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Abstract

In December 2001, acid mine drainage (AMD) from an abandoned copper mine at Britannia Beach (British Columbia, Canada)

was diverted to flow from Britannia Creek into an outfall at 30 m depth in Howe Sound. Britannia Beach was studied in early 2003

to determine whether AMD diversion resulted in improved conditions for intertidal organisms. Species number and abundance have

increased at the intertidal zone since AMD diversion, although they were still lower than at an unpolluted control site nearby (Furry

Creek). Survivorship and growth rates of transplanted Mytilus trossulus (mussel) have increased since AMD diversion, although

they were still significantly lower than at the control site. Transplanted Fucus gardneri (seaweed) performed better than before the

AMD diversion; at Britannia Beach the chlorophyll a concentration in tissues was not significantly different from that at the control

site, although the concentration of chlorophyll c in tissues and the chlorophyll c to a ratio was lower than at the control site six

weeks after transplantation. Britannia Beach is still subject to leaching of metals from surrounding soils, low levels of AMD coming

down the creek, and AMD discharge from the deep outfall. Although there has been an improvement, the intertidal environment at

Britannia Beach still seems unable to support normal growth and survival of organisms.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Britannia Beach is at the mouth of Britannia Creek,

in Howe Sound, north of Vancouver, British Columbia,

Canada (Fig. 1). Britannia Creek is considered to be the

single worst point source of pollution of any mine in
British Columbia (McCandless, 1995). In 1902, the

Britannia Mining and Smelting Company Ltd. began

mining for copper, zinc, and iron ore bodies (Mills,

2003). The mine continued operating under the Ana-

conda Mining Company until 1974, after which it closed

for economic reasons (Mills, 2003). The abandoned

mine and the processing grounds around it are a source

of toxic levels of metal contamination due to acid mine
drainage (AMD). During its 72 years of operation,

Britannia Mine extracted approximately 50 million

tonnes of ore from 80 km of tunnels and five open pits

(Mills, 2003). The metal sulfides in these tunnels and pits
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have been exposed to air and water, producing sulfuric

acid, which leaches out the metals forming AMD (Bri-

tannia Mines and Reclamation Corp., 2003). There are

two main tunnels from which AMD has been dis-

charged: one is at the 2200 level portal (270 m above sea

level) which until December 2001 discharged into Jane
Creek and then into Britannia Creek. The other is at the

4100 level portal (67 m above sea level) and discharges

AMD to Howe Sound via a pipeline at 30 m depth and

50 m offshore, directly in front of Britannia Creek

(Ministry of Water Land and Air Protection, 2003). On

31 December 2001, a concrete plug (2200 Plug) was

constructed in the 2200 level tunnel, to prevent dis-

charge of AMD to Jane and Britannia Creeks; it redi-
rects AMD to the 4100 level portal (Meech et al., 2003).

Thus, AMD from the tunnel into Jane Creek and Bri-

tannia Creek has been halted, and this drainage is now

discharged into Howe Sound via the pipeline instead.

Prior to the installation of the 2200 Plug, dissolved

copper concentration at the Townsite Bridge (mouth of

Britannia Creek) was 0.51 ppm, total copper concen-

tration was 0.75 ppm, and the pH was 6.3 (Meech et al.,
2003). After the plug was installed, dissolved copper
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Fig. 1. Map of upper Howe Sound, BC, showing the location of the study site, Britannia Creek, and the control site, Furry Creek.
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concentration at the Townsite Bridge was 0.04 ppm,

total copper concentration was 0.06 ppm, and the pH

was 6.9 (Meech et al., 2003). These measurements were

taken in December 2001 (before the plug) and January

2002 (after the plug) (J.A. Meech, Department of Min-

ing Engineering, The University of British Columbia,
6350 Stores Road, Vancouver, BC, Canada V6T 1Z4,

personal communication).

The main metal discharged into Howe Sound from

Britannia Creek is copper, which, in high concentra-

tions, can be toxic to marine organisms (Barry et al.,

2000). Britannia Mine is the largest source of dissolved

metals to Howe Sound (Dunn et al., 1992). Howe Sound

is an important habitat for young salmon as they mi-
grate to the Pacific Ocean. Intertidal algae such as Fucus

gardneri provide habitat and food for many marine

invertebrates, some of which are food sources for sal-

mon (Marsden, 1999). One of the effects of AMD con-

tamination is reduced primary production, which can

have a serious impact on the marine food web (Varela

et al., 2000). Since the construction of the new concrete

plug and the resulting decrease of AMD and copper in
Britannia Creek, no studies have investigated the impact

on organisms in the intertidal zone at Britannia Beach.

