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Abstract

Primary treated sewage effluent from the city of Vancouver, Canada was deposited directly onto the intertidal ecosystem of
Sturgeon bank, Fraser river estuary between 1962 and 1988. In response to the degraded sediment conditions an azoic zone de-
veloped near the discharge outfall. Effluent discharges into the intertidal zone were almost completely stopped in 1988 with the
construction of a submerged outfall. Our studies, conducted between 1994 and 1996, showed considerable improvement in the
environment of the mudflat ecosystem, including increased dissolved oxygen, decreased sediment chlorophyll, decreased organic
material in the sediment, reduced heavy metals in surficial sediment and increased grain size. The amphipod Corophium salmonis,
important in the food web for juvenile salmon and other fish species, recolonized the previously azoic location. At reference stations,
C. salmonis density was similar to that observed in previous surveys two decades earlier. Our data strongly suggest that improvement
of sediment conditions near the former sewage outfall was a major factor enabling colonization by C. salmonis. © 2002 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Estuaries located near major urban areas are often
subjected to severe contamination from the disposal of
sewage effluent. Estuarine disposal of these effluents
results in the addition of nutrients and other contami-
nants (trace metals, solvents, other organic contami-
nants) to the surrounding waters and benthic habitats.
The potential long-term effects of sewage effluent dis-
posal include a combination of anoxia and hypoxia
(pelagic and benthic), nutrient enrichment, trace metal
and organic contaminant accumulation and toxicity,
changes in sediment composition, and reductions in
species diversity, density, and productivity (Pearson and
Rosenberg, 1978; Waldichuk, 1984; Costello and Read,
1994). For 16 years (1962-1988) the greater Vancouver

*Corresponding author. Tel.: +1-614-292-2265; fax: +1-614-292-
7432.

sewerage and drainage district (GVSDD) serving ap-
proximately 500,000 people in Vancouver, BC, Canada,
discharged about 1.53 x 10® m® d~! of primary treated
sewage (stormwater, domestic, and industrial waste)
directly into an intertidal ditch which drained the mud
and sand flats of Sturgeon bank in the Fraser river es-
tuary (Fig. 1). By 1974, an azoic zone several hectares in
area had developed near the discharge outfall (Otte and
Levings, 1975; BC Research, 1975; BC Research, 1977).
In response to public and agency concern about sewage
damage to this valuable ecosystem (e.g. Otte and Lev-
ings, 1975; Birtwell et al., 1983), the GVSDD con-
structed a subtidal outfall. Since April 1988, the effluent
has been discharged at 100 m depth in the Strait of
Georgia, about 5 km seaward of the original outfall. The
old outfall is utilized in emergency situations only, with
an average discharge of approximately 4177 m? y~!, less
than 0.01% of the annual discharge to the subtidal
outfall.
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Fig. 1. Four sampling sites (A-0, A-10, A-12, and A-14) within the
Fraser river estuary, BC, Canada. Shaded sections outline the Stur-
geon and Roberts bank tidal flats at low tide.

In this paper we consider the improvement of the
ecosystem of Sturgeon bank following the cessation of
this stress, focusing on variables such as dissolved oxy-
gen and sediment quality which had been measured in a
number of earlier studies during the time when primary
treated sewage contaminated the surrounding mudfl-
ats. Although a number of studies have investigated
ecological changes related to the cessation of sewage
dumping in shallow inshore waters (e.g. Moore and
Rodger, 1991; Ueda et al., 1994; Underwood and
Chapman, 1997), only a few papers present data on the
improvement of sediment ecosystems in the intertidal
zone (McLusky et al., 1993; Read, 1987). None of the
studies deal with mudflats in estuaries of the northeast
Pacific Ocean. To document a biological response from
the intertidal fauna we utilized data on the density,
production, and reproduction of an abundant estuarine
detritivore, the tube-dwelling amphipod Corophium
salmonis. The distribution and abundance of C. salmo-
nis, which reproduces twice per year (in the early sum-
mer and fall), was studied both before (Otte and
Levings, 1975; Levings and Coustalin, 1975; Otte, 1979)
and after construction of the subtidal outfall (Arvai,
1997) with the latter work presenting detailed seasonal
and interannual ecological data, including secondary
production estimates.

