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Abstract Freshwater gastropods are widespread and

common members of benthic communities that interact

with other species and conspecifics. Anthropogenic

activities are increasing the presence of chemical

contaminants in aquatic systems, which have the

potential to disrupt species interactions through acute

toxic effects and low-exposure chronic effects on vital

rates and behaviors of organisms. We determined the

effects of the commonly used manufactured nanomate-

rial, silver nanoparticles (AgNPs), on the survival,

growth, reproduction, and behaviors of a common

pulmonate gastropod, Physa acuta. Gastropod survival

decreased in higher concentrations of AgNP (LC50 =

2.18 lg/l), but was enhanced when experimental con-

tainers included sediment (LC50 [ 10 lg/l). Chronic

exposures resulted in growth rates and size at first

reproduction of snails declining in only the highest

exposure concentration of 1 lg/l AgNP. Physa egg

production was reduced by 50% when chronically

exposed to 0.01 lg/l or greater AgNP. Physa crawled

more rapidly when exposed to 0.01 lg/l AgNP and

greater, indicating a stress response to higher AgNP

concentrations. Physa exposed to 1 lg/l AgNP used

near-surface habitats in a similar manner to those

exposed to the threat of crayfish predation, indicating

that the stress response to AgNP is similar in magnitude

and direction to the threat of a predator. The sublethal

effects reported here suggest that low but environmen-

tally relevant concentrations of AgNP are likely to affect

gastropod populations in many ways, potentially leading

to measurable effects on communities and ecosystems.
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Introduction

The newly emerging field of nanotechnology presents

many technological, chemical, and medical advances

that promise to benefit society as a whole. However, as

with many novel technologies, potentially adverse

environmental effects are largely unknown (Masci-

angioli & Zhang, 2003). Manufactured nanoparticles

(MNs) are intermediate supramolecules which lie

between bulk and molecular states of matter (Hoet

et al., 2004). Large surface-to-volume ratios, due to

their small sizes (having one or more dimension which

is 100 nm or less), increase the potential reactivity of

MNs (Moore, 2006; Klaine et al., 2008). Large-scale

production of MNs will coincide with their expected

increased use in agriculture, medicine, and industry

(Hurt et al., 2006). Also, because of their small sizes,

nanoparticles are more likely to infiltrate biological

systems where larger molecules could not (Moore,
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2006) and diffuse through cell membranes (Lin et al.,

2007). Among the most widely used nanoparticles are

silver nanoparticles (AgNPs), and like most nanom-

aterials, the beneficial uses of AgNPs are well known,

while the adverse environmental effects have been

only minimally studied (Gao et al., 2002). The

antimicrobial properties of AgNPs have garnered

much attention in the medical field for their potential

use as a biocidal agent (Lok et al., 2007; Klaine et al.,

2008). Because of the widespread use of AgNPs,

aquatic ecosystems will likely become sinks for

additional silver loadings (Oberdörster et al., 2005).

Environmental AgNP concentrations are expected to

approach 0.03 lg/l in natural waters (Mueller &

Nowack, 2008). In the environment, the antimicro-

bial actions of AgNPs may alter aquatic ecosystems

since microbes are vital to the flow of nutrients and

energy within those systems (Cole, 1999; Simon et al.,

2009).

Freshwater gastropods are common in both lotic

and lentic systems and play a vital role in these food

webs (Dillon, 2000). Among freshwater gastropods,

physids (Pulmonata: Physidae) are some of the most

abundant and prevalent, making them ecologically

important in many ecosystems (Covich, 2010). Phys-

ids graze on periphyton, which is composed of

microbes, bacteria, algae, diatoms, and detritus (Biggs

& Close, 1989), and are themselves prey to a variety of

predators that include belostomatids, crayfish, sunfish,

turtles, and leeches (Kessler & Munns, 1989; Thorpe

& Covich, 1991; Turner & Montgomery, 2009). Being

the prey of many different organisms, Physa allocate

energy primarily into rapid growth and reproduction

when predators are present (Crowl & Covich, 1990;

Alexander & Covich, 1991). As a result of their diets

and many predators, physids potentially serve as

important links between primary producers and other

organisms in freshwater food webs. Changes in physid

populations and traits due to stresses can therefore

cascade through ecosystems (Bernot & Turner, 2001).

