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ABSTRACT

The golden mussel (Limnoperna fortunei, Molluscéva®ia) is an invasive species that has been causi
considerable environmental and economic problemSdath America. In the present study, filtratiotesaof L.
fortunei were determined in the laboratory undeffetent temperatures (10, 15, 20, 25, 28, and 30&i@ two
types of food (Algamac—20D@nd the chlorophycean alga Scenedesepu} There was a statistically significant
relationship between time and filtration rates iretexperiment using Scenedesrmss regardless of temperature.
However, this pattern was absent in the experimesihg Algamac, suggesting that the relationshipween
filtration rates and temperature might depend oe #ize of the filtered particles. In addition, tewas no
correlation between filtration rates and either Blsze or condition index (the relationship betwdbe weight and
the length of a mussel). The filtration rate measuin the present study (724.94 ml/h) was one@hthhest rates
recorded among invasive bivalves to date. Given th@ colonies of the golden mussel could reachdreds of
thousands of individuals per square meter, su¢tafibn levels could severely impact the freshwatevironments
in its introduced range.

Key words: invasive species, condition inde&Sgenedesmusp., Algamac—2000®, environmental impact

INTRODUCTION 1995). Since then,L. fortunei has already
colonized the entire Rio Paraguay (1,718 km) and
Limnoperna fortunei(the golden mussel) is a reached the Brazilian states of Mato Grosso do
bivalve from southeast China that has bee®ul, Sdo Paulo and Parana (Olivestaal, 2004).
spreading its distribution by invading other region In Porto Alegre (RS), where the golden mussel has
of the world, particularly through the transport inbeen detected since 1998, this species has already
the ballast water of large vessels. This was theolonized lake Guaiba, causing incrustrations to
likely source for the introduction of the goldenwater supply facilities.
mussel to South America in the Rio de la Platdhe capacity to form enormous aggregates of up to
basin around 1991 (Darrigran et al. Pastoring}50,000 individuals/f(Cataldo et al., 2002)as
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caused this species to exert severe negativeeshes that were used for their attachment,
environmental and economic impacts in itdfiltered dechlorinated water, constant temperature
introduced range. Although there are individualg20°C) and pH (7.4), and a 12h: 12h light/dark
of virtually all size classes in large aggregatés ogphotoperiod. The aquaria were kept in a biological
L. fortunej there are times of the year when mordiltering system and with constant supplementary,
than 70% of the individuals in these aggregates aaeration. These conditions were chosen as to
smaller than 2 mm (Boltovskoy et al. Cataldoemulate to the extent possible the conditions were
1999). the animals were collected.
In addition to the economic impacts associatelVhenever the specimens were not in experiments,
with the clogging of pipes in industrial andfood was provided three times a day as a solution
hydroelectric power plants, common containing three species of alga@hlorella sp.
environmental impacts of the golden musse(Chlorophyceae — Chlorococcales) aBgirulina
include significant changes in fish (Montaldo etsp (Cyanobacteriae — Oscillatoriales), which had
al., 1999) and benthic faunas (Darrigran et albeen previously dehydrated and then dissolved in
1998), as well as in the dynamics of nutrient andechlorinated water, andScenedesmussp.
pollutant cycling in freshwater environments(Chlorophyceae — Chlorococcales). The latter was
(Porta, 2001). Large aggregateslLoffortuneican found in the digestive tract of field collected
alter substantially the trophic structure of aquatiindividuals of L. fortunei (unpublished results).
ecosystems by the filtration of suspended materi®nly two types of food were provided during the
(seston) and the deposition of this material in thexperiments: Algamac—2000®, a commercial food
form of feces or pseudofeces (Lei et al., 1996). composed of dehydrated cells of the microalga
Despite the substantial impact of the golderSchizochytrium  sp. (Thraustochytriaceae),
mussel on natural habitats, little is known aboutommonly used in the cultivation of aquatic
the biology of this species in South America.organisms, and algae of the gerfisenedesmus
Given that many of those impacts result from itspecially cultivated for this goal.
filter—feeding habits, it is crucial to understahé
filtering dynamics of this species. Filtration ite Experiments using Algamac—2000 ®
can vary considerably among bivalves, withPrior to each experiment, animals (>15mm) were
previous reports varying from 347 to 567 mL/h/indremoved from the rearing aquaria, had their length
in Corbicula sp. (Buttner and Heindinger 1981, measured using a digital caliper, and were placed
Way et al. 1990, Silverman et al. 1997), from 40 ton numbered containers with filtered dechlorinated
375 mL/h/ind inDreissena polymorph#Reeders water. Only individuals with filtering activity, as
et al. 1989, Sprung 1995, Berg et al. 1996, Horgaevidenced by the partial exposition of their mantle
and Mills 1997, Diggins 2001), from 200 to 310were used in experiments to insure that they were
375 mL/h/ind inDreissena bugensiand between in good health. These containers were kept in the
133 to 350 mL/h/ind. iLimnoperna fortuneiThe  environmental chambers with constant
goal of the present study was to assess the effet&snperature and photoperiod (12h: 12h light/dark)
of temperature and body size on filtration rates oind continuous aeration, where they remained for
L. fortuneiunder laboratory conditions. 24 h without receiving any food. Each batch
included 20 containers, two mussels each, and five
control containers without any mussel.
MATERIALS AND METHODS The same number of containers, each with 450 ml
