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Abstract
Understanding how wetland plant communities are organized in different ecosystems and spatial scales is essential to support
conservation. Studies that have addressed this primary need, however, are exceptionally scarce. Here, we compared the diversity
(alpha, beta and gamma) and composition of herbaceous and woody communities (treated separately and jointly) in ponds,
streambanks and riverbanks in the upper Uruguay River Basin, southern Brazil. Results showed that each wetland ecosystem
exhibited unique community patterns, depending on the plant group, data property (e.g., presence-absence or abundance), and
community parameter. All ecosystem types had exclusive species, beta diversity explained by high rates of species turnover and
balanced variation in abundance components, and particular floristic composition, revealing that each wetland type and site
contributes fundamentally to the overall wetland plant diversity. These findings indicate that safeguarding wetland plant diversity
depends on the adoption of holistic conservation measures.
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Introduction

Wetlands are key reservoirs of plant diversity, harboring
unique, rare and endangered species and singular

communities (Naiman et al. 1993; Davies et al. 2008;
Oliveira-Filho et al. 2021). Specific wetland types share a
particular range of abiotic features (e.g., hydrological, physi-
cochemical, geomorphological, and spatial) and thus tend to
exhibit unique plant diversity and composition patterns
(Williams et al. 2004; Keddy 2010; Draper et al. 2018).
Understanding how wetland plant communities are organized
in different ecosystems and spatial scales is therefore crucial to
support conservation (Williams et al. 2004; Socolar et al.
2016; Darwall et al. 2018).

Studies that have addressed this fundamental need, howev-
er, are exceptionally scarce. Most research has traditionally
been carried out either only in lotic or lentic wetlands (or
subtypes of them) such as riparian areas (e.g., Nilsson et al.
1994; Rheinhardt et al. 2013; Kuglerová et al. 2016) or ponds
(e.g., Brose 2001; Rolon et al. 2012; Fernández-Aláez et al.
2020). The few contributions that collectively evaluated at
least most of the variety of lentic and lotic wetlands at the
regional level have only limited applicability, because they
either: (i) contemplated only woody species and ecosystems
with atypical characteristics in many regions of the world
(e.g., tree communities in large swamps and floodplains;
e.g., Pitman et al. 2014; Draper et al. 2018); (ii) focused only
on “aquatic habitats” (e.g., without considering riparian areas;
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e.g., Davies et al. 2008; Bubíková and Hrivnák 2018); or (iii)
adopted a posteriori wetland classification (e.g., Flinn et al.
2008), offering little support for tools that use a priori classi-
fications. Thus, information is still insufficient about commu-
nity patterns of different wetland types in a landscape context.

Here, our main goal was to compare the diversity
and composition of plant communities (herbaceous and
woody; treated separately and jointly) among freshwater
wetlands in the upper Uruguay River Basin, Southern
Brazil, where small and/or narrow wetlands predomi-
nate. To cover diversity across scales, we assessed both
alpha (local), beta (among-site) and gamma (regional)
diversity. We examined the three most common natural
wetland types in the region (defined a priori): ponds
(small, upland-embedded wetlands), streambanks and
riverbanks (riparian areas alongside streams and rivers,
respectively). We hypothesized that each wetland type
shows singular patterns of plant diversity and composi-
tion. To our knowledge, this is the first time plant com-
munity patterns are contrasted among the above-
mentioned wetland types.

Materials and Methods

Study Areas

The study was conducted in a transitional region be-
tween the semi-deciduous seasonal forest and the ever-
green seasonal Araucaria forest (Oliveira-Filho et al.
2015) in the upper Uruguay River Basin, Santa
Catarina State, Southern Brazil (Fig. 1). The climate in
the region is subtropical humid without a pronounced
dry season (Alvares et al. 2014). The annual means of
temperature and rainfall are 18–20 °C and 1,900–2,000
mm, respectively (Wrege et al. 2012). Soils and sub-
strates originate from basaltic rocks and are mostly eu-
trophic (IBGE 1990; Cunha et al. 2006; Giehl and
Jarenkow 2008), but those within and nearby ponds
tend to be dystrophic (Grasel et al. 2020).

Across the landscape, we first identified three predominant
natural wetland types: ponds, streambanks and riverbanks.
Afterwards, we selected eight study areas per wetland type
adopting the following criteria: (i) no evidence of anthropo-
genic habitat alteration; (ii) no sign of recent natural resource
exploitation; (iii) relatively small percentage of area occupied
by intensive land use activities within a 100 m radius; and (iv)
minimum distance of 1,500 m between study areas (Fig. 1;
Table S1). For all cases, we adopted Junk et al.’s (2014) def-
inition and delineation proposal of Brazilian wetlands. The
operational definitions and main features of the selected wet-
lands are presented in Table 1 and images of some are provid-
ed in Fig. S1.

