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Abstract Despite many estuaries having high levels of
metal pollution, species are found to persist in these
stressful environments. Populations of estuarine inverte-
brates exposed to toxic concentrations of such metals may
be under selection. However, in species with a wide-dis-
persal potential, any short-term results of localized selec-
tion may be counteracted by external recruitment from
populations not under selection. The barnacle Amphibal-
anus variegatus is found in nearshore coastal environments
as well as sheltered embayments and estuaries, including
metal-impacted estuaries, from New South Wales, Aus-
tralia to Western Australia. The fertilised eggs of A. var-
iegatus are brooded internally and released as larvae
(nauplii), which remain in the water-column for ~ 14 days
before settling. Hence the species has a considerable dis-
persal capacity. The purpose of this study was to examine
whether populations of A. variegatus from metal-impacted
sites, displayed a greater tolerance to a toxicant (copper)
than reference populations. Adult barnacles where col-
lected from twenty sites within two metal-impacted and
fourteen sites within two reference estuaries. Within 24 h,
adults were induced to spawn and the offspring were
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exposed to copper in a laboratory assay. Larvae collected
from the metal-impacted estuaries demonstrated a greater
tolerance to copper compared to those from reference sites.
To determine if selection/localised in the metal impacted
sites was occurring, the genetic structure of populations at
three sites was examined using an AFLP methodology. No
evidence of unique population identity and or selection
(outlier loci) was detected suggesting that: (1) the tolerance
displayed in the assay was derived from acclimation during
development; and/or (2) that the populations are open
preventing the fixation of any unique alleles.

Keywords Tolerance - Acclimation - Selection -
Copper - AFLP

Introduction

Anthropogenic activities are changing the nature of estuarine
and coastal environments with many organisms now being
exposed to novel agents and/or unnaturally high levels of
trace elements (Medina et al. 2007; Sarkar et al. 2006; Bryan
and Langston 1992). Consequently, the phenotype and
genetic identity of populations residing in these locations
may undergo substantial changes (Klerks and Weis 1987,
Posthuma and Van Straalen 1993; Meyer and Giulio 2003).
When a contaminant enters a system, an individual can
respond in a number of ways: it may tolerate the stress, avoid
it, or die (Lopes et al. 2004). The first response will have no
effect on the genetic structure of the population, whereas the
latter two may affect it by changing the frequency/identity of
alleles within that population (Belfiore and Anderson 2001;
Wirgin and Waldman 2004).

Exposure to contaminants can change the phenotype of
an organism (Klerks and Weis 1987; Wang and Rainbow
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2005), with these changes reflecting both its exposure
history and its genetic background (Morgan et al. 2007).
Following exposure, individuals can respond by activation
of physiological/biochemical pathways which can amelio-
rate detrimental effects in subsequent exposures (e.g.
Fritsch et al. 2011; Klerks and Lentz 1998). Although
tolerance acquired through acclimatory responses is based
on traits which are genetically-determined, in contrast to
resistance acquired through selection, the induced effect is
not generally transmitted across multiple generations and
should disappear in remediated environments (Wirgin and
Waldman 2004).

At a population level, genetically-determined resistance
is acquired through the survival of tolerant genotypes and
the demise of those that are sensitive (Klerks and Weis
1987). This can lead to a change in the distribution of a
trait/s within an affected population (Belfiore and Ander-
son 2001). Traits conferring resistance may not be limited
to a single gene, and may involve a suite of genes (Van
Straalen et al. 2011). In addition, in an affected population,
there may be a diverse range of genotypes that confer
tolerance (Depledge 1994), and between populations the
genes involved may not be conserved (Fisher and Oleksiak
2007), i.e. tolerance can evolve independently.

Although there are a number of studies that simulta-
neously examine both the phenotypic and genetic affects of
contaminants in freshwater and terrestrial organisms
(reviewed in Klerks and Weis 1987; Posthuma and Van
Straalen 1993; Johnston 2011; Belfiore and Anderson
2001; Wirgin and Waldman 2004; Morgan et al. 2007,
Grant 2002), there are few examples of this in marine
organisms (examples see Klerks and Levinton 1989; Grant
et al. 1989; Miliou et al. 2000; Untersee and Pechenik
2007). One notable exception to this is the detailed
research on the estuarine fish Fundulus heteroclitus
(reviewed in Wirgin and Waldman 2004).

