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Abstract The present study characterized copper (Cu)

uptake and depuration by juvenile and adult Florida apple

snails (Pomacea paludosa) from water, soil, and diet.

During a 28-day uptake period, juvenile apple snails were

exposed to aqueous Cu and adult apple snails were exposed

to Cu-contaminated soil, water, and food. In the follow-up

14-day depuration period, both juvenile and adult apple

snails were held in laboratory freshwater with background

Cu concentrations\4 lg/l. For juvenile apple snails, whole

body Cu concentrations increased with time and reached a

plateau after 14 days. The data followed Michaelis–Menten

kinetics rather than a one compartment first order kinetics

model. The mean Cu bioconcentration factor (BCF) for

juvenile apple snails was 1493 and the depuration half-life

was 10.5–13.8 days. For adult snails, dietary uptake of Cu

resulted in higher bioaccumulation factors (BAFs) com-

pared to uptake from soil. Most of the accumulated Cu was

located in soft tissue (about 60% in the viscera and 40% in

the foot). The shell contained\1% of the total accumulated

copper. Soft tissue is usually consumed by predators of the

apple snail. Therefore, the results of the present study show

that Cu transfer through the food chain to the apple snail

may lead to potential risk to its predators.
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Comprehensive Everglades Restoration Plan (CERP)

Introduction

The long history of copper (Cu) use in Florida citrus agri-

culture (as fertilizers and fungicides) has elevated Cu

concentrations in South Florida ecosystems (Alva et al.

1995). According to soil sampling performed by the

South Florida Water Management District (SFWMD) from

2001 to 2006, Cu concentrations in soils were as high as

1200 mg/kg in St. Lucie County, 924 mg/kg in Dade

County, 406 mg/kg in Hendry County, 180 mg/kg in Martin

County, 110 mg/kg in Palm Beach County, 72 mg/kg in

Highlands County and 47 mg/kg in Broward County

(SFWMD 2001–2006). The Implementation of the Com-

prehensive Everglades Restoration Plan (CERP) under the

Water Resources Development Act of 2000 requires

acquisition of thousands of acres of land in these counties for

maintaining hydrologic buffer areas and for the creation of

storm water treatment areas, water storage reservoirs and

wetlands (Everglades National Park 2001). A recent study

conducted by Hoang et al. (2008) found that dissolved Cu

concentrations in over-lying water collected from flooded

soils originating from these counties were as high as 300 lg/l,

depending on initial Cu concentrations in soils. However,

concentrations of dissolved organic carbon (DOC) were also

high (up to 51 mg/l DOC) in overlying water. The presence

of DOC will decrease Cu bioavailability (Ryan et al. 2004;

Sciera et al. 2004; Rogevich et al. 2008). Using the biotic
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ligand model (BLM) to estimate Cu bioavailability indi-

cated that the bioavailable portion of Cu in the overlying

water was low (DiToro et al. 2000, Notten et al. 2005).

A number of studies indicate that freshwater snails

accumulate metals, including Cu, from three routes of

exposures: water, soil, and diet (Laskowski and Hopkin

1996; Gomot and Pihan 1997; Gomot-de Vaufleury and

Pihan 2002; Heng et al. 2004; Notten et al. 2005). How-

ever, there are no studies with the Florida apple snail

(Pomacea paludosa), a periphyton-grazing, freshwater

mollusk and a key species in the Everglades ecosystem

since it is the main food source of the federally endangered

Florida (formerly Everglades) snail kite (Rostrhamus so-

ciabilis plumbeus) and a prey species for other birds, fish,

reptiles and mammals (Sharfstein and Steinman 2001).

Copper may be transferred from sediment and/or periphy-

ton to the apple snail and finally to predators of the apple

snail. Recently, the U.S. Fish and Wildlife Service reported

that Cu concentrations in field-collected P. paludosa were

as high as 336 mg/kg and were correlated primarily with

Cu concentrations in sediments, followed by periphyton

(Frakes et al. 2008). However, Cu concentrations in water

were below detection limits. This suggests that Cu uptake

by P. paludosa may be from sediment and/or periphyton.

The present study characterizes Cu uptake and depura-

tion by juvenile P. paludosa from Cu-contaminated water

and by adult P. paludosa from three exposure routes:

water, soil, and diet. The distribution of accumulated Cu in

the body of adult P. paludosa is also characterized. Bio-

concentration factors (BCFs) were determined for Cu

uptake from the aqueous exposures and bioaccumulation

factors (BAFs) were determined for Cu uptake from dietary

and soil exposures.

