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Abstract The Upper River Paraná Floodplain Sys-

tem comprises the rivers Ivinheima, Baı́a and Paraná,

which with their associated waterbodies form three

subsystems, each showing individual characteristics.

Hydrilla verticillata recently invaded the Upper

Paraná Floodplain, while Egeria najas is the native

most abundant submersed macrophyte. A large flood-

pulse, during January–March 2007, abruptly reduced

macrophyte stands in many areas to near-zero and

dispersed propagules over the entire floodplain. From

April 2007 to April 2008, we conducted three surveys

sampling for the presence–absence of H. verticillata

and E. najas and environmental variables aiming to

answer: (1) How rapid is the colonization–regeneration

process for both species? (2) Which habitats seem to be

more susceptible to their colonization? (3) Which

environmental factors can best predict their occur-

rence? Neither H. verticillata nor E. najas colonized

the Ivinheima subsystem. In the Baı́a subsystem,

E. najas had only two occurrences while H. verticil-

lata was not present. In the Paraná subsystem, E. najas

predominantly occurred in river channels, but it was

also common in floodplain lakes. In April 2007, it was

found in 13% of the sites in the Paraná subsystem,

increasing to 30% in November 2007 and reaching

34% in April 2008. H. verticillata did not successfully

colonize floodplain lakes of the Paraná subsystem. In

channels, it had 34% occurrence in April 2007,

increasing to 62% in November 2007 and remaining

at 62% in April 2008. The role of environmental

variables in predicting species occurrence changed

depending upon the scale of the analysis. Considering

the whole Upper Paraná floodplain, water transparency

followed by electrical conductivity were the strongest

predictors for both species. Colonization by submersed

plants seems improbable in the Ivinheima subsystem

owing to its low water transparency besides frequent

localized floods; in the Baı́a subsystem, it seems

inhibited by transparency and low alkalinity. Consid-

ering just the Paraná subsystem, the proportion of

organic matter in sediment, ten times higher in

floodplain lakes than in channels, was the best predic-

tor for H. verticillata occurrence (also related to water

pH and transparency), while E. najas was only signif-

icantly explained by transparency.
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Introduction

Hydrilla verticillata is regarded as one of the worst

aquatic weeds in the world (Murphy, 1988; Mullin

et al., 2000; Hershner & Havens, 2008). The weed

shows a large ecological amplitude and thrives under

environmental conditions with characteristics varying

from lentic to lotic, from oligotrophic to eutrophic,

from acid to alkaline, from low to high light

availability and from tropical to temperate climate

(Van et al., 1976; Barko & Smart, 1981; Cook &

Lüönd, 1982; Spencer et al., 1994; White et al., 1996;

Kahara & Vermaat, 2003). H. verticillata has spe-

cialized structures for vegetative reproduction (tubers

and turions) besides a well-developed rhizome system

capable of stocking carbohydrate reserves which

enable the plant to persist and recover even after

severe disturbances (Netherland, 1997; Owens &

Madsen, 1998; Madsen & Smith, 1999). These

features, together with aggressive growth rates and

its morphological aspects, forming dense canopies

near the water surface, make H. verticillata a highly

competitive weed which can potentially disrupt native

macrophyte communities (Haller & Sutton, 1975; Van

et al., 1999; Mony et al., 2007; Wang et al., 2008).

Hydrilla verticillata recently invaded the Upper

River Paraná Floodplain System (URPFS), a strategic

ecosystem for biodiversity conservation in Brazil.

Here, the weed was first recorded in June 2005. Since

then it has rapidly spread along the River Paraná

infesting large areas with high biomass production and

causing problems related to navigation, fishing and

recreation activities. The URPFS comprises a rich

diversity of organisms such as fish and invertebrates, as

well aquatic macrophytes (Agostinho et al., 2004)

which can also be severely impacted by such an

aggressive invader (Agostinho et al., 2005). Egeria

najas is the dominant native submersed macrophyte in

the URPFS (Thomaz et al., 2004a). E. najas and

H. verticillata are both Hydrocharitaceae with closely

similar morphology and ecological features which can

result in intense competitive interactions between

them. Although E. najas is regarded as a potential

nuisance species that can cause some localized prob-

lems in artificial water bodies (Bini & Thomaz, 2005),

it is not a nuisance weed outside its native range of

southern Brazil, north east Argentina and Paraguay

(Cook & Urmi-König, 1984; Chambers et al., 2008).

While H. verticillata is one of the most exten-

sively studied aquatic macrophytes, there is only

scarce information about the biology and ecology of

E. najas (e.g. Tavechio & Thomaz, 2003; Pierini &

Thomaz, 2004; Thomaz et al., 2007b), especially in

its native habitats (Bini & Thomaz, 2005; Thomaz

et al., 2006). Information about which factors can

predict colonization of these native and exotic

macrophytes can be an important tool for develop-

ment of conservation and management efforts (Mur-

phy & Pieterse, 1990; Wingfield et al., 2006).

From January to March 2007, a strong flood-pulse

disturbed populations of H. verticillata and E. najas

in the URPFS reducing stand biomass to almost zero

in many areas (W. T. Z. Sousa, unpublished data).