The extent to which resistance is maintained within a
local population, is a balance between the selection pres-
sures acting on an individual versus the level of gene flow
into the affected population (Garcia-Ramos and Kirkpa-
trick 1997; Slatkin 1987). While natural selection acts as a
driving force for local adaptation, the introduction of new
alleles (gene flow) can act as an opposing force by
homogenizing genotypes (Clarke et al. 2010; Lenormand
2002; Barton and Partridge 2000; Kawecki and Ebert 2004)
preventing resistant genotypes from becoming fixed within
a population. In freshwater systems there can be strong
barriers to gene flow (e.g. ponds and lakes Coors et al.
2009) and flow is unidirectional (e.g. riverine systems,
Groenendijk et al. 2002), which ensures that populations
are closed or of a metapopulation structure (i.e. there are
restrictions to gene flow). This can promote the fixation of
alleles in response to a localized impact. In contrast, in the
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marine environment there are few barriers to gene flow,
and it is commonly considered that many populations are
panmictic in structure i.e. they are large and genetically/
demographically ‘open’ (Caley et al. 1996; Cowen and
Sponaugle 2009). Thus, in marine organisms, it is unclear
what mechanisms drive local adaptation, and based on a
paucity of studies, how commonly it occurs (see Sanford
and Kelly 2011 and Sotka 2005 for review of local adap-
tation in marine invertebrates).

Marine species with a long larval duration have the
potential to disperse across wide distances, thus demo-
graphic and genetic connectivity between widely separated
populations is thought to be high (Sanford and Kelly 2011;
Palumbi 1994). Untersee & Pechenik (2007) have sug-
gested that larval duration may be an important determi-
nant of the likelihood of localized adaptation, with
adaptation less likely to occur in species with a long larval
duration (i.e. a widespread dispersal capacity). To test this
hypothesis, they examined the copper tolerance of two
gastropod species (Crepidula fornicata and C. convexa),
collected from metal-polluted and reference sites, which
produce offspring with different larval longevities. For the
species with the short-dispersing larvae, populations in
polluted sites exhibited a heritable tolerance, whereas no
evidence of this was exhibited by the species with the wide
dispersing larvae. Rainbow et al. (1999) have posited a
similar hypothesis, but in contrast to Untersee & Pechenik
(2007), they found no evidence of physiological differ-
ences between populations of species which brooded their
young (amphipod crustaceans) and a species with produced
long-lived larvae (crabs) between metal-contaminated and
reference sites.

The barnacle Amphibalanus variegatus is native to
Australia, and found in nearshore coastal environments as
well as estuaries and sheltered embayments from Western
Australia to Northern NSW, including industrialized/metal-
impacted estuaries along the NSW coast (Dafforn et al.
2009; Gall et al. 2012). A. variegatus produce larvae which
remain in the water-column for up to 14 days (Egan and
Anderson 1986) before settlement and hence have a
widespread dispersal capacity. The purpose of this study
was therefore to determine whether populations of the
widely-dispersing barnacle A. variegatus residing within
metal-impacted estuaries have a greater tolerance to a
toxicant (copper) compared to those from reference popu-
lations. Secondary to this, was to determine whether pol-
lution is having an impact at the population genetic level,
which would indicate localised selection and/or adaptation.
The specific aims of this study were:

1) examine whether populations from metal-impacted
estuaries display a greater tolerance to a toxicant
compared to reference populations.
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2) using an Amplified fragment length polymorphism
(AFLP) methodology, examine whether there are
differences in population structure which correspond
with level of estuarine pollution.

Methods
Study sites

Populations of A. variegatus were collected from four
estuaries along the east coast of NSW, two metal-impacted
(‘industrialised’, Port Kembla & Botany Bay), and two
reference (The Clyde & Wagonga Inlet, see Fig. 1). In each
estuary, adult barnacles were collected from 5 to 10 sites.
The designated a priori estuarine categories (industrialised
versus reference) were verified by the measurement of
copper levels in the tissue of oysters and the benthic sed-
iments, which were deployed/collected in a larger, parallel
study, throughout the duration of this experiment (see
Dafforn et al. 2012, also summarized in Fig. 2).