Vegetation Sampling

We sampled all herbaceous species and ≥ 0.3–≤ 1 m high
plants of woody species (except bryophyte, climber, and epi-
phyte species) – i.e., plants that roughly constitute the compo-
nent commonly called “ground flora” (Goebel et al. 2012) or
“herb layer” (Santos-Junior et al. 2018) – using the line inter-
cept method (Canfield 1941; Munhoz and Araújo 2011). In
each study area, we surveyed the species’ coverage (measured
in cm) in 40 linear meters (i.e., 320 linear meters per wetland
type) by establishing linear transects arranged parallel and
equidistantly in 30 m long stretches. For each wetland type,
we defined a specific sampling design based on their abiotic
and biotic particularities (see above). In streambanks and riv-
erbanks, 40 and 10 transects of 1 and 4 m were established
perpendicular to the watercourses (to their left or right, starting
at the stream/riverside), respectively – streams and rivers were
not sampled because of the absence of plants meeting the
inclusion criteria. In ponds, we applied the same transect or-
ganization adopted for riverbanks, but the sampling effort was
equally divided into two areas that best represented the
ecodiversity – e.g., treeless and forested patches – in order to
maximize species detection (Neiff 2001; Davies et al. 2008).
All surveys were conducted during the summer of 2016–2017
(December–March). Species were identified through special-
ized bibliography, comparisons with exsiccates of the ICN
Herbarium of the Universidade Federal do Rio Grande do
Sul, and expert consultations. Family names follow APG IV
(2016) and PPG I (2016), while species nomenclature is based
on Flora do Brasil (2020) and Flora Argentina (2021).

As we inventoried only wetlands, all sampled plants, her-
baceous or woody, were considered to belong to wetland spe-
cies, regardless of their abundance and frequency in wetland
or terrestrial ecosystems. Our criteria are in consonance with
Cronk and Fennessy’s (2001) proposal, which also considers
that the term “wetland plants” is synonymous with “hydro-
phytes” and “macrophytes” – the authors restricted their treat-
ment to vascular species, as is the case here. We also adopted
Cronk and Fennessy’s (2001) classification of hydrophytes
into life forms, i.e., emergent, submerged, floating-leaved
and floating macrophytes.

Data Analysis

First, we used spline correlograms to test for spatial correla-
tion of the study areas’ main data employed in the analyses
described below – for the procedures and results, see
Appendix S1. Since these tests pointed out no significant spa-
tial correlation, all samples were taken as true replicates. We
then investigated whether ponds, streambanks and riverbanks
differed in their community parameters. To better comprehend
the patterns of plant diversity and floristic composition, we
treated herbaceous and woody species separately and

Wetlands (2021) 41: 9090    Page 2 of 13



together. Shrub and tree species were not analyzed separately
because most ponds showed very few or no individuals of one
and/or the other growth form. When applicable, species cov-
erage, which in our case is a continuous variable, was used as
a measure of abundance. Exotic species were excluded from
all analyses to better describe native diversity; as these species
covered only a small percentage of the transects’ total length
(3.4 %), we believe that they have not decisively influenced
our findings.

For descriptive purposes, we computed the absolute cover-
age, absolute frequency and importance value (Kent 2012) for
each species in each wetland type.

Alpha diversity was assessed by four indices fitting the Hill
series (Hill 1973;Morris et al. 2014) by increasing the weights
given to dominant species: richness (q = 0, or zero weight to
abundance), exponential of Shannon’s index (q = 1),
Simpson’s inverse index (q = 2) and Berger-Parker’s inverse
index (q = infinity). To compare species diversity among
wetland types, we used one-way analyses of variance

(ANOVAs) and pairwise comparisons. The assumptions of
normality of residuals and homogeneity of variances were
assessed through Shapiro-Wilk’s and Levene’s tests, respec-
tively; some data were log-transformed to meet these pre-
mises. Data that showed normal and homoscedastic distribu-
tion were compared though parametric tests – type-II
ANOVAs and Tukey’s HSD pairwise tests –, while non-
parametric tests – Kruskal-Wallis ANOVAs and Dunn’s
pairwise comparisons with P-values adjusted by the Holm
method – were used for variables that did not meet at least
one of the above-mentioned assumptions. Following the same
rationale of diversity profiles, a given wetland type was con-
sidered more diverse than its counterparts regarding any spe-
cies group only when showing higher values for the entire
series of diversity estimates (Melo 2008; Chao and Jost 2015).

