorded in this
study provides a reasonable representation of the real richness
of both the floodplain (gamma diversity) and the local richness
of the lakes (alpha diversity). This is suggested by the overlap of
the confidence intervals of observed species richness and those of
estimated species richness. Nevertheless, the upper limits of the
confidence intervals suggest that additional samples could allow
for new species to be recorded.

In contrast to the results from other wetlands in which the num-
ber of species was affected by the degree of connectivity (Monc¢do
et al., 2012; Thomaz et al., 2007), our findings indicate that there
was no difference in the species richness with respect to the con-
nectivity. Our results therefore do not support our hypothesis
related to the intermediate disturbance. However, the number of
species in the secondary channels showed a tendency to be lower
than that of the lakes, and this finding has been associated with
a higher water speed (Sabattini and Lallana, 2007). In channels,
current represents a stress factor that impedes the establishment
of macrophytes and allows the development only of those plants
adapted to live in flowing habitats. Indeed, mechanical factors, such
as current velocity, are the dominant factors structuring macro-
phyte composition (Steffen et al., 2014). Thus, plants that are highly
flexible and have more resistant tissues generally occur in flowing
environments (Mong¢do et al., 2012). Therefore, the high species
richness in lakes may be due to the potential of plant establishment
and the possibility of the development of macrophyte patches due
to the absence of flow in these water bodies.

In this study, we employed an observational approach and
therefore can only make inferences about the influence of the
selected variables on macrophyte richness, height and composition.
However, we are able to speculate about the potential explanatory
mechanisms for our main results by using the findings of other
investigations. In particular, with regard to variables that are likely
to affect species richness, we found the strongest correlations for
depth, percent radiation reaching the bottom, conductivity and
nitrate. Thus, it seems that the morphometry, along with some
physical and chemical factors, are important explanatory variables
of macrophyte richness and that combinations of different pro-
cesses may generate patters of macrophyte richness in floodplain
habitats.

For example, depth may have been important to explain the
macrophyte richness because macrophytes are commonly orga-
nized along depth gradients in the littoral zone of water bodies
(Santos and Thomaz, 2007). In general, shallower areas are dom-
inated by rooted emergent species; however, as the depth of the
littoral zone increases, other life forms such as floating species,
epiphytes or submerged species appear among the emergent
plants. Given the sloping nature of the littoral zones, an increas-
ing depth should enable a greater variety of life forms as species
are replaced along depth gradients (Santos and Thomaz, 2007),
resulting in higher species richness. Indeed, depth has been consid-
ered an important variable explaining the macrophyte assemblage
structure in other habitats in the Middle Parana River floodplain
(Sabattini and Lallana, 2007) and in other freshwater ecosystems
(Azzella et al., 2014).

The percent light reaching the bottom can also drive the
structure of macrophyte assemblages, especially by its effects on
submerged species. Percent of light reaching the bottom canrestrict
macrophyte richness by affecting the germination of seeds from the
sediment (Kettenring et al., 2006) and by impeding the establish-
ment of propagules through a reduction in photosynthetic activity.

Nevertheless, different species of macrophytes may have specific
light requirements (e.g., Schwarza et al., 2002), and the positive
association of the percent light reaching the bottom and macro-
phyte species richness may be the result ofimproving the likelihood
for different species to establish and coexist. The same positive
effect of light availability at the surface of the sediment on species
richness has also been recorded in the Upper Parana River (e.g.,
Sousa et al., 2011), suggesting the importance of this variable.

Among chemical factors, conductivity is importantly related to
the richness of aquatic plants (Murphy et al., 2003). Nevertheless,
and in agreement with other studies (e.g., Lacoul and Freedman,
2006), the influence of conductivity on richness may instead be
related to its indirect relationship with nutrient availability and
alkalinity, making it difficult to determine a direct influence of
this variable on the richness. However, with specific regard to
other nutrients, nitrate commonly affects macrophyte growth (e.g.,
Wersal and Madsen, 2011), which may suggest at least two emerg-
ing mechanisms to explain the negative association with species
richness. The first one considers that some species may be more
efficient than others with regard to biomass accumulation. These
fast-growing macrophytes may develop densely, increasing nitrate
uptake, and in turns, may outcompete and exclude other coexisting
species (James et al., 2005; Weisner and Thiere, 2010). The second
considers an increase in nitrate uptake with species richness, sug-
gesting that some processes of ecosystem function could be driven
by biodiversity, as predicted by niche complementarily. Indeed, as
diversity of plant species increases, productivity is also expected
to increase due to complementary interactions among species and
their resource use (Tilman et al., 2001).