AMD is a long-term problem that can continue for

thousands of years, and therefore needs a long-term

solution (Environmental Mining Council of British

Columbia, 2003).

Several studies were conducted prior to the AMD

diversion. High copper concentrations have been mea-
sured in surface water, intertidal organisms, and sedi-

ments in the Britannia Beach area (Barry et al., 2000;

Dunn et al., 1992; Grout and Levings, 2001; Marsden,
1999; Marsden and DeWreede, 2000; Marsden et al.,

2003). Previous transplantation studies have shown that

the levels of copper at Britannia Beach were lethal to the

Chinook salmonids Oncorhynchus tshawytscha (Barry

et al., 2000), the mussel Mytilus trossulus (Grout and

Levings, 2001), and the seaweed F. gardneri (Marsden,
1999; Marsden et al., 2003). A study by Marsden (1999)

found that, apart from a thin layer of green algae, there

was no apparent life present within 100 m of Britannia

Creek, and no F. gardneri within 1000 m north of the

creek mouth and 600 m south of the creek mouth.

Transplants of F. gardneri to within 100 m of Britannia

Creek resulted in negative growth rates and high mor-

tality within two months of exposure in the autumn and
winter (Marsden et al., 2003). Juvenile mussels (M.

trossulus) were transplanted to Britannia Beach and it

was found that exposure had a detrimental impact on

mussel survival and growth rates (Grout and Levings,

2001).

The objectives of this study were to assess the effects

of the lowered copper and AMD levels in Britannia

Creek since the AMD diversion in December of 2001 on
marine intertidal organisms at Britannia Beach, and to

determine whether the diversion of the acid drainage

improved environmental conditions to allow for suc-

cessful recolonization and growth of organisms. The

amount of AMD entering Howe Sound via Britannia

Creek has been reduced, but AMD is being discharged

via the deep outfall, and heavy metal contamination is

still evident in the soil and groundwater at the foreshore,
in the sediments of Howe Sound, and on Britannia

Creek fan lands (Ministry of Water Land and Air Pro-

tection, 2003). A biological survey was conducted to
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compare abundance and diversity of intertidal macro-

algae and sessile invertebrates at Britannia Creek to that

of Furry Creek (an unpolluted creek 6 km south of

Britannia Creek). It was hypothesized that (1) there
would be signs of recolonization with an increase in

species number at Britannia Beach, (2) there would be

greater abundance of organisms at Britannia Beach, and

(3) that species number and abundance would still be

greater at the control site (Furry Creek) than at Bri-

tannia Beach.

The growth rate and survivorship of transplanted

M. trossulus were measured. It was hypothesized that (4)
the survivorship and growth rate of transplanted mus-

sels near Britannia Beach would be higher than those

found in transplantation experiments prior to the AMD

diversion, and (5) that survivorship and growth rate of

mussels would be lower at Britannia Beach than at

Furry Creek.

Chlorophyll a and c concentrations of transplanted

F. gardneri were measured in order to determine physi-
ological status, which can be used as an indicator of

current environmental conditions. Toxic levels of heavy

metals such as copper and zinc (which are found in high

concentrations in the AMD discharge from Britannia

Mine) cause a loss in pigment correlated with a loss in

photosynthetic performance of Fucus (Rijstenbil et al.,

1994). Heavy metals have been found to decrease chlo-

rophyll content in plants and algae, since they inhibit the
biosynthesis of chlorophyll pigments and enzymes

(Ralph and Burchett, 1998). Since little, if any, AMD

enters the marine environment through Britannia Creek,

it was hypothesized that (6) chlorophyll a and c con-

centrations of F. gardneri would be lower at Britannia

Beach than at the control site. Chlorophyll c to a ratios

have been found to decrease along with decreasing

chlorophyll c and a content with increasing amounts of
heavy metal exposure (Rijstenbil et al., 1994). It was

hypothesized that (7) the ratio of chlorophyll c to a in

F. gardneri would be lower at Britannia Beach than at

the reference site. The physical condition of transplanted

F. gardneri was also observed and compared to data

from before the diversion. It was hypothesized that (8)

the physical condition of transplanted F. gardneri would

be better than that of plants moved before the diversion.
2. Materials and methods