Beta diversity was compared using permutational analyses
of multivariate dispersions (PERMDISPs) with post-hoc tests,
where we used 9,999 permutations to assess significance and
the Holm correction for multiple comparisons (Anderson

Fig. 1 Location of the study areas in the upper Uruguay River Basin, Southern Brazil. SDSF semi-deciduous seasonal forest, ESAF evergreen seasonal
Araucaria forest
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2006; Anderson et al. 2006). Such analyses were performed
both for presence-absence and abundance data, for which we
used Jaccard dissimilarity and Hellinger distance matrices,
respectively. Additionally, to examine the subjacent processes
driving species composition dissimilarity, we partitioned total
beta diversity of each wetland type in two ways. First, Jaccard
dissimilarities based on presence-absence data were
partitioned in turnover (species replacement among sites)
and nestedness (species richness differences among sites
when poor sites show subsets of species from richer sites)
components (Baselga 2012). Second, Ruzicka dissimilarities
were partitioned in balanced variation in abundance and abun-
dance gradients components (the abundance-based analogues
to the turnover and nestedness components, respectively;
Baselga 2017).

Gamma diversity was compared through diversity profiles
expressed as Hill numbers (Hill 1973; q = 0–5), in line with
our alpha diversity assessment strategy. These profiles were
built with 95 % confidence intervals and computed according
to Chao and Jost’s (2015) proposal.

Species composition was compared through permutational
multivariate analyses of variance (PERMANOVAs)
(Anderson, 2001) with pairwise contrasts using 9,999 permu-
tations to assess significance and the same correspondent

distance/dissimilarity matrices employed in PERMDISPs; P-
values resulting from post-hoc tests were adjusted by the
Holm method. Since PERMANOVAs and pairwise compari-
sons may be significant due to the sample groups’ location
and/or dispersion, we used the results of PERMDISPs and
post-hoc tests – and graphs; see below – to interpret the
resulting patterns (Anderson et al. 2008). Complementarily,
we examined the wetlands’ community composition unique-
ness following the method of Legendre and De Cáceres
(2013), which consists in partitioning total beta diversity into
local contributions (LCBDs). LCBDs were computed using
both species presence-absence and coverage data and the
Jaccard and Hellinger dissimilarity/distance, respectively.
We then investigated whether wetland types differed in their
LCBDs using ANOVAs and post-hoc tests (see the analyses
routine above).

Lastly, we built graphs to visualize patterns tested with
ANOVAs, PERMDISPs, PERMANOVAs and pairwise tests:
boxplots were constructed for alpha diversity parameters, dis-
tances to spatial median resulted from PERMDISPs and
LCBDs; and non-metric multidimensional scaling (NMDS;
McCune and Grace, 2002) ordinations (optimized for two
dimensions) were computed based on matrices with species
presence-absence and coverage data and the Jaccard and

Table 1 Definitions and main
features of the selected wetlands
in the upper Uruguay River
Basin, Southern Brazil

Wetland
type

Definition and main features

Ponds Temporary or permanent upland-embedded wetlands with ≤2 ha (Biggs et al. 2005; larger
upland-embedded wetlands, i.e., lakes, were not found within the study region). With the
exception of one pond, which is permanently flooded, all are subjected to temporary,
polymodal and unpredictable flood pulses of short duration, but substrates are waterlogged all
year around. All ponds are fed only by local rainwater and located close to the water divisors
of watercourses’ watersheds. Within-site and/or among-site vegetation physiognomies are
highly variable, varying from predominantly herbaceous to arboreal communities – marshes
to swamps sensu Keddy (2010). Hummocks of varying shapes, sizes (e.g., 0.5–5 m²) and
heights (e.g., 10–30 cm) are common features in these ecosystems, especially in swampy
areas. Among the three wetland types, ponds in general showed the smallest intra-site
elevation variations. Ponds range from 0.01–0.98 ha (mean=0.30 ha).

