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Abstract

Acid mine drainage (AMD) from an abandoned copper mine at Britannia Beach, British Columbia, Canada, enters the marine

environment through Britannia Creek. The surrounding intertidal zone is devoid of rockweed, Fucus gardneri Silva, a seaweed that

dominates nearby shores. Rockweed plants were transplanted to the intertidal zone near Britannia Creek and monitored for changes

in percent cover, survivorship, growth rate and Cu content. Autumn and winter transplants to within 100 m of Britannia Creek

resulted in negative growth rates and high mortality within 57 days of exposure to AMD, with Cu levels in rockweed surpassing 2300

ppm in dry tissue. Summer transplants to sites 300–700 m from Britannia Creek showed no consistent differences between AMD-

exposed rockweed and control plants, possibly because the plants were stressed by desiccation. The results are consistent with

ecological effects observed in other studies, and provide strong evidence for the role of AMD in excluding rockweed from the shores

near Britannia Creek.
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1. Introduction

Copper (Cu) ore was extracted from the mine at
Britannia Beach, British Columbia, Canada, from 1902

until the mine ceased operations in 1974. Rain, snow-

melt and groundwater now percolate through the

abandoned mine tunnels, producing an acidic solution

of dissolved metals known as acid mine drainage

(AMD) (Price et al., 1995). A portion of the AMD from

the mine flows into Britannia Creek, which in turn flows

into Howe Sound, 50 km north of Vancouver, BC
(Fig. 1). Rockweed, Fucus gardneri Silva (Phaeophyceae,

Fucales), is an intertidal seaweed that thrives within

about 2 km of the mouth of Britannia Creek and

throughout Howe Sound, but is absent from the shore

near the Creek (between the points labelled ‘‘Z’’ in Fig.

1; Marsden and DeWreede, 2000). Rockweed beds

provide habitat and food for a variety of benthic in-

vertebrates (Nassichuk, 1975), some of which are im-

portant food sources for chum salmon (Oncorhynchus

keta) fry and chinook salmon (Oncorhynchus tshawyts-

cha) fry and smolts (Levings and McDaniel, 1976;

Levings and Riddell, 1992). Concern about the impact

of AMD on these economically important salmon and

their habitat has spurred this and other investigations

into the effects of AMD on the marine ecosystem near

Britannia Creek (Barry et al., 2000; Marsden and

DeWreede, 2000; Grout and Levings, 2001).

Chretien (1997) examined the movement of metals
from Britannia Creek into Howe Sound. The peak in

dissolved Cu, Cadmium (Cd) and Zinc (Zn) concentra-

tions at the mouth of Britannia Creek fromApril through

June results from accumulated AMD being flushed from

the mine workings by spring run-off (Fig. 2A; Chretien,

1997). These high levels of dissolved metals coincide with

the freshet of the nearby Squamish River, which lowers

the salinity of northern Howe Sound to 3–10‰. Grout
and Levings (2001) measured the dispersal of dissolved

Cu from Britannia Creek into the surface waters of Howe

Sound in April–June 1998 (Fig. 2B).
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While dissolved Cu in seawater does not necessarily

reflect the amount of bioavailable Cu at a given site or

time (Gledhill et al., 1997), it does provide a useful tracer

of how much AMD is present in a given sample of
water; the amount of AMD in water should be pro-

portional to the concentration of dissolved Cu. Addi-

tionally, we focused on the distribution of Cu, rather

than other aspects of the AMD such as Zn, Cd and

acidity, because (1) Zn is typically an order of magni-

tude less toxic to algae than Cu (Hargreaves and

Whitton, 1976; Munda and Hudnik, 1986), (2) Cd is one

to two orders of magnitude less concentrated in Bri-
tannia Creek than is Cu (Chretien, 1997), and (3) the

buffering capacity of seawater appears to overwhelm the

acidity of the drainage except in the immediate vicinity

of the Creek mouth (Grout et al., 1998). However, any

effects of AMD on biota cannot be attributed to any one

component; these effects are likely caused by the cu-

mulative effects of several parts of the effluent.