Indeed, only propagules of the plants (stem and root

fragments) were found immediately after the big

flood. The flood also acted to disperse large quantities

of propagules between waterbodies in the floodplain

as a result of the increased connectivity between them

during the flood event (e.g. Neiff, 1990; Thomaz

et al., 2007a). The flood provided an opportunity to

study submersed macrophyte recolonization after a

major disturbance event particularly aiming to

address three questions: (1) How fast over time and

how intense over space does the colonization–regen-

eration process occur in invasive H. verticillata and

native E. najas post-disturbance in the URPFS?; (2)

Which habitats seem to be more susceptible or

protected from the occupation of these exotic and

native Hydrocharitaceae?; (3) Which environmental

factors are likely to hinder or propitiate the successful

establishment of each species?

Study area

The study area comprises the three main rivers of the

URPFS: Ivinheima, Baı́a and Paraná (Fig. 1). Each

river with its associated waterbodies has its own

individual characteristics (see Thomaz et al., 2004b)

and can be regarded as a distinct subsystem of the

URPFS: hereafter coded as the Ivinheima subsystem

(IS), Baı́a subsystem (BS) and Paraná subsystem (PS).

The hydrology of the River Paraná is strongly

influenced by an upstream cascade of reservoirs

which retains solids and nutrients, resulting in clear

oligotrophic water in the river channel by the time it
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reaches the URPFS. The water flow is influenced by

the volume of precipitation in the catchment area and

by operation of upstream dams (Thomaz et al.,

2004b). Periods of high waters usually occur during

the summer (November–March). When the water

level surpasses 3.5 m above local datum (at Porto

Rico: 22�460 S; 53�150 W) a majority of the URPFS,

including waterbodies of the three subsystems,

become highly connected (Souza-Filho et al., 2004).

The flood enriches the river water with suspended

solids and nutrients brought from the inundated

floodplain resulting in reduction of water transpar-

ency. Supplied by groundwater, the River Baı́a is a

semi-lotic distributary, rich in humic compounds

(Souza-Filho et al., 2004; Thomaz et al., 2004b). Its

hydrology, including direction of flow, is largely

influenced by the water level regime of the River

Paraná (Thomaz et al., 2004a). The River Ivinheima

shows the lowest water transparency [depth of

disappearance of the Secchi disc (ZDS) \1.4 m]

and its hydrology is more independent, with local

floods occurring with relative higher frequency and

intensity, depending on precipitation in its (un-

dammed) sub catchment (Souza-Filho et al., 2004;

Thomaz et al., 2004a).

Methods

Data collection

The first survey was made in April 2007 at 148

sampling sites (c. 100 m2 each) distributed along 35

waterbodies (up to 38 sites per waterbody, dependent

on size of the waterbody) located in the three

subsystems of the URPFS (Fig. 1; Table 1). In each

site, depths lower than 4 m were sampled with a rake

for presence–absence data of H. verticillata and

E. najas. Where these species were not colonizing,

the presence of vegetative propagules was also

checked in each site. Site coordinates were marked

with a GPS which enabled precisely the same sites to

be sampled again in November 2007 and April 2008.

However, in April 2008, one channel in the BS (with

10 sampling stations) could not be assessed by boat

due to vegetation blockage.

In April and November 2007, physico-chemical

variables were measured at 38 sampling stations

(Table 1). In April 2007, we analysed water pH,

electrical conductivity, alkalinity and depth of disap-

pearance of the Secchi disc (ZDS). In November

2007, we measured these variables plus underwater

Fig. 1 Map of the

sampling stations in the

URPFS
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light attenuation coefficient (k), concentrations of

phosphorus (TP) and nitrogen (TN), and sediment

proportion of organic matter (O.M.sed). In April 2008,

ZDS and electrical conductivity were sampled in all

the sites sampled for macrophytes (n = 138).

Water electrical conductivity and pH were mea-

sured with a portable meter (Digimed, São Paulo,

Brazil). In order to calculate the light attenuation

coefficient (k; m-1), we measured the photosynthet-

ically active radiation (PAR; lmol s-1 m-2) imme-

diately subsurface and at a known depth using a

LiCor underwater quantum sensor connected to a

hand-held meter. k was estimated following the

equation k = [ln (I0) - ln (Id)]/d (where, I0 = irra-

diance at the subsurface, Id = irradiance at the depth

d m). Water samples were taken for determination of

alkalinity using Gran titration (Carmouze, 1994) and

for laboratory analysis of concentrations of total

phosphorus (TP) and total nitrogen (TN) according to

Golterman et al. (1978) and Zagatto et al. (1981),

respectively. Sediment samples were collected for

analysis of proportion of organic matter per dry mass

(O.M.sed; % DM-1). This was obtained by gravimetry

after burning ca. 0.3 g of sediment in a furnace at

450�C for 4 h.

Data analyses

Analysis of variance (ANOVA) followed by Tukey

post-hoc mean-separation testing was applied to

search for statistical differences in environmental

conditions between subsystems. Pair-wise t-tests

were used to find differences between lentic and

lotic habitats within a subsystem. Dependent vari-

ables were checked for assumptions of normality and

homogeneity of variances.

Relationships between macrophytes and environ-

mental data were assessed by logistic regression

analysis. The procedure was as described by Bini &

Thomaz (2005) plus references therein. For each

species, the best combination of predictor variables

was chosen using the following procedure: (1) all the

predictors were tested separately; (2) the one that

resulted in the largest change of deviance given the

degrees of freedom (assessed by the chi-square (v2)

statistic) was added to the model; (3) the procedure

was repeated with all the remaining predictors until

addition of another variable did not result in a

significant (at the P \ 0.05 level) reduction in devi-

ance (difference between v2 statistics calculated for

models with different number of predictors). Model

predictive capability was evaluated by the percentage

of cases in which observed presence, and absence data

were misclassified. An arbitrary logit value (0.5) was

used as a threshold to categorize misclassification. A

significance level of P \ 0.05 was considered signif-

icant for all the analyses. The software Statistica 7 for

Windows (StatSoft Inc.) was used.