Materials and methods

Organism

Pomacea paludosa eggs were collected from Water Con-

servation Areas 3A and 2B, Dade County, Florida, and

hatched under laboratory conditions at a temperature of 26

± 1�C, 16-h light, 8-h dark photoperiod in the Ecotoxico-

logy Laboratory at Florida International University.

Pomacea paludosa used in the juvenile uptake study were

hatched from field- collected eggs and were B96-h-old,

while P. paludosa in the adult uptake study were cultured in

laboratory freshwater under flow-through conditions for 3

months prior to testing. Laboratory freshwater was carbon-

filtered, UV-sterilized water from the city of North Miami,

FL. Pomacea paludosa were fed romaine lettuce daily.

Juvenile uptake study

To examine Cu uptake and depuration and to determine a

bioconcentration factor, P. paludosa were exposed to three

concentrations of aqueous Cu (3, 6, and 12 lg/l) and a

control for 28 days followed by a depuration period of 14

days. Snails were held under static conditions in 18-l glass

tanks with three replicates per treatment and thirty-five

juvenile P. paludosa per replicate. Copper treatments were

made by adding Cu stock solution to laboratory freshwater

and equilibrated for at least 24 h prior to use. Copper stock

solution was made from copper sulfate pentahydrate

(Fisher Scientific, Fairlawn, NJ, USA). Water was renewed

weekly. Snails were fed Cu-free lettuce every 2 days.

Water samples and snails were collected at the begin-

ning (day 0), days 1, 3.5, 7, 14, 21, and 28 during the

uptake phase and days 1, 4, 7, and 14 during the depuration

phase for Cu analysis. The sampling points and exposure

concentrations were used to determine the relationship of

Cu uptake with exposure time and concentration. The

exposure tanks were continuously aerated during the

experiment. Temperature, pH, and dissolved oxygen (DO)

were measured daily. Water hardness and alkalinity,

ammonia, and concentration of DOC were measured

weekly for each exposure tank before and after renewal.

Before and after renewal, water was also collected for Cu

analysis to ensure stable exposure concentrations.

Water samples were passed through 0.45 lm filter,

placed in 15-ml graduated polyproplene tubes, and acidi-

fied with concentrated nitric acid to pH 2 to measure

dissolved Cu. Three snails were collected from each rep-

licate tank at each sampling time, rinsed with EDTA

solution and de-ionized water (DI) to wash Cu bound on

the snail shell surface and frozen at -20�C until analysis.

Additional lettuce was placed in the exposure tanks and

collected for Cu analysis to determine if Cu in the water

adsorbed to the lettuce, introducing a dietary exposure

route. Snails and lettuce were digested with HNO3 based

on U.S. EPA Method 3050B for analyzing whole body Cu

(including shell) and total Cu in lettuce, respectively (U.S.

EPA 1996). Copper was analyzed using Inductively Couple

Plasma Atomic Emission Spectrometer (ICPAES).

Michaelis–Menten kinetics was used to analyze Cu

uptake data.

C ¼ Csatt

KM þ t
ð1Þ

where C is whole body Cu concentration at time t. Csat is

the whole body Cu concentration at saturated state

(maximal concentration). KM is the Michaelis–Menten

constant, which is the exposure time needed to reach a half

of whole body Cu concentration at saturated state. KM was

606 T. C. Hoang et al.

123



determined by fitting the uptake Cu data to a linear

relationship by rearranging Eq. (1) as follows:

1

C
¼ KM

Csat

� �
1

t
þ 1

Csat

� �
ð2Þ

where the ratio of KM/Csat is the slope and 1/Csat is the

intercept of the relationship. The unit of the slope is

(days)(g snail)/(lg Cu). Using Michaelis–Menten kinetics,

the exposure time needed for accumulated Cu to reach 50%

(tu0.5) and 90% (tu0.9) of saturation was determined.

The copper depuration rate constant (kd) was determined

using first order kinetics. Time needed to depurate 50%

(td0.5) and 90% (td0.9) of the whole body Cu was also

determined. Copper bioconcentration factor (BCF) for P.

paludosa was the ratio of whole body Cu concentration to

water Cu concentration. For comparison, one compartment

first-order kinetics model (1CFOK) also was used to ana-

lyze the uptake and depuration data.

