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ABSTRACT

In this work, regression analyses were used totteseffects of fetch, littoral slope and Secckkdiepth upon the
stand width i) and maximumZ,,,,) and minimum 4;,) colonization depths dEgeriaspp in a large tropical
reservoir (Rosana Reservoir). Littoral slope was ¢émly variable correlated witivi, which was larger in locations
with lower slopes. The high&Vi values (up to 260m) were found in locations wistopes were lower than 0.05
m.m". Zmin and Zmay Were correlated positively with fetch. Neverths|adifferent relationships were found at lower
and higher fetch values observed in the arms anthénmain body of the reservoir, respectively.oddr values,
Secchi disk depth was the main variable explaittiggriaZ., On the other hand, in locations where fetch was
longer (i.e. in the main axis of the reservoir)nias the only variable that explain@g,,, significantly. Despite the
great variability, the results indicated that theeasured limnological (Secchi disk) and morphome(ietch and
slope) variables were important determinant&gériaspp colonization in the Rosana Reservoir.
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INTRODUCTION found in mono or multi-species patches varying in
distribution and area (Sand-Jensen, 1998).

The ecological role of aquatic macrophytes a#élthough there is no consensus about the factors
habitats for macro-invertebrates (Bailey, 1988}hat affect the aquatic macrophyte populations and
and fish (Agostinho et al., 2003; Pelicice et al.community attributes on different scales (Duarte

2005), in shore stabilization (Sand-Jensen, 1998ynd Kalff, 1986; 1988; 1990; Chambers and Kalff,

nutrient cycling (Esteves and Camargo, 1986) anti985; Hudon et al., 2000; Riss and Hawes, 2003),
in affecting water chemistry (Taniguchi et al.,littoral slope, fetch and Secchi disk depth have
2004) has been greatly emphasized. Thbeen frequently used in studies that aimed to
importance of macrophytes in processes angredict their occurrence and degree of

patterns of other aquatic communities dependsplonization. However, models proposed for north

however, on their degree of colonization (Binijtemperate regions have not yet been tested in
2001). Aquatic ecosystems are not homogeneoustyarm South American environments (Neiff and

colonized by macrophytes, which are usuallyPoi de Neiff, 2003).
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The minimum depth of colonizationZ{,) has stands. In spite of being exploratory, the results
been frequently related with the degree of wavallow the assessment of the importance of each
exposure caused by fetch, wind velocity and windactor in the colonization of this genus and the
duration (Spence, 1982; Chambers, 1987; Canfielouilding of the first predictive models of plant
and Hoyer, 1988; Riss and Hawes, 2003). On theolonization in a large tropical reservoir.

other hand, the maximum depth of colonization

(Zmay is usually related with Secchi disk depth

(Spence, 1982; Chambers and Kalff, 1985STUDY AREA

Scheffer et al.,, 1992; Middelboe and Markager,

1997; Hudon et al., 2000; Bini, 2001). Bafh;, This investigation was carried out in the Rosana
and Z. are attributes that express the degree dReservoir, Brazil (Fig. 1). It was built in 1986dan
colonization of submerged plants (Chambers andammed the Paranapanema River, one of the main
Kalff, 1985: Chambers, 1987: Riss and Hawedlfibutaries of the Parana River. The reservoir has
2003). Their values are helpful in assessing than area of ca. 27,600 ha and a mean residence time
areas that are potentially most affected by plaraf 18.6 days (CESP, 1998). Rosana is the last
growth, as well as in predicting the areas ofeservoir of a cascade in the Paranapanema River
potential colonization by submerged macrophytesand it is shallow (depths < 5.0m, in general),
Few studies have been carried out to measure tidich allows extensive areas propitious for
degree of colonization and to understand the maimacrophyte colonization.

factors affecting the aquatic macrophytes iBased on samplings carried out every three months
tropical and sub-tropical reservoirs (Neiff et al.in 2002, the Secchi disk depths varied from 0.3m
2000; Marcondes et al.,, 2003; Martins et al.fo 2.7m (mean = 1.7; SD = 0.8) and the alkalinity
2008). Nevertheless, some large reservoirs ifluctuated from 19AM/L to 513uM/L (mean =
South America (especially Brazil) have beer392; SD = 109). Low concentrations of total
greatly affected by excessive growth of submergeditrogen (294-552g/L; mean = 370; SD = 79) and
vegetation. Among the main species that artotal phosphorus (9-18/L; mean = 11; SD = 3),
considered nuisances and damaging to water usstjggest that this reservoir is oligotrophic.