Streambanks Riparian areas adjacent to watercourses≤7 m wide. This definition is based on Bubíková and
Hrivnák (2018), who classified streams and rivers as watercourses with ≤or >7 m wide,
respectively (see similar operationalization criteria in Williams et al. 2004). Streambanks are
also subjected to temporary, polymodal and unpredictable flood pulses of short duration.
However, as they occur in slope areas, soils are flooded only during heavy rainfall events and
thus remain well-drained for most of the year. Preliminary field observations (e.g., litter
removal or deposition after high water levels) and landowner interviews revealed that the
chosen streambanks are at least 1 m wide. All riparian areas are forested and their plant
communities are physiognomically much less variable than those in ponds – light availability
in the understories is generally much lower and less heterogeneous. Streams adjacent to the
studied riparian areas are intermittent or permanent (none is ephemeral), 1st−3rd order (mean=
1.8) and 1.8–5 m wide (mean=3.3 m).

Riverbanks Riparian areas adjacent to watercourses>7 m wide (see the definition criteria above). The same
topographic, hydrologic and physiognomic characteristics described for streambanks apply
here, except that riverbanks have at least 4 mwide, higher elevation ranges and slightly higher
light availability in the understories. Rivers adjacent to the studied riparian areas are
permanent, 3rd−5th order (mean=4.3) and 7.6–14.1 m wide (mean=10.3 m).
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Hellinger dissimilarity/distance, respectively. To better visu-
alize the patterns of beta diversity (multivariate spread), spider
diagrams connecting sites to their sample groups’ spatial me-
dian were plotted into the NMDSs. Also, to better show the
wetlands’ contribution to the investigated patterns of species
composition uniqueness, LCBDs were fitted and plotted as
smooth surfaces and vectors on the NMDSs.

All analyses were performed in R (R Core Team 2020)
using packages ‘SpadeR’ (Chao et al. 2016), ‘lawstat’
(Gastwirth et al. 2020), ‘betapart’ (Baselga et al. 2020),
‘FSA’ (Ogle et al. 2020), ‘vegan’ (Oksanen et al. 2020) and
‘adespatial’ (Dray et al. 2020).

Results

We sampled a total of 177 species pertaining to 128 genera
and 59 families (Table S2). The number of exclusive and
shared species per plant group for the wetland types is shown
in Fig. S2. The species with the greater importance values
were: Luziola peruviana, Trichanthecium schwackeanum,
Rugoloa polygonata, Commelina obliqua and Hygrophila
costata in ponds; Didymochlaena truncatula, Lastreopsis
effusa, Dennstaedtia globulifera, Ctenanthe muelleri and
Ctenitis submarginalis in streambanks; and Goniopteris
r iograndensis , Ocel lochloa stoloni fera , Ctenit is
submarginalis, Ruellia angustiflora and Ctenanthe muelleri
in riverbanks (Table S2). All species are emergent, except
Lemna valdiviana (sampled in ponds), which is floating.

Alpha Diversity

Streambanks and riverbanks were alike in all alpha diversity
metrics for all plant groups, while ponds showed the lowest
indices in general (Fig. 2a–c; Table S3). However, as higher
weights were given tomore abundant species, ponds remained
less diverse than lotic environments in relation to woody spe-
cies only (Fig. 2a–c; Table S3; see, e.g., q = infinity).

Beta Diversity

Beta diversity of herbaceous species differed among all wet-
land types and showed the following pattern, both for
presence-absence and coverage data: ponds > riverbanks >
streambanks (Fig. 3a,d,g; Table S4). For woody species, no
difference was observed (Fig. 3b,e,h; Table S4). When the
global set of species was analyzed, beta diversity for
presence-absence data was higher in ponds than in the two
riparian ecosystems only, while beta diversity for coverage
data was similar between ponds and riverbanks and higher
in both when compared to streambanks (Fig. 3c,f,i;
Table S4). Total beta diversity in all cases was almost entirely
explained by species turnover and balanced variation in

abundance components instead of nestedness and abundance
gradients components (Fig. S3).

Gamma Diversity

Gamma diversity of herbaceous species was higher in ponds
and riverbanks than in streambanks, whereas the first two
showed similar diversity (Fig. 4a). Woody species were less
diverse in ponds than in streambanks and riverbanks, which in
turn showed overlapping diversity profiles (Fig. 4b). When all
species were considered, gamma diversity was greater in riv-
erbanks than in ponds and streambanks, while the last two had
similar diversity (Fig. 4c).

Ponds exhibited most exclusive herbaceous species and
also the largest number of unique species of the global set of
species, while riverbanks showed the highest number of ex-
clusive woody species (see more details in Fig. S2).