Port Kembla (‘industrialised’) is a small artificial-estu-
ary which functions as a commercial port. The shoreline
and area adjacent to the port has supported heavy industry
for over 80 years including the processing and production
of steel, copper and zinc products (He and Morrison 2001).
During 1990, monitoring studies found substantial
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Fig. 2 Copper content measured in the tissue of oysters and sediment
(left axis, based on dry weight values) and mean ECsy, 24 h for
Amphibalanus variegatus nauplii from each estuary (right axis).
Sediment and oyster tissue values from Dafforn et al. (2012). NB:
mean copper values presented are based on measurements taken from
each of the sites at which A. variegatus were collected from. Error
bars represent standard error

improvements in the levels of metals and polycyclic
hydrocarbons in fish, sediments and dissolved in the water
column, however in particular levels of lead, copper and
arsenic were still found to be severely elevated above the
current high trigger sediment quality guideline values

Fig. 1 Map of study sites
located along the NSW
coastline, SE Australia.

a Botany Bay and b Port
Kembla are industrialised
estuaries; ¢ The Clyde and

d Wagonga Inlet are reference
estuaries. Circles represent the
sites within each estuary at
which A. variegatus were
collected from. Levels of copper
in the benthic sediments and
tissue of oysters also measured
at each of these sites (some

(a) Botany Bay

exceptions, white and grey-filled

circles represent sites where no
copper measurement taken from (C)
the sediment and oyster tissue
respectively, see Dafforn et al.
(2012)). Stars represent the sites
also used in the molecular study

Clyde

1 km
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(reviewed in He and Morrison, 2001). A recent study by
Gall et al. (2012) determined that the levels of copper and
lead in the tissue of oysters are still elevated above eco-
logically-significant levels of contamination (Scanes and
Roach 1999) and a negative relationship was observed
between the density A. variegatus and copper and lead
concentrations (also in Dafforn et al. 2009). Dafforn et al.
(2012) in a parallel study, reported loadings of copper
between 64—1,737 and 76-956 mg/kg in the benthic sedi-
ments and transplanted oyster tissue, respectively across
the sites used in this study. Botany Bay (‘industrialised’) is
a commercial port, with several sources of contaminants
from both industrial and residential sources. The two main
tributaries into Botany Bay, Georges and Cooks River, are
documented to have elevated levels of copper and other
metal contaminants in the sediments (Hayes et al. 1998;
Spooner et al. 2003), particularly in upstream areas with
pollutants radiating as far as the mouth of the estuary (see
Birch 1996). Correspondingly, Dafforn et al. (2012) found
that benthic sediments in the upper estuary had the highest
copper loadings, but also found levels of copper measured
in the tissue of oysters to be elevated at a number of sites in
the outer harbour, with the highest copper reading recorded
at a site near the mouth of the estuary. Loadings of copper
across the sites used in this study, range from 18-66 to
52-262 mg/kg in the benthic sediments and oyster tissue
respectively (Dafforn et al. 2012).

The Clyde and Wagonga Inlet (reference estuaries)
contain no commercial ports or any significant industrial
presence, current or historical. Over 95 % of the catchment
running into the Clyde is National Park and state forest
(DLWC 2000) and both are part of the Batemans Bay
Marine Reserve, i.e. the level of commercial and urban
development is restricted.

Larval collection

Amphibalanus variegatus adults were collected from each
site (Fig. 1) by deploying settlement panels (60 x 60 cm
grey PVC sheets) for 3 months between November 2009
and March 2010 and allowing barnacles to recruit to the
surface. Panels were deployed by attaching them to a rope
which was anchored to the seafloor at 5 m depth and held
upright in the water-column by a float. Individual panels
were retrieved from ten sites in Botany Bay (Fig. 1a), ten
sites in Port Kembla (Fig. 1b), six sites in The Clyde
(Fig. 1c), and from eight sites in Wagonga Inlet (Fig. 1d).

Upon retrieval, the panels were ‘cleaned’ by gently
scrubbing with a soft brush in FSW and all other inverte-
brates removed. Panels were only used if A. variegatus was
found to be occupying >15 % cover of the panel (~ 150
individuals). To induce spawning, the panels were left
overnight in the dark maintained at 20 °C and exposed to a

@ Springer

bright light the following morning. This induced the release
of nauplii, which were attracted to point sources of light
enabling collection with a pipette.

24 h larval toxicity test

All test solutions were derived from a stock solution of
1,000 mg/l of copper which was prepared by dissolving
2.5114 g of reagent grade CuSO,4-5H,0 in 1,000 ml of
filtered Milli-Q® water and kept at 4 °C to prevent
reduction of copper ions in the solution. A 1,000 pg/l Cu
solution was prepared each day from this stock solution
and diluted with UV sterilized, filtered seawater (0.2 pum)
to obtain the treatment concentrations.

