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Abstract Pesticides sprayed on farmlands can end up in

rivers and be transported into estuaries, where they could

affect aquatic organisms in freshwater and marine habitats. A

series of experiments were conducted using the amphipod

Corophium volutator Pallas (Amphipoda, Corophiidae) and

single pesticides, namely atrazine (AT), azinphos-methyl

(AZ), carbofuran (CA) and endosulfan (EN) that were added

to sediments and covered with seawater. Our goal was to

compare the concentrations affecting the survival of the

animals relative to potential attractant or repellent properties

of sediment-spiked pesticides. The avoidance/preference of

contaminated/reference sediments by amphipods was

examined after 48 and 96 h of exposure using sediments with

different organic carbon content. The octanol–water parti-

tion coefficients (log Kow) ranked the pesticides binding to

sediments as EN [ AZ [ AT [ CA. LC50 and LC20

covered a wide range of nominal concentrations and ranked

toxicity as CA-AZ [ EN [ AT. Under the experimental set

up, only EN initiated an avoidance response and the organic

carbon normalised concentration provided consistent results.

Using the present data with wide confidence limits,[20% of

a population of C. volutator could perish due to the presence

of EN before relocation or detecting CA or AZ in sediments

by chemical analysis.

Keywords Amphipods � Corophium volutator �
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Introduction

Biocides are used to protect crops against undesirable

insects, fungi or plants, but may have an unwarranted

impact on non-target organisms. Precipitation events can

transport pesticides in the water soluble or particle-bound

form, from their spraying location on land into rivers

where, after further transport they can end up in estuaries

(Bergamaschi et al. 2001). These chemicals can also

potentially be carried directly from land into the coastal

zone. Once these products enter waterways, they can affect

the health of aquatic species, ranging from micro organ-

isms (DeLorenzo et al. 2001) to top level consumers in the

food web (Robinson 1999). The partitioning of organic

compounds will affect toxicity, and the total organic car-

bon (TOC) content of sediments determines the binding of

non-ionic lipophilic molecules (Fisher et al. 1993; Ankley

et al. 1994; Delle Site 2001).

Benthic amphipods dwell in sediments and some species

can be easily collected at low tide and could be used as sentinel

organisms. Corophium volutator inhabiting the Bay of

Fundy, Canada, have been referred to as a ‘‘keystone species’’,
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since they help to maintain the integrity of the mudflats’

ecosystem, preventing the formation of salt marshes (Percy

1999). The swimming ability of this species differs with

examined populations (Hughes and Horsfall 1990; Lawrie and

Raffaelli 1998) and is affected by chemical cues (Krang and

Baden 2004). These amphipods have been widely used in

laboratory studies as well as in the field to assess contamina-

tion and help define adverse effects of man made substances

(Chapman et al. 1992; Esselink et al. 1989).

Recently, the behavioural response of C. volutator

towards contaminated field sediments was used in our lab-

oratory to compare the bioavailability of harbour

contaminants (Hellou et al. 2005, 2008). Concentrations of

abundant organic priority pollutants, polycyclic aromatic

hydrocarbons corresponding to the Canadian Council of

Ministers of the Environment sediment quality guidelines

were associated with levels initiating the amphipods’

avoidance of harbour sediments. Sediment quality triad

studies have a component measuring the level of contami-

nants in sediments, a second regarding sediment toxicity and

a third aspect addressing the structure of a benthic commu-

nity (Chapman 1986; Chapman and Hollert 2006). As far as

sediment toxicity is considered, often three toxicity tests

covering plants, invertebrates and fish are performed and the

results used from the perspective of the ‘‘line of evidence’’

approach to make correlations between exposure and effects

(Borgmann 2005; Chapman 2007). This background moti-

vated further behavioural investigations with this amphipod

to examine the effect of pesticides in the laboratory.