Many previous studies have examined the effects of
Cu on algae. Str€oomgren (1979, 1980) tested the effect of
Cu on five brown algal species in laboratory experi-

ments. He found that growth rates of three species of

Fucus, as well as two other fucoids, were decreased when

exposed to 12–50 lg Cu l�1. In laboratory experiments,
Munda and Hudnik (1986) induced mortality in F. ve-

siculosus within 20 days of exposure to 2500 lg Cu l�1.
Other work has focused on the composition of intertidal

communities in Cu-polluted areas. Castilla (1996) found

a drastic reduction in algal and invertebrate diversity

near the Salado River, Chile, where water that has

drained over mine tailings flows into the Pacific Ocean.

At sites within �8 km of the river mouth, he found algal

communities composed almost entirely of Enteromorpha

compressa (L.) Greville (Chlorophyta). More distant,
unpolluted sites showed a much greater richness of

species (Castilla, 1996).

To examine the effects of AMD on rockweed, we

conducted a series of bioassays by transplanting plants

from a relatively unpolluted site to several sites near the

mouth of Britannia Creek. We predicted that (1) percent

cover, survivorship and growth rates of rockweed would

decrease when plants were moved to this area, (2) Cu
tissue burden of the plants would increase, and (3) these

effects would decrease with distance from the mouth of

Britannia Creek.

Fig. 1. Map of upper Howe Sound showing transplant sites. BB: Britannia Creek (AMD-exposed sites). FC: Furry Creek (control sites). The entire

shoreline between points labelled Z is devoid of rockweed. Sites BB- and FC-5a and -5b are 50 and 100 m from their respective creek mouths, and are

too close to show as separate on this map.
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2. Methods

2.1. Transplant of rockweed

The beach near Furry Creek (see Fig. 1) showed

abundant growth of rockweed, typical of much of Howe

Sound, and was selected as a source area for plants to

move to the area near Britannia Creek. It was also the

recipient site for control plants, which were transplanted

in the same manner as those moved to the Britannia

Creek estuary. We labelled sites so that those with

matching numbers were also matched in position rela-
tive to the creek mouths; for example, sites FC-5a and

BB-5a were both 50 m south of their respective creek

mouths.

Four transplants were conducted over a 13-month

period, starting on the following dates: 2 November

1997 (to sites 5a and 5b, where 5b is 100 m south of the

creek mouths; see Fig. 1 for all site locations), 15 Feb-

ruary 1998 (to sites 5b), 11 June 1998 (to sites 6 and 7,
respectively �300 and �600 m south of the creek

mouths) and 10 August 1998 (to sites 3 and 4, respec-

tively �700 and �300 m north of the creek mouths).

While we refer below to plants ‘‘at’’ Britannia Creek or

Furry Creek, no plants were actually moved into the

creeks themselves; rather, we refer to the entire set of

transplant sites near a creek mouth by that creek�s name.

Rockweed-covered rocks (15–25 cm in diameter) were

haphazardly selected for transplant based on several

criteria. An attempt was made to select plants from all

parts of their vertical range (typically 1.5–3.0 m above
chart datum), as well as over a 100–200 m horizontal

distance. Rocks were selected based on percent cover of

rockweed; a reasonably high (>80%) cover was deemed
necessary. Finally, rocks were selected in pairs, where

each member was similar in size (�5 cm), percent cover
and average plant length of rockweed (visual estimate),

and within 1 m of each other in their original position on

the beach. Selected rocks were tagged with numbered
flagging tape and randomly assigned to treatments so

that one member of each pair was moved to the ap-

propriate control site near Furry Creek, while the other

member of each pair was moved, using a boat or van, to

a site near Britannia Creek. Transplants were always

carried out during extremely low tides, when the plants

would normally have been out of the water, and the

total time the plants were in the boat or van was always
less than one hour.

The selection of experimental sites was based pri-

marily on the gradient of AMD with distance from the

mouth of Britannia Creek. Once an appropriate site was

chosen, the actual location on the beach was selected at

the mean elevation of the plants� original positions at
Furry Creek (2:0� 0:2 m above chart datum). All sites

were gently sloping (10–25�) cobble and boulder beaches
with similar wave exposure. Ice cream pails, 22 cm in

diameter and 10 cm in height, were used as bases in

which to place the rocks. The pails could be dug into the

substratum much deeper than the rocks alone, which

helped to prevent movement and loss of the transplants.