The tolerance sensitivity of A. variegatus nauplii was
investigated by measuring the swimming activity of nauplii
during a 24 h toxicity assay, which encompassed the moult
from Nauplii 1 to Nauplii 2. Within 2 h of spawning,
nauplii from each site were exposed to five nominal con-
centrations of copper (50, 100, 150, 200, 250 pg/l Cu) and
a seawater control. Containers were presoaked in appro-
priate solutions overnight to ensure the concentrations of
the test solutions were maintained. For each test concen-
tration, twenty nauplii were exposed to 10 ml of each test
solution. Exposures were carried out in 6-well Corning®
polystyrene culture plates, with each plate containing a
single replicate of each test solution. For each site, each
treatment was replicated six times in order to obtain a more
robust measure of within site variation (i.e. 120 larvae x 5
treatments and control, for each site). After 24 h, treat-
ments were censused by counting the number of nauplii
which had become immobilized under a light microscope.
Nauplii were deemed ‘immobilized” if they lay on the
bottom surface of the well for 15 s without swimming (as
in Qiu et al. 2005).

Molecular methods

Amplified fragment length polymorphism fingerprinting
was performed on individuals collected from one site
within Port Kembla (15 individuals, 285 mg/kg and
330 mg/kg copper recorded in the benthic sediment and
oyster tissue respectively), Botany Bay (13 individuals,
63.5 and 243 mg/kg copper recorded in the benthic sedi-
ment and oyster tissue respectively) and Wagonga inlet (15
individuals, 28 and 35 mg/kg copper recorded in the ben-
thic sediment and oyster tissue respectively). The choice of
site tested within each estuary was random. Adults were
harvested from the panels following larval collection and
stored in 95 % ethanol. DNA was extracted using a stan-
dard proteinase K digestion and phenol-chloroform
extraction procedure (Hillis et al. 1996). The AFLP pro-
tocol was adapted from, and similar to, the original
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protocol of Vos et al. (1995) as follows: for each digest
reaction, 1 pl of DNA stock solution (50-200 ng) was
mixed with 20 pl PCR H,O, 2.50 ul NEBbuffer 4 (New
England BioLabs (NEB), Ipswich, USA), 1 pl Msel (10 U)
and 0.50 pl EcoRI (10 U). Mixtures were incubated at
37 °C for 2 h and then at 70 °C for 15 min to denature the
restriction enzymes. Five micro liter of digest products
were combined with a ligation reaction mixture (9.75 pl
PCR H20, 2.00 pl NEB T4 DNA Ligase reaction buffer
(10x), 0.25 pl T4 DNA Ligase ((50 U-rxn)), 1 pl pre-
prepared adapters Eco (5 pMol) and 2.00 pl pre-prepared
adapters Mse (5 pMol)) and incubated at 37 °C for 3 h.

One pl of ligation product was then combined with a pre-
selective PCR reaction mix consisting of 12.25 pl PCR H,O0,
2.50 pl dNTP mix (0.25 mM), 0.25 pl NEB Taq (1.25 U),
2 pl Thermopol buffer (10x), 1 pl forward primer (0.5 uM)
and 1 pl reverse primer (0.5 M) (see Table 1 for primer
sequences). PCR conditions were 20 cycles of 94 °C for
30 s, 56 °C for 60 s, and 72 °C for 60 s. For the selective
amplification, a 1:10 dilution of the pre-selective PCR
products was made and 1 pl of each added to a selective
amplification mix consisting of 12.25 pul PCR H,0, 2.50 pl
dNTP mix (0.25 mM), 0.25 ul NEB Taq (1.25 U), 2 ul
Thermopol buffer (10x), 1 pl selective fluorescent labelled
(6-FAM, VIC, NED, PET) forward (EO1) primer (0.5 uM)
and 1 pl selective reverse (M02) primer (0.5 uM). PCR
conditions in the first cycle was an initial denaturation at
94 °C for 2 min, followed by 94 °C for 30 s, 65 °C for 30 s,
72 °C for 60 s with the annealing temperature reduced by
0.7 °C for 13 cycles, then 18 cycles of 94 °C for 30 s, 56 °C
for 30 s and 72 °C for 2 min, followed by a final extension
step of 72 °C for 30 min.