Four pesticides classified according to toxicity criteria

and to the volume sprayed in Prince Edward Island (PEI),

Canada, a province of direct concern for our study, were

chosen for this research (Dunn 2004). C. volutator were

exposed to a series of concentrations of each of atrazine

(AT), azinphos-methyl (AZ), carbofuran (CA) and endo-

sulfan (EN) for 2 and 4 days (except CA). Since several

values were available in the literature for the octanol–water

partition coefficient (log Kow representing the concentra-

tion in octanol divided by the concentration in water) of

each of the biocides (Table 1), giving some overlapping

values, this property was measured again to better interpret

the spiked concentrations and behavioural results. Labo-

ratory results were also compared to field concentrations

determined during 1 year in water and sediments collected

in a PEI estuary. Since pesticides are neurotoxins, the goal

of our study was to determine if freshly deposited particle-

bound pesticides would initiate a behavioural response in

C. volutator leading to the possible relocation of a popu-

lation, rather than continued exposure to harmful or lethal

doses.

Materials and methods

Partitioning coefficients

The slow-stirring method recommended by De Bruin et al.

(1989) was used to determine the log Kow of three pesti-

cides, where steady state was reached in 6 h and

measurements of the concentration in the octanol phase

took up to 32 h. Concentrations of AT, AZ and EN were

obtained using gas chromatography-mass spectrometry

(GC-MS) and a CP-Sil5 column with a temperature pro-

gram set at 80�C for 1 min ramped at 5�/min up to 250�C

where it was maintained for 5 min. Injector temperature

was set at 250�C. Quantification was performed with a five

point external calibration curve with the commercial

standards. Method detection limits were 50–80 ng/ml.

Amphipod experiments

Amphipods and sediments were collected during the

summer, from two beaches in the Bay of Fundy, Hantsport

and Avonport, Nova Scotia, Canada, during low tide where

they could be easily seen in sediments (Hellou et al. 2005).

Trowels were used to scoop surface sediments with visible

animals into buckets that were filled half way and topped

with 2–5 cm of seawater, prior to transportation to the

laboratory, within 1–2 h. Collected sediments were then

sieved over 0.5 mm mesh and 2,000–3,000 amphipods

were placed in 20 l tanks containing 1–2 cm of the same

sediments, with half the tank filled with seawater. The

reference sediments did not contain any background con-

centrations of targeted pesticides. Animals were

maintained at 15�C, with 12 h of light and 12 h of dark,

and seawater was aerated continuously. Sediments were

gently mixed every day to avoid the build up of ammonia.

Amphipods were fed Tetramin fish food every 7–10 days,

when the overlaying water was changed. Animals were

used in experiments within a month after their collection

and were left to acclimate for 2 days prior to use.

Exposures were performed in 1 l tanks (12 cm long,

6 cm wide and 11 cm high), with a 2 cm plexiglass

Table 1 Physical–chemical properties of pesticides (Kamrin 1997)

with the column ‘‘study’’ referring to the present results

Pesticide Half-life

(days)

Solubility

(mg/l)

VP

(mPA)a
logKow

Study Literature

Atrazine 60 33 0.05 2.8 2.15–2.85

Azinphos

methyl

10 29 5 3.0 2.69–2.75

Carbofuran 17–90 700 2.7 NA 1.2–1.4

Endosulfan 120 0.32 1.3 3.3 3.66–3.83

a VP is vapour pressure, while NA is not available
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partition in the middle, prepared as described by Kravitz

et al. (1999). An additional vertical glass partition was

placed on top of the first one and 50 g of reference sedi-

ment was added to each side. Pesticide solutions of AT,

AZ, CA and EN were prepared in acetone and required less

than 1 ml to be added to one side to reach the required dry

weight concentrations (50% water content in wet sedi-

ments). After spiking, the solvent was left to evaporate for

1 h, the sediments were then stirred vigorously and 500 ml

of seawater was gently poured on the glass surface of the

reference side. The additional partition helped to maintain

the sediments separate during this step. During year 1 of

the study, exposures were performed in duplicate, with 20

animals placed in the reference side in one tank and in the

spiked side in a second tank, with both tanks containing the

same two sediments on each side of the partition. The

vertical glass partition was then removed. Finally, a needle

with tubing connected to an air pump was placed near the

surface of the water and was attached with a paper clip to

the centre of the tanks.