In previous studies, Corophium sp. have been shown
to prefer mud or muddy sand to coarser sediment but
tended to avoid very shallow mud. Other sediment pa-
rameters have been shown to be important in limiting

the distribution of Corophium sp. Organic content, po-
rosity, permeability, and water content have all been
shown to affect the distribution of this genus (Meadows,
1964; McClusky, 1968; Peer et al., 1986). For example,
C. salmonis requires the presence of a sediment structure
that is able to support the construction by the amphipod
of a U-shaped tube from which it can collect sediment
particles from the substratum surface during feeding
(Miller, 1984; Icely and Nott, 1985). The construction of
this tube requires a cohesiveness of sediments that sup-
ports the prolonged structural integrity of tubes.

In addition to its benthic and epibenthic inhabitants,
the mudflat ecosystem on Sturgeon and Roberts banks
supports about 50 species of fish including commercially
important species such as salmon (Oncorhynchus spp.)
and flatfish (e.g., starry flounder, Platichthys stellatus).
The largest wild population of chinook salmon (O.
tshawytscha) in the world uses the estuary as a nursery
habitat (Levings, 2000). Crabs (Cancer magister) and
shorebirds such as the great blue heron (Ardea herodias)
are also abundant on the banks. Each of these top
predators is directly or indirectly dependent on a food
web based on crustaceans such as amphipods. As an
example, C. salmonis is used as food by young chinook
salmon. At high tide, the fish move into the mudfiat
habitats of Sturgeon bank. The amphipods leave their
burrows when the sediments are submerged and hence
become available as food for the young salmon (Levings
and Coustalin, 1975).

2. Materials and methods
2.1. Study area

The north sector of the Fraser river estuary is char-
acterized by Sturgeon bank, a large (approximately
83 km?) tidal flat that extends south from the mouth of
the North Arm to the South Arm of the Fraser river
(Fig. 1). A small channel of the lower river drains di-
rectly onto Sturgeon bank, but during spring runoff of
the river much of the fresh water on the bank arises from
the Middle Arm, as the river’s plume spreads to the
northwest. Another major intertidal bank, Roberts bank
(141 km?) is located further to the southwest, across the
South Arm of the Fraser. The northeast sector of
Roberts bank is influenced directly by river discharge
from the South Arm. The tidal range is up to about 5 m
over chart datum. Both banks are characterized by
brackish water and the overlying water at high tide is
highly stratified with a salt wedge penetrating from off-
shore onto the tide flats (Tabata et al., 1971; Bendell-
Young et al., 2000). At spring freshet, the surface water
is typically 0 psu at high tide. However during low
runoff, in winter, surface salinities on the banks are high
(> 25 psu; Levings and Coustalin, 1975).
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The main contaminated site for pre- and post-
improvement investigations was the area within approxi-
mately 200 m of station A-0 (49° 12.899’ N, 123° 12.488’
W, Fig. 1), a specific station within the azoic or severely
polluted zone identified in the earlier studies (Otte and
Levings, 1975; BC Research, 1975; Levings and Cou-
stalin, 1975). station A-0 is located along the west shore
of Sturgeon bank approximately 300 m from the former
effluent release gate of the Iona Island STP (Fig. 1).