While acute toxicity bioassays distinguish specific

tolerance levels of organisms to contaminants on a

short-term basis, chronic toxicity bioassays identify

chemicals as long-term threats to organismal survival

and success (Newman & Clements, 2008). The

importance of these tests lies in the inherent differ-

ences in which different contaminants act on an

organism to affect its fitness. Some contaminants are

acutely lethal and their effects clearly distinguishable

over a short period of time, while others slowly affect

survival, vital rates, and behavior, which in turn affect

species interactions over a longer time period (New-

man & Clements, 2008).

Here, we studied the effects of AgNPs on the

survival, growth, reproduction, crawling behavior, and

antipredator behavior of the freshwater gastropod,

Physa acuta. Changes in gastropod vital rates were

studied in laboratory experiments and used as indica-

tors of sublethal changes to a key freshwater organism

due to chronic exposure. We also evaluated the effects

of AgNPs on the responses of Physa to predator

chemical cues to determine the potential impacts on

species interactions.

Methods

Organisms

Physa acuta (synonymous with P. integra and P.

heterostropha) is a common pulmonate snail that

inhabits streams, ponds, and lakes throughout North

America (Dillon, 2000). Physa used in bioassays were

obtained from batch cultures of offspring collected

from the White River in Muncie, IN, USA. Snails were

maintained in aquaria at 20–22�C and a 16:8-h

light:dark photoperiod in artificial spring water (EPA

2002). Physa cultures were maintained to contain

approximately 5 snails/l in water with pH ranging

from 7.8 to 8.4 and conductivity ranging from 51 to

70 mg CaCO3/l. Snails were fed mixtures of boiled

spinach and commercial algae wafers (Hikarit, Hay-

ward, CA, USA) ad libitum.

Nanosilver characterization

The AgNPs were purchased from Sigma-Aldrich, St.

Louis, MO, and were commercially described as

\100 nm in size and 99.9% purity. Stock solutions for

all experiments were prepared by sonicating AgNP

powder suspensions in deionized water at 15 kHz for

3 h. Particle sizes were determined by subsampling a

drop of stock solution and placing the drop on a copper

grid and viewed using a 120-kV Hitachi H-600

Transmission Electron Microscope (TEM). For each

experiment, TEM images were taken before and after

animal exposures and scanned into digital images. As
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many particles as possible per image were measured

using Image J (NIH freeware) software.

Effects of AgNPs on Physa survival

We determined the acute lethal toxicity (LC50) of

AgNP to Physa acuta in the absence and presence of

sediment to determine the concentration likely to

affect snail survival when exposed to primarily water

column AgNP and AgNP that may have settled or

bound to sediment. The AgNP exposure bioassays

were conducted as 96-h static acute tests using Physa

(shell length,\8 mm) from cultures. Ten snails were

placed in each of 60 flasks (200 ml), with five

replicates for each of six treatment concentrations

cross factored with the presence/absence of sediment

(artificial spring water control plus five nominal AgNP

concentrations) for a total of 12 treatment combina-

tions. In sediment-present treatments, approximately

1 cm of sediment lined the bottom of flasks (10 g).

Sediment was obtained from the bottom of the White

River, IN, homogenized and autoclaved to sterilize.

Every 24 h after the initial exposure, the number of

living and dead Physa was recorded for a total of 96 h.