especially energy production, are the submergelt intensive surveys carried out previously in the
macrophytesEgeria densaandE. najas(Thomaz Rosana Reservoir, 37 species of aquatic
and Bini, 1998; Cavenaghi et al., 2003; Marcondegacrophytes were recorded. In these surveys,
et al., 2003; Martins et al., 2008). Egeria najasandE densawere the most frequent

In this investigation, the effects of three widelysubmerged species. These species occur either
used morphometric and limnological parameter#ndividually or together, forming large stands both
(fetch, littoral slope and Secchi disk depth) wasn the arms and in the main axis of the reservoir.
tested UPOyin, Zmax @and width Wi) of Egeriaspp
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Figure 1- Map of Rosana Reservoir. Sampling stations wacated in the two shores of the main
axis (at every 1.0 1.5km) and in the arms. Theificfpal arms are indicated in figure
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MATERIALS AND METHODS aquatic plant community attributes using similar
measurements of fetch as an independent factor
The samplings were carried out in August 200§Thomaz et al., 2003).
and February 2004 in the main axis and in the fiv&tepwise multiple regressions, using the standard
principal arms of the reservoir (Fig. 1). A totdl o procedure, were applied to assess which
176 sampling stations were selected in an attemptdependent variable (or combination of variables
to encompass sites with different environmentat littoral slope, fetch and Secchi disk) could best
characteristics. Nevertheless, only 82 and 8gxplain the dependent variabl&¥i(ZyacandZyiy).
transects were colonized Bgeriain August and The assumptions of the analyses were verified
February, respectively. In the main axis of theising residual analyses and Shapiro-Wilk test was
reservoir, transects were distributed at intervalgsed to assess the residuals distribution. When
varying from 1 to 1.5 km, covering the distancenecessary, the data were log (natural logarithm) or
from the upper (fluvial) to the lower (lacustrine)square root transformed. Since the independent
region of the reservoir. Given th&t najasandE. variables had values <1.0, all analyses (including
densawere found together in several stands, anthe figures) were done by adding 1.0 to each value
since their identification in the field was diffitu before log transformation. The variable was
due to the similarity of vegetative structure of th considered significant wherP<0.05. Multiple
two species, both the species were considergégressions were applied using Statistica 5.5.
together and attributed the results to the genuBhe scatterplot between littoral slope anlwas
Egeria not linear. The points in the biplot figure were
In each transectEgeria Z.,, and Z.,. were concentrated inside triangles (or envelopes). The
recorded and their positions assessed using a GR&obability of having such a concentration of
The distances between both the pointgoints inside the triangle at random was assessed
corresponded to th&Vi values. The limits of using the routine “Macroecology” from ECOSIM
colonization Z.n, and Z.) were found after 7.22 (Gotelli and Entsminger, 2001). A Monte
intensively surveying the sediments with a rakécarlo randomization, with 10,000 permutations,
attached to a 4.5m aluminum pipe. Surveys startetas applied to obtain the probabilities.
always close to the shore and finished at 5-6
meters depths. When necessary (i.e., in depths
greater than 4.0m), additional surveys were carrieBESULTS
out using a hook hold on a 10m line. )
The values ofZ,, and Z.. and the distance In general, a ywde range of values was recqrded
between them were used to estimate the littordP" @ll the variables (Table 1). For exampW)
slope at each sampling site. Its values wer§alues varied from 1 to 261y, between 0.20
expressed as the slope of a regression betfigen and '4.00m antimax between 1.40.and 6.00m.The
and Zma (Bini, 2001). Secchi disk depth was usednultiple regression model explained 51% \bf
to represent light availability. The degree ofvariability (N = 87; Fig = 27.77;P < 0.001).

exposure to waves (fetch) was estimated as According to this multiple regression, only littbra
slope explained a significant proportion of the
= :[ZK-COSMJ_S, variability, but fetch and Secchi disk depth were
D.cosy, ) not significant (Table 2; Fig. 2). The distribution