Results

Macrophyte occurrences

Hydrilla verticillata was not found at any site in the

IS during any survey. In the BS, only propagules

(plant fragments) were found just after the flood

disturbance in April 2007 at only one sampling site.

The macrophyte successfully established only in the

river channels of the PS. Although in this subsystem

propagules of H. verticillata were found in one

floodplain lake in April 2007 and in five floodplain

lakes in November 2007, H. verticillata was found

colonizing only one floodplain lake station of the PS

in each survey, and it was not found twice over time

Table 1 Number of waterbodies and sampling sites (between

brackets) surveyed for macrophyte occurrence and macrophyte

occurrence plus environmental variablesa in each subsystem of

the URPFS

Subsystem Variables River

channels

Lagoons

Ivinheima

(IS)

Biotic 1 (7) 4 (15)

Biotic ? environmental 1 (3) 2 (2)

Baı́a (BS) Biotic 4 (31)b 13 (33)

Biotic ? environmental 4 (8) 9 (9)

Paraná (PS) Biotic 3 (47) 10 (15)

Biotic ? environmental 3 (9) 5 (7)

a In April 2007 we sampled water pH, electrical conductivity,

alkalinity and depth of disappearance of the Secchi disc (ZDS);

in November 2007 we measured the former environmental

variables besides underwater light attenuation coefficient (k),

total nitrogen (TN) and total phosphorus (TP) concentrations,

and sediment proportion of organic matter (O.M.sed); in April

2008 only ZDS and water electrical conductivity were sampled

but all the sites were sampled for macrophytes (n = 138)
b One secondary channel of the BS, with 10 sampling stations,

was missed in April 2008 due to impossibilities of boat passage

caused by vegetation blockage
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in the same lake. Considering only sampling sites

located in river channels of the PS (n = 47 sites),

H. verticillata occurred in 34.0% of the sites in April

2007 (just after the major flood disturbance) and

increased to 61.7% of occurrence in November 2007.

In April 2008, it had not enlarged its occupancy and

still colonized 61.7% of the sites sampled in river

channels of the PS.

Egeria najas also was not found in any site of the

IS. In November 2007, this species occurred in one

channel in the BS, which could not be sampled again

in April 2008 because the boat access was blocked by

vegetation development. However, in April 2008,

E. najas was found once again in the BS, colonizing

just one site in a floodplain lake. In the PS, E. najas

occurred in 12.8% of the sites sampled in April 2007.

Its occurrence increased to 29.8% in November 2007

and reached 34.0% of the sites in the PS in April

2008. In the PS, E. najas was found more frequently

in river channel habitats (61% of the occurrences)

and it was also common in floodplain lakes (39% of

the occurrences).

Environmental conditions

Ivinheima (IS), Baı́a (BS) and Paraná (PS)

subsystems

Environmental variables measured in the three sub-

systems of the URPFS during the period of study are

summarized in Table 2. As expected, the major flood

of January–March 2007 temporarily affected the

limnological characteristics in the whole URPFS. A

notable example of change was the homogenization

of the water transparency among subsystems. Habi-

tats of IS, BS and PS, which previously differed in

water clarity, showed statistically similar values of

ZDS in April 2007.

In November 2007 the limnological characteristics

of each subsystem had returned to their normal range.

Habitats of the PS had significantly higher water

transparency (measured as ZDS and k) than both IS

and BS which did not differ between each other

(Table 2). Habitats of BS had significant lower elec-

trical conductivity and alkalinity compared to IS and

PS which did not differ between each other. The PS had

significant lower concentrations of TN and TP while IS

and BS did not differ in nutrients. In November 2007

the three subsystems of the URPFS did not differ

statistically in regard to water pH and O.M.sed.

Analysis of the dataset from April 2008 for

electrical conductivity and ZDS largely confirmed

the results observed with data from November 2007

(Table 2). However, with the April 2008 dataset the

analysis showed that the IS had significantly lower

values of ZDS than the BS and PS, with the PS still

sustaining the higher values.

River channels and floodplain lakes of the PS

In order to search for evidence that could explain why

H. verticillata did not successfully establish in

Table 2 Environmental

variables (mean ± standard

deviation) and ANOVA

results (P) comparing the three

subsystems (IS, BS and PS)

of the URPFS

Means with the same letter

attached showed no significant

difference between them

(P [ 0.05)

Number of waterbodies and

sites sampled per survey are

shown in Table 1

Variable Date IS BS PS P

pH Apr./2007 6.7 ± 0.2 a 6.2 ± 0.2 b 7.1 ± 0.4 c \0.001

Nov./2007 7.0 ± 0.1 6.5 ± 0.1 7.0 ± 0.6 [0.05

Electrical conductivity

(lS cm-1)