Snails were designated as dead if they did not respond

to a gentle prodding with forceps or were no longer

holding on to the sides or bottom of the flask after

gentle stirring. Each bioassay was conducted at

20–24�C in the laboratory with a 16:8-h light:dark

photoperiod. The AgNP experimental concentrations

were based on preliminary range-finding tests of acute

toxicity using concentrations from 0.1 to 1,000 mg/l.

The LC50 values and associated 95% confidence

intervals (CIs) were obtained for sediment-free treat-

ments by fitting dose–response curves to a probit

model because mortality data were not normally

distributed. These statistical analyses were performed

using SAS Version 8.02 statistical software (SAS,

Cary, NC, USA).

Chronic effects of AgNPs on snail growth

and reproduction

To determine the effects of AgNPs on Physa growth

and reproduction caused by chronic exposure, seventy

glass jars (400 ml) were randomly sorted into seven

treatment groups: control (200 ml of synthetic spring

water), 0.001, 0.01, 0.05, 0.1, 0.5, and 1 lg/l AgNP.

Two Physa were placed into each jar and were fed

algal flakes ad libitum. Shell length was measured (tip

of the spire to the opening of the shell) using calipers

before placing the Physa in each culture vial. Initial

shell lengths of snails varied between 7.16 and

10.30 mm (mean 9.01 mm). Eggs were collected

and snails were measured and moved to fresh solutions

every 3 days for 28 days. Egg pouch presence was

noted every day to determine size at first reproduction

by using the average of the shell lengths of both snails.

Growth rates were determined by subtracting the

average of the initial shell lengths minus the average

of the final shell lengths divided by 28 days.

Effects of different AgNP concentrations on Physa

growth rate were determined with one-way analysis of

covariance (ANCOVA) with the initial shell length as

the covariate and post hoc Tukey’s pairwise compar-

isons. Physa size at first reproduction effects was

determined with ANCOVA using the initial snail size

as the covariate. Effects of AgNP concentrations on

Physa eggs per egg pouch, number of egg pouches,

and total egg production were determined with

multivariate analysis of variance (MANOVA) because

response variables were not independent. Univariate

ANOVA with Tukey’s pairwise comparisons was

subsequently used to determine treatment effects on

each response variable separately. Prior to parametric

statistical analyses, response variables were tested for

normal distributions using Shapiro–Wilks tests for

normality and inspection of Q–Q plots. Variances

were also inspected to meet the ANOVA assumptions.

These statistical analyses were performed in R,

version 2.15.1 (R Development Core Team, 2012).

AgNP effects on Physa movement rates

The effects of AgNPs on Physa crawling behavior

were studied in individual movement bioassays.

Bioassays were performed with one snail placed in a

clear glass aquarium (30.8 9 15.7 9 20.6 cm) with

1- 9 1-cm square grids superimposed on the bottom

and two adjacent sides. The aquarium was acid-

washed and rinsed before each set of trials. Five

concentrations of AgNP (ranging from 1 to 10% of the

LC50 values determined from the acute toxicity

bioassays) and an artificial spring water control were

used in each experiment. The AgNP solutions were

made daily before the trials from a 1,000 lg/l stock

solution diluted with artificial spring water and kept at

room temperature (20–22�C). Fifteen trials per
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concentration were performed (90 total trials). We

randomly determined the concentrations to test and the

order of testing before each set of trials. Treatment

solutions (500 ml) were poured into the aquarium.

Each snail was measured and gently agitated for 5 s, if

necessary, so that it would sink to the bottom of the

aquarium. Using forceps, the snail was placed with the

aperture down in a random orientation on the bottom

of the aquarium directly above the center square. We

started timing when the snail was released and the

forceps had been removed from the liquid. The snail

was given 10 s to become acclimated, after which we

recorded the number of grid lines that the snail crossed

over 2 min. The 10-s acclimation period was included

as part of the first minute, but any grid lines crossed

during this time were not counted. A snail was

determined to have crossed a grid line if more than

50% of its body had traversed the line. The effects of

AgNPs on Physa crawling rates as cm/min were

analyzed with one-way analysis of variance after

determining that data were normally distributed with

Shapiro-Wilk comparisons with normality and inspec-

tions of Q–Q plots. Differences between treatment

concentrations were assessed with Tukey’s multiple-

comparison test (a = 0.05). These statistical analyses

were performed in R, version 2.15.1 (R Development

Core Team, 2012).