: . of the studentized residuals was nornvil< 0.98;
wherex was the distance between pairdand the P = 0.337) and 95% of their values remained

nearest shore (or island) agdthe angle used to batween 21 and +1. Two outliers (>2) were

‘ranve;a:sulrg ;L]Endlifgg‘g (Sd’li\tlzgctﬁz :’nvzresgfgfgrg served in the distribution. Nevertheless, graphic
y 9 : X inspections showed that the dispersion of the

transform F into km. The distancesx) were . .
measured using maps with a scale of 1:20,Ooggiirgggiféetr:#jeﬁgd'Cted values did not present

Note that the fetch values were not corrected fo . .
wind and thus their meaning could only be relateAnaIySIS of the scatterplot formed byi and

. . ttoral slope suggested that points were
with the “potential” effect of waves upon the —_ . :
shores surveyed. Despite this shortcoming, oth gccumulated inside a triangle (or envelope) (Fig.

. S - a).
investigations found reasonable predictions o )
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Table 1 -Descriptive statistics of the variables measuneithé Rosana Reservoir (SD = standard deviation).

Variables N Mean Minimum Maximum SD
Wi (m) 157 32.66 1.00 261.30 39.94
Zmin (M) 129 1.52 0.20 4.00 0.74
Zmax (M) 104 3.31 1.40 6.00 0.78
Littoral slope (m.rit) 87 0.09 0.01 0.52 0.09
Fetch (km) 169 3.58 0.36 5.98 1.71
Secchi disk (m) 163 2.26 0.65 3.45 0.64
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Figura 2 - Relationship betweeBgeria Wi and littoral slope (a), fetch (b) and Secchi digipth
(c). Only the littoral slope was significant, acdimg to the multiple regression
analysis. The triangle indicates the envelope lfa} was tested using Monte Carlos
randomization procedures.

The variability ofWi was usually higher where the the only variable significantly related &, and
slopes were lower. At slope values greater thaSecchi disk and littoral slope were not significant
0.15 m.m', Wi values were always lower than 3m.(Table 2; Fig. 3). The distribution of residualsswa
Thus, in addition to using the multiple regressiomormal W 0.99; P 0.887). Despite the
analysis to quantify the relationship, a Monteobservation of five outliers (>2), the residual
Carlo randomization procedure was applied to testnalysis indicated that the model was suitable to
the probability of finding such a concentration ofdescribeEgeriaZ, in the Rosana Reservoir

points by chance alone. According to this analysishpplying the multiple regression té..x showed
the probability was 0.042. This meant that thehat littoral slope and Secchi disk depth did not
triangular relationship betweelVi and littoral contribute to explain this variable which was
slope was statistically significant using thissignificantly explained only by fetchiN(= 86;F3 s,
method. =6.29;P < 0.001) (Table 2; Fig. 4). Nevertheless,
ConsideringEgeria Z,,, the multiple regression the coefficient of determination was very low
results showed that 51% of the variability of its(19%). In addition, the distribution of residuals
values was accounted for by the modél< 86; was not normalW/ = 0.96;P = 0.011).

Fs73 = 25.41;P < 0.001). Nevertheless, fetch was
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Table 2 -Results of the multiple regression analysis agsgéke effect of fetch, littoral slope and Secdisk depth
on Egeria stand width Vi), Z.,i, andZ,,. Beta = standardized coefficients; SE = coeffitiandard errorg;= test
t to assess the coefficient significances.

Beta Coefficients SE t P

Wi
Intercept 3.37 0.47 7.21 <0.001
Log slope -0.72 -7.92 0.87 -9.08 <0.001
Log fetch -0.05 -0.10 0.16 -0.56 0.577
Log Secchi 0.13 0.63 0.39 1.61 0.112
Zmin
Intercept 0.71 0.17 4.10 <0.001
Log fetch 0.73 0.52 0.06 8.66 <0.001
Log slope -0.14 -0.50 0.29 -1.71 0.092
Log Secchi -0.16 -0.26 0.14 -1.90 0.061
Zmax
Intercepto 1.30 0.16 8.03 <0.001
Log fetch 0.33 0.18 0.06 3.22 0.002
Log slope 0.18 0.52 0.29 1.77 0.080
Log Secchi 0.12 0.15 0.13 1.12 0.266
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Figure 3 - Relationship betweegeriaZ,,,, and littoral slope (a), fetch (b) and Secchi diskth (c).