Apr./2007 49.5 ± 6.3 ab 37.8 ± 13.0 b 58.8 ± 9.2 a \0.001

Nov./2007 61.9 ± 2.9 a 50.3 ± 5.0 b 67.3 ± 6.7 a \0.001

Apr./2008 62.8 ± 2.8 a 41.3 ± 14.6 b 66.3 ± 4.1 a \0.001

Alkalinity (mEq l-1) Apr./2007 393 ± 20 a 276 ± 67 b 398 ± 43 a \0.001

Nov./2007 387 ± 28 a 204 ± 82 b 410 ± 51 a \0.001

ZDS (m) Apr./2007 1.05 ± 0.15 1.06 ± 0.34 1.31 ± 0.41 [0.05

Nov./2007 0.51 ± 0.05 a 0.70 ± 0.39 a 1.88 ± 1.41 b \0.01

Apr./2008 0.58 ± 0.05 a 0.93 ± 0.32 b 1.55 ± 0.50 c \0.001

k (m-1) Nov./2007 3.92 ± 0.47 a 3.87 ± 1.16 a 1.51 ± 1.09 b \0.001

TP (lg l-1) Nov./2007 78.4 ± 16.8 a 71.2 ± 15.3 a 30.0 ± 26.7 b \0.001

TN (mg l-1) Nov./2007 0.92 ± 0.24 a 1.02 ± 0.31 a 0.42 ± 0.27 b \0.001

O.M.sed (% DM-1) Nov./2007 6.0 ± 6.5 9.1 ± 8.4 6.4 ± 6.4 [0.05
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floodplain lakes but only in the river channels of the PS

we compared the environmental conditions between

these two types of habitat. The most pronounced (and

significant; P \ 0.001) difference was found for

O.M.sed, 10 times higher in floodplain lakes (13.0 ±

3.1% DM-1) than in river channels (1.3 ± 1.1%

DM-1). Other significant differences (P \ 0.05) were

detected for water pH, in April (7.3 ± 0.4 in the river

and 6.8 ± 0.3 in lakes) and November 2007 (7.2 ± 0.7

in the river and 6.6 ± 0.2 in lakes), and for ZDS, in

April 2008 (1.7 ± 0.4 m in the river and 1.1 ± 0.5 in

lakes), both showing significantly lower values in

floodplain lakes than in river channels. No other

significant difference (P [ 0.05) was found between

channels and floodplain lakes of the PS for any

environmental variable for any survey.

Predictors of species occurrence in the URPFS

Preliminary analyses (November 2007 dataset)

Given the atypical environmental and biotic condi-

tions in the URPFS in April 2007 (associated with the

major flood-pulse), we used data from November

2007 to explore preliminary relationships between

macrophytes and environmental variables. This snap-

shot period was considered the most appropriate to

choose because habitats were likely to have recov-

ered from the unusual conditions caused by the major

flood. In addition, by November 2007 propagules

dispersed by the flood were considered likely to have

had sufficient time to regenerate in habitats suitable

for this to occur.

Light attenuation coefficient (k), ZDS and con-

centrations of TP and TN were the best predictors for

both species (Table 3; Fig. 2). These four explana-

tory variables were strongly inter-correlated

(r2 [ 0.31; P \ 0.001). Together with the former

ANOVA results, this suggests that habitats with

lower water transparency (e.g. sites of IS and BS) had

higher nutrient levels. H. verticillata and E. najas

were positively related to water transparency and

negatively related to nutrient levels. Since nutrients in

excess were no longer likely to be directly limiting

macrophyte development, water transparency was

regarded as the main factor explaining species

distribution over the URPFS. Thus, to avoid multi-

collinearity problems involving k, ZDS, TP and TN,

only ZDS was included in multiple regression

analysis. ZDS was preferred because of the ease in

sampling it and its robustness (e.g. no need for

equipment calibration).

Water electrical conductivity, alkalinity, pH and

O.M.sed yielded significant relationships with H. ver-

ticillata occurrence, while pH was also a significant

explanatory predictor of E. najas colonization

(Table 3; Fig. 3). Electrical conductivity and alkalin-

ity were strongly correlated (r = 0.79; P \ 0.001),

thus we also avoided coupling these variables in

regression analysis. Between the two, electrical

conductivity was preferred for its ease of measure-

ment in field.

The relationship between ZDS and H. verticillata

occurrence was significantly improved by including

electrical conductivity (P = 0.03) in the model.

Thus, with the November 2007 dataset, the best

model (minimal adequate model) to predict proba-

bility of H. verticillata occurrence (PH. verticillata) was

obtained by combining ZDS and electrical conduc-

tivity (Table 3). The equation is as follows:

No other combination of explanatory variables sig-

nificantly improved (P [ 0.05) k or ZDS relation-

ships with H. verticillata occurrence. With the

November 2007 dataset, no variable significantly

improved (P [ 0.05) the relationship between E. na-

jas occurrence and ZDS.

Main predictive models (all surveys dataset)

In April 2008, ZDS and water electrical conductivity

were measured at all the sites sampled for macrophytes

(n = 138). This substantially larger dataset allowed a

PH: verticillata ¼
exp �13:13þ 1:130 ZDSþ 0:160 electrical conductivityð Þ

1þ exp �13:13þ 1:130 ZDSþ 0:160 electrical conductivityð Þ
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refined evaluation of the role of these two variables in

predicting species occurrence. With the use of the

dataset from all the surveys (n = 214), ZDS and

electrical conductivity each yielded highly significant

models predicting probability of H. verticillata and

E. najas colonization (Table 3). However, for both

species, ZDS yielded models which achieved higher

significance and predictability of the observed data

than electrical conductivity. For both predictors

H. verticillata had better models than E. najas.

Both species displayed quite similar positive

relationships with their predictors (Fig. 4). However,

probability of H. verticillata occurrence increases

more steeply in relation to ZDS and electrical

conductivity than is the case for E. najas. In fact,

sites with H. verticillata did not differ significantly

from sites with E. najas with regard to ZDS and

electrical conductivity (Table 4), although sites with

E. najas had lower minimum values (ZDS: 0.60 m;

electrical conductivity: 28.0 lS cm-1) than the min-

imum observed for sites with H. verticillata (ZDS:

0.70 m; electrical conductivity: 46.1 lS cm-1).