Vegetation height, which was used as a proxy for macrophyte
biomass, was associated with the chemical factors (i.e., ammo-
nium and organic matter content of the sediment) that represented
resource availability. For example,ammonium was the most impor-
tant variable explaining the vegetation height, and its positive
association with vegetation height may indicate that N is the
limiting nutrient for plant growth. Indeed, experiments carried out
in lentic habitats of the Middle and Lower Parand basin showed
that nitrogen is more limiting than phosphorus for plant growth
(Carignan and Neiff, 1992; Bonetto et al., 1994). Thus, habitats
with higher concentrations of nitrogen should promote growth
and contain taller plants. In contrast to ammonium, we found a
negative association between vegetation height and organic mat-
ter. The organic matter of the sediment has been shown to have
a positive effect on plant growth, most likely due to liberation of
nitrogen and/or phosphorus during mineralization (Sand-Jensen
and Sondergaard, 1979). However, high quantities of organic mat-
ter consume a large amount of oxygen from sediment and release
phytotoxins, which have negative effects on the growth of both
emergent and submerged macrophytes (Barko and Smart, 1983;
Wau et al., 2009). Therefore, this process is more likely to support
our results.

With regard to composition of macrophytes species, the assem-
blages we sampled were, in general, quite similar to the ones
recorded in other lakes of the Middle Parana (Sabattini and Lallana,
2007). Particularly with regard to differences in the degree of
connectivity with the river, we found that the occurrence of some
rare species was enough to distinguish disconnected lakes from
connected lakes and secondary channels. In general, disconnected
lakes tend to differ from water bodies with greater degrees of
connectivity because they are less exposed to the disturbance
and homogenization effects of floods (Thomaz et al., 2007). Con-
sequently, this type of water body is most likely subjected to
local driving forces that act with different intensities, creating
more stable habitats with distinct characteristics (Thomaz et al.,
2007). Given that some species need specific types of habitats to
succeed and that many rare species are specialists and require



74 B. Schneider et al. / Aquatic Botany 121 (2015) 67-75

rare resources (Spitale, 2012), disconnected lakes could contribute
favorably to the establishment of these species. This idea is in
accordance with our finding that rare species were more likely to
be found in disconnected lakes and may explain the importance of
the degree of connectivity influencing composition of macrophyte
species (Table S2; Fig. 3).

Other than the degree of connectivity with the river, the
most important abiotic variables associated with macrophyte
assemblage composition were the distance to the shoreline, depth
and degree of wind exposure. The distance to the shoreline is an
indicator of stand length, which represents the degree of develop-
ment of the macrophytes patch. Therefore, the farther the distance
from the shoreline, the more probable it is that the macrophyte
stand is in an advanced successional stage and, consequently,
presents a different composition of macrophyte species (e.g., Santos
and Thomaz, 2008). With regard to depth, changes in species com-
position are quite likely explained by the same processes affecting
species richness. Therefore, the influences of distance to the shore-
line and depth in macrophyte species composition may result
from species replacement due to successional process and zonation
along depth gradients.

Finally, the importance of wind exposure for plant communi-
ties in tropical regions has been demonstrated in large man-made
lakes where the wave exposure negatively affects macrophytes
(Barbosa et al., 2014). However, our results highlight that even in
small lakes, similar to the ones we investigated, this morphomet-
ric variable may be an important determinant of the macrophyte
assemblage composition. Habitats where the degree of wind expo-
sure is larger should favor macrophyte species that are more robust
against mechanical injury and are more strongly rooted, given that
free-floating and weakly anchored species may be carried away.
Thus, as the amount of wind exposure disturbance increases, rooted
emergent species and rooted species with floating leaves should
dominate. Indeed, we found that the rooted Nymphoides indica
(L.) Kuntze and Paspalum repens Bergius dominated habitats with
greater amounts of wind exposure.

5. Conclusion

Our results showed that a simple set of variables was not suf-
ficient to explain macrophyte assemblages in a large (relatively)
pristine subtropical floodplain. Indeed, a combination of factors
including morphometry, physical and chemical variables, and the
degree of connectivity with the river, are important explana-
tory variables of richness and community composition. We also
show the importance of each set of factors varies according to
the response variable: a combination of morphometry, nutrients
and light best explained macrophyte richness; morphometry and
degree of connectivity explained macrophyte composition; and
macrophyte height was explained mainly by nutrients. We also
found that species richness does not differ between the degrees
of connectivity, and thus, our hypothesis about intermediate dis-
turbance was not supported. However, the main difference in the
macrophyte composition between environments was the presence
of rare species mainly in disconnected lakes. The possibility that
such species depend exclusively on certain conditions in these lakes
(e.g., the distance to the shoreline, wind disturbance and ammo-
nium in the water column) suggests that the disconnected lakes of
the Middle Parana River floodplain should be considered important
areas for assessing biodiversity conservation.
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