of dechlorinated filtered water but without any
Collection and maintenance of the golden mussel, was placed in the environmental chamber,
mussel in the laboratory simultaneously to the acclimatizing of the animals
Specimens were collected on several occasio®® that all containers had in the same temperature
between June 2003 and October 2005. IndividuaBy the time of the transfer of the mussels. On the
were manually removed from the water inlets andgiext day, 50 ml of the food stock solution was
platforms of the reservoir of the Itaipuadded to these containers. The solutions of
hydroelectric power plant located in theAlgamac-2000 ® were arranged by preparing a
municipality of Foz do Iguacu, State of Paranasolution of this alga in dechlorinated filtered et
Southern Brazil. In the laboratory, mussels wersuch that the final solution where the mussels were
kept in 130 L aquaria equipped with plastickept was around 0.1 g of algae/l. Aliquots were
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obtained from all 25 containers to measure th€ondition index
initial concentration of algal cells used as foodAt the end of the experiments, each mussel was
The mussels were then transferred to the numberegimoved from its shell by sectioning the abductor
containers, which were returned immediately tanuscle, placed in an incubator for 14 h at 60°C
the environmental chamber. and weighted with a digital balance to calculate
Aliquots for the assessment of the algakheir condition index (Cl). The CI describes the
concentrations in the containers were taken 1, 2, 8lationship between the weight and the length of
6 and 24h after the initial contact between theach individual. In the present study, the Cls were
mussels and their food wusing a digitalbased on Fulton's index (Mgaya et al. Mercer,
spectrophotometer at 640 nm. The recordedi995) as the dry weight in g times®&hd divided
transmittance values were transformed into footby the length in mm.
concentration (g/l) using previously established
standard curves. Calculation of filtration rates
The indirect method was used in the present study
Experiments using Scenedesmus sp. to calculate the filtration rates of the golden
(Chlorophyceae — Chlorococcales) mussel, given that it was both reliable and simple
The Scenedesmussp. algae used in the inits experimental design (see Riisgard, 200afor
experiments were also collected in the Itaipueview). However, a disadvantage of this method
Reservoir. The algae were cultured in 20 | plastigvas the fact that the measurement of the food
containers using the Conway culture mediuntoncentration tended to decrease naturally over
(Barbieri and Ostrensky, 2001). After aroundtime due to the tendency towards the
seven days, the culture was transferred to largeedimentation of the algae to the bottom of the
containers (100 [I) with dechlorinated filteredcontainer. To avoid this bias in the results, the
water. Macrofertilizers were added to theseconcentrations in the experimental containers were
containers (urea and triple superphosphate). Thmmpared with the ones that received the same
Scenedesmusp. culture was regularly filtered solution but lacked the mussels. Once the food
through a 5um mesh size and washed to eliminatoncentration values were obtained, the Coughlan
the excess of nitrogenated wastes resulting frorf1969) equation was used to calculate the filtratio
the culture medium. rate:
The experimental design followed the same model v
as the experiments conducted with the Algamac— _Vv _ o~
2000 ®. Aligquots were taken after 1, 2, and 3 h F= nt [(C=Cp) =(C=C')]
after the first contact with the animals, also bein
analyzed using a digital spectrophotometer at 720/here F is the individual filtering rate
nm, the most appropriate wavelength to detect th@yolume/individual/h) or ml/hV is the volume of
green algae (Aldridge et al.,1995). Transmittancéhe container is the number of individuals in the
values of the solution containing the food werecontainer,t is the duration of the experiment in
transformed into concentration (number ofhours,C andC, are the natural logarithms of the
cells/ml) using standard curves. The initialinitial and final concentration of algae in the
concentrations of the stock solutions of theseealgeexperimental containers, a@andC', are natural
were obtained by the cell counting using dogarithms of the initial and final concentratioh o
hemocytometer and varied between 30 X 46d algae in the control containers (without mussels),
70 X 10 cells/ the ml. These concentrations wergespectively. The filtration rate can be defined as
higher than those normally used in this type othe volume of water that passes through the
experiment. Although this cause the present resultyanchiae of the mussel at a given time interval
not to be easily comparable to other similafLei et al, 1996). In the present study, the
studies, such higher concentrations should enhantifration rate unit is ml/mussel/h.
the effects of body size and particle size whictExperiments using Algamac-2000 ® were
were the focus of the present study. conducted under the following temperatures: 10,
15, 20, 25, 28, and 30°C, whereas experiments
using Scenedesmusp. were conducted at 15, 20,
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and 25°C. Given that the data obtained in theetween the temperature and filtration rates when
experiments departed significantly from a normalAlgamac-2000® was used as the food source
distribution (Shapiro—Wilk's test), the analyses  (N=773 measurements, p<0.05), the magnitude of
were carried out using the sample medians in théat correlation was poory<0.12). Moreover, a
Kruskall-Wallis test and gamma correlations agomparison between different temperature classes
implemented in the software Statistica 6.0ndicated that the only class that showed
(StatSoft Inc., 2003). significant departures from the other classes was