Initially, 32 different primer pairs were tested, from which
8 primer pairs (see Table 1) were selected, based on their
ability to discriminate between samples and their consis-
tency. Reactions using selective forward (EO1) primers with
different fluorescent labels were subsequently pooled,
1:1:1:2 (6-FAM:VIC:NED:PET) and analysed using an
Applied Biosystems 3730 DNA Analyzer with GeneScan-

500 (LIZ) (Applied Biosystems, Foster City, USA) as the
size standard. Fragment analysis was performed using
SequentiX GelQuest software version 2.6.5 (SequentiX,
Klein Raden, Germany) with bands being scored in a binary
fashion as present (1) or absent (0). Bands were assigned to
bins based upon three base pair (bp) size intervals. All
fragments below 100 bp were excluded from the analysis.
The quality and quantity of the digest, pre-amplified and
amplified products was checked by running a diluted sample
of each product on a 1.5 % agarose gel.

Data analysis

The median effects concentration (ECsg) for each site was
calculated using the trimmed Spearman-Karber method (US
EPA Trimmed Spearman-Karber Analysis Program, Ver 1.5,
Environmental Monitoring Systems Laboratory, Cincinnati,
OH, USA). A nested ANOV A was used to test for the effects
of copper with category (industrialised vs reference) as a
main factor, and estuary as a random, nested factor. Data was
log-transformed to meet the assumptions of ANOVA.

For the population genetic analyses, total genetic diversity
was partitioned between each estuarine category using an
analysis of molecular variance (AMOVA) using GenAlEx
version 6.41 (Peakall and Smouse 2006) with P-values
generated based on 9,999 permutations. A nested AMOVA
was performed, with Port Kembla and Botany Bay nested
within the ‘industrialised’ category, and Wagonga Inlet
within the ‘reference’ category (termed as ‘regions’ in the
AMOV A software package). Pairwise comparisons between
all estuaries were also performed in order to elucidate indi-
vidual variance components. The percentage of polymorphic
loci was determined using AFLPsurv version 1.0. To visu-
alize the data, a PCO plot was generated using the binary
dataset and based on a Euclidean distance matrix.

To determine whether there was evidence of loci under
directional selection within the populations from the
industrialized estuaries, the genetic data was analysed
using Bayescan version 2.1 (Foll and Gaggiotti 2008),

Table 1 Primer sequences used in AFLP analyses and number of loci amplified for each primer pair

EO1 primer

GAC TGC GTA CCA ATT CAAG
GAC TGC GTA CCA ATT CAAG
GAC TGC GTA CCA ATT CAGT
GAC TGC GTA CCA ATT CAGT
GAC TGC GTA CCA ATT CAGC
GAC TGC GTA CCA ATT CAGC
GAC TGC GTA CCA ATT CACT
GAC TGC GTA CCA ATT CACT

MO2 primer No. loci
GAT GAG TCC TGA GTA ACGG 29
GAT GAG TCC TGA GTA ACTT 16
GAT GAG TCC TGA GTA ACAG 72
GAT GAG TCC TGA GTA ACGG 40
GAT GAG TCC TGA GTA ACAG 66
GAT GAG TCC TGA GTA ACGT 42
GAT GAG TCC TGA GTA ACGG 60
GAT GAG TCC TGA GTA ACAG 67

Selective bases shown in bold
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which scans the data for marker loci which show excess
differentiation (outliers) from neutral evolution expecta-
tions. The software generates and compares two alternative
models; one model includes the effects of selection, the
other excludes it. Default values as suggested by Foll and
Gaggiotti (2008) were used, monomorphic loci were
removed and a low threshold of log(BF) > 0.5 was used in
accordance with Fischer et al. 2011 (i.e. a log(BF) > 0.5
would be considered as substantial evidence for selection,
log(BF) > 1, strong and log(BF) > 2, decisive). Analysis
was made at the global level (i.e. industrialised versus
reference populations) and pairwise comparisons also
performed to check for population specific outliers.