Species Composition

The composition of herbaceous and woody species considered
separately and together differed among all wetland types, re-
gardless of the data type (presence-absence or abundance) and
the sample groups’ multivariate dispersions (Fig. 5a–f;
Table S4). Ponds showed the highest floristic uniqueness re-
garding all plant groups and data types, while the two riparian
ecosystems showed similar LCBDs, except for herbaceous
species, whose composition was more singular in riverbanks
than in streambanks (Fig. 5; Table S5).

Discussion

Results showed that, in general, each wetland type presented
singular diversity and composition patterns, corroborating our
expectation. However, when the wetland types’ features are
assessed in detail, their uniqueness depends on the plant
group, data property (e.g., presence-absence or abundance),
and community parameter. Bellow, we discuss all these
particularities.

Overall, our spatial correlation analyses suggest that niche
processes, rather than dispersal limitation, essentially deter-
mined the revealed community patterns, probably due to both
the relatively small spatial scale of our study and particularly
to the great dispersion capacity of hydrophyte species
(Santamaría 2002; Soons 2006). In fact, many studies have
shown that, on spatial scales similar or even larger compared
to that of our study region, dispersal limitation had little or no
effects on macrophyte communities’ patterns in both lentic
and lotic systems, unlike, e.g., environmental variables (e.g.,
Brose 2001; Alahuhta et al. 2013, 2015; Fernández-Aláez
et al. 2020; Lansac-Tôha et al. 2020; but see, e.g., Rolon
et al. 2012; Padial et al. 2014).
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Alpha Diversity

Among the three wetland types, the two riparian ecosystems
tended to show the highest values of all alpha diversity indi-
ces, which is most likely linked to their habitat complexity.
For instance, streambanks and riverbanks had the highest ele-
vation ranges, implying in spatially variable soil waterlogging
or inundation regimes that, in turn, have direct and uneven
impacts on physico-chemical properties – e.g., through irreg-
ular water supply and sediment deposition (Wittmann et al.
2004, 2017; Budke et al. 2007). These ecosystems thus show
well-known characteristics for boosting alpha diversity, as
environmental heterogeneity and gradients of disturbance
and resource availability (Pollock et al. 1998; Lite et al.
2005; Budke et al. 2010). The two riparian wetland types,
however, did not show statistical differences, although river-
banks tended slightly to present the highest diversity in gen-
eral. The local diversity of vascular plant species in riparian
areas has previously been shown to gradually increase from
headwaters to downstream on relatively small spatial scales
(Gould and Walker 1997; Kuglerová et al. 2015, 2016) or to
show a unimodal pattern on relatively large spatial scales
(Nilsson et al. 1989; Renöfält et al. 2005) – albeit severe
floods may temporarily change this trend (see Renöfält et al.
2005). This continuous increase in diversity, at least until ri-
parian areas alongside watercourses at intermediate distances
from headwaters in relatively large lotic systems, was ex-
plained, e.g., by the associated increase in environmental het-
erogeneity, flood disturbance, nutrient availability, and sedi-
mentation (Nilsson and Jansson 1995; Gould and Walker
1997; Kuglerová et al. 2015). As the riparian areas studied
by us are predominantly narrow and adjacent to small water-
courses, we believe that the changes in environmental condi-
tions from streambanks to riverbanksmay have been too small
to generate a significant increase in local diversity.

Ponds, in turn, had overall the lowest alpha diversity
indices, although their diversity patterns of herbaceous
and woody species differed sharply from those of the
other wetland types. The herbaceous component in ponds
was similarly diverse to that of streambanks and river-
banks, which might be primarily attributed to the large
mean canopy openness observed in most sites and the
permanently wet conditions (Hassall et al. 2011; Bando
et al. 2015). In addition, ponds showed relatively high
within-site heterogeneity related to light incidence and,
to a lesser extent, to hydrological conditions, which may
have favored niche partitioning (Brose 2001; Rolon et al.
2012; Holtmann et al. 2019). The diversity of woody spe-
cies in ponds, however, was much lower than that in ri-
parian areas. This finding was not surprising, given that it
is well known that soils or substrates subjected to
prolonged or permanent soil waterlogging or flooding ex-
ert strong selective pressure on most woody species of the
regional pool, e.g., by developing anaerobic and toxic
conditions (Crawford 1992; Pezeshki and DeLaune
2012; Pitman et al. 2014). In addition, the ponds in the
upper Uruguay River Basin generally have substrates with
very low base saturation (i.e., poor in nutrients) and pH
and high aluminum saturation, which can represent addi-
tional stressors (Delhaize and Ryan 1995; Budke et al.
2007; Grasel et al. 2020). However, the fact that a much
smaller amount of herbaceous species is limited by such
filters (at least, e.g., in predominantly forested regions)
has been little discussed in literature. As all wetland spe-
cies are derived from terrestrial ancestors (Sculthorpe
1985; Cronk and Fennessy 2001), we suspect that part
of the explanation for the contrasting alpha diversity pat-
terns of herbaceous and woody species that we find in
ponds involves differences in the speed with which these
plant groups evolve. According to the generation time and