2.1. Selection of control site

The control site chosen for this experiment was the

intertidal area at the mouth of Furry Creek, a relatively
unpolluted creek (Marsden et al., 2003) about 6 km

south of Britannia Creek. Both sites are estuaries similar

in salinity, size, topography, and flow patterns (Barry

et al., 2000). The slope is gradual at the mouth of the
creeks and increases with distance; the creek mouths

have mild wave exposure. On the beaches, sandy areas

are found near the mouths of the creeks with many

rocks increasing in size to boulders with horizontal
distance. M. trossulus and F. gardneri were taken for

transplantation from the beach surrounding Magnesia

Creek, 20 km south of Britannia Creek, also in Howe

Sound. Magnesia Creek and Furry Creek are relatively

unpolluted areas and show abundant growth of

F. gardneri, which is typical of Howe Sound (Marsden

et al., 2003).

2.2. Sampling of community structure

Sampling was conducted in February 2003 during

low tides. Salinity ranged from 24 to 26 ppt across 100 m

zones stretching northwards from the creek mouths. The

areas chosen for sampling were in the mid-intertidal

zone. Access to the south side of Furry Creek was lim-

ited. For reasons of consistency, the north side of Bri-
tannia Creek was selected for the study. At each creek,

the 100 m zone was divided into four 25-m sections. Ten

0.25-m2 quadrats were randomly placed in each 25-m

section. The quadrat was pre-strung with nylon strings

in a grid pattern with 100 25-cm2 squares (subquadrats).

Percent cover for F. gardneri (Phaeophyceae, Fucales)

was estimated for each subquadrat. Percent cover of

barnacles, Balanus glandula (Crustacea, Cirripedia),
mussels, M. trossulus (Mollusca, Bivalvia), Hilden-

brandia spp. (Rhodophyta), Enteromorpha intestinalis

(Chlorophyta, Ulvophyceae), and green slime were then

estimated by moving the canopy of F. gardneri aside and

estimating percent cover of each organism in each sub-

quadrat. Samples of the green slime were identified using

a compound microscope.

2.3. Organism selection for transplantation experiments

F. gardneri is a sensitive indicator of many elements

in the tidal environment (Dunn et al., 1992). F. gard-

neri transplanted to Britannia Beach prior to the AMD

diversion was used as a biomonitor; its survivorship,

growth rate, and copper content were then examined

(Marsden et al., 2003). M. trossulus is an intertidal
mussel; surveys of natural populations showed an in-

crease in abundance with distance from the Squamish

River (the head of Howe Sound), but an absence of

mussels within 1.5 km of the mouth of Britannia Creek

(Grout and Levings, 2001). Mussels are often used as

biological indicators for examining the effects of hu-

man activity on the marine environment and, because

of their sedentary nature, they can concentrate metals
from the water column (Grout and Levings, 2001).

Caged mussels have been used in transplant studies to

define areas of metal pollution (Grout and Levings,

2001).
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2.4. Experimental design

Rocks covered with F. gardneri and M. trossulus

were randomly selected for transplantation from the
shoreline adjacent to Magnesia Creek. Two of each of

the rocks containing the species of interest were placed

inside wire cages (to prevent predation from seabirds

and benthic invertebrates) and randomly positioned on

the substratum on the north side of each creek mouth.

There were a total of two rocks per cage and a total of

eight cages per treatment for each species. The greatest

horizontal distance between any two cages was 3 m.
The location of the cages was similar at both sites; the

goal was to maintain as natural an environment as

possible. Transplants were carried out during low tides,

when the organisms would normally have been out of

the water, and the total time of transportation of

organisms was always less than 1 h. The length of the

experiment was two months, from 16 February to 16

April 2003.
2.5. Monitoring

Mussels used to monitor growth rate were chosen

from a relatively narrow range of shell length (17–36

mm; mean 25.8 mm) to minimize initial differences in

size-dependent growth (Grout and Levings, 2001). Test

mussel shells were painted with nail polish. At the end of
the experiment, mussels that had closed shells at low tide

were considered survivors. Shell lengths were recorded

for the selected mussels ðn ¼ 16Þ. Observations were

made on the condition (attachment strength) of the

transplanted mussels.