A more detailed analysis of the dispersion diagrardifference was found by multiple regressions.
between the predicted and studentized residualBespite the great dispersioR?(= 21.8%), fetch
obtained from regressing only,.x on fetch explained a significant portion &.xin the main
showed that, in general, discrepant values (bothxis of the reservoirN = 69; F3¢s = 6.024;P =
positive and negative) were found where fetch waB.001). On the other hand, Secchi disk depth
lower than 2km. Such sampling sites were locatedxplained a significant proportion &, in the

in the arms of the reservoir. This indicated that t arms of the reservoilN(= 17; F; 15 = 20.09;P <
relationship betweerZ,,x and the independent 0.001). This regression was described by the
variables could be different if only the samplingmodel: 0> = 1.38xlog Secchi. For this
sites less exposed to wind effect were consideretegression, the determinatiaoefficient was very
Then, an additional multiple regression wasigh (R = 62%) and the distribution of the
carried out separately for the sampling sites ef thresiduals was normaW(= 0.951;P = 0.576).

main axis (N = 69) and arms (N = 17). When bottNevertheless, the intercept was not significantly
datasets were analyzed separately, a considerabli&erent from zero (Table 3).
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Figure 4 - Relationship betweeBgeria Z.« (square root transformed) and littoral slope fetch
(b) and Secchi disk depth (c).

Table 3 -Results of the multiple regression analysis agsgske effect of fetch, littoral slope and Seadisk depth
on Egeria (Zn)"°. Beta = standardized coefficients; SE = coeffitistandard errorst = test t to assess the
coefficient significances. The analyses were cdrsigparately for values recorded in the reservainraxis and in
its arms.

beta Coeficientts SE t P
Main axis
Intercept 1.19 0.20 6.05 <0.001
Log fetch 0.44 0.35 0.09 3.96 <0.001
Log slope 0.17 0.35 0.23 1.54 0.129
Log Secchi 0.006 0.006 0.11 0.05 0.960
Arms
Intercept 0.34 0.45 0.76 0.466
Log fetch -0.16 -0.30 0.37 -0.81 0.435
Log slope 0.11 0.86 1.51 0.568 0.583
Log Secchi 0.77 1.38 0.37 3.71 0.004
DISCUSSION The influence of Ilittoral slope on aquatic

macrophytes can be associated with the physical
These results showed thHageriacolonized mainly and chemical characteristics of sediment. For
areas with lower littoral slopes. This morphometricexample, littoral slope affects the chemical
variable has been considered among the maigpmposition, thickness, grain size and stability of
factors affecting the limits of occurrence ofsediments, as well as the way in which wave
submerged plants within aquatic ecosystems dfnergy is dissipated (Duarte and Kalff, 1986;
temperate regions (Duarte and Kallf, 1986; 1990)1988; 1990; Cyr, 1998). According to Cyr (1998),
Present analyses showilmeria Wi significantly —areas with steeper slopes are less stable singe the
related to littoral slope indicated that thishave a higher probability of sediment slumping
independent variable was a useful predictor of thend sliding. As a result, sites with greater slopes
degree of submerged plant colonization in thdéave, in general, lower rates of small particle
Rosana Reservoir deposition (that are richer in nutrients). Littoral
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slope also influences the horizontal extent of th€hambers, 1987; Riis and Hawes, 2003), in
weedbed, possibly because the plants growing addition to be also a measure of stress (i.e.andir
steep slopes reach the depth of light compensati@ifects caused by turbidity and nutrient
much closer to shore than would be the case witlivailability). Physical damagé Egeria tissues
gentle slopes (Duarte and Kalff, 1988). Despite thenay be severe because this genus usually grows
significant relationship betweeWi and slope, the close to the water surface, forming well-developed
biplot graphic displayf both variables suggested canopies. This is an advantageous strategy since
that the use of a traditional regression modekhe plants concentrate their photosynthetic tissues
which assumed a continual and gradual process well-illuminated areas, escaping the adverse
(Duarte and Kalff, 1990), was not totally suitableeffects of high turbidity (Scheffer et al., 1992;
to describe such a relationship. According to BinBini, 2001). Nevertheless, as a result of such a
(2001), who investigateH. najasdistribution in a strategy, canopy-forming plants such Bgeria
large subtropical reservoir (Itaipu, (known as “eloideids”) are also more susceptible
Brazil/Paraguay), the relationships in the shape db wave damage (that may be considered a
“envelopes” have lower predictive capacity;disturbance) than plants with linear, ribbonlike
however, such relationships allow, within certaineaves and/or rosettelike forms growing close to
limits, the determination of the Ilimits of the bottom. In fact, the natural distribution of
occurrence ofEgeria stands. For example, in plants in relation to wave energy provides
regions where slopes are lower than 0.05 T.m correlational evidence of wave impacts (Doyle,
Egeria Wi may reach up to 260m. Thus, this2001). Wind effect upon plant biomass was not
prediction indicates that prioritizing monitoring i suggested only from data obtained in the field.
areas with such low slopes would increase thExperiments carried out in the laboratory clearly
efficiency of plant management in the Rosanahowed that several morphological attributes of
Reservoir. Present results also corroborated théalliseria americanaa submerged species, were
ones recorded by Duarte and Kalff (1986; 1990affected by wave effect, even at moderate wave
and Scheffer et al. (1992), who showed that siteéstensities (Doyle, 2001). In addition, waves may
with lower slopes were usually more colonized byalso affect the colonization by preventing the
submerged macrophytes. propagules from settling and by increasing their
Egeria Z» was positively affected by fetch. This detachment from sediments (Rea et al., 1998;
kind of relationship is usually explained by directHudon et al., 2000; Riis and Hawes, 2003).