Rocks and pails were placed in a group at the site with

the greatest horizontal distance between any two rocks

being 3 m.

2.2. Monitoring of rockweed condition

Plants were observed at varying intervals (see the x-
axes on Figs. 3–6); a series of measurements were taken

on each rock during each data collection. Percent cover

of rockweed was estimated using a 25 cm� 25 cm

quadrat as follows. The quadrat was pre-strung with
nylon string in a grid pattern (with squares 1:5 cm� 1:5
cm), and 20 randomly selected intersection points were

marked with pieces of wire. After haphazardly placing

the quadrat on a rock, the object immediately under

each point was recorded as rockweed or ‘‘other’’. Sur-

vivorship of rockweed was estimated by monitoring

tagged plants; six plants were tagged on each rock

during the first data collection, and their presence or
absence was scored at each subsequent data collection.

Growth rate of rockweed was estimated by measuring

the length of the six tagged plants from the holdfast to

the end of the longest frond. This provided an estimate

Fig. 2. Concentrations of dissolved Cu in Howe Sound near the mouth

of Britannia Creek. (A) Temporal change in Cu levels from March

1994 to February 1995. Values are means of eight samples taken along

a transect near the mouth of Britannia Creek. Error bars are the range

of concentrations in each set of samples. Data from Chretien (1997).

(B) Spatial dispersion of Cu from Britannia Creek in Howe Sound. See

Fig. 1 for locations of sampling stations. Each value is a mean (�1 SE)
of single measurements taken 29 April, 15 May, 28 May and 8 June

1998, except at sites BB-4 and -5, where three measurements were ta-

ken each day. Data from Grout and Levings (2001).
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of the average growth rate over the entire interval be-
tween measurements. Observations of plant colour and

texture were also recorded at each data collection.

Cu concentration in rockweed thalli was measured in

two or three plants from each site during the November

1997 experiment. The plants were removed from the

rock, placed into plastic bags and returned to the lab-

oratory. They were rinsed three times with seawater

from the West Vancouver Laboratory system (�9 �C
and salinity �27) and frozen at �20 �C. When all

samples had been collected during a given experiment

they were dried in a fumehood at �40 �C for �4 h and
sent to the Analytical Chemistry Laboratories of the

Geological Survey of Canada (Ottawa, Ontario). There

they were digested in 20 ml concentrated nitric acid and

2 ml perchloric acid, reduced to near dryness and then

additionally digested with 10 ml concentrated hydro-

chloric acid, 10 ml concentrated hydrofluoric acid and

2 ml concentrated perchloric acid. Analysis was con-
ducted by inductively coupled plasma mass spectrome-

try (ICP-MS).

The conclusion of the first three transplants was de-

termined by mortality of rockweed plants; almost all

plants at one or both of the Britannia Creek and Furry

Creek sites had died and detached by the final time point

shown in the results. The end point of the August 1998

transplant was determined when most of the rocks at all
sites could not be located, apparently due to shifting of

the substratum caused by wave action.

2.3. Statistical analysis

Survivorship scores yielded a proportion of plants

surviving on each rock. Growth rate was averaged over

all plants on a given rock. Individual plants could not be

Fig. 3. Percent cover (mean� 1 SE) of rockweed on rocks for three
experiments. BB: Britannia Creek, FC: Furry Creek. See Fig. 1 for site

locations. n ¼ 6–8 transplanted rocks. Letters above graphs indicate

significant differences: a for sites represented by circles, b for triangles;

a/b indicates p6 0:05, aa/bb indicates p6 0:01. Results for the Feb-
ruary 1998 experiment were similar to those for November 1997, and

so are not shown.

Fig. 4. Survivorship (mean� 1 SE) of rockweed for three experiments.
BB: Britannia Creek, FC: Furry Creek. See Fig. 1 for site locations.

n ¼ 9–10 for all transplants. See legend of Fig. 3 for meaning of letters

above graphs. Results for the February 1998 experiment were similar

to those for November 1997, and so are not shown.
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counted as replicates for either growth or survivorship

because they were not independent of each other:

growth and survival of any given plant could be corre-

lated with that of others on the same rock due to bio-

logical interactions or genetic relatedness.