F. gardneri thalli were observed at three time intervals

(every two weeks post-transplantation). Chlorophyll a

and c extractions were taken from three plants per cage.
The tips of F. gardneri thalli were collected and brought

to the lab for chlorophyll extractions. Tips without

receptacles were randomly chosen, removed, and

transported to the lab in a cooler, and extracted imme-

diately. We followed standard extraction procedures. In

brief, the tips were blotted with tissue paper to remove

any excess moisture from the plant surface. The tips

were then placed on a weigh scale to determine tissue
mass (in g). The tips of the transplanted F. gardneri

plants were extracted in 8 ml of 90% acetone solution by

grinding followed by vacuum filtration. The final vol-

ume of chlorophyll extract was adjusted to 8 ml with

90% acetone. Spectrophotometric determination was

performed according to Jeffrey and Humphrey (1975).

The absorbance of chlorophyll extracts was read at 664

and 630 nm against a 90% acetone blank, using a
spectrophotometer. The amounts of chlorophyll a and c

ðc1 þ c2Þ were calculated in the extract according to the

following equations:
mg Chlorophyll a=g tissue

¼ ½11:47 � E664� 0:4 � E630� � Volume

Mass of tissue

mg Chlorophyll cðc1þ c2Þ=g tissue

¼ ½24:36 � E630� 3:73 � E664� � Volume

Mass of tissue

In the above equations, ‘‘E’’ represents the extinction at
the wavelength indicated, ‘‘Volume’’ the final volume of

the chlorophyll extract in liters, and ‘‘Mass’’ the mass in

grams of the tissue extracted. Observations were also

made on the physical appearance of the transplanted

thalli.

2.6. Data analysis

All statistical tests were conducted using SYSTAT

(version 5.03). Data was first tested for normality with

normal probability plots. For the ANOVA and t-test,
assumptions are equal variance and normal distribu-

tions. Some violations of these assumptions were de-

tected, but the ANOVA and t-test are very robust to

departures from normality and equality of variances

(Zar, 1999). Thus, they were used despite occasional
violations of assumptions.

Percent cover of each species was compared for each

25-m section between the two creeks using t-tests. In

some sections, certain measurements yielded values of

zero. These measurements could not be analyzed by

ANOVA, because they have no variance. These sections

were omitted from the ANOVA. However, the results

can be interpreted based on their obvious contrast with
sections with non-zero values for the measurement in

question.

M. trossulus survivorship scores yielded a proportion

of mussels surviving on each rock. Growth rate of

mussels ðn ¼ 16Þ was calculated by dividing the differ-

ence between the initial and final shell lengths by the

duration of the experiment (two months) and also by

initial length, to standardize for size. Survivorship and
growth rate were compared between sites using a t-test.
F. gardneri chlorophyll a and c concentrations, and the

chlorophyll c to a ratio were derived from the data. The

mean chlorophyll concentration was calculated for each

rock and the two treatments were compared using a

t-test.
3. Results

3.1. Community structure

The percent cover of barnacles, M. trossulus,

F. gardneri and Hildenbrandia spp. within each 25 m
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Fig. 2. Percent cover (mean±S.E.) of species at Britannia Beach and at Furry Creek, in 25-m sections increasing with distance from the creek

mouths. n ¼ 10 for all sections. �p < 0:05 at Furry Creek compared with Britannia Beach (t-test).
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distal to each creek mouth was higher at Furry Creek

than at Britannia Beach, while, for E. intestinalis and

green slime, percent cover was lower at Furry Creek

(Fig. 2). It was found that the green slime is a combi-

nation of the xanthophyte algae Vaucheria and several

chlorophyte species including the genera Blidingia and

possibly a young Enteromorpha.
When considering the entire 100 m areas, barna-

cle cover was significantly higher at Furry Creek

(18.8%±2.0%, mean±S.E.) than at Britannia Beach

(3.9%±1.2%, p < 0:05). The barnacles within 75 m of

Britannia Creek were generally smaller than those at

Furry Creek; many (about half) were hollow and several

broke easily when pushed with a finger. No mussels

were found at Britannia Beach, while they were abun-
dant at Furry Creek (cover¼ 17.5%±2.9%). The only