and indirect mechanisms acting upon the aquati&lthough the present investigation did not allow
vegetation. An example of an indirect mechanisndistinguishing  between any direct (e.g.
is the deposition of fine particles, richer indisturbance) or indirect (e.g. nutrient limitation)
nutrients. The great energy derived from waves reanechanism, it could be inferred that the potential
suspends mainly the fine particles and thus, @ssit degree of wave exposure (our fetch measurements)
having longer fetches, the finer (and richerwas the main factor controllinggeria Z, in the
particles are deposited in deeper sedimenfosana  Reservoir.  Nevertheless, specific
(Keddy, 1982; Chambers, 1987; Cyr, 1998; Riiexperiments manipulating plant growth in more
and Hawes, 2003). As a result, sediments retainegrsus less-exposed sites are still necessary to
close to the shore (shallower areas) tend to hawassess this inference.

lower nutrient concentrations, reducing theDifferently from Z,,, the responses &, to the
capacity for plants to colonize and grow in theséndependent variables measured seem to be more
places. This inference was confirmed in the fielccomplex. The relationships betwe&geria Zax
experiments that showed that wave energy and the explanatory variables in the Rosana
shallow sites diverted small, richer particles toReservoir were different if one considered the
deeper sites, reducing submerged plant growtmore-exposed versus the more-protected sites. In
(Duarte and Kalff, 1988). the main axis of the reservoif,,,x was affected
Waves also affed,, directly by causing physical mainly by fetch. The positive correlation between
damage to aquatic plant tissues. Due to thi&,.« and fetch indicated thaEgeria colonized
damage, fetch is considered in several studiesmore deeply at the more- exposed sites. This could
measure associated with the disturbance (direbe considered a response to escape from the
physical damage to plant tissues) (Spence, 198@hysical effects caused by wave disturbance
Keddy, 1983; Wilson and Keddy, 1986; (Duarte and Kalff, 1988; Hudon et al., 2000). The
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deepest areas colonized Wygeria varied, in  unexpected because the plants with canopy (such
general, from 3.6 to 4.0m, although depths dowasEgeriad) use sub-surface light and, thus, they are
to 6.0m were also found. These depths were higherore independent from underwater radiation than
than those found in other Brazilian reservoirsthe plants that do not form canopy. This way,
where turbidity was higher. In Itaipu Reservoir, fo canopy forming plants generally grew even at low
example,Egeria Zna iS, On average, 1.5m (Bini, levels of radiation which could cause the intercept
2001). In fact, the non-significant correlationbetween Secchi versug,,x to be positive and
between Secchi disk depth a#d,, in the main significant.