Distributions of all variables were examined for nor-

mality, and non-normal variables were transformed us-
ing logarithmic or arcsine square-root transformations.

Percent cover, proportion of tagged plants surviving and

growth rates of Britannia Beach and Furry Creek plants

were then compared for each data collection by paired

or unpaired one-tailed Student�s t-tests. Cu concentra-
tion in tissue was compared using unpaired one-tailed

Student�s t-tests. The direction of one-tailed hypotheses
was determined by the predictions outlined in the in-
troduction.

3. Results

3.1. Percent cover

November 1997 and February 1998 experiments
showed similar trends. There was rapid loss of rockweed

cover on rocks transplanted to Britannia Creek, while

no such loss of plant cover was observed at Furry Creek

(Fig. 3). In contrast, the June and August 1998 experi-

ments showed no significant differences between cover of

rockweed on rocks transplanted to Britannia Creek and

that on rocks moved to Furry Creek; percent cover de-

creased on rocks at both sites.

3.2. Survivorship

The same general trends were seen in survivorship

data as in the percent cover data (Fig. 4). Plants began

to detach from rocks after approximately 25 days during

the November 1997 and February 1998 experiments,

while plants at the control sites maintained survivorship
>75%. During the June and August 1998 experiments,
both control and transplanted plants sustained heavy

mortality so that survivorship to the final data collection

was <25% and <40% for the June and August experi-

ments, respectively. During the August 1998 transplant,

tagging strings were poorly attached to the base of the

plants and were observed to be falling from the plants.

Plants were therefore retagged on 3 September (day 24)
and previous data were disregarded.

3.3. Growth rate

Mean growth rates of plants moved to Britannia

Creek in the November 1997 transplant were signifi-

cantly lower than those of control plants during all

measurement intervals (Fig. 5). In the June 1998 ex-
periment, plants moved to site BB-6 had significantly

lower mean growth rates than control plants during

three of six measurement intervals, while plants moved

to site BB-7 grew slower than control plants during two

Fig. 5. Growth rates (mean� 1 SE) of rockweed for all transplants in
which measurements were taken. Time is expressed as the mid-point of

the interval over which the growth rate is calculated. BB: Britannia

Creek, FC: Furry Creek. See Fig. 1 for site locations. n ¼ 10. See

legend of Fig. 3 for meaning of letters above graphs. For clarity, circles

are shifted one half day to the left and triangles are shifted one half day

to the right.

Fig. 6. Copper tissue burden (mean� 1 SE) of rockweed on rocks
transplanted November 1997 to sites BB-5 and FC-5. BB: Britannia

Creek, FC Furry Creek. p < 0:015 in all cases. n ¼ 3, except day 39,

when n ¼ 2.
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of six measurement intervals. Only one significant dif-

ference was detected between mean growth rates of

AMD-exposed plants and controls in the August 1998

transplant. Growth rates were not measured in the
February 1998 experiment.

3.4. Cu tissue concentration

Tissue concentration of Cu in rockweed increased

rapidly during the first two weeks after the plants were

transplanted to the mouth of Britannia Creek (sites BB-

5a and -5b; Fig. 6); the mean tissue burden of Cu was
significantly higher in plants at Britannia Creek during

all data collections. The rate of uptake began to decrease

after 11 days, but the Cu tissue burden was still in-

creasing on day 39, after which no plants were available

to be sampled. There was no change in the Cu tissue

burden of plants at Furry Creek.

3.5. Changes in colour and texture

Qualitative changes in the condition of the plants

became apparent when they were transplanted to the

AMD-exposed sites. The most obvious change occurred

in the colour and texture of plants that were moved to

the Britannia Creek area: the entire thallus took on a

reddish brown colour, which contrasted remarkably

with the olive green colour of plants at Furry Creek and
other nearby sites. The plants at Britannia Creek also

produced large amounts of exudate and became very

soft in texture relative to plants at Furry Creek, to the

point that small bits of tissue often fell from the tips of

the thalli. These changes in plant appearance and tex-

ture became apparent at different times for different

experiments: 14 days post-transplant for all plants in the

November 1997 experiment (sites BB-5a and -5b) and 30
days for the plants at site BB-6 for the June 1998

transplant. Plants at sites BB-7 (June 1998), BB-3 and -4

(August 1998) and all Furry Creek sites showed no such

changes. During the summer experiments, many plants

became severely desiccated, taking on a black and

shriveled appearance. However, this change was equally

prevalent in plants at Furry and Britannia Creeks, as

well as in extant rockweed on the beaches in the im-
mediate vicinity of the Furry Creek sites.