F. gardneri thalli found at Britannia Beach were a

few small individuals at about 90 m from the creek

mouth (cover¼ 0.01%±0.04%), while thalli were sig-

nificantly more abundant at Furry Creek (6.4%±1.1%,

p < 0:05). E. intestinalis was only found at Britannia

Beach (cover¼ 0.25%±0.1%). Green slime was found

at both creeks, but its abundance was significantly
higher at Britannia Beach (cover¼ 11.8%±2.5%) than

at Furry Creek (4.3%±0.9%, p < 0:05). The slime was

most dense in and around both creek mouths. It

reached into the intertidal zone and about 100 m up

both creeks. No Hildenbrandia was found at Britannia

Beach, while it was found at Furry Creek (cover¼
1.7%±0.5%).
3.2. Survivorship of Mytilus trossulus

Survivorship of M. trossulus was significantly lower

at Britannia Beach (89.9%±1.2%, mean±S.E.) than at

Furry Creek (99.4%±0.2%) two months after trans-

plantation (p < 0:005, n ¼ 16).

3.3. Growth rate of Mytilus trossulus

The relative growth rate of transplanted M. trossulus

was significantly lower at Britannia Beach (0.30 ± 0.05

month�1, mean±S.E.) than at Furry Creek (0.85 ± 0.07

month�1, p < 0:005, n ¼ 16).

3.4. Attachment changes in Mytilus trossulus

M. trossulus at Britannia Beach were more easily

dislodged from their holdfast compared to those trans-

planted to Furry Creek.

3.5. Chlorophyll concentration in Fucus gardneri

Mean chlorophyll a concentration of transplanted
F. gardneri at Britannia Beach (0.25± 0.02 mg/g tissue,

mean±S.E.) was statistically similar to that for Furry

Creek (0.30 ± 0.02 mg/g tissue, p ¼ 0:171, n ¼ 8). Mean

chlorophyll c concentration of transplanted F. gardneri

was significantly lower at Britannia Beach (0.13 ± 0.01

mg/g tissue) than at Furry Creek (0.18± 0.02 mg/g tissue,

p < 0:05, n ¼ 8). Mean chlorophyll c to a ratio of
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transplanted F. gardneri was significantly lower at Bri-

tannia Beach (0.50 ± 0.02 mg/g tissue) than at Furry

Creek (0.60± 0.03 mg/g tissue, p < 0:05, n ¼ 8).

3.6. Changes in appearance in Fucus gardneri

By the end of the transplantation period, F. gardneri

transplanted to Britannia Beach was more brown when

compared with the olive green color of plants that were

transplanted to Furry Creek and plants at nearby sites.

The plants at Britannia Beach also became softer in

texture relative to the plants at Furry Creek.
4. Discussion

4.1. Species number and abundance

Species number and abundance at Britannia Beach

have increased compared to prior to the AMD diver-
sion, when Marsden (1999) reported that no marine al-

gae, mussels, or barnacles were present within 100 m of

the mouth of Britannia Creek. However, species number

and abundance at Britannia Beach are still much lower

than at the control site. Hildenbrandia was only found at

Furry Creek, possibly becauseHildenbrandia may not be

tolerant of heavy metal toxicity or low pH. E. intestinalis

was only found at Britannia Beach. E. intestinalis can
tolerate higher concentrations of AMD than F. gardneri

(Marsden and DeWreede, 2000); this may be the reason

for its growth much closer to the creek mouth at Bri-

tannia Beach. Enteromorpha spp. have been found to be

more tolerant of copper than other algae (Correa et al.,

1996), and copper-polluted areas have been found to be

dominated by E. intestinalis (Castilla, 1996). Green slime

appears to grow well at both creeks, although its
abundance is significantly higher closer to the creek

mouth. Chlorophytes have been shown to be highly

resistant to environmental stress, showing tolerance of

copper, with optimum growth rates in the presence of

elevated copper levels, and tolerance of a wide range

of pH (Blackwell and Gilmour, 1991). Percent cover of

green slime at Britannia Beach may be higher due to

lack of competition or predation by other species. Bar-
nacles were found at both creeks although they were

more abundant at Furry Creek. Prior to the AMD

diversion, no barnacles were present within 100 m of the

mouth of Britannia Creek (Marsden, 1999). Barnacles

are tolerant of, and are capable of, accumulating heavy

metals, which makes them useful indicators of heavy

metal toxicity (Rainbow, 1987).