Effects of AgNPS on Physa antipredator behavior

We determined the AgNP effects on the antipredator

behavior of Physa by exposing snails to both non-lethal

AgNP concentrations and predator alarm cues in a

laboratory experiment. Physa respond to stimuli of

alarm cues produced by crayfish predation by moving

to or above the waterline and to cues produced by fish

predation by crawling under cover (Bernot & Turner,

2001). Alarm cues are generated by injured, crushed, or

attacked conspecific snails (Turner, 1996; Turner &

Montegomery, 2009; Salice & Kimberly, 2013). We

used alarm cues generated by feeding crayfish as

predatory threats to Physa housed in water containing

one of four nominal AgNP concentrations (0, 0.01, 0.1,

and 1 lg/l AgNP). Ten similarly sized Physa (mean

shell length = 10.45 ± 0.32 mm) were stocked into

each of 32 glass aquaria filled with 5 l of treatment

water. We used a 2 9 4 factorial design and crossed

the presence or absence of crayfish alarm cue with each

AgNP concentration for eight treatment combinations

replicated four times. Each of the 16 aquaria with a

predator-generated alarm cue was paired with an

aerated aquarium (40 l filled with 30 l of artificial

spring water) in which we housed two Orconectes

virilis (mean carapace length = 42.34 ± 2.88 mm,

n = 32) that were fed 10 Physa daily for 3 days prior to

the experiment. One l of water from each crayfish

aquarium was transferred to its paired snail aquarium

to generate independent applications of experimental

treatments. The proportion of Physa exhibiting anti-

predator behavior by crawling to the surface of the

water or out of the water in each snail aquaria was

recorded 6, 12, 18, and 24 h after the addition of

crayfish water. If a Physa was within 2.5 cm of the

surface, it was considered to be using near-surface

habitat. A 2 9 4 factorial repeated measures ANOVA

was used to determine the effects of crayfish chemical

cues and AgNPs on the proportion of snail displaying

antipredator behavior over 24 h. Proportion data were

arcsine square root transformed prior to analysis to

meet the assumptions of ANOVA. These statistical

analyses were performed in R, version 2.15.1 (R

Development Core Team, 2012).

Results

Effects of AgNP on Physa survival

Silver nanoparticle sizes were variable and ranged

from 24 to 190 nm (Fig. 1). Physa mortality was the

greatest in higher AgNP concentrations and survival

was greater in the presence of sediment than in its

absence (LC50 without sediment = 2.18 lg/l (1.08 to

4.07 lg/l 95% confidence interval), Fig. 2). Most

Physa survived in the presence of sediment even at

100 lg/l AgNP so LC50 values for acute AgNP effects

could not be calculated.

Chronic effects of AgNP on snail growth and life

history

Physa exposed to 1 lg/l AgNP grew slower than snails

exposed to no AgNP control water and low AgNP

concentrations (ANCOVA: F6,62 = 5.62, P \ 0.01;

Fig. 3). Silver nanoparticle concentration affected

snail size at first reproduction, but only had a

significant effect on snails exposed to 0.05 lg/l and

1 lg/l of AgNP (ANCOVA: F6,62 = 2.65, P = 0.02;
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Fig. 4). Silver nanoparticles reduced Physa egg pro-

duction (MANOVA Wilkes lambda F3,61 = 651.00,

P \ 0.01). Physa exposed to higher concentrations of

AgNP produced fewer egg pouches than Physa

exposed to artificial spring water or low AgNP

concentrations (F6,63 = 5.76, P \ 0.01; Fig. 5a).