30°C (Kruskal-Wallis ANOVA, Hs, n-775738.9,

p<0.001). The single apparent trend in the
RESULTS relationship between the temperature and filtration

rates seemed to be an increase in the filtration
Although an ensemble analysis of all the dataariability under higher temperatures (Figure 1).
indicated a statistically significant correlation
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Figure 1 - Filtration rates of Algamac—2000 ® thymnoperna fortunein different temperatures
throughout the 24 h of the experiment. Sample diaesach temperature class were:
10°C, N=116; 15 °C, N=92; 20°C, N=135; 25°C, N=128C, N=107; 30°C, N=128.
Error bars represent the observed range, box limiteate the 25%—75% range and
the inner symbol indicates the median.

On the other hand, there was a clear temporal shixperiments carried out usirf8cenedesmusp. as

in the filtration rates. When all the temperaturegood showed results that were rather different from
were tested simultaneously, there was #hose using Algamac—20D0When feeding on
statistically  significant negative correlation Scenedesmusiot only the temperature influenced
between the time and filtration rateg=0Q.46, consistently the filtration rates in. fortunej but
P<0.005). However, when different temperaturdhe rates themselves were much larger than in
classes were tested separately (Figure 2previous experiments (N=131 measurements,
correlation coefficients differed in magnitude, lwit y=0.52, p<0.000001, Figure 3). In addition, the
the largest coefficient being obtained for the 15°Ancrease in filtration rates with the temperature
temperature classy¥—0.69) and the smallest for was consistent, either when all the groups were
the 25°C and 30°C classes=40.33). The analyzed together, or when rates were calculated
remaining coefficients were: at 10°¢—0.42, at Separately for each time period™(hour: N=39;
20°C,y=—0.46, and at 28°G=-0.53. The highest Y=0.55; p= 0.000056;"2 Hour: N=45;y=0.60; p=
filtration rates were recorded under 25°C (291.000002; 8. hour: N=47y=0.42; p= 0.00064).
ml/mussel/h) and 30°C (295.7 ml/mussel/h), withThere was a poor correspondence between
both values being recorded in the first hour of théiltration rates and either condition indices (Cls)
experiment (Figure 2). and shell lengths, a pattern that was consistent in
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both food types (Table 1). In particular, evenThese results indicated that the variation in body
though the gamma correlation was oftersize did not seem to be a strong modulator of
statistically significant, the gamma correlationfiltering rates.

coefficients were very low, not exceeding 0.12.

Table 1 - Results of gamma correlation analysis to assessfiltcation rates covary with condition index astell
length.