C ¼ ku

kd

Cw½1� expð�kdtÞ� ð3Þ

where C is the whole body Cu concentration (lgCu/g snail)

at time t (d). Cw is the Cu concentration in water (mg/l Cu).

ku is the uptake rate constant (l/kg/d) and kd is the depu-

ration rate constant (1/day).

Adult uptake study

To characterize Cu uptake of adult P. paludosa from water,

soil, and food, P. paludosa was exposed for 28 days to three

treatments and a control (Fig. 1). Copper contaminated soil

in treatments 1 and 2 was collected from the Agler property, a

citrus agriculture site in St. Lucie County, Florida. Soil in

treatment 1 was covered with a nitex sheet, which allowed

for Cu exchange between the soil and water but did not allow

the P. paludosa to come into direct contact with the soil. The

soil in treatment 2 was the same as treatment 1 but there was

no nitex sheet separating the snails from the soil. Therefore,

Cu accumulated in P. paludosa in treatment 1 resulted from

aqueous Cu exposure only, while Cu accumulated in

P. paludosa in treatment 2 resulted from both water and soil

exposures. Pomacea paludosa in treatments 1 and 2 were fed

with Cu-free lettuce. Hence, the difference between the

concentrations of accumulated Cu in P. paludosa from

treatments 1 and 2 can be used to determine Cu uptake from

soil alone. Pomacea paludosa in treatments 3 and 4 were

exposed to reference soil; however, snails in treatment 3

were fed Cu-free lettuce while snails in treatment 4 were fed

Cu-treated lettuce (as described below). The difference

between the concentrations of accumulated Cu in P. palud-

osa from treatments 3 and 4 can be used to determine Cu

uptake from dietary exposure. Reference soil in treatments 3

and 4 were collected from the Sunrise Boys property, a citrus

agriculture site in Palm Beach County, Florida. Physical and

chemical characteristics of all soils are presented in Hoang

et al. (2008). Following exposure, P. paludosa in all treat-

ments were allowed to depurate for 14 days in carbon

filtered, UV-sterilized freshwater (laboratory freshwater).

Four 492-l polyethylene tanks containing 76 l of soil (20

gallons) were flooded with 152 l of laboratory freshwater

and held for 2 weeks prior to the addition of P. paludosa.

According to the study by Hoang et al. (2008), the soil/

water system reached Cu equilibrium in overlying water

after 2 weeks. The soil Cu bioaccumulation factor was the

ratio of the Cu uptake concentration from soil to the soil Cu

concentration. Copper uptake concentration from soil was

the difference between the concentrations of accumulated

Cu in P. paludosa from treatments 1 and 2. The dietary Cu

bioaccumulation factor was the ratio of the Cu uptake

concentration from diet to the concentration of Cu in the

diet. Copper uptake concentration from diet was the dif-

ference between the concentrations of accumulated Cu in

P. paludosa from treatments 3 and 4.

Overlying water was collected from each treatment on

day 0 (prior to addition of organisms), days 1, 4, 7, 14, 21, and

28 during the uptake phase and days 1, 4, 7, and 14 during the

depuration phase for Cu and minerals analysis. At each

sampling period, three snails were also collected from each

treatment, rinsed with EDTA solution and DI water to wash

Cu bound to the shell surface and frozen at -20�C until

analysis of tissue Cu. The procedure for water sampling and

water Cu analysis were similar to the procedure described in

the juvenile uptake study. For determining tissue Cu con-

centrations, each snail was thawed and dissected into three

water

soil

water

 soil

water

 soil 

Treatment 3:
Control water, 
reference soil,

Cu-free food, no  
nitex 

Treatment 4:
Control water, 
reference soil,

Cu-treated food, no  
nitex 

Treatment 1:
Control water, 

contaminated soil,
Cu-free food,  

contaminated soil,
Cu-free food,  

 nitex 

Treatment 2:
Control water, 

no nitex 

water

 soil 

nitex 

Fig. 1 Experimental design for

adult Pomacea paludosa uptake

study

Copper uptake and depuration by juvenile and adult Florida apple snails 607

123



parts (shell, foot, and viscera) following an adaptation of a

method published by Gomot-de Vaufleury and Pihan (2002).

Each part of the snail was digested separately with HNO3

based on U.S. EPA Method 3050B for tissue Cu analysis

(U.S. EPA 1996). Average Cu concentrations of three snails

for each treatment are reported for each sampling time.

For the dietary exposure with Cu treated lettuce, lettuce

was grown for 45 days in control soil spiked with Cu

solution, resulting in a concentration of 65 mg Cu/kg soil.