In year 2, when the additional glass partition was

removed, amphipods were added using a 100 ml beaker

containing 40 ml of seawater by gently tipping it centrally,

at the surface of the water. With this approach, the

experimental set up leads to identical duplicates. The rest

of the manipulations were similar to those described above.

Experiments took place in a fume-hood, with a temperature

of 20–25�C and 8 h of light. After 48 (years 1 and 2) or

96 h (year 2), the longer glass partition was placed in the

tank, water and sediments were removed from one side at a

time with a wide pipette (baking strainer) and added to a

0.5 mm sieve to retain and count the amphipods in each

half of a tank.

Exposures in year 1 were at 2.5, 25 and 250 ng/g (dry

weight throughout) of a pesticide in sediments and were

expanded according to the observed results (Fig. 1). During

the first year, pesticide concentrations varied from 0.004 to

250,000 ng/g in sediments containing 1.4% TOC content

and exposures were for 2 days. This reference sediment

collected from Hantsport Beach contained the mid-range of

TOC and came from an area where a gypsum plant is

located. In year 2, after investigating pesticides levels in a

PEI estuary, only low levels of pesticides were added to

two reference sediments (0.02–12.5 ng/g, DL \ 60 ng/g),

with lower and higher TOC than in year 1, while exposures

lasted 48 and 96 h, respectively. During the second year,

2 days experiments used sediments with 0.8% TOC

(Avonport Beach) and were spiked at 0.02, 0.10, 0.50, 2.5

and 12.5 ng/g; while 4 day exposures were performed with

sediments of 5.1% TOC (Northwest Arm, Halifax, Nova

Scotia, Canada) and pesticides at concentrations of 0.02,

0.50, 12.5 ng/g. The second half of a tank always contained

the un-spiked sediments used on the reference side.

Reference/reference sediments were spiked with acetone

and processed in the same manner as the tanks with spiked

sediments.

The presence of coal was identified from the signature of

polycyclic aromatic compounds (PAC) in the organically

enriched sediments with 5.1% TOC. PAC levels in these

newly collected sediments were within 20% of those

described previously (4,720 ng/g, dry weight, Hellou et al.

2002). In comparison to these levels, Hantsport sediments

displayed nearly twice the PAC concentrations observed in

Avonport, at 150 and 270 ng/g. A tank with reference/

reference sediments was always run alongside the pesticide

exposures as a control treatment. LC50 and LC20 values

were derived using linear regressions, log-logit, corrected

for heterogeneity (EC 2005).

Analysis of field samples

Seawater and marine sediments were collected at the same

time from 5 sites located at a distance of 1, 100, 500, 1,000
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Fig. 1 Mean survival observed with duplicate exposures to single

pesticides in solutions covering the nominal concentrations outlined

on the abscissa, with sediments displaying a TOC of (a) 1.4%, (b)

5.1% and (c) 0.8%, respectively; exposure was for 48, 96 and 48 h,

respectively; AT, AZ, CA and EN refer to atrazine, azinphos methyl,

carbofuran and endosulfan
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and 2,000 m from the discharges of the Dunk and Wilmot

Rivers, PEI, Canada. These rivers are known to receive

agricultural runoff from many farmers’ fields. Samples

were collected after 24 h from the beginning of a rain event

in August 7–8, 2003, and outside a precipitation event in

September 11, 2003 and October 23, 2003. Surface sedi-

ments representing the top 5–8 cm were collected by

Eckman grab and placed in pre-cleaned glass 500 ml

mason jars with lids lined with solvent rinsed aluminium

foil. Samples were placed on ice within 2 h after collection

and frozen within 24 h. Water was collected at a 10 cm

depth, in pre-cleaned, 1 l dark glass bottles and 2 ml of

10% HCl were added to each bottle and gently mixed

before storing at room temperature.

Water and sediments were extracted with dichlorometh-

ane and sediment extracts were then fractionated by gel

permeation chromatography and pesticides quantified by gas

chromatography-mass spectrometry (GC-MS) analyses.