Results
Variation in 24 h ECsy, among estuaries

The 24 h ECsy for barnacle nauplii exposed to copper
varied among industrialised and reference estuaries. Nau-
plii from the industrialised estuaries showed a significantly
greater tolerance to copper than those from the reference
estuaries (F;, = 194.62, P = 0.001). There was no sig-
nificant difference in the 24 h ECso values between estu-
aries within each category (F,,9 = 0.1474 P = 0.864).The
average 24 h ECs, for nauplii from the industrialised and
reference estuaries was 111.01 pg/l Cu (SE = 3.01) and
81.29 ng/l Cu (SE = 3.28) respectively (see Fig. 2 for
mean estuary 24 h ECs, values).

Population genetics and evidence of selection

The eight primer combinations used produced 392 loci
among the 43 samples, 78.83 % of which were polymor-
phic. The percentage of loci which were polymorphic for
Botany Bay, Port Kembla and Wagonga inlet is 61.0, 58.7
and 54.8 % respectively. No differentiation was found
among estuarine categories (PhiPR = 0.008 P = 0.816)
and/or among the 3 populations (PhiPT = 0.003, P =
0.296, see Table 2). Examination of the data using a PCO
plot revealed, in line with the AMOVA, no evidence of any
structure (Fig. 3). No evidence for the selection of loci
(outliers) was detected at the global level and/or between
populations even at the lowest threshold PO value (log-
PO > 0.5), thus all of the loci amplified can be considered
neutral (see Table 3).

Discussion

In-line with the general response of a range of aquatic
organisms (reviewed in Johnston 2011), larvae of
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Table 2 Pairwise PhiPT values among Amphibalanus variegatus
samples from 3 sites in South-Eastern Australia

Botany Bay Port Kembla Wagonga Inlet

- 0.080 0.170 Botany Bay
0.011 - 0.450 Port Kembla
0.006 0.001 - Wagonga Inlet

PhiPT values are shown below the diagonal and probability values
shown above. Probability values based on 9,999 permutations
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Fig. 3 PCO plot of the AFLP fragments generated for the three
Amphibalanus variegatus populations and based on a Euclidean
distance matrix

populations of A. variegatus from the impacted estuaries
displayed a greater tolerance to copper than those from the
reference estuaries. This response was observed for popu-
lations collected from twenty sites within the two indus-
trialised estuaries and fourteen sites within the two
reference estuaries. To our knowledge this represents the
largest assessment of metal-tolerance of wild-collected
organisms ever conducted in a marine system. However,
A. variegatus brood their fertilised eggs for a period and
offspring may have acclimated to copper and/or other
contaminants during development. Based on results of the
laboratory assay alone, we cannot distinguish whether the
bioassay response is due to acclimation, or reflects a
greater resistance. The lack of associated changes in pop-
ulation genetic structure and absence of outlier loci within
the industrialised populations would indicate the former.
There was, however, evidence of high gene flow between
the three estuaries, so it is possible that selection has
occurred but is not fixed within the population (i.e. local
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Table 3 AFLP markers in genome scans detected under selection (outlier loci) with test between industrialised versus reference estuaries, and

pairwise estuarine comparisons

Analysis Populations Number of Number of individuals Number markers
polymorphic markers in analysis logPO > 0.5

Disturbance Indust vs ref 309 43 None

Estuaries Kem vs Bot 307 28 None

- Kem vs Wag 293 30 None

- Bot vs Wag 306 28 None

adaptation). With examination of the genome using a
technique which provides greater resolution, the presence
of loci under selection may have become evident.

Although the population genetic results indicate that no
selection for resistant individuals has occurred, evidence
from other work suggests that copper and/or other toxicants
may be operating as selective agents within the impacted
estuaries. Over the past 80 years, estuarine-wide levels of
copper in Port Kembla and Botany Bay, based on water,
biotic and sediment measures, have been shown to be high,
or in the case of Port Kembla, grossly elevated and eco-
logically-detrimental (He and Morrison 2001; Birch et al.
1996; Birch 1996; Teutsch 1992; Evenden 1992; Hayes
et al. 1998; Moran 1984). Over the past decade, conditions
within Port Kembla have undergone significant improve-
ment, but currently levels are still elevated above
ANZECC guidelines and are predicted to be of ecological
significance (Gall et al. 2012; Dafforn et al. 2009; Dafforn
et al. 2012). Recently, in two independent studies, lower
rates of recruitment were documented for A. variegatus in
Port Kembla, although small numbers were still recorded
suggesting tolerant individuals were being selected for and
surviving (Dafforn et al. 2009; Gall et al. 2012). In another
study, levels of copper found within recreational estuaries,
were shown to be highly toxic to A. variegatus adults,
although only a portion of individuals within the assem-
blage were affected (50 % mortality recorded, Piola and
Johnston 2008). In the barnacle A. amphitrite, differences
in tolerance to the anti-fouling agent copper pyrithione,
were found among families suggesting there may be sub-
stantial genetic variability in barnacle tolerance to a toxi-
cant (Romano et al. 2010).