The Cu concentration of 65 mg/kg was selected based on

preliminary lettuce seed germination and lettuce studies. At

six soil Cu concentrations (31.25, 62.5, 125, 250, 500, 1000

mg/kg Cu) no seed germination occurred at concentrations

greater than 125 mg/kg Cu but at 31.25 and 62.5 mg/kg,

there was 30% germination. At 31.25 and 62.5 mg/kg Cu in

soil, 8.26–11 mg/kg dw Cu was found in lettuce leaves

grown in these soils, respectively. From the initial study,

one soil Cu treatment (62.5 mg/kg dw) was chosen to grow

Cu-treated lettuce to feed to adult snails, resulting in 8.70

mg/kg dw Cu in lettuce tissue. Snails in the control were

fed lettuce grown in soil containing only background levels

of Cu, resulting in 4.15 mg/kg dw Cu in lettuce tissue.

Data analysis

Linear regression was used for determining Michaelis–

Menten constants. The T-test method was used for single

treatment comparisons for data from the adult uptake

experiment. An effect with a P \ 0.05 was considered

significant. All statistical analyses were conducted using

SAS version 9.1 (SAS Institute Inc., Cary, NC, USA). All

figures were constructed using Microsoft Excel 2000

(Microsoft, Redmond, WA, USA).

Results and discussion

Copper and water chemistry of exposure media

Results of measured copper concentrations in soils and

water are shown in Table 1. In the juvenile uptake study,

Cu concentrations in water ranged from 6.0–7.2, 8.2–9.6,

and 12.2–14.4 lg/l for treatments 1, 2, and 3, respectively.

Measured Cu concentrations were higher than the nominal

concentrations due to background Cu in laboratory fresh-

water (3–4 lg/l). In the juvenile uptake study, the average

temperature, pH, DO, and ammonia were 25.2 ± 1.2, 8.4 ±

0.2, 7.7 ± 0.4, and 0.23 ± 0.08 mg/l, respectively. The

average hardness and alkalinity were 54 ± 13 and 48 ± 11

mg/l as CaCO3, respectively. The DOC in laboratory

freshwater was 0.26 ± 0.1 mg/l.

In the adult uptake study, Cu concentration in reference

soil and contaminated soil were 30.5 ± 4.9 and 119.8 ±

26.4 lg/g, respectively. The Cu concentrations in overlying

water of reference and contaminated soils ranged from 19.5

to 46.7 lg/l and from 51.9 to 90.3 lg/l, respectively. The

Cu concentrations in overlying water from reference and

contaminated soils increased with time even though soils

were flooded and held for 2 weeks prior to the addition of

snails. According to Koster et al. (2006) and Hoang et al.

(2008), Cu concentrations in overlying water reached sat-

uration state after 2 weeks but there were no snails in these

Table 1 Copper in exposure media for juvenile and adult Pomacea paludosa uptake studies

Study Treatmenta (lg/l Cu) Cu in soilb (mg/kg dw) Time weight water exposure concentration (lg/l Cu)

Uptake phase Depuration phase

Day

0c 7 14 21 28 29 35 42

Juvenile uptake 1 7.2 6.4 6.4 6.3 6.0 4.4 4.0 4.0

2 9.6 9.5 9.1 8.8 8.2 4.3 3.7 3.8

3 14.4 13.7 13.4 13.0 12.2 5.1 4.2 3.8

Adult uptaked 1 119.8 ± 26.4 53.6 71.9 84.4 89.3 88.5 5.0 5.3 5.1

2 119.8 ± 26.4 51.9 68.0 80.7 90.3 95.6 5.5 6.8 6.7

3 30.5 ± 4.9 21.5 31.7 38.6 44.1 46.7 4.0 5.5 5.8

4 30.5 ± 4.9 19.5 30.7 36.2 41.3 44.4 5.0 6.8 7.3

a For juvenile study: nominal concentrations for treatment 1 = 3 lg/l Cu, treatment 2 = 6 lg/l Cu, treatment 3 = 12 lg/l Cu. For adult study:

treatment 1 = contaminated soil, Cu-free food nitex; treatment 2 = contaminated soil, Cu-free food, no nitex; treatment 3 = reference soil,

Cu-free food, no nitex; treatment 4 = reference soil, Cu-treated food, no nitex
b Cu was measured at day 0, 14, 28
c Cu was measured before organisms were placed in
d Cu was measured in overlying water after 2 weeks flooding soil