Water was extracted three times with 200 ml of dichloro-

methane, the organic layers combined, dried over sodium

sulphate, filtered and the solvent evaporated to a minimum

residue, exchanged into isooctane and prepared for GC-MS

analysis. QA/QC procedures associated with the water

analyses involved spiking samples with d4-endosulfan as

surrogate at the 0.5 ug/l level before extraction. Average

recovery was 99 ± 7%. Analyses of a procedural blank,

spiked samples and duplicates were carried through with

each batch of 10 samples. A series of 18 neutral/basic pes-

ticides were analysed in 1 l of water followed by combining

the extracts from five samples and re-analysing, in an attempt

to lower the detection limits. Combined, concentrated

extracts still showed no positive residues. Individual extracts

from 10 g of dry sediments were also analysed by GC-MS.

QA/QC procedures associated with sediment analyses con-

sisted of spiking with d4-endosulfan as surrogate at the

0.5 ug/g level before extraction. Average recovery was

95 ± 6%. Procedural blanks, spikes and sample duplicates

were also carried through with each batch of 10 samples. All

pesticides were below detection limits, as expressed in ng/l

and ng/g, for each media, respectively (Hellou et al. 2004);

with atrazine \8 and \20; azinphos-methyl \38 and \40;

carbofuran \7 and \30; a-endosulfan \7 and \60;

b-endosulfan \8 and \60. Sediments were re-analysed by

processing 10 times more material; only traces of hexazinone

and endosulfan were indicated (0.5–1 ng/g).

Results and discussion

Partitioning coefficients

The log Kow is used to determine the relative affinity of a

chemical for water compared to a lipophilic matrix

conventionally represented by octanol (Mackay 1991).

Since our interest was to determine if the behaviour of

benthic amphipods would be affected by the presence of

sediment-bound pesticides, while the published log Kow for

one pesticide covered a range of values, this property was

determined again to be able to better compare the exposure

results (e.g. Kamrin 1997; Table 1). The half-life, water

solubility and Henry’s law constant of the biocides are also

provided for comparison of the potential persistence,

maximum potential aqueous load in a medium without

lipids and volatility of the biocides (Table 1). The log Kow

ranked the affinity of pesticides for sediment as

EN [ AZ [ AT [ CA

and since the octanol–carbon partition coefficient Koc is

related to Kow by

logKoc ¼ 0:6logKow

Using a sediment density (q) of 2 g/ml and a TOC of

0.01; the experimental conditions with the mass of

sediments (s is 50 g) and volume of seawater (w is

500 ml); concentrations (C) can be expressed as (Mackay

1991)

Cs=Cw ¼ 0:6Kow � TOC � q

This calculation leads to predicting nearly 240, 120, 75

and 2 times higher partitioning of EN, AZ, AT and CA in

sediments than seawater in the exposure tanks. A higher

partitioning into sediments is expected for organically

enriched sediment. Evaporation, degradation, the time to

reach equilibrium, grain size and TOC are some of the

additional factors that would play a role in the partitioning

of the contaminants (Table 1; Fuchsman and Barber 2000;

Murdoch et al. 1997). A substantial difference is expected

between the above estimates and levels in the exposure

tanks. However, in view of the available detection limits

(DL: 20–60 ng/g) and instrumentation, the experimental

concentrations could not be determined since 80% of

spiked sediments were expected to have levels lower than

the DL, as outlined for the exposure levels.

Field concentrations of pesticides

In order to determine if marine organisms living in an

estuary receiving agricultural runoff are exposed to these

chemicals, a series of pesticides prioritized according to

sales in PEI, persistence and toxicity (Dunn 2004) were

analysed on three occasions between August and October

of 2003. None of the water samples processed individually

or when extracts from five samples (from one collection

time and within a 2 km distance) were pooled together

displayed the presence of pesticides in the field (detection

limit, DL = 7–38 ng/l). As well, sediments did not display
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detectable levels (DL = 20–60 ng/g), except when a

10 times higher mass was processed, traces of EN (1 ng/g)

were detected. Studies performed by Environment Canada

(Claire Murphy, PEI, pers comm) over additional years and

rain events into two rivers flowing in this estuary indicated

pesticide concentrations \100 ng/l. Our field data and the

freshwater results justified the limited range of concentra-

tions tested during the second year of the study. Additional

field work is ongoing and includes the collection of sedi-

ments from many additional near shore locations in

proximity of agricultural fields.