Fig. 2 Boxplots for alpha diversity parameters in ponds (Ps),
streambanks (Ss) and riverbanks (Rs) in the upper Uruguay River
Basin, Southern Brazil. Boxes show the 25th and 75th percentiles,
medians (thick lines) and means (black dots), while staples indicate the
smallest and highest values (excluding outliers). Outliers are shown as
hollow circles. Different letters above the top staples within each species

group and diversity parameter indicate significant differences (P ≤ 0.05)
according to Tukey’s HSD or Dunn’s pairwise comparisons (see
Table S3). q = 0, 1, 2 and inf. (infinity) correspond to richness, the
exponential of Shannon’s index, the Simpson’s inverse index and the
Berger-Parker’s inverse index, respectively
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mitosis rate hypotheses, herbaceous and shorter species
have higher rates of molecular evolution than woody
and taller ones, respectively (see Smith and Donoghue
2008; Lanfear et al. 2013). Therefore, we speculate that
herbaceous species, which also tend to be shorter than
woody species, may have adapted faster to colonize envi-
ronments with harsh hydrological conditions, which may
help clarify why they outnumber woody species in the
ponds we sampled.

Concerning the global set of species, ponds were again as
diverse as riparian areas, mainly because of their high diver-
sity in herbaceous species.

Beta Diversity

Beta diversity of herbaceous species was higher in ponds than
in the two riparian ecosystems, which may be essentially the
result of their tendency to have greater among-site environ-
mental heterogeneity than lotic systems reflecting specific
conditions of their micro-catchments (Williams et al. 2004).
In lotic systems, in turn, floods reduce among-site environ-
mental heterogeneity and hence beta diversity (Thomaz et al.
2007). Further, riverbanks had greater beta diversity than
streambanks. A potential explanation is that the latter exhibit-
ed a greater number of microhabitats (e.g., hydro-

Fig. 3 Beta diversity patterns in ponds (Ps), streambanks (Ss) and
riverbanks (Rs) in the upper Uruguay River Basin, Southern Brazil. a–
c) Boxplots for distances to spatial median resulted from permutational
analyses of multivariate dispersions. Boxes show the 25th and 75th
percentiles, medians (thick lines) and means (black dots), while staples
indicate the smallest and highest values (excluding an outlier, shown as a

hollow circle). Different letters above the top staples indicate significant
differences (P ≤ 0.05) according to PERMDISP post-hoc tests (see
Table S4). d–i) Non-metric multidimensional scaling (NMDS)
ordinations based on species presence-absence (Jaccard dissimilarity; d–
f) and coverage data (Hellinger distance; g–i). Spider diagrams connect
sites to their sample groups’ spatial median
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geomorphological niches; Batzer et al. 2018), whichmay have
increased the chance of recruiting rarer species of the regional
pool (e.g., those associated to larger riparian areas; Kuglerová
et al. 2015) and, consequently, promoted a higher dissimilarity
in community composition at the landscape scale.

Beta diversity of woody communities, in contrast, was
similar among all wetland types. The most likely reason
why ponds did not show the greatest beta diversity again
was their previously mentioned environmental harshness,
which probably counterbalanced their tendency to present
high beta diversity – e.g., due to their great inter-site envi-
ronmental heterogeneity – by decisively limiting the estab-
lishment of woody species (Williams et al. 2004; Davies
et al. 2008; Keddy 2010). Likewise, riverbanks did not
repeat a greater beta diversity compared to streambanks.
As suggested above, a greater local environmental hetero-
geneity in riverbanks than in streambanks may have fa-
vored a higher beta diversity of herbaceous species in the
former. However, woody species are less sensitive to fine-
scale environmental changes (Lite et al. 2005; Hagan et al.
2006), indicating that riverbanks’ intra-site environmental
diversity may have been too modest for similar effects to
be observed for this plant group. Indeed, Goebel et al.
(2012) demonstrated that the overstory composition prac-
tically did not vary from low to high portions of riparian
areas in poorly to deeply entrenched valleys, while the
ground-flora exhibited high replacement rates along the
same gradient, although the latter component was formed
by both herbaceous and woody species.