608 T. C. Hoang et al.

123



studies. Movement of apple snails at the soil/water inter-

face in the present study may have disturbed the soil

surface, resulting in increased Cu concentrations in over-

lying water with time. In the adult uptake study, the

average temperature and DO were 24.9 ± 1.1 and 7.75 ±

0.32 mg/l, respectively. The average hardness, alkalinity,

pH, ammonia, and DOC for treatments 1 and 2 were 144 ±

41, 138 ± 30 mg/l CaCO3, 8.34 ± 0.20, 0.15 ± 0.02, and

23.5 ± 0.4 mg/l, respectively, and for treatments 3 and 4

were 244 ± 58, 239 ± 61 mg/l CaCO3, 8.41 ± 0.21, 0.26 ±

0.03, and 16.5 ± 0.4 mg/l, respectively.

Juvenile uptake study

Uptake and depuration

This study found that juvenile apple snails accumulated Cu

during the exposure phase and eliminated Cu during the

depuration phase. Whole body Cu concentrations of snails

increased with exposure time and reached a plateau (satu-

ration) after 14 days of exposure (Fig. 2). During the

depuration phase, whole body Cu decreased with time and

followed first order kinetics. The values of td0.5 and td0.9

(time to depurate 50% and 90% accumulated Cu) ranged

from 10 to 14 days and 15 to 34 days, respectively. In

general, uptake and depuration kinetics are similar to the

results found in the literature for aquatic organisms (Gro-

sell et al. 1996; Lorenzo et al. 2005; Schultz et al. 1980; Yu

and Wang 2002; Morgan et al. 2004; Blackmore and Wang

2004). However, the exposure time needed for whole body

Cu to reach the saturation level (related to ku) and the

depuration rate constant (kd) may vary depending on the

organisms and metals. For example, it took about 2 days

for accumulated Cu in gill filaments of the European eel

(Anguilla anguilla) to reach saturated level (Grosell et al.

1996). Whole body silver in rainbow trout reached satu-

rated level after 10 hours of aqueous exposure (Morgan

et al. 2004). Accumulated Se in Daphnia magna reached

saturated level after 4 days of exposure (Schultz et al.

1980).

The whole body Cu concentrations at saturation in

juvenile apple snails found in the present study (average of

days 14, 21, 28) were 29.57 ± 2.30, 48.41 ± 4.29, and

61.87 ± 5.01 lg/g dw at exposure water Cu concentrations

of 6.0, 8.2, and 12.2 lg/l, respectively (Table 2). The

uptake data found in the present study followed Michaelis–

Menten kinetics rather than the 1-CFOK model. The sat-

urated kinetics for metal uptake by aquatic organisms has

been documented (Simkiss and Taylor 1989; Newman

1995; McKim 1994; McDonald and Wood 1993). The 1-

CFOK model is more applicable for accumulation of

organic compounds using Kow for predicting BCF (Spacie

and Hamelink 1995; Meylan et al. 1999). The exposure

time needed for the accumulated Cu to reach 50% and 90%

of saturated level (KM) based on Michaelis–Menten

kinetics was B1.6 days and B14.3 days, respectively

(Table 2). This KM is equal tu0.5 (Table 2).

Bioconcentration factor and dependence of Cu uptake on

exposure time and concentration

Whole body Cu concentrations reached a plateau after 14

days in the juvenile apple snail study. From this, it can be

assumed that Cu partitioning between water and apple

snails reached equilibrium after 14 days. Therefore, aver-

age whole body Cu concentrations on day 14, 21, and 28

were used to calculate BCFs for the apple snail. The Cu

BCFs found in the present study were 1497, 1518, and

1464 at water Cu concentrations of 6.0, 8.2, and 12.2 lg/l,

respectively (Table 2). BCFs found in the present study are

within the range of BCFs found in the literature for Cu

(1144–1854) (McGeer et al. 2003). McGeer et al. (2003)

reported that there was an inverse relationship between

BCFs and metal exposure concentration but this was not

observed here. The values of BCF for Cu found in the

present study are lower than the value of BCF for Zn

([1800) and Hg ([4900) (McGeer et al. 2003).

The time needed for P. paludosa to accumulate Cu to a half

of the saturated Cu concentration (KM) was B1.6 days while

the time needed to depurate a half of the saturated Cu con-

centration (td0.5) was 10.5–13.8 days. This indicates that the

uptake process was faster than the depuration process. During

the water uptake phase, metals enter organisms via passive

diffusion at cell membranes (e.g., gill membrane) due to the

concentration gradient (Hoar and Randall 1984; Grosell et al.