Survival endpoint

Reference sediments were collected from three locations

with varying TOC with mean (±standard deviation) values

of 0.8% (±0.2), 1.4% (±0.4) and 5.1% (±0.9). These

levels of TOC cover field values determined in surface

sediments of the above estuary (0.52–3.74% TOC; Hellou

et al. 2004). Amphipods were exposed to reference/refer-

ence sediments (not spiked, used for exposures on both

sides of a tank) alongside all sets of experiments to com-

pare the animals’ survival and behavioural responses.

During years 1 and 2, amphipods in reference exposures

displayed a mean survival of 93% (±7% and 6%, respec-

tively). Using the reference/reference results obtained

during year 2 with a larger data set, and assuming the data

follow a binomial distribution, the probability of seeing

90% or greater survival of C. volutator is 0.98.

Pesticide concentrations representing LC50 were asso-

ciated with nominal concentrations of 73, 232 and

[250,000 ng/g and LC20 corresponded to 41, 130 and

487 ng/g for CA-AZ, EN and AT (Table 2; Fig. 1). These

values are associated with broad 95% confidence limits and

represent preliminary results to help rank the toxicity of

sediment-bound pesticides. This ranking can be compared

to pesticide levels inducing lethality in 48–96 h tests using

fish in water exposures (Table 2; Kamrin 1997). In the latter

case, some level of consistency is apparent since levels of

AZ, CA and EN overlap, while AT is the least toxic biocide.

Since amphipods were exposed to contaminants through

feeding on particles present in sediments and by respiration

and dermal contact, with the latter representing a substantial

exposure pathway for small organisms, it is difficult to

further comment on the comparison of the results.

Behavioural endpoint

In year 1, exposures were run in pseudo-duplicates (ani-

mals started on a different side of identical tanks) for each

concentration of each pesticide, i.e. animals were started

once on the reference side, once on the spiked side of two

identical tanks containing reference and contaminated

sediments (Hellou et al. 2005). In year 2, experiments were

modified to produce identical duplicate exposures for each

tested concentration and pesticide by placing the animals in

the middle of the water layer covering the sediments. This

second approach minimised any immediate effect due to

pesticides that could be initiated by placing the animals on

the pesticides-spiked side of a tank, as could be produced

in the field if the agricultural runoff comes from land

located by the seaside. Because the present study was

performed to discover if a link could be drawn between the

presence and level of a pesticide, and the relocation/

migration of amphipods, a change in the placement of the

animals at the beginning on an exposure was applied in

year 2 to mimick a situation where river runoff would be

arriving towards the amphipods and particles depositing on

their habitat. The second approach was also expected to

reduce variability between replicate exposures.

The experimental set up described for year 1 and pre-

viously conducted with harbour sediments was judged as

consistent when less than 20–30% variation was observed

Table 2 Pesticides concentrations (95% confidence limit) in sediments with 1.4% TOC associated with preliminary values for behavioural and

survival response observed in 48 h exposures

Pesticidea Prefb [60% (>70%) LC50 (ng/g) LC20 (ng/g) LC50 in Fishc

(lg/l or ng/ml)

AT [75:1] [250,000 487 (0–9070) 4.3–76

AZ [120:1] 73 (19–111) 41 (4–72) 0.03–3.39

CA [2:1] 73 (0–128) 41 (2–82) 0.24–0.38

EN [240:1] 90 (169) 232 (123–513) 130 (11–198) 0.3–1.6

Concentrations are in dry weight
a AT, AZ, CA and EN refer to atrazine, azinphos methyl, carbofuran and endosulfan (ratio of pesticides in sediments relative to water, with a

mass and volume ratio of 1:10)
b Pref. indicates a preference for reference sediments. Number in parenthesis and bold for higher statistical significance (p \ 0.001 compared to