Dense populations of F. gardneri have been observed
at creek mouths at Watts Point and at creek mouths in

the Woodfibre Creek area (north of Britannia Creek and

therefore closer to the Squamish River), which has

higher turbidity and lower salinity than Britannia Beach
during freshet (Marsden et al., 2003). Therefore, salinity

and turbidity appear to be unlikely explanations for the

low species number and abundance at Britannia Beach.

4.2. Mussel survivorship and growth rate

Survivorship of transplanted mussels was signifi-

cantly lower at Britannia Beach compared with Furry

Creek. The reduced survival of transplanted mussels at

Britannia Beach is further supported by the absence of

natural mussels in the transplanted area. The conditions

may still be too toxic for mussels to survive at Britannia
Beach or it may be that not enough time has passed for

their successful recruitment. Survivorship of mussels

was higher than previously recorded. In 1998, prior to

the AMD diversion, survivorship of mussels at different

stations near Britannia Beach ranged from 0% to 42% in

‘‘low survival zones’’ (that is, within 3.8 km of Britannia

Creek) after 41 days (Grout and Levings, 2001), while,

in our study, average mussel survivorship at Britannia
Beach was 89.9% after 60 days. The relative growth rate

of transplanted M. trossulus was significantly lower at

Britannia Beach (0.30 month�1) than at Furry Creek

(0.85 month�1). Mean growth rate of mussels at Bri-

tannia Beach was significantly lower than at Furry

Creek. The growth rate of mussels from a study prior to

the AMD diversion also found mussel growth rates to

be lower at Britannia Beach than at nearby reference
stations (Grout and Levings, 2001). Mean mussel

growth rates in ‘‘low survival zones’’, prior to the AMD

diversion, ranged from 0 to 0.16 mmmonth�1 in the

different zones (Grout and Levings, 2001). In contrast,

since the AMD diversion, the mean growth rate of

transplanted mussels at Britannia Beach was 0.8

mmmonth�1, which is about 10 times higher than pre-

viously recorded. These differences in results between
our study and the Grout and Levings study may be due

to ecological effects and/or methodological effects. In the

Grout and Levings (2001) study, mussels from an

aquaculture operation were placed in mesh tubes and

divided into individual compartments which were hung

in cages below floats anchored in approximately 10 m of

water, less than 50 m offshore (Grout and Levings,

2001). In our study, rocks with mussels were placed in
cages in the intertidal zone in order to create an envi-

ronment as natural as possible. Therefore, it is possible

that different experimental conditions may account at

least in part for the different mussel survivorship re-

ported in the previous study.

4.3. Fucus condition and chlorophyll analysis

The concentration of chlorophyll c as well as the

ratio of chlorophyll c to a were significantly lower at

Britannia Beach compared with the reference site. High

concentrations of dissolved metals have been known to
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decrease chlorophyll c concentrations, and to decrease

the ratio of chlorophyll c to a in brown algae and

plankton exposed to various amounts of copper, cad-

mium, and zinc (Rijstenbil et al., 1994). The toxic
effects of heavy metals, such as copper, involve a

reduction in mass-growth and pigment content in

brown algae; the chloroplasts exhibit morphological

changes upon exposure to cadmium, copper, and zinc

(a few mg l�1) (Pellegrini et al., 1993). Rijstenbil et al.

(1994) found that chlorophyll a and c proved to be

sensitive to copper (3–126 nM range) and their reduc-

tion coincided with the decrease of photosynthetic
activity and the enlargement, deformation and break-

age of cells in the marine planktonic diatom Ditylum

brightwellii (Rijstenbil et al., 1994). They found that

copper was an oxidative stressor and that the lack of

antioxidant defense causes oxyradical damage in chlo-

roplasts and inhibition of algal photosynthesis. We

found that the concentration of chlorophyll a in

transplanted F. gardneri at Britannia Beach did not
differ significantly compared with Furry Creek; this

may suggest that the reduction of AMD in the creek

has allowed for some improvement in the condition of

F. gardneri, although not enough for successful growth.

Prior to the AMD diversion, F. gardneri was not found

less than 1 km north of Britannia Creek and 600 m

south of it (Marsden, 1999; Marsden and DeWreede,

2000). Since the AMD diversion, F. gardneri is growing
closer to the creek mouth (within 100 m north of the

creek mouth), suggesting a possible improvement in

habitat conditions. However, at Britannia Beach, no

F. gardneri was found closer than 90 m from the creek

mouth; this may be an indication of continued pollu-

tion from the creek and the deep outfall, and leaching

from the surrounding grounds, or it may be that there

has not been enough time for recovery. In 1997 and
1998, prior to the AMD diversion, F. gardneri trans-

planted to Britannia Beach was found to have a high

mortality and low growth rate attributed to a gradient

of AMD from Britannia Creek (Marsden et al., 2003).