2002). Therefore, the magnitude of accumulation is dependant
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Fig. 2 Copper uptake and depuration in juvenile Pomacea paludosa.

(Triangle, open cycle, and start are average measured concentrations

in wet weight. Error bars are standard deviations (n = 3). Smooth

lines are Michaelis–Menten model predictions. Dash lines are one

compartment first order kinetics model predictions)
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on exposure time and concentration of the substance in the

environment. When exposure time was B14 days, whole body

Cu was not significantly different for the two exposure sce-

narios; (2X concentration and 1Y exposure time) and (1X

concentration and 2Y exposure time) (Table 3). However,

when exposure time C14 days, whole body Cu was signifi-

cantly higher in the exposure scenario of 2X concentration

and 1Y exposure time than the exposure scenario of 1X

concentration and 2Y exposure time (P = 0.002). This sug-

gests that chronic exposure of apple snails to low Cu

concentrations does not result in high Cu accumulation in

apple snails. However, apple snails can accumulate high

concentrations of Cu from acute exposure to high Cu con-

centrations. This result also supports the movement of Cu

along the concentration gradient from water to apple snails.

Adult uptake study

Water uptake versus uptake from soil ingestion and/or

dermal contact

During the uptake phase, whole body Cu concentrations of

adult apple snails in the treatment without nitex increased

with time (Fig. 3a). This result is similar to the results

found in the juvenile uptake study. However, whole body

Cu concentrations were stable during exposure when nitex

was present and lower than the whole body Cu concen-

trations of snails with direct contact with soil. The major

route of Cu exposure in the latter treatment was water only,

with Cu concentrations ranging from 53.6 to 89.3 lg/l.

These Cu concentrations were 9- to 14-fold higher than the

Cu concentrations in water of the juvenile uptake study.

However, the whole body Cu concentrations did increase

with exposure time in the juvenile uptake study while they

did not in the water only exposure (treatment 1) in the adult

uptake study. Lorenzo et al. (2005) demonstrated that the

presence of humic acids (B10 mg/l DOC) significantly

reduced Cu uptake by blue mussel gills. This would be dueT
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Table 3 Relative effects of exposure concentration and duration on

copper uptake by juvenile Pomacea paludosa

Treatment design

concentration:

duration

Measured value

concentration: duration

(lg/l Cu) : days

Whole body

Cua (mg/kg

dw)

Significant

(P-value)

(12.4 ± 2.2): 3.5 35.9 ± 2.7 0.589

(6.0 ± 0.9): 7 32.2 ± 2.3

2X: 1Y (12.2 ± 2.2): 7 56.7 ± 0.8 0.193

1X: 2Y (6.0 ± 0.9): 14 44.1 ± 13.8

(12.2 ± 2.2): 14 67.3 ± 7.2 0.002

(6.0 ± 0.9): 28 27.8 ± 5.1

a Average concentrations of days 14, 21, and 28
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to the complexation of Cu with DOC, resulting in a

decrease in the bioavailability of Cu. The presence of DOC

was shown to affect acute toxicity of Cu in the Florida

apple snail (Rogevich et al. 2008).

To determine bioavailability of Cu in the two exposure

studies of the present study (juvenile and adult uptake

studies), Windermere Humic-Aqueous Model (WHAM)

incorporated in the biotic ligand model (BLM) was used to

determine Cu speciation (DiToro et al. 2000). The free Cu

portion was about 20-fold higher in the water of the

juvenile uptake study (0.0277 lg/l Cu2+) than in the adult

uptake study (0.0012 lg/l Cu2+). Most Cu in the water of

the adult uptake study was bound to DOC (Cu-DOC). The

Cu-DOC is not a bioavailable form of copper since it has

been shown that only free Cu is bioavailable (Campbell

1995; Simkiss and Taylor 1995; DiToro et al. 2000).

Therefore, although the total Cu concentrations in water of

the juvenile uptake study was 9–14-fold lower than the

total Cu concentrations in the water of the adult uptake

study, Cu bioavailability was 20-fold higher in the juvenile

uptake study than in adult uptake study. This would explain

why the whole body Cu concentrations of the snails in the

adult uptake experiment (treatment with nitex) did not

increase over time. It should also be noted that during 28

day exposure, the aperture of the adult apple snails in

treatment with nitex were closed and their movement was

limited as compared to the movement of the apple snails in

the treatment without nitex. This behavioral response may

explain the stability of whole body Cu concentrations over

time in the adults in the treatment with nitex. The whole

body Cu concentration was, on average, 47.19 mg/kg

higher in the treatment without nitex than treatment with

nitex.