The number of eggs produced by snails exposed to

AgNP concentrations greater than or equal to 0.01

lg/l AgNP was over 50% less than the number of eggs

produced by snails exposed to 0.001 lg/l AgNP and

no AgNP control water (F6,63 = 24.66, P \ 0.01;

Fig. 5b). Fewer eggs per pouch were also produced

by Physa exposed to AgNP concentrations of 0.01

lg/l and greater than Physa exposed to 0.001 lg/l

AgNP and no AgNP control water (F6,63 = 21.03,

P \ 0.01; Fig. 5c).

Effects of AgNPs on Physa behavior

Physa exposed to higher concentrations of AgNP

crawled at least 40% faster than those exposed to

control water or 0.001 lg/l AgNP (ANOVA

F6,98 = 16.34, P \ 0.01; Fig. 6).

Nearly 70% of Physa used surface habitat in the

presence of the crayfish cue across AgNP treatments,

but in no-crayfish cue control treatments, only 15% used

near-surface habitat (Fig. 7). Over 60% of Physa were

near the surface of the water up to 24 h after exposure to

crayfish chemical cues (crayfish effect: F1,24 = 245.52,
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P \ 0.01) and while they were consistently near the

surface over the course of the experiment, fewer Physa

remained near the surface at 24 h than at earlier points in

the experiment (time effect: F3,72 = 11.75, P \ 0.01).

The concentration of AgNPs also affected the propor-

tion of Physa near the surface of the water, but

concentration effects depended on whether crayfish

cues were present (concentration by crayfish cue effect:

F3,24 = 15.40, P \ 0.01) and declined over time (con-

centration x time interaction: F9,72 = 2.04, P = 0.04).

Of the Physa not exposed to crayfish cues, more of those

exposed to 1 lg/l of AgNP were near the surface of the

water than in lower exposure concentrations (concen-

tration effect F3,24 = 28.84, P \ 0.01). Thus, most

snails used near-surface habitat when exposed to higher

concentrations of AgNP regardless of crayfish cues.

Discussion

Snail survival, life history, and behavior were affected by

relatively low concentrations of suspended silver nano-

particles. More Physa survived 4-day bioassays in the

presence of sediment across all AgNP concentrations,

suggesting that sediment in natural systems may reduce

the concentration of AgNPs or Ag ions that snails may

encounter. Without sediment, AgNP was acutely toxic to

Physa at concentrations an order of magnitude above

expected environmental concentrations. Thus, AgNP is

not likely to be acutely toxic to these gastropods. Physa

reproduction was reduced in the presence of AgNP as

indicated by fewer egg masses and fewer total eggs when

stressed by environmentally relevant AgNP concentra-

tions (0.01 lg/l), suggesting that non-lethal but chronic

exposure may be detrimental to populations of these

key food web components. Moreover, snails exhibited

potential stress behaviors such as faster movement rates

and near-surface habitat use in apparent attempts to

escape AgNP. Overall, these results provide additional

data on the acute toxicity of nanomaterials and provide a

baseline for future studies that address lower, non-lethal,

and environmentally relevant concentration effects on

endpoints that relate to ecosystem structure and function.

AgNPconcentration (g/L)

S
iz

e 
at

 F
irs

t R
ep

ro
du

ct
io

n 
(m

m
)

0

2

4

6

8

10

12

a, b a, b
a, b

aa, b

a, b
b

0 0.001 0.01 0.05 0.1 0.5 1

Fig. 5 Mean size at first reproduction (?standard error) of

Physa acuta exposed to different concentrations of silver

nanoparticles suspended in artificial spring water. Different

letters represent significant differences between concentrations

(Tukey’s multiple-comparison test, a = 0.05)

E
g

g
 p

o
u

ch
es

0

1

2

3

4

E
g

g
s

0

20

40

60

AgNP concentration (g/L)