4. Discussion

4.1. Percent cover, survivorship and growth rate

The results of the percent cover, survivorship and
growth rate measurements can be grouped into two

overall patterns: (1) high mortality and low growth rates

in plants at Britannia Creek relative to the control plants

during the November 1997 and February 1998 trans-

plants to sites BB-5, and (2) few or no differences be-

tween Britannia Creek and Furry Creek plants in terms

of percent cover, survivorship or growth rate during the

June and August 1998 transplants to sites BB-3, -4, -6
and -7, i.e., at greater distances from the AMD source.

These results were consistent with the predictions pre-

sented in the introduction, but the lack of differences

between AMD-exposed and control plants in June and

August 1998 was surprising given the lack of extant

plants at these sites (compare these sites with the points

labelled Z in Fig. 1). We address this discrepancy below.

While direct measurements of dissolved Cu concen-
trations in seawater were not a part of this study, data

are available from two related studies. Dissolved Cu

levels in surface layers were measured by Grout and

Levings (2001) at a series of sites on the shores of Howe

Sound from April to June 1998 (Fig. 2B). These mea-

surements provide an estimate of the decrease in Cu

levels with increasing distance from Britannia Creek. In

1994, Chretien (1997) measured dissolved Cu levels each
month along a transect extending seaward from the

mouth of Britannia Creek (Fig. 2A). While these data

were collected well before the present study, the Cu

concentrations in Chretien (1997) were likely similar to

those during our study because the mine�s discharge is
primarily determined by seasonal factors (Chretien,

1997). When the two data sets were combined, using

linear interpolation between time points in Chretien�s
(1997) data, we obtained an estimate of the average Cu

concentration present for the duration of each trans-

plant (Table 1). These estimates are consistent with the

results: the November and February transplants, which

showed high mortality and low or negative growth rates

in rockweed moved to Britannia Creek, were exposed to

average dissolved Cu concentrations that were 3–60

times greater than those to which the June and August
transplants were exposed.

The results of the experiments, together with the es-

timated dissolved Cu levels, can also be compared to

published work that has examined the effects of Cu on

algae in laboratory studies. Str€oomgren (1979) exposed
Ascophyllum nodosum to a variety of concentrations of

Cu in a flowing seawater system. He found that this

species� growth rate was decreased to 80% compared to
controls when exposed to 66 lg Cu l�1 for four days,
while growth rates of plants exposed to 340 lg Cu l�1

were reduced to 20% of controls after four days. The

same author also examined the effect of Cu on other

fucoid algae (Str€oomgren, 1980). He observed a signifi-
cant reduction of growth rate of Pelvetia canaliculata

(L.) Decaisne & Thuret and Fucus spiralis (L.) at 12 lg
Cu l�1, of Fucus serratus (L.) at 25 lg Cu l�1, and of F.
vesiculosus at 50 lg Cu l�1. By comparison, we found no
reduction in F. gardneri growth rate relative to control

plants at estimated dissolved Cu levels up to 16 lg
Cu l�1. Such comparisons should be interpreted with

70 A. Dale Marsden et al. / Marine Pollution Bulletin 46 (2003) 65–73



caution, however, as differences between plant species

and water chemistry in the two experiments may well

exert considerable influence on the results observed.

One factor that may confound the results of the June

and August 1998 experiments is the harsh conditions to

which transplanted rockweed were exposed. Howe

Sound has a mixed semi-diurnal tide pattern and during
the summer months the lowest tides occur near midday.