Although a greater tolerance to copper was seen in the
bioassay, this effect may not be due to previous exposure to
copper alone. In the real-world, polluted locations are
rarely found to be composed of a single pollutant, but
rather are characterised by a suite a pollutants (Klerks and
Moreau 2001). The impacted locations selected for this
study conform to this pattern, and although copper was
found to be elevated, high levels of other metals and
contaminants have also been documented (see Dafforn
et al. 2012). Exposure to other contaminants has been
shown to increase tolerance to other metals, which is likely

to due to similarities in the pathways involved in pro-
cessing the contaminant (Wang and Rainbow 2005). For
example Miinzinger and Monicelli (1992) found that
Daphnia magna strains which had been acclimated to
chromium over seven generations displayed a greater tol-
erance to copper and nickel compared to individuals with
no previous chromium exposure (see also Wang and
Rainbow 2005; Klerks 1999).

No evidence of differences in population structure was
seen and no outlier loci detected, indicating selection had not
occurred. However, whilst the AFLP methodology provides
a genome-wide census, which makes it a powerful tool in
detecting differences in loci which might be implicated with
selection (Wang et al. 2012), it is possible the loci/genes
associated with tolerance were not amplified as the AFLP
methodology only provides information on a limited portion
of the genome. In a study by Williams and Oleksiak (2008),
where breeding experiments have determined that there is
considerable adaptation to a strong pollutant in the estuarine
fish F. heteroclitus, examination of the genome using the
AFLP methodology, detected only a small number of loci
(1-6 %) under selection. In our study, by increasing the
number of loci, using a methodology with greater genetic
resolution (e.g. 454 sequencing, Stapley et al. 2010) and/or
targeting specific regions of the genome, the effects of
selection may have become evident. However, if a strong
localised structuring force was in effect (i.e. selected loci
fixed within the population/local adaptation), we would
expect the molecular approach used to have the power to
detect this (Campbell and Bernatchez 2004).

The population genetic results indicate, in-line with
predictions based on larval duration, that A. variegatus is a
widely-dispersing species. Populations separated by as
much as 300 km were found to show a high degree of
genetic similarity (PhiPT = 0.003). Thus, as postulated by
Untersee and Pechenik (2007), it is possible that although
selection may be operating at a local scale, for species
whose populations experience high and frequent inputs of
external recruitment, the effect may be quickly lost. For
example Groenendijk et al. 2002 found that metal tolerance
in the F1 generation of the midge Chironomus riparius was
quickly lost when adapted and non-adapted individuals
were crossbred.
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Implications

Risk assessments often rely heavily on results of tests
performed on laboratory-reared animals, which have been
acclimated to laboratory conditions, often for many gen-
erations. As already discussed by other authors, the
development of tolerance by natural populations, has
implications for how toxicity data should be extrapolated to
actual risks faced by biota. Tests, which do not incorporate
the influence of acclimation and/or genetic variability
arising due to previous exposure, could lead to overesti-
mations of long-term ecological risks. Furthermore, tests
performed on field-collected populations whose exposure
history has not been considered, could lead to the ecolog-
ical assessments which underestimate potential impacts.
Although, in this instance, the differences seen between
populations, were not extreme, in other studies, differences
of up to 8-fold have been documented (Johnston 2011).

In this study, a greater tolerance to the toxicant copper
was observed across a large number of sites spread across
two impacted and two reference estuaries in one of the
most spatially-extensive aquatic studies to date. In a recent
review Johnston (2011) examined the literature on toler-
ance in aquatic organisms and found that most studies
tested organisms from only 2 to 4 sites, thus limiting our
ability to generalise with regards to how common or
widespread toxicant tolerance is in aquatic systems. The
spatially-extensive toxicant response we observed would
suggest that, for at least the studied species, tolerance may
not be a rare phenomenon. Thus, where induced tolerance
may previously been considered a complicating, but
uncommon ‘nuisance’ (Millward and Klerks 2002; Chap-
man 1985), perhaps it may be more extensive and prevalent
than previously thought.
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