In that study, it was also found that, within 14 and 30

days after it was transplanted to the Britannia Creek

area, F. gardneri thalli turned reddish brown, produced

large amounts of exudate, became very soft in texture
compared with F. gardneri at Furry Creek, and tissue

even began falling off of the thalli tips (Marsden et al.,

2003). In our study, transplanted F. gardneri did take

on a more brown color and also became softer in

texture relative to the plants at Furry Creek and other

nearby areas within six weeks. However, the produc-

tion of exudate and the loss of tissue was not observed

at Britannia Beach since the AMD diversion. Our re-
sults may indicate that AMD is still present in con-

centrations that do not allow for successful growth of

F. gardneri at Britannia Beach.
4.4. General discussion

The present study indicates that, although there has

been an improvement in environmental conditions in the
intertidal area at Britannia Beach since the AMD

diversion, conditions are not yet supportive of successful

establishment and growth of organisms. The final

diversion of AMD took place only one year and two

months prior to this study, which may not have been

enough time for the intertidal area at Britannia Beach to

recover. Britannia Creek is still not free of metal con-

tamination. In 2002, after the plug was installed, dis-
solved copper concentration measured at the mouth of

Britannia Creek was 0.04 ppm, total copper concentra-

tion was 0.06 ppm and the pH was 6.9 (Meech et al.,

2003); these values of copper are higher than throughout

Howe Sound, and the pH values are lower than

throughout Howe Sound (Britannia Mines and Recla-

mation Corp., 2003). Thus, there may still be an AMD

gradient from the creek outflow and from the deep
outfall, which could be affecting local species growth

and abundance. Heavy metal contamination is still evi-

dent in the soil and groundwater at the foreshore and

sediments of Howe Sound, and on Britannia Creek fan

lands because of landings where tailings and concen-

trates have contaminated soil and are still leaching

heavy metals into the creek and foreshore (Ministry of

Water Land and Air Protection, 2003). High copper
concentrations have been measured in surface water,

intertidal organisms, and sediments in the Britannia

Beach area (Grout and Levings, 2001; Barry et al., 2000;

Marsden et al., 2003).

Another possible explanation for the partial

improvement so far is that there is a possibility that the

submerged outfall has become a relatively more

important source of pollution. With the plug now in
place, more drainage is flowing through the submerged

outfall. The surface circulation pattern in Howe Sound

is driven by a major outflow of fresh turbid water of

glacial origin from Squamish River (mean annual dis-

charge 242 m3 s�1) (Chretien, 1997; Grout and Levings,

2001). This outflow of fresh water produces a 5 m deep

layer of fresh, cold surface water overlying the warmer

saltier waters at depth, giving rise to a pycnocline that
limits vertical mixing and isolates the surface water

during the spring and summer months (Barry et al.,

2000). However, in late fall and winter, the pycnocline is

weakened, allowing the AMD discharge to come to the

surface (Chretien, 1997) and the surface currents carry

some of the discharge back to the foreshore areas of

Britannia Beach (refer to Grout and Levings, 2001, for a

figure of upper Howe Sound surface circulation). Thus,
increased AMD drainage flowing through the outfall

may have a significant impact on the intertidal com-

munity.
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While some pollution-control measures have been

implemented at Britannia Beach, such as the sealing of

contaminated grounds and the AMD diversion pipe,

these are temporary solutions. Future research is re-
quired on the effects that the diversion of AMD has had

on the benthic community, and the progress of recovery

should be followed. Several remediation and mitigation

options for Britannia Beach have been examined, yet as

of the time of this study, none of them have been

implemented. These include a proposed treatment plant

(in 2004), sealing of abandoned mine tunnels and shafts,

and bioremediation using algae. The results of this study
could serve as a comparison for future investigations

following the recolonization of organisms at Britannia

Beach, and could lead to further measures in order to

control the pollution.
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