E
g

g
s 

p
er

 p
o

u
ch

0

5

10

15

20

25

a

b

ca

a

a
a

b
b

b
b

b

b
b

b

b b

a

a

a
a, b

a, b a, b

b

0 0.001 0.01 0.05 0.1 0.5 1

Fig. 6 Physa acuta a egg pouches produced, b total eggs

produced, and c eggs per pouch after 28-day exposure to

different concentrations of silver nanoparticles suspended in

artificial spring water. Bars represent mean values ? standard

error. Different letters represent significant differences between

concentrations (Tukey’s multiple-comparison test, a = 0.05)

30 Hydrobiologia (2013) 714:25–34

123



The use of gastropods as ecotoxicology test organ-

isms is increasing (Lefcort et al., 2004, 2012; Musee

et al., 2010; Bernot et al., 2005). Ecosystem structure

and function often depend on the presence or density

of these important links between microbial and larger

food webs (Hall et al., 2003). Gastropods are easily

sampled from natural habitats and many taxa are easily

kept and cultured in laboratory environments (Dillon,

2000). Moreover, many gastropod taxa exhibit adap-

tive behaviors that are influenced by predatory and

chemical stressors that are amenable to laboratory

study (Lefcort et al., 2004, 2012, Bernot et al., 2005).

Pulmonate snails in particular are active grazers that

have the ability actively migrate away from stresses

and even leave the water during periods of heavy

stress. Physa in our study and others (Bernot et al.,

2005, Lürling, 2012) exhibited faster locomotion due

to chemical stress in a possible attempt to migrate

away from high contaminant concentrations. These

results highlight the potential use of snail movement

behaviors as indicators of chemical contamination.

Klaine et al. (2008) suggest that sediments may be a

major sink of nanoparticles in aquatic ecosystems,

making benthic animals that graze on and live in

sediments important test animals for nanomaterial

ecotoxicology. Benthic grazers may ingest more

nanoparticles than organisms that dwell in the water

column and serve a direct link to the benthic portion of

the food web. Nanoparticles that drop into the

sediment will also likely affect microbial processes

more directly. Our data provide baseline information

about how common and widespread benthic grazers

may respond to silver nanoparticles in freshwater

ecosystems.

A variety of manufactured nanomaterials have

toxic effects on biological systems (Klaine et al.,

2008). At the cellular level, nanometals such as

nanocopper and nanosilver damage DNA and cell

membranes (Cabiscol et al., 2000; Jang et al., 2003).

At organismal levels, other nanomaterials affect

crustacean survival and fecundity (Griffitt et al.,

2008), as well as fish (Oberdörster et al., 2006), and

Fig. 7 The proportion of

Physa using near-surface

habitat 6, 12, 18, and 24 h

after exposure to silver

nanoparticle concentrations

and water with or without

chemicals from feeding

crayfish (predator cue) in a

laboratory experiment.

Symbols represent mean

surface habitat use ± 1 SE
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freshwater mussel physiology and fecundity (Gagné

et al., 2008). Subtle changes like these, because their

effects on organisms are not immediately apparent,

make chronic studies of organisms imperative.

Reports of nanomaterial toxicity in aquatic envi-

ronments are increasing in number. Musee et al.

(2010) exposed Physa to sand exposed to various

manufactured nanoparticles and encountered nano-

particle effects on embryo abnormalities and adult

snail oxidative stress. Silver nanoparticles inhibit both

Escherichia coli and Bacillus subtilis at concentra-

tions as low as 70 lg/ml (Yoon et al., 2006). Fifty

percent of fathead minnow (Pimephales promelas)

embryos died when exposed to AgNP concentrations

as low as 1.25 mg/l (Laban et al., 2010). In addition,

ionic silver is toxic to fathead minnows at concentra-

tions of 6.7 lg/l (Bury et al., 1999) and is toxic to

freshwater snails at similar concentrations (Khangarot

& Ray, 1988). Furthermore, in a study by Griffitt et al.