Adding electrical conductivity significantly

improved (P \ 0.001) ZDS relationships with H. ver-

ticillata and E. najas yielding two best models with

data from all the surveys (Table 3), as given below:

Table 3 Significant (P \ 0.05) logistic regression models relating probability of macrophyte occurrence in the URPFS as a function

of environmental variables

Predictors Species v2 P Absence

predicted (%)

Presence

predicted (%)

November 2007 dataseta

k (m-1) H. verticillata 19.79 \0.001 90.0 75.0

E. najas 6.01 0.01 100.0 0.0

ZDS (m) H. verticillata 10.47 0.001 93.3 50.0

E. najas 8.37 \0.01 100.0 25.0

TP (lg l-1) H. verticillata 14.00 \0.001 90.0 75.0

E. najas 6.48 0.01 100.0 0.0

TN (mg l-1) H. verticillata 10.98 \0.001 86.7 37.5

E. najas 7.86 \0.01 100.0 0.0

pH H. verticillata 6.85 \0.01 93.3 12.5

E. najas 4.20 \0.05 100.0 25.0

Electrical conductivity (lS cm-1) H. verticillata 9.80 \0.01 93.3 25.0

Alkalinity (mEq l-1) H. verticillata 7.82 \0.01 96.7 25.0

O.M.sed (% DM-1) H. verticillata 5.37 \0.05 100.0 0.0

ZDS ? electrical conductivity H. verticillata 17.38 \0.001 93.3 62.5

All surveys datasetb

ZDS (m) H. verticillata 64.71 \0.001 92.3 60.0

E. najas 23.12 \0.001 98.9 8.0

Electrical conductivity (lS cm-1) H. verticillata 28.95 \0.001 98.2 2.2

E. najas 17.94 \0.001 100.0 0.0

ZDS ? electrical conductivity H. verticillata 79.94 \0.001 91.7 64.4

E. najas 34.83 \0.001 98.9 8.0

a n = 38 sites, eight with H. verticillata and four with E. najas
b n = 214 sites, 45 with H. verticillata and 25 with E. najas

PH: verticillata ¼
exp �8:47þ 2:30 ZDSþ 0:070 electrical conductivityð Þ

1þ exp �8:47þ 2:30 ZDSþ 0:070 electrical conductivityð Þ
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where PH. verticillata and PE. najas are probabilities of

H. verticillata and E. najas occurrence, respectively.

Hydrilla verticillata had a better model than

E. najas. The observed absence of both species was

well predicted (more than 91% correct) by the

models. However, sites with E. najas achieved low

correct predictions (8.0%) while 64.4% of the sites

with H. verticillata were correctly predicted by its

model (Table 3).

Predictors of species occurrence in the PS

Since both species were commonest in the PS, we

restricted our analysis to a search for environmental

variables which could predict species occurrence

considering only sites of the PS. With the November

2007 dataset (n = 16 sites, eight with H. verticillata

and four with E. najas), no environmental variable

showed any significant relationship with E. najas

occurrence. However, for H. verticillata significant

relationships were found with water pH, O.M.sed and k

(Table 5; Fig. 5). None of these relationships could be

significantly improved (P [ 0.05) by the addition of

any other variable. Water pH was strongly correlated

with O.M.sed (r = -0.50; P \ 0.05) and both were the

best predictors for H. verticillata in the PS. Water pH

and O.M.sed differed very little in correctly predicting

sites without H. verticillata (seven and six sites,

respectively). For sites with H. verticillata pH cor-

rectly predicted occurrence at five sites, while O.M.sed

correctly predicted seven sites.

Despite the fact that ZDS did not show a significant

relationship with H. verticillata (P = 0.147) or E. na-

jas (P = 0.072) with the PS dataset from November

2007, the effect of water transparency upon the

occurrence of both species in the PS was suggested by

a significant relationship obtained with ZDS data from

all the surveys (n = 94; Table 5; Fig. 5). Again,

H. verticillata was much better predicted than E. na-

jas. While correct predictions exceeded 67% for sites

with and without H. verticillata, ZDS only correctly

predicted 4.2% of the sites occupied by E. najas in the

PS. With the PS dataset, electrical conductivity did

not yield a significant relationship with either species

(P [ 0.13), nor did it significantly improve ZDS

relationships with them (P [ 0.41).

Fig. 2 Significant

(P \ 0.05) logistic

regression models, yielded

with the November 2007

dataset (n = 38), predicting

probability of

H. verticillata and E. najas
occurrence in the URPFS as

a function of k, ZDS, TP

and TN. Statistics of each

model are displayed in

Table 3

PE: najas ¼
exp �8:54þ 1:25ZDSþ 0:079 electrical conductivityð Þ

1þ exp �8:54þ 1:25 ZDSþ 0:079 electrical conductivityð Þ
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Discussion

Our results suggest that the absence of H. verticillata

or E. najas is very predictable, whereas the presence

of each taxon is less predictable. In particular, the

presence of E. najas was only poorly predicted, at

least in part due to the low number of sites with this

species. Some environmental conditions (e.g. water

transparency, electrical conductivity, sediment

organic matter) could be related to the occurrence

of these exotic and native submersed macrophytes,

but the role of these variables in predicting species

occurrence changed dependent upon the scale of the

analysis.