Regarding the global set of species, beta diversity patterns
largely reflected those found for herbaceous communities,
since woody communities were alike among wetland types.
However, the diversity of riverbanks became similar to that of
streambanks and ponds in relation to the binary and coverage
data, respectively, which is likely because riverbanks showed
a tendency to exhibit the lowest and highest beta diversity of
woody species in relation to the same data types, respectively.

Gamma Diversity

The highest gamma diversity of herbaceous species was found
in ponds and riverbanks, which is mainly related to their
higher beta diversity in relation to streambanks, since alpha
diversity was similar among all wetland types. Despite having
displayed the highest beta diversity, ponds did not exhibit
greater gamma diversity compared to riverbanks chiefly due
to the tendency of the former to present the lowest alpha
diversity.

In terms of woody species, streambanks and river-
banks showed equivalent gamma diversity, primarily
due to their similarity regarding both alpha and beta
diversity. Ponds, in turn, were the poorest ecosystems,
clearly mirroring the great challenges that swampy con-
ditions impose to the establishment and development of
woody species (Pezeshki and DeLaune 2012; Pitman
et al. 2014).

Regarding the global set of species, riverbanks showed the
highest gamma diversity, which is explained by their high
diversity for all plant groups. Streambanks and ponds, on the
other hand, were between the richest and poorest ecosystems,
depending on the species group (herbaceous or woody),
which clarifies why they exhibited similar diversity between
themselves and lower than that of riverbanks when all species
were considered.

Species Composition

The revealed floristic differentiation patterns probably reflect
largely the magnitude of the environmental differences be-
tween the investigated ecosystem types. Hydrological charac-
teristics are likely especially relevant, given that hydrology
plays a major role in the assembly of hydrophyte communi-
ties, although other factors, including substrate or soil proper-
ties, are also important (Cronk and Fennessy 2001; Budke
et al. 2007; Keddy 2010).

Fig. 4 Gamma diversity patterns in ponds (Ps), streambanks (Ss) and
riverbanks (Rs) in the upper Uruguay River Basin, Southern Brazil,
showed through diversity profiles. Shaded areas indicate the 95 %

confidence intervals. q = 0, 1 and 2 correspond to richness, the
exponential of Shannon’s index and the Simpson’s inverse index,
respectively
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Among the studied wetlands, ponds and riparian areas pre-
sented the most floristically dissimilar communities, which is
paralleled in the knowledge about their environmental prop-
erties. For example, while the ponds in the upper Uruguay
River Basin tend to exhibit dystrophic substrates subjected
to prolonged or permanent waterlogging or flooding, riparian
areas in the region generally present well-drained eutrophic
soils (Giehl and Jarenkow 2008; Grasel et al. 2020). Such
environments, therefore, contrast in relation to a series of
well-known variables to catalyze floristic differences, such
as water availability, pH, base saturation, and potential acidity
(Budke et al. 2007; Giehl and Jarenkow 2008). As showed

here, lentic and lotic wetlands have also been shown previous-
ly to present markedly distinct community composition, as is
the case of the woody component of some swamps (always
waterlogged and temporarily or permanently flooded) and
floodplains (temporarily flooded and predominantly well-
drained) in the Amazon (Pitman et al. 2014; Draper et al.
2018).

Community composition of streambanks and riverbanks,
in turn, was the least dissimilar, varying to a similar degree
as found elsewhere for riparian areas adjacent to 1st−5th order
watercourses (e.g., Rheinhardt et al. 2013; Kuglerová et al.
2016). The more modest floristic differences between

Fig. 5 Floristic composition patterns in ponds (Ps), streambanks (Ss) and
riverbanks (Rs) in the upper Uruguay River Basin, Southern Brazil. a–f)
Non-metric multidimensional scaling (NMDS) ordinations based on
species presence-absence (Jaccard dissimilarity; d–f) and coverage data
(Hellinger distance; g–i). Smooth surfaces and vectors are based on
samples local contributions to beta diversity (LCBDs). g–i) Boxplots

for LCBDs. Boxes show the 25th and 75th percentiles, medians (thick
lines) and means (black dots), while staples indicate the smallest and
highest values (excluding outliers). Outliers are shown as hollow
circles. Different letters above the top staples within each species group
and diversity parameter indicate significant differences (P ≤ 0.05)
according to Tukey’s HSD pairwise comparisons (see Table S5)
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streambanks and riverbanks than those observed between
these and ponds are probably due in large part to the greater
environmental similarity between streambanks and river-
banks. Although riparian areas’ habitat features tend to vary
gradually from headwaters to mouth (Nilsson et al. 1994;
Kuglerová et al. 2015; Batzer et al. 2018), streambanks and
riverbanks probably shared several similar environmental fea-
tures, including well-drained soils during most of the year and
edaphic properties that predominate in the region, e.g., elevat-
ed nutritional status and very low aluminum toxicity
(SBCS/CQFS 2004; Cunha et al. 2006; Giehl and Jarenkow
2008; Grasel et al. 2020). In addition, flooding in riparian
areas tends to reduce inter-site environmental heterogeneity
due to its homogenizing action, thereby reducing turnover in
species composition (Thomaz et al. 2007).