Three reference sites were investigated to compare the
population ecology of C. salmonis with the contami-
nated site: A-10 (49° 11.501' N, 123° 13.292" W), A-12
(49° 09.14' N, 123° 12.598' W), and A-14 (49° 05.73' N,
123° 12.35" W; Fig. 1) (Arvai, 1997). These sites were
sampled during earlier biological studies (Levings and
Coustalin, 1975) but data were limited. It is important to
note that these are not “control” sites. The concept of a
control, in the sense of experimental procedure, is diffi-
cult to use in a field ecology study. Instead, we selected
stations in the area at which we could make defensible
comparisons with the contaminated site, A-0. Besides
the fact that historical data are available, other consid-
erations for their selection included their history in

Table 1

terms of previous effluent discharges and their location
in relation to A-0 on the mudflat. Specifically, these
three reference sites were not affected by effluent from
the Iona Island STP due to the deflection of the sewage
northward into the Strait of Georgia by tidal currents
(Tabata et al., 1971) and because of the presence of the
North Arm and Iona Jetties (Fig. 1). All four stations
were located at approximately the same tidal height,
namely —0.3 m relative to mean sea level, and were ex-
posed to similar wave and current exposures (Feeney,
1995).

2.2. Sampling methods for C. salmonis

C. salmonis biomass and densities were determined
from five replicate samples of 0.05 m? taken to a depth
of 15 cm, using an aluminum box core. Visual inspec-
tions of the core contents indicated that all C. salmonis
were present in the upper 10 cm. Sampling for C. sal-
monis began on 10 May, 1994, and continued monthly
between September and April and bi-weekly between
May and August. Monitoring was terminated in No-
vember 1996. All stations were reached at low tides

Changes in sediment ecosystem variables and C. sa/monis density in the azoic zone before and after diversion of sewage from the intertidal mud and

sand flats on Sturgeon bank, Fraser river estuary

DO Chl a max  Sediment grain Mercury in Sediment C. salmonis  C. salmonis Sediment ap-
range (mg m~2) size range surficial LOI range  density annual produc- pearance/quality
(mg ™" (% < 63) sediment (%) (no. m™2?)  tion (gm72 y!
(ng g AFDW)
Pre-improvement ~ 0.7-3.0* 772-1000°®  81.8-94.1* 0.89¢ 7.4-8.6¢ None None observed® Blue—green algae
(before 1988) observed® dominant®;
gel-like mud that
would not hold
the weight of a
person
Post-improvement 4.4-6.17  180¢ 25-52h 0.21-0.28! 3.9-5.0/ 799"-1570%  0.50 Pennate diatoms

(after 1988)

dominant™;
highly cohesive
sand and mud
(Feeney, 1995)"

Only data from locations within 200 m of station A-0 are included.

#Otte and Levings, 1975; Otte, 1979 (high tide, 50 cm water depth, October 1974); Birtwell et al., 1983 (flood tide, surface, July 1980).

Y BC Research, 1975; Otte and Levings, 1975.
¢McGreer, 1979.

40tte and Levings, 1975; Levings and Coustalin, 1975 (September 1973); Otte, 1979; BC Research, 1975 (stations A-1, A-3 in spring 1974; BC

Research, 1977 (station A-3 in spring 1976).

¢ Levings and Coustalin, 1975 (September 1973); Otte and Levings, 1975; Otte, 1979 (June 1974).

fNishimura et al., 1996 (high tide, 50 cm water depth, August 1995).

2Yin et al. submitted; (October 1994).
" Arvai, 1997 (summer and winter 1996).

!Levings and Bravender (from February 1992), Thomas and Bendell-Young, 1998 (from July 1995).

I Thomas and Bendell-Young, 1998 (from May and July 1995).
K This study, data from June and September 1994 and 1995.
'Arvai, 1997 (mean value for 1994, 1995, and 1996).

™Ross, 1998.

" Feeney, 1995.
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using Canadian Coast Guard Search and Rescue Hov-
ercrafts stationed at the Vancouver International Air-
port.