Considering the URPFS as a whole, colonization by

H. verticillata and E. najas was mainly explained by

Fig. 3 Logistic models,

yielded with the November

2007 dataset (n = 38),

predicting probability of

macrophyte occurrence in

the URPFS as a function of

water electrical

conductivity, alkalinity, pH

and O.M.sed. For E. najas
there were no significant

effects of electrical

conductivity (P = 0.079),

alkalinity (P = 0.082) and

O.M.sed (P = 0.995). All

other relationships are

significant (P \ 0.05).

Statistics of each model are

displayed in Table 3

Fig. 4 Significant

(P \ 0.05) logistic models,

yielded with all surveys

dataset (n = 214),

predicting probability of

H. verticillata and E. najas
occurrence in the URPFS as

a function of ZDS and

electrical conductivity.

Statistics of each model are

displayed in Table 3

Table 4 Values, mean ± standard deviation (minimum–maximum), of ZDS and water electrical conductivity in sites with

H. verticillata and E. najas compared by t-test (P)

Variables H. verticillata (n = 45) E. najas (n = 25) P

Electrical conductivity (lS cm-1) 64.4 ± 6.7 (46.1–82.2) 65.3 ± 10.37 (28.0–79.8) 0.668

ZDS (m) 1.84 ± 0.76 (0.70–5.50) 1.81 ± 0.95 (0.60–5.50) 0.892
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water transparency. H. verticillata did not colonize

any habitat in the sub-catchments of River Ivinheima

(IS) and River Baı́a (BS). E. najas also did not occur in

the IS and only had rare appearances in the BS. Apart

from the clear water state, the colonization of

submersed macrophytes in the River Paraná is largely

favoured by constant inputs of propagules from

upstream reservoirs (which are densely colonized by

submersed plants; Martins et al., 2008) and down-

stream dispersal via river water flow. However, major

flood-pulses in the River Paraná tend to homogenize

habitats of the URPFS, greatly increasing the hori-

zontal connectivity (exchange of matter and energy)

among waterbodies parallelling the main river channel

(e.g. Neiff, 1990; Thomaz et al., 2007a). In other

words, the flood acts to disperse macrophyte propa-

gules over the floodplain system. Although in this

study we did not quantify the flux of propagules to the

sites sampled, H. verticillata propagules (plant frag-

ments with adventitious roots) were seen in one station

of the BS just after the major flood in April 2007, but

this species was not found rooted in this habitat. Thus,

propagules of both species were available at least in

one site of the BS. Propagules of submersed plants are

much more difficult to find during surveys than

established stands of macrophytes. H. verticillata

Table 5 Significant relationships (P \ 0.05) between macrophyte occurrence and environmental variables sampled in sites of the PS

Independent variables Species v2 P Absence

predicted (%)

Presence

predicted (%)

November 2007 dataseta

pH H. verticillata 7.31 0.007 87.5 62.5

O.M.sed (% DM-1) H. verticillata 4.77 0.029 75.0 87.5

k H. verticillata 4.38 0.036 50.0 75.0

All surveys datasetb

ZDS (m) H. verticillata 14.43 \0.001 67.3 68.9

E. najas 4.20 0.040 100.0 4.2

a n = 16 sites, eight with H. verticillata and four with E. najas
b n = 94 sites, 45 with H. verticillata and 24 with E. najas

Fig. 5 Probability of

macrophyte occurrence in

sites of the PS as a function

of k, ZDS, pH and O.M.sed.

For E. najas there were no

significant effects of k
(P = 0.505), pH

(P = 0.100) and O.M.sed

(P = 0.682). All other

relationships were

significant (P \ 0.05).

Models with k, pH and

O.M.sed were yielded with

data from November 2007

(n = 16), while models

with ZDS were yielded with

data from all the surveys

(n = 94). Statistics of each

model are displayed in

Table 5
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and E. najas both have a high dispersal capability via

vegetative structures such as stem fragments (Cook &

Lüönd, 1982; Cook & Urmi-König, 1984; Rybicki

et al., 2001; Bini & Thomaz, 2005). Although mac-

rophyte colonization in the River Paraná is favoured

by longitudinal dispersal, it is very probable that

propagules eventually become available in the sub-

catchments of the River Ivinheima, and especially in

the River Baı́a (S. M. Thomaz, unpublished). The

proximity and hydrological connectivity between sub-

catchments (especially during flood events) propitiate

propagule movement between subsystems via pro-

cesses such as flux of water, migration of animals such

as waterfowl (Figuerola & Gree, 2002) and transit of

fishing boats and fishing equipment. Thus, the avail-

ability of plant propagules alone does not seem to be

the main cause of the unsuccessful establishment of

species, especially in the BS.

Habitats of the BS had intermediate water trans-

parency (ZDS: 0.91 ± 0.35 m, min: 0.30 m, max:

1.90 m) compared with the subsystems PS (ZDS:

1.57 ± 0.73 m, min: 0.50 m, max: 5.50 m) and IS

(ZDS: 0.64 ± 0.19 m, min: 0.45 m, max: 1.30 m).