The summer of 1998 was hot and sunny in upper Howe

Sound, resulting in severe desiccation of rockweed thalli,

often on a daily basis (pers. obs.). As an index of the

heat and desiccation to which the plants would have

been subjected, we calculated degree–hour values for

each transplant (Fig. 7). These values show that the June

and August 1998 transplants were subjected to much
higher heat and desiccation stress than the first two

transplants. Heavy mortality of rockweed was observed

at many areas in Howe Sound in the latter half of 1998

(Marsden and DeWreede, 2000). Furthermore, Thom

(1983) observed a decrease in Fucus distichus ssp. e-

dentatus (de la Pyl.) Pow. cover during summer in Puget

Sound, Washington, USA, which he attributed to high

temperature, heavy sun exposure, and sparse precipita-
tion. This raises the possibility that any effects of AMD

that may otherwise have been detected were overshad-

owed by the much greater impact of ‘‘background’’

mortality, which impacted both AMD-exposed and

control plants.

4.2. Cu tissue concentration

Rockweed that were transplanted to sites BB-5a
and -5b had Cu levels 2–3 times those of the nearest

extant plants (�500–900 ppm in dry weight at sites BB-2

and -7: Dunn et al., 1992; Marsden and DeWreede,

2000) after just 11 days. Given that the levels of Cu

found in the extant plants nearest to Britannia Creek

likely represents an approximate maximum that the

plants can withstand in the long term, severe degrada-

tion of the plants� health at >2000 ppm Cu is expected.
Some work has been done elsewhere involving the

transplantation of algae into areas with relatively high

Cu concentrations and the measurement of uptake. Ho

(1984) moved F. vesiculosus and A. nodosum, two fucoid

algae, from an unpolluted site to an estuary which was

contaminated with Zn and Cu from past mining activi-

ties. Ho (1984) observed Cu concentrations of <20 ppm
in dry weight in untransplanted F. vesiculosus, while
those moved to the polluted area contained 100, 150 and

230 ppm Cu after 15, 35 and 57 days, respectively.

A. nodosum contained 60, 60 and 100 ppmCu at the same

time intervals, while control plants contained <35ppm
Cu. These concentrations of Cu in F. vesiculosus are

3–10% of those we observed in our experiments, possibly

due to lower concentrations of available Cu, although

Ho (1984) did not report dissolved Cu concentrations.
However, interspecific differences between A. nodosum

and F. vesiculosus are apparent within Ho�s experiment;
such differences may also be important when comparing

Northeast-Pacific F. gardneri, an intertidal plant, with

Northeast-Atlantic F. vesiculosus, a subtidal plant.

Forsberg et al. (1988) moved F. vesiculosus from an

unpolluted site to a relatively polluted site near Stock-

holm, Sweden. After 12 months there was significantly
more Cu in old tissues at the polluted site, but no sig-

nificant change in Cu concentration in young tissues.

Ambient concentrations of Cu in the two areas were not

reported.

Table 1

Estimated concentrations of dissolved copper in surface water at Britannia Creek sites during transplant experiments

Study dates Site Distance and direction from

creek mouth

Est. Diss. Cu at BB (lg Cu l�1) Est. Diss. Cu at FC

(lg Cu l�1)

02 Nov 1997–08 Jan 1998 5 50–100 m South 270 2.7

15 Feb 1998–03 Apr 1998 5 50–100 m South 50 0.5

11 Jun 1998–25 Aug 1998 6 300 m South nd 5.4

11 Jun 1998–25 Aug 1998 7 600 m South 4.6 5.4

10 Aug 1998–18 Nov 1998 4 300 m North 16 1.4

10 Aug 1998–18 Nov 1998 3 700 m North 10 1.4

Calculated using data from Chretien (1997) and Grout and Levings (2001), nd: no data.

Fig. 7. Degree–hours to which transplants were exposed during ex-

periments, expressed as daily averages for 15-day segments of each

experiment. Degree–hours are calculated by multiplying the number of

hours the tide was below the elevation of the plant (based on predicted

tides from X-Tide, http://tbone.biol.sc.edu/tide) by the temperature

that day (daily high temperature for low tides from 1200 to 1600, daily

low for low tides from 2400 to 0400, daily mean for all other times;

data from an Environment Canada weather station, 9 m above sea

level near Furry Creek).
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4.3. Changes in colour and texture

The change in colour and texture of the plants soon

after the November 1997, February 1998 and June 1998
transplants to the mouth of Britannia Creek appeared to

be an indication of the quickly declining health of the

plants. The change in colour was consistent with

Sorentino�s (1979) finding that very high concentrations
of Cu cause degradation of chlorophyll and other pig-

ments in some algae, which can lead to a change in

colour. A change in plant texture may be a result of Cu

binding to cell proteins such as those that maintain the
plant�s structure and control the osmotic permeability of
the cell (Sorentino, 1979). The increased production of

exudates may be one way the plant has of detoxifying

the metals (Ragan et al., 1980; Schramm, 1993). How-

ever, further work would be required to determine if the

observed changes were related to exposure to AMD.