The difference of the whole body Cu concentrations of

the adult apple snails in treatments with and without nitex

indicates that apple snails can accumulate Cu from soil via

soil ingestion and/or dermal contact with soil. This result is

in agreement with the results in the literature. A study

conducted by USFWS found that whole body Cu concen-

trations in apple snails were correlated with Cu in sediment

(Frakes et al. 2008). A similar result also was demonstrated

by Heng et al. (2004) for the freshwater snail (Turitella

sp.). Another study conducted by Gomot-de Vaufleury and

Pihan (2002) found that Cr uptake by land snails (Helix

aspersa and Helix aspersa maxima) via dermal contact was

significant compared to the uptake from water. Gomot-de

Vaufleury and Pihan (2002) also demonstrated that soil

ingestion was the main route of Zn, Cd, and Pb uptake by

land snails. If dermal contact is a significant route for Cu

accumulation by the apple snail, the potential for Cu

accumulation in apple snail tissue would be high because

the apple snail lives at the soil/water interface and occa-

sionally burrows under soil surface (Darby et al. 2002).

Copper accumulation in snail tissue would also pose a risk

to apple snail predators, such as snail kite.

During the depuration phase, whole body Cu concen-

trations did not decrease in adult snails. In fact, whole body

Cu concentrations of the snails from the treatment with

nitex appeared to be higher during the depuration phase

than the uptake phase (Fig. 3a). During the depuration

phase, the snails were living in laboratory freshwater that

had a Cu concentration about 3–4 lg/l and DOC about 0.26

mg/l The free Cu in laboratory water was 0.0037 lg/l,

which was higher than the free Cu in the water of the

uptake phase (0.0012 lg/l). Therefore, the snails would

likely accumulate more Cu, which resulted in higher whole

body Cu concentrations in the depuration phase than in the

uptake phase. This indicates that DOC is an important

factor that influences Cu uptake and Cu toxicity to the

apple snail. A study conducted by Rogevich et al. (2008)

with apple snails found that the 96 h-LC50 for Cu

increased with increasing DOC concentration. The influ-

ence of DOC on Cu toxicity was also found for other trace

metals with other organisms (Hoang et al. 2004; Sciera

et al. 2004; VanGenderen et al. 2003; Ryan et al. 2004;

Schwartz et al. 2004). Similarly, in the treatment with no

nitex, whole body Cu concentrations did not decrease with

depuration time (Fig. 3a). Copper uptake by apple snails

from this treatment may primarily be from dermal contact

and/or soil ingestion during the uptake phase, it was likely
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from aqueous Cu in the laboratory water during the dep-

uration phase. Therefore, the stability of whole body Cu

during the depuration phase suggests that the depuration of

Cu was negated by the uptake of aqueous Cu from the

depuration water.

Dietary uptake and potential for trophic transfer

Whole body Cu concentrations appeared to increase with

time for both the Cu-free and Cu-treated food treatments

(Fig. 3b). The reference soil contained 30.5 mg/kg Cu;

therefore, the snails fed Cu-free food obtained some Cu

from the reference soil, resulting in increase whole body

Cu concentrations with time. However, the snails fed

Cu-treated lettuce contained higher whole body Cu con-

centrations than the snails fed Cu-free lettuce, indicating

that apple snails can accumulate Cu via diet. The difference

between the whole body Cu concentrations was, on aver-

age, 18.83 mg/kg higher in adult snails from the Cu-treated

food treatment than in the Cu-free food treatment. Copper

accumulation via diet also was demonstrated for different

snail species and trace metals (Laskowski and Hopkin

1996; Gomot and Pihan 1997; Swaileh and Ezzughayyar

2000; Notten et al. 2005). Recently, a field study conducted

by Notten et al. (2005) suggested that dietary metal uptake

was the most important exposure route for the landsnail

(Cepaea nemoralis) compared to other routes of uptake.

During the depuration phase, whole body Cu concen-

trations of the apple snails did not decrease in either dietary

treatment (Fig. 3b). For the Cu-free dietary treatment,

whole body Cu concentrations were higher during the

depuration phase than the uptake phase. This may be due to

the higher Cu bioavailability in the depuration water than

the uptake water, as described previously.