Although the BS did not support dense stands of

submersed macrophytes, as seen in the PS, E. najas

and several other submersed species were found to

colonize sites in the BS, such as Najas sp., Bulbostylis

sp., Utricularia sp., Potamogeton sp., Bacopa sp. and

Myriophyllum sp. (confirming the results of earlier

studies which also found a rich submersed macro-

phyte flora at sites in this distributary, e.g. Murphy

et al., 2003). Since H. verticillata invasion to the

UPRFS is very recent (substantial infestations in the

River Paraná were first detected in 2006) and this

species is well adapted to cope with lower-transpar-

ency conditions (Van et al., 1976; Bowes et al., 1977;

Barko & Smart, 1981; Spencer et al., 1994), it is

possible that propagules of H. verticillata might settle

in some shallow littoral areas of the BS with enough

light availability to permit macrophyte development.

For example, analysing the response curve yielded in

this study (Fig. 4) the probability of H. verticillata

occurrence increases abruptly when ZDS varies from

1.0 to 2.0 m. Also, while the minimum ZDS recorded

in sites colonized by H. verticillata was 0.70 m, the

maximum ZDS recorded in the BS was much higher,

1.9 m. Thus, in relation to light availability, our

results suggest some possibility of eventual H. verti-

cillata establishment in shallow sites of the BS. This

suggestion is reinforced by studies conducted in the

tidal Potomac River in the USA (Rybicki et al., 2001).

There H. verticillata developed well in sites with

values of ZDS fluctuating around 0.60 m, but not in

localities with lower transparency (ZDS around

0.50 m) even though propagules were highly avail-

able. Rooted submersed species were never found

colonizing any site in the IS (e.g. Thomaz et al.,

2004a) and, owing to its low water transparency

together with the high instability caused by frequent

and intense localized flood disturbances, it is unlikely

that submersed species will successfully colonize sites

in the River Ivinheima sub-catchment if the current

environmental conditions are maintained.

Water electrical conductivity helped ZDS in pre-

dicting submersed macrophyte colonization in the

URPFS. This tendency was clearly influenced by the

low electrical conductivity levels in the BS. The semi-

lotic characteristics of the River Baı́a seems to

propitiate the accumulation of organic matter from

the surrounding wetlands and riparian vegetation

(although not statistically significant, O.M.sed in the

BS was higher than in PS and IS). Vegetation debris

(e.g. rich in lignin and cellulose) tends to enrich the BS

waters with dissolved organic compounds (e.g. humic

substances) which tend to coagulate, adsorbing ions

such as bicarbonates, and sink in the sediment (Wetzel,

1983). Indeed, water electrical conductivity and alka-

linity were strongly correlated (r = 0.79; P \ 0.001).

H. verticillata and E. najas are both reportedly capa-

ble of utilizing bicarbonate as a source of dissolved

inorganic carbon (Van et al., 1976; Kahara & Vermaat,

2003; Pierini & Thomaz, 2004). Thus, increasing water

bicarbonate concentrations also increases the avail-

ability of dissolved inorganic carbon and tends to

stimulate the photosynthesis and growth rates of some

Hydrocharitaceae, including H. verticillata and E. na-

jas (Van et al., 1976; Madsen & Sand-Jensen, 1987;

Kahara & Vermaat, 2003; Pierini & Thomaz, 2004).

Hence, the development of H. verticillata and E. najas

may be inhibited in waterbodies of the BS, compared to

other environments in the UPRFS, because of inor-

ganic carbon scarcity. This agrees with the findings of

Bini & Thomaz (2005) who found water electrical

conductivity to be the main predictor of E. najas

colonization in the Itaipu Reservoir, located down-

stream from the URPFS: they suggested that growth of

E. najas may be favoured in waters with higher

bicarbonate concentrations. Thus, the gradient of
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significant differences between the three subsystems of

the URPFS for water electrical conductivity (BS:

43 ± 11 lS cm-1; IS: 58 ± 4 lS cm-1; PS: 64 ±

7 lS cm-1) can be regarded as a reasonable explana-

tion which helps the differences in water transparency

to predict the colonization–absence of these two

Hydrocharitaceae at a regional scale (between the

three sub-catchments), as explained by inorganic

carbon availability to plants. From our results, it is

reasonable to suggest that plants, especially H. verti-

cillata, have a lower probability of occurrence in the

IS and BS, compared to the PS, because of the lower

water transparency and light availability, especially in

the IS, coupled with lower inorganic carbon availabil-

ity in the BS.

Hydrilla verticillata was strongly predominant in

the River Paraná channels in relation to E. najas.

Apart from its ability to produce adventitious roots

which can grow from stem nodes, the exotic species

has a well developed root system where stolons grow

over the water–sediment interface as well as hori-

zontally within the sediment, thus enabling the plant

to expand rapidly over an area (Cook & Lüönd, 1982;

Madsen & Smith, 1999). Moreover, carbohydrate

allocation in the root system propitiates shoot

regrowth through tubers, stolons and root crowns,

after the photosynthetic tissues have been removed by

disturbances (Netherland, 1997; Owens & Madsen,

1998). In contrast, E. najas has only simple slender

adventitious roots (Cook & Urmi-König, 1984) and

recovers after disturbance mainly from stem frag-

ments. These advantages might have favoured the

rapid recovery and expansion of H. verticillata in the

River Paraná after the flood disturbance. Moreover,

studies have shown that the rates of biomass increase

of H. verticillata in the River Paraná are much higher

than those shown by E. najas, which seems to suffer

high competitive pressure from the alien species (W.