The fact that plants transplanted to site BB-6 in June

1998 exhibited these changes, combined with significant
decreases in growth rate in these plants (Fig. 5) suggests

that there may have been some degree of sublethal

AMD impact on the plants.

4.4. General discussion

The results provide strong correlative evidence for the

role of AMD in excluding rockweed from the immediate
vicinity of Britannia Creek. Plants moved close to the

AMD source deteriorated quickly, while control plants

and those moved to more distal sites showed no such

putative effects. Estimated concentrations of dissolved

Cu provide strong evidence of the presence of AMD at

the sites where deterioration occurred. Uptake of Cu in

one of the experiments to concentrations 2–3 times the

highest levels seen in surrounding plants indicate that
Cu likely played a strong role in the observed deterio-

ration.

Given the lack of detectable decline in summer

transplants to sites close to the creek mouth (sites BB-3,

-4, -6 and -7), however, there is only partial explanation

herein for the lack of extant plants at these sites. One

possible explanation for the absence of rockweed at

these sites would invoke different effects of AMD on
adult and juvenile stages of the plants. Several authors

have investigated the effects of Cu on algal propagules

and reproduction, and found that it has negative effects

at concentrations as low as 10 lg l�1 (Chung and

Brinkhuis, 1986; Anderson et al., 1990; Scanlan and

Wilkinson, 1987). In a study on Baltic Sea F. vesiculosus,

Andersson and Kautsky (1996) found that at salinities

higher and lower than optimal, germination declined by
70–80% when exposed to 20 lg Cu l�1. Plants at the
optimal salinity showed no such reduction. These stud-

ies suggest that juvenile stages and reproductive pro-

cesses may be more susceptible to Cu than their adult

counterparts (see above discussion of Str€oomgren, 1979,
1980), especially at non-optimal salinites such as those

to which rockweed in Howe Sound are exposed. Direct

examination of this possibility, through field or labora-
tory studies, would shed further light on the mechanisms

producing the observed rockweed distribution. Other

components of the AMD, such as Zn, Cd and acidity,

which were not the focus of this study, may also play a

role in excluding rockweed.

An alternative explanation for the lack of rockweed at

Britannia Creek relative to Furry Creek might be the

higher turbidity and lower salinity the plants would
encounter at the former location due to its proximity to

the Squamish River, which dominates the salinity re-

gime in upper Howe Sound during freshet. However, all

other creek mouths observed in upper Howe Sound,

including Furry, Potlatch and Woodfibre Creeks (see

Fig. 1 for locations), are dominated by a thick cover of

rockweed (pers. obs.). Extremely dense populations of

rockweed were also observed to the north of Britannia
Creek at Watts Point (pers. obs.). The Woodfibre Creek

area encounters higher turbidity and lower salinity than

Britannia Beach during freshet (Grout et al., 1999), but

has rockweed cover in excess of 80% in many places

(pers. obs.). Salinity and turbidity, therefore, do not

appear to be viable explanations for the lack of rock-

weed at Britannia Beach.

While the results of this work point to AMD as the
primary factor determining the distribution rockweed in

the vicinity of Britannia Creek, it is not possible to at-

tribute causation to any single component of the efflu-

ent. We have used literature values of dissolved Cu as a

‘‘tracer’’ of AMD, but the deterioration observed in

rockweed transplants to Britannia Creek may be caused

by a combination of all components of AMD: Cu, Zn,

Cd and acidity. For the reasons discussed in the intro-
duction, however, Cu is likely the most significant

component of the drainage influencing the distribution

of rockweed in this region of Howe Sound.
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