Body distribution of accumulated Cu and bioaccumulation

factors

For all potential exposure routes in both the uptake and the

depuration phases, the distribution of accumulated Cu in

adult apple snails was similar (Fig. 4). The highest Cu

concentration was found in the viscera (about 60%) and the

lowest Cu concentration was in the shell (\4%). The

copper burden in the foot was about 40%. Similar results

were found by Laskowski and Hopkin (1996) for the gar-

den snail: trace metals (Cu, Zn, Cd, Pb) concentrations in

shell of snails exposed to either individual or mixtures of

Cu, Zn, Cd, and Pb for three months did not exceed 5% of

the whole body concentration. Most of the accumulated

metals were in soft tissues (foot and viscera). Recently,

Desouky (2006) also reported that up to 80% of accumu-

lated metals (Al, Cd, Zn) were found in the viscera (kidney

and digestive gland) of the pond snail (Lymnaea stagnalis).

When exposed to metals, aquatic organisms have

developed strategies for regulating internal copper con-

centrations. Some species store excess copper by

sequestering the metals in forms that are either metaboli-

cally available (e.g., as metallothionein) or unavailable

(e.g., as phosphate granules) (Phillips and Rainbow 1989;

Simkiss 1981; Viarengo 1989; Depledge and Rainbow

1990; Mason and Nott 1981). Desouky (2006) found that

the number of granules in the digestive gland of the garden

snail increased after 10 days of exposure to metals (Al, Zn,

Cd). In granule cells, metals can bind to ligands such as P

and S and become insoluble and immobile. This mecha-

nism may account for the high Cu concentration found in

viscera in the apple snails. The high Cu burden found in the

soft tissues of the apple snails (foot and viscera) reveals

potential for Cu transfer through the food chain, since most

apple snail predators (e.g., snail kite) consume the soft

tissues and not the shell.

Bioaccumulation factors were calculated for the foot,

the viscera and the shell. The results of BAFs are shown in

Table 4. For both the dietary uptake and the uptake from

soil, Cu BAFs were highest for the viscera and lowest for

the shell. Gomot and Pihan (1997) found that dietary Cu

BAFs for Helix aspersa maxima and Helix aspersa aspersa

were higher for the foot than for the viscera. Based on the

data reported by Laskowski and Hopkin (1996) for Helix

aspersa, the Cu BAFs for soft tissues (foot and viscera)

would range from 0.45 to 10.96 when dietary Cu concen-

trations ranged from 2 to 1250 lg/g. The dietary Cu BAFs

found in the present study were within this range of BAFs.

BAFs may vary, however, depending on specific metals

and routes of uptake. The dietary Cu BAFs found in the

present study were higher than the dietary Zn BCFs found by

Gomot and Pihan (1997) and Gomot-De Vaufleury and Pihan

(2002). Results found by Laskowski and Hopkin (1996)

support the present results. The present study found that

dietary Cu BAFs were from 3- to 8-fold higher than the soil

Cu BAFs. This indicates that dietary Cu uptake is more

important than uptake through soil ingestion and/or dermal

soil contact. This conclusion is supported by Notten et al.

(2005) who found that the relationship between metal con-

centrations in snails and plant leaves was stronger than the

relationship between metal concentrations in snails and soil.

Summary and conclusions

This study demonstrated that the Florida apple snail

accumulated Cu from the environment via different routes.

Aqueous Cu uptake was strongly dependent on DOC in the

water. Elevated DOC concentration decreased Cu bio-

availability and uptake. The distribution of the measured

total organic carbon and Cu concentrations in surface water
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in Everglades since 1971 shows that 90% of the mea-

surements had TOC concentrations C7.7 mg/l and 10% of

the measurements had Cu concentrations C4.2 lg/l

(SFWMD, DBHYDRO database, 1971–1985). With these

TOC and Cu concentrations, bioavailability of Cu would be

\0.0001 lg/l. Therefore, aqueous Cu uptake will not be of

concern for apple snails in the Everglades ecosystem.

However, soil ingestion and/or soil dermal contact appear

to also be important Cu uptake routes for apple snails. In

addition, dietary uptake resulted in high BAFs. This indi-

cates that Cu transfer through the food chain from food to

the apple snail was the most important uptake route com-

pared to water or soil exposure and therefore, may pose a

threat to apple snail predators, such as the Florida snail

kite. For all exposure routes, most of the Cu in apple snails

accumulated in the soft tissues, which is typically con-

sumed by predators. More studies should be conducted to

examine the potential of Cu transfer from the apple snail to

organisms at higher trophic levels.
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