Food type Variable tested against filtration rate @mma p N
Algamac—2000® shell length -0.09 0.0015 773
Scenedesmusp. condition index 0.12 0.029 131
Scenedesmusp. shell length 0.06 0.06 131
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Figure 2 — Filtration rates of algamac-2000® birinoperna fortuneunder different temperatures
and over time. Error bars represent the observegera box limits indicate the 25%-
75% range and the inner symbol indicates the median
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DISCUSSION This strategy could optimize the energy spent
during the filtration activities, which increases
Filtration rates asymptotically with the concentration of available

There was a tendency towards a decrease in tfeod particles (Savina and Pouvreau, 2004).
filtration rates ofL. fortuneiover time during the Moreover, it is of great ecological relevance given
experiments. Two factors could explain thisthat the golden mussel forms aggregations of
tendency: the satiation of the mussels and thi@ousands of individuals which can deplete the
decrease in the concentration of available foodseston in invaded sites. Interestingly, according t
with the latter being more likely. According to the data presented by Sylvester et al. (2005), the
Higgins (1980) and Horgan et al. Mills (1997),filtration rates recorded in the present studylfor
there was a positive correlation between théortuneiwere among the highest ever recorded for
amount of the food available and filtration ratesinvasive bivalves (Table 2).

Table 2 -Filtration rates of invasive bivalves (adaptadexirf Sylvester et al., 2005 and Von Riickert, 2004).
Maximum filtration rate

Species / tested temperature Reference (mL/hindividual)
Corbiculasp

21-24°C Buttner and Heindinger (1981) 347
22C Silverman et al 997 489.5
15°C Way et al. (1990) 567
Dreissena polymorpha

22°C Berg et al. (1996) 40
22°C Berg et al.(1996) 125
8-22°C Diggins (2001) 170
13-17°C Reeders et al (1989) 170
8-22°C Diggins (2001) 225
17°C Horgan and Mills (1997) 223
24°C Sprung (1995) 375
Dreissena bugensis

8-22°C Diggins (2001) 200
8-22°C Diggins (2001) 310
Limnoperna fortunei

23.5-24.5C Von Riickert (2004) 133.75
15-25°C Sylvester et al (2005) 350
10-30°C (Algamac-2000®) Presente trabalho 297
15-20°C (Scenedesmusp) Presente trabalho 725