(2008), nanosilver was acutely toxic to zebrafish in

concentrations as low as 40 lg/l by impeding gill

function.

Analytical methods for determining AgNP in

environmental samples or in experimental bioassays

were not available, requiring the use of nominal

concentrations as reported here. The effects of sedi-

ment on acute toxicity indicate that AgNP may bind to

sediment and suggest that dispersion in the water

column may be limited. The relative proportion of Ag

ions and Ag nanoparticles was not determined in our

study, but the frequent water changes in our chronic

exposure insured at least periodic exposure to the

nominal concentrations in the water column (Handy

et al., 2012). Other environmental factors likely

contributing to the availability and toxicity of AgNP

to snails include pH and dissolved organic carbon

(McLaughlin & Bonzongo, 2012), which aid in

determining particle dispersion and stability (Handy

et al., 2012). The ability to directly measure AgNP in

ecosystem compartments would greatly enhance our

understanding of the fate of these particles (von der

Kammer et al., 2012). Estimates of environmental

AgNP concentrations of approximately 0.03 lg/l

indicate that the increased Ag loading in freshwaters

due to AgNP incorporation into consumer products

may be quite small (Mueller & Nowack, 2008).

However, our results indicate that animal vital rates

may be altered substantially even at such low

concentrations.

Physid snails are active grazers that employ anti-

predator behaviors that consist of altering their habitat

use in response to predator-specific chemical cues

(Turner et al., 2000). Silver nanoparticle changes in

Physa movement or antipredator behaviors may

negatively affect their survival directly by increasing

the time that they may be in predatory danger.

Additionally, higher movement rates may negatively

affect energy stores otherwise used for reproduction,

shell building, and immune responses. In similar

bioassays, Physa slowed their movement when

exposed to low concentrations of a range of room

temperature ionic liquids, but increased their pace at

higher, more dangerous concentrations (Bernot et al.,

2005). In our study, Physa moved more rapidly

compared to controls and 0.001 lg/l when exposed

to AgNP concentrations higher than and equal to

0.01 lg/l, which is within the range of expected

environmental concentrations. Differences in

response may be due to different ranges of concentra-

tions and different modes of action. Moreover, low

and non-lethal concentrations of pollutants can influ-

ence sensory perception, thereby acting as ‘‘infodis-

ruptors’’ that disrupt the flow of information within

and among organisms (sensu Lürling, 2012).

Many gastropods trade-off growth and reproduc-

tion, where reproduction may be delayed while an

animal grows more quickly to achieve a size refuge

from predators (Crowl & Covich, 1990). Contami-

nants may alter this dynamic by adding an additional

stress. Here, Physa growth rates were reduced at

higher AgNP concentrations and egg production in the

form of reproductive bouts (egg pouches), total eggs,

and eggs per pouch were also depressed at higher

stress levels associated with higher concentrations.

Thus, AgNP did not affect the growth-reproduction

trade-off, but instead imposed an overall stress on all

the snail vital rates we measured. Future studies should

incorporate biotic stresses such as predation pressure,

competition, and parasitism into contaminant effects

on growth-reproduction trade-offs.

Overall, our results indicate that even very low

concentrations of silver nanoparticles suspended in

water may alter animal vital rates such as behavior and

life history which can cascade to other parts of aquatic

ecosystems. Even small changes in life history can

dramatically alter animal and plant populations,

thereby altering species interactions and ecosystem

processes (Bernot & Turner, 2001). The availability of
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silver nanoparticles in the water column to affect these

organisms, however, may be limited and determined

by other environmental factors including sediment

presence and type. Thus, our data provide baseline

information about how common and widespread

benthic grazers may respond to silver nanoparticles

in freshwater ecosystems. Community ecology studies

that explicitly incorporate non-lethal effects of

nanomaterials will greatly enhance our understanding

of how these emerging chemicals may impact the

environment (Clements & Rohr, 2009).
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