T. Z. Sousa, unpublished data).

However, H. verticillata did not thrive in floodplain

lakes connected to the River Paraná, where E. najas

dominated. Owing to daily water level fluctuation of

the River Paraná, due to upstream operation of dams

for hydroelectric power generation, the exchange of

water, and consequently of plant propagules, between

the River Paraná and its connected floodplain lakes was

intense. Propagules of H. verticillata (stem fragments)

were very frequently seen inside the floodplain lakes,

and thus lack of propagules was unlikely to be the cause

for non-establishment of the weed in these habitats.

Our results showed that in the PS H. verticillata

colonization was related to water pH, sediment organic

content and water transparency. Despite the fact that

floodplain lakes had lower water transparency (ZDS:

1.20 ± 0.60 m, min: 0.50 m, max: 2.70 m) than sites

in the River Paraná (ZDS: 1.73 ± 0.73 m, min:

0.50 m, max: 5.50 m), these floodplain lakes in the

PS are generally shallow (max. depth: c. 2.5 m, outwith

the flood period) with developed littoral zones which

usually enables sufficient light for above-compensa-

tion point photosynthesis to reach the substrate. In

consequence, development of abundant stands of

submersed macrophytes such as E. najas and Ca-

bomba furcata is common in the PS floodplain lakes.

Both H. verticillata and E. najas are able to photo-

synthesise at low light availabilities, overcoming light

scarcity by forming canopies near the water surface

(Van et al., 1976; Bowes et al., 1977; Barko & Smart,

1981; Spencer et al., 1994; Tavechio & Thomaz,

2003). Thus, despite some significant relationships

being found between water transparency variables

(ZDS and k) and occurrence of both species in sites of

the PS, there is little evidence that light alone could be

acting as the main factor hindering H. verticillata

establishment in floodplain lakes.

Floodplain lakes connected to the River Paraná

had water pH values around 6.7 while the River

Paraná sustained pH near 7.3. The strong positive

relation found between pH and H. verticillata colo-

nization is more likely related to an environmental

effect upon the plant than related to a plant effect

upon the water column physico-chemical character-

istics. Although H. verticillata develops very dense

stands in the littoral zone of the River Paraná, the

plant occupies a small proportion of the river area

(rarely more than some 10 m into the channel from

the margin: in a river channel which has a width of c.

2 km in the URPFS). This means that, due to the

large quantity of water flowing through the river

channels and constant turbulence and mixing pattern

of the water column, submersed macrophytes are

unlikely to exert any great influence on the water

column physico-chemical characteristics of the main

river channel. Thus, the significantly higher pH

values found in sites of the river channels compared

with floodplain lakes probably reflect the environ-

mental characteristics of each habitat (e.g. respira-

tion–production balance), with the river water being
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more oligotrophic and better aerated by the high

water flow and mixing.

Cook & Lüönd (1982) state that H. verticillata

develops well in acid oligotrophic waters. Moreover,

laboratory studies have shown that the species can

photosynthesize even at pH levels below 4 (Van

et al., 1976). Thus, it is also unlikely that water pH

per se limited H. verticillata development inside

floodplain lakes of the PS. Not surprisingly, pH was

negatively correlated with O.M.sed (r = -0.50;

P \ 0.05). Organic matter decomposition in the

bottom of lakes tends to be associated with several

microbial processes, such as generation of carbon

dioxide, nitrification of ammonia or methane fermen-

tation, all of which lead to decreased levels of pH in

the water column. Moreover, anaerobic decomposi-

tion of organic matter tends to generate substances,

such as methane and sulphide, which can cause toxic

effects to living organisms (Wetzel, 1983). Indeed,

the occurrence of H. verticillata in sites of the PS was

better predicted in our study by proportion of organic

matter in the sediment. Owing to the lentic charac-

teristics of floodplain lakes, riparian vegetation debris

tends to accumulate at the bottom. Thus, levels of

sediment organic matter in the floodplain lakes were

typically 10 times higher than in the river channel

sites. The negative impact of high levels of organic

matter in sediment upon H. verticillata has already

been shown experimentally by Barko & Smart (1983,

1986) who cited generation of toxic compounds and

mechanisms related to nutrient limitations as possible

explanations.
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River. Ecohydrology & Hydrobiology 4: 267–280.

Agostinho, A. A., S. M. Thomaz & L. C. Gomes, 2005. Con-

servation of the biodiversity of Brazil’s inland waters.

Conservation Biology 19: 646–652.

Barko, J. W. & R. M. Smart, 1981. Comparative influences of

light and temperature on the growth and metabolism of

selected submersed freshwater macrophytes. Ecological

Monographs 51: 219–235.

Barko, J. W. & R. M. Smart, 1983. Effects of organic matter

additions to sediment of the growth of aquatic plants.

Journal of Ecology 71: 161–175.

Barko, J. W. & R. M. Smart, 1986. Sediment-related mecha-

nisms of growth limitation in submersed macrophytes.

Ecology 67: 1328–1340.

Bini, L. M. & S. M. Thomaz, 2005. Prediction of Egeria najas
and Egeria densa occurrence in a large subtropical res-

ervoir (Itaipu Reservoir, Brazil-Paraguay). Aquatic Bot-

any 83: 227–238.

Bowes, G., T. K. Van, L. A. Garrard & W. T. Haller, 1977.

Adaptation to low light levels by Hydrilla. Journal of

Aquatic Plant Management 15: 32–35.

Carmouze, J. P., 1994. O metabolismo dos ecossistemas aq-
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