The discrepancies between the values obtained The Relationship Between Filtration Rates And
the only three studies that quantified filtratiatas Temperature
in L. fortunei (Von Rickert et al. 2004, Sylvester There was a positive relationship between the
et al. 2005 andthe present study) were probabRjitration rates and temperature in the experiments
due to the methodological differences, particularlyusingScenedesmusp. as the food source, yet this
with respect to their experimental design and theelationship was inconsistent in the experiments
type of food (cyanobacteriaChlorella sp.; that used Algamac-2080Given thaScenedesmus
Algamac-2000® and Scenedesmus sp., sp. particles were much smaller than those in the
respectively). However, despite those differencedlgamac solution (see below), this result might
there was a concordance between these studiesimglicate that the relationship between the filoati
that the filtering activities ofL. fortunei were rates and temperature depended on the size of the
capable of causing considerable impact on invadddtered particles, being more efficient in the eas
ecosystems. of smaller cells such as those found in
Scenedesmusp..
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The continuation of filtering activities over a wid Lucas, 1984). The weak association between the
range of temperatures was consistent with the faéittration rates and either ClI and body size
that L. fortunei was a eurythermic species,indicated that the individuals belonging to the
supporting the temperature variation in naturestudied size class (>15 mm), regardless of their
between 8 and 32°C (Ricciardi, 1996). Variatiorsize, could provide similar impacts through their
between 8 and 18°C also did not show a detectabiiftration activities. This result disagreed withosat
influence on the respiratory activity and filtering studies that related the body size or biomass with
rates of Paphia rhomboids and Glycymeris the filtration rates in the zebra mussBrdissena
glycimeris (Savina and Pouvreau, 2004). In ordepolymorpha (e.g.Reeders and Bij de Vaate, 1990,
to get established and to dominate a newBerg et al., 1996) as well as in many bivalves
environment, invasive species must possess higBougrier et al 1995). Such poor association in
physiological flexibility. Reeders andij de Vaate the case of the golden mussel has also been
(1990) showed that the filtering rate of anotheobserved by Sylvester et al. (2005), which was
invasive bivalve, Dreissena polymorphawas statistically significant only at 20°C. It was
unaffected by the temperature variation between Gnlikely that these results were artifactual given
and 20°C, although lower temperatures nearlthe large sample sizes used in the present
caused the filtering activities to cease. The samexperiments (773 individuals in the experiments
authors, in 1992, analyzing the impact of pollutantising Algamac® and 131 in the experiments using
material in suspension concluded that the watescenedesmussp., as opposed to 14-20
temperature played a minor role on the filtrationndividuals/experiment in the study by Sylvester et
rates, and that the amount of material iml). However, there seemed to be considerable
suspension was more important in modulatingariability in filtration rates among individuals,
filtration. Fanslow et al. (1995), studying the gam even within each size class.
species in the Saginaw Bay (Great Lakes region),
concluded that the maximum filtration levels wereFiltration rates and particle size
probably associated with the temperature, althoughhe differences in filtration rates between the
indirectly, through a decrease in seston andifferent types of food used in the present study
consequent increase in the filtration rates. On th@Algamac—2000® an&cenedesmusp.) could be
other hand, Aldridge et al. (1995) did detect accounted for by the differences in algal cell size
negative relationship between the temperature amdithough both were composed of colonial algae,
filtration rates inD. polymorpha with filtration cell size inSchizochytriunsp. (Algamac—2000®)
rates at 20—24°C being significantly higher than awvas about twice that ofcenedesmu$l0 pum
28-30°C. This result could be accounted for by theersus 5 um, respectively). Moreover, the cell
fact that the highest water temperatures in thaiggregates were larger 8chizochytriumat times
region during summer did not exceed 24.5°C. exceeding 100 pm, as opposed to 40 pm in the
In the only other study that investigated thecase of Scenedesmussp. (unpublished data).
relationship between the filtration rate andParticle size has been known to play an important
temperature irL. fortunej Sylvester et al. (2005) role in modulating filtration rates in bivalves ése
tested three temperatures (15, 20 and 25°C), wilWard et al. Shumway, 2004 for a review). For
the highest rate found at 15°C. The resulttnstance, freshwater species are more effective in
obtained in the present study indicated that thiltrating small particles than their marine
filtration rates in L. fortunei were largely counterparts (Lei et al1996).
unaffected by temperature, suggesting that thBaker et al. (1998) and Vanderploeg et al., Nalepa
impact from its feeding activities might be (2001) detected shifts in local phytoplanktonic
relatively constant throughout the year. communities following the introduction of the
zebra mussel. polymorphd The mechanism
Filtration rates, body size and condition index underlying those shifts seemed to be the selective
The condition index (CI) is an indication of theremoval of particles of specific sizes, with the
physiological state of the bivalve and is directlyrejected particles being returned to the water
proportional to the amount of stored energycolumn in the form of unconsolidated pseudofeces.
Therefore, this quantity is frequently used tovanderploeg et al. (2001) suggested that the
characterize the health of an organism given thielooms of the toxic cyanobacteriuMicrocystis
local environmental conditions (Beninger et alaeruginosa in the Saginaw bay might have
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resulted from the filtering activities of the zebraBougrier, S.; Geairon, P.; Deslous—Paoli, P. Mg,
mussel. C. and Jonquieres, G. (1995). Allometric
Therefore, the selectivity in the filtration of relationships and effects of temperature on clesran
particles byL. fortunei observed in the present and 0xygen consumption rates Ofassostrea gigas

: : - (Thunberg)Aquaculture 134, 143-15.
study could cause important shifts in its IocaICataIdo, D.: Boltovskoy, D.: Marini, V. and Corred,

enwronments, posslbly by Increasing Fhe (2002). Limitantes deLimnoperna fortuneien la
dominance of certain phytoplanktonic species. . anca del Plata: la predacion por peégsesentado

This result was particularly troubling given that na: “Tercera jornada sobre conservacion de la fauna
the highest selectivity levels were observed at ictica en el rio Uruguay” Organizada porQamision

25°C, a temperature similar to the average Administradora de Rio Uruguay. Abril de 2002,
condition in the invaded region (the lake of the Paysandu Uruguai..

ltaipu Hydroelectric Power plant). Coughlan, J. (1969). The estimation of filteringera
from the clearance of suspensidviarine Biology 2,
356-358.
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