axis of the reservoir suggests that underwater A possible explanation for an intercept not
radiation (or turbidity) has a secondary effectrupo different from zero could be that in more-protected
Egeriagrowth in this compartment. areas (lower fetch values), the waves may not have
The coefficient of determination of the multiple enough energy to remove part of the periphyton
regression performed f&,.. in the main axis was attached to the plant surface. Although it was not
very low (R = 19%), indicating that other factors measured, substantial periphyton accumulation
not accounted for in this study interact toupon Egeria was observed at the more-protected
determine Z., Other morphometric features, sites in this study. The presence of periphyton may
chemical characteristics of the water and sedimemeduce  light availability to  submerged
and flow velocity, among other factors, could bemacrophytes. In addition, at sites protected from
important in this respect (Canfield and Hoyerwave exposure, phytoplankton and/or free-floating
1988; Chamberst al, 1991; Hudon et al., 2000; macrophytes may accumulate, negatively affecting
Pezzato and Camargo, 2004). sub-surface and underwater radiation (Schedter
On the other hand, results obtained in the reservail., 1992; Weisneet al, 1997). Thus, it could be
arms showed that Secchi disk depth significantlynferred thatEgeria Z..x was at least partially
explained Z,,x Vvariability. In  several controlled by competition for light with other
investigations, Secchi disk depth has beeautotrophic aquatic organisms at sheltered sites.
successfully used to predict submerged plapk  Using the regression betweefy,.x and Secchi
(Chambers and Kallf, 1985; Scheffer al, 1992; depths and the values of irradiance obtained by
Bini, 2001). In general, the regressions in thesPierini (2005) in the Rosana Reservoir, it was
studies found positive intercepts significantlyestimated that the light intensity @, in the
different from zero (Scheffeet al, 1992; Bini, reservoir arms was 6.9% (on average) of the
2001), which meant that stem elongation occurredurface PAR. This value was lower than the one
even under low underwater radiation. This couldstimated by Chambers and Kalff (1985) for
be explained by the plant physiology, since specieseveral angiosperms (21%) and also Eornajas
with this strategy could store carbohydrates irctolonizing Itaipu Reservoir (12% - Bini, 2001).
underground organs or in the stems (Schefter The radiation reachingZ,,x might change
al., 1992; Middelboe and Markager, 1997; Bini,according to water level fluctuation; nevertheless,
2001). According to Bini (2001), it is possible tha such alterations were usually small in the Rosana
Egeria stores carbohydrates in its stem, althougiReservoir (where water level fluctuation < 1.0m
no experiments to verify this hypothesis have beeyear has been recorded). According to Sculthorpe
performed. Thus, growth up to the surface could1967), the underwater radiation at the
only occur, independent of underwater radiatiorompensation point of several submerged species
availability, if during a previous time period varies from 1 to 4%. Thus, the present values are
radiation was available to the plant (i.e. ifclose to the higher limit presented by Sculthorpe
underwater radiation reached the sediment whe@967) for several angiosperms.

the plant was starting to grow). Differently fromIn summary, the results indicated that the
the studies considered previously, the intercept afxtension ofEgeriastands in the Rosana Reservoir
the relationship betweeZ,,x and Secchi disk might be generally described using some simple
depth (using only data collected in the reservoimorphometric and limnological variables. Littoral
arms) was not significantly different from zeroslope, for example, was useful in predicting the
(see Table 3). This indicates thageria did not width of Egeria stands \i). Higher Wi values
colonize successfully sites with low Secchi diskwere usually found where the slopes were smaller
depth values (<1.0m) in sheltered places in thand it could be attributed to instability of the
Rosana Reservoir. However, this result wasteeper areas. The minimum depth of colonization
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(Zwin) could be predicted by potential wavea principal variavel que explicay.cdos estandes
exposure (fetch). In addition, fetch also appayentlde Egeria Por outro lado, em valores detch
interacted with other factors to determiBgeria mais elevados (obtidos no corpo central do
Zmax FOr example, at sites protected from windreservatorio), o fetch foi a Unica variavel
exposure (arms) Secchi disk depth was agignificativamente correlacionada Cord g,
important variable forZ..,x prediction, while at

more-exposed sites (main axis) fetch was

important in determiningn,. Thus,Egeriatends REFERENCES

to colonize deeper places at more exposed sites.

Despite the general predictions outlined in thiszgostinho, A. A., Gomes, L. C. and Julio Junior, FH.
work, a great variability of data was not explained (2003), Relagdes entre macrofitas aquaticas e fauna
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