0.05)
c Represents 48–96 h exposures (Kamrin 1997)
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between duplicate exposures (Hellou et al. 2005). Nearly

75, 95 and 100% of the harbour results displayed B10%,

B20% and B30% difference between duplicates. As

well, if the mean of duplicate exposures conducted over a

range of concentrations displayed a trend (and survival was

[80%), the significance of the correlation was determined

statistically to estimate the strength of the observations.

Results obtained using pesticide spiked sediments were

overall more variable than observed with the field con-

taminated harbour sediments, since nearly 30%, 60% and

85% of results displayed B10%, B20% and B30% differ-

ence between replicates. This change is most likely due to

the wide range of exposures and observed lethality (Figs. 1,

2), since in the narrowed range of exposures of year 2, 85%

and 95% of behavioural results displayed B10% and B20%

difference and survival was optimum. Regardless of this

improvement, the statistical significance of the behavioural

correlation was only apparent for EN (r2 = 0.78 with

n = 8 and p \ 0.002; r2 = 0.75 with n = 10 and

p \ 0.001; and see Table 2).

When using reference sediments on both sides of a tank,

a mean 45% and 41% of amphipods were counted in half of

a tank, in years 1 and 2 (±2% and 5%, respectively). The

probability of seeing a configuration in the 40–60% range

in the second year of the reference exposures is of 0.62 and

unlike that observed in previous studies using field sedi-

ments ([80%, Hellou et al. 2005). This probability

increased to 0.985 for a 30–70% distribution bracket. Using

the regressions covering the exposure levels of the first

year and giving a more significant correlation coefficient, it

is concluded that EN spiked in sediments at a nominal level

[90 or 169 ng/g, would induce [60% or 70% preference

for reference sediments in C. volutator (Fig. 2a; Table 2).

There was no behavioural preference observed for the other

pesticides perhaps due to their lower affinity for particles,

as inferred by the log Koc. Lethality and the small number

of replicate exposures affected the statistical significance of

the behavioural results, a limitation acknowledged by the

authors of the present research. Our experiments covered

48 and 96 h, however it is possible that the relocation of

amphipods could be initiated within a shorter period of

time and additional investigations are needed.

Role of organic carbon and length of exposure

The organically enriched and more depleted sediments

with 5.1% and 0.8% TOC and spiked over a range of lower

concentrations (0.02–12.5 ng/g), below the DL for the field

sediments, did not lead to a preference or avoidance

behaviour (Fig. 2b, c). TOC normalised concentrations are

below those associated with the behavioural response

observed for EN (Table 2); therefore, they tend to confirm

the results of the earlier experiments for all biocides. The

increased length of the exposures going from 2 to 4 days

did not change the results (Figs. 1, 2 comparing a and b).

Additional investigations with shorter exposures could

perhaps indicate a reduced lethality and expand our

knowledge regarding the potential migration of amphipods

encountering pesticides in a marine ecosystem.

Conclusion

The log Kow of the biocides ranked their affinity for sedi-

ments as EN [ AZ [ AT [ CA, and the reverse for water.

The LC50 and LC20 although with wide confidence limits,

ranked toxicity higher for CA-AZ [ EN [ AT. The

avoidance of sediments was only indicated for EN, perhaps

at levels where[20% of a population of C. volutator could

perish before relocation. This behavioural response would

prevent further impact if initiated rapidly and requires
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Fig. 2 Mean preference for reference sediments in duplicate expo-

sures to single pesticides in solutions covering the nominal

concentrations outlined on the abscissa, with sediments displaying a

TOC of (a) 1.4%, (b) 5.1% and (c) 0.8%, respectively; exposures

lasted 48, 96 and 48 h, respectively; AT, AZ, CA and EN refer to

atrazine, azinphos methyl, carbofuran and endosulfan
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further studies, while field concentrations should also be

re-examined.
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