In general, ponds showed the greatest floristic singular-
ity, which seems to be closely related to its high environ-
mental uniqueness at the regional level (see above). Also,
the singularity of herbaceous communities was greater in
riverbanks than in streambanks, probably due to the in-
crease in the occurrence of species more associated with
specific sites (e.g., those subjected to longer flooding) of
larger riparian areas (Kuglerová et al. 2015; 2016; Batzer
et al. 2018). The floristic uniqueness of the two riparian
ecosystems’ woody communities, however, did not differ,
which also determined their similarity in relation to the
global set of species. These findings suggest that the envi-
ronmental novelty that riverbanks add to the other riparian
areas was too modest for the woody component to show a
pattern of floristic uniqueness similar to that presented by
the herbaceous component, since woody species are less
sensitive to small-scale habitat variations (Lite et al. 2005;
Hagan et al. 2006).

Finally, it is noteworthy that each studied ecosystemmakes
essential or disproportionately greater contributions to the
conservation of some plant species at the landscape scale.
This is especially true for ponds, as riparian areas, in general,
tend to have a floristic composition more similar to that of
uplands (see Table S2; Ruschel et al. 2005; Giehl and
Jarenkow 2008; Inácio and Jarenkow 2008; Grasel et al.
2017, 2020). Some examples of species that in the study re-
gion are unique to, or much more abundant in, particular eco-
systems studied, at least in terms of wetlands, include:
Eleocharis contracta, Hibiscus striatus, Hydrolea spinosa,
Hygrophila costata, Lemna valdiviana, Ludwigia peruviana,
Luziola peruviana and Osmunda spectabilis (and many
others) in ponds; Asplenium claussenii, Dennstaedtia
dissecta, Dennstaedtia globulifera, Didymochlaena
truncatula and Parapolystichum effusum in streambanks;
and Carex sellowiana, Exostigma rivulare, Galianthe
brasiliensis, Goniopteris riograndensis, Selaginella muscosa,
Selaginella sulcata and Stenandrium mandioccanum in river-
banks (see Table S2).

Implications for Conservation

Our findings have important implications for wetland
plant conservation. For example, ponds, streambanks,
and riverbanks all showed exclusive species, beta diver-
sity explained by high rates of turnover and balanced
variation in abundance components and distinct floristic
composition. This suggests that not only each wetland
type, but also each singular wetland makes unique con-
tributions to regional hydrophyte diversity (Williams
et al. 2004; Socolar et al. 2016). Furthermore, commu-
nity patterns of herbaceous and woody species differed
in relation to several community parameters, suggesting
that conservation strategies focusing on a single plant
group tend to be ineffective. For instance, considering
only the woody component, one could argue that ponds
have the lowest conservation priority among the evalu-
ated ecosystems because they exhibited the lowest gam-
ma diversity. This interpretation, however, would inevi-
tably be different after analyzing the regional diversity
patterns of the herbaceous component.

Our results also point to the need to reassess instru-
ments related to wetland management. For instance, al-
though we have shown that ponds make unique contri-
butions to wetland plant diversity, such ecosystems are
neglected in various regions of the globe (e.g., see
Williams et al. 2004; Calhoun et al. 2017; Grasel
et al. 2018; Hill et al. 2018). A critical example comes
from Brazil, where ponds have practically lost their le-
gal protection on private properties after the revision of
the “Forest Code” (Federal Law nº 4,771/1965; renamed
as the Native Vegetation Protection Law: Federal Law
nº 12,651/2012), which also reduced or removed the
protection of several other wetland habitats (Brancalion
et al. 2016; Grasel et al. 2018, 2019a, b) – ponds and
other wetlands are also mostly neglected in protected
areas of the country (see Azevedo-Santos et al. 2019).

We advocate that safeguarding wetland plant diversity nec-
essarily involves adopting integrative conservation strategies.
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