2.3. Laboratory and data analysis

A system of tiered sieves with mesh sizes of 1000, 750,
and 500 um were used to separate animals from finer
sediments. All material retained in the sieve was fixed
with 5% buffered formalin and stained with rose bengal.
C. salmonis was then separated from other organisms
and accompanying debris, sexed (according to Otte,
1975), reproductive condition assessed by verification of
the presence of oostegites, and counted under a dis-
secting microscope. Annual production was estimated
using cohort analysis (Crisp, 1971). Further details on
methods are given elsewhere (Arvai, 1997).

2.4. Data sources for ecosystem variables
A number of previous studies investigated ecosystem

variables affected by sewage discharge in the vicinity of
station A-0, before and after construction of the subtidal
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outfall. These variables included dissolved oxygen at
high tide, sediment grain size, chlorophyll, organic
content, and heavy metals in the sediment.

3. Results
3.1. Ecosystem variables

Improvements in several of the variables which are
considered to be important stressors from sewage were
observed at station A-0 in our surveys (Table 1). This
included an increase in dissolved oxygen of approxi-
mately 3.0 mg 1~ an order of magnitude decrease in the
standing crop of chlorophyll, an increase in sediment
grain size as indicated by a 42% increase in the pro-
portion of sand, a decrease in the amount of organic
material in the sediment as estimated by loss-on-ignition
(a 45% decline), and a decrease in sediment heavy met-
als, as indicated by mercury in surficial sediment (de-
crease of approximately 0.60 ug g~!).

Direct observations during field trips by the authors
corroborated these data. In 1974, sediments near A-0
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Fig. 2. Changes in density (m~2) of the amphipod C. salmonis at four stations on Sturgeon (A-0, A-10, A-12) and Roberts (A-14) banks. Error bars

represent +1 S.E., n = 5.
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were very soft, and persons attempting to walk on the
flats at low tide sank into the mud at least 1 m deep but
after improvement, investigators could easily traverse
the intertidal area by foot. In addition, blue green algae,
which were dominant on the sediment surface during the
pre-improvement surveys, were not observed in the re-
cent studies.

3.2. Increases in C. salmonis abundance and production at
the previously azoic area

Survey data from 1994 to 1996 clearly indicated that
the previously azoic area had been colonized by C. sal-
monis (Fig. 2). The peak density of C. salmonis for the
entire study was observed at station A-0 (approximately
5000 individuals m~2) on 22 November, 1996. Maxima
were also observed in May 1994, October 1995, August
1996, and November 1996, indicating successful repro-
duction and recruitment of juveniles to the population in
the area. This was confirmed by observations of repro-
ductive condition, showing that ovigerous females
were present at all sites, although in widely varying
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numbers (Fig. 3). Annual production was estimated at
0.50 g m~2 y~! ash-free dry weight (AFDW) (Table 1).

3.3. Density of C. salmonis and ecosystem variables rel-
ative to reference stations in the pre- and post-improve-
ment condition

The densities of C. salmonis at two of the three ref-
erence stations during the pre- and post-improvement
period were similar, ranging from 361-572 individuals
m~2 in the area of station A-10 and 381-430 individuals
m~2 near station A-14 (Table 2). Densities at station A-
12 were lower in the post-improvement era (Table 2).
Only data on sediment grain size are available from the
pre- and post-improvement periods. These data indicate
that the percentage of fine sediment (< 63 um) has
shown a variation of < 9% at stations A-10, A-12, and
A-14 (Levings and Coustalin, 1975; Arvai, 1997).

No seasonal data or information on the produc-
tion of C. salmonis are available from before the time
that the subtidal outfall was installed. However, the
post-improvement data showed that the pattern of
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Fig. 3. Changes in the proportion of ovigerous females (%) of the amphipod C. salmonis at four stations on Sturgeon (A-0, A-10, A-12) and Roberts

(A-14) banks.
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Table 2
Densities (number m™
and post-improvement conditions

2

; mean, range) and annual production (g m~2 y~! ash-free dry weight) of C. salmonis at the three reference stations in the pre-

A-10*

A-12 A-147

Pre-improvement density (before 1988)
Post-improvement density (after 1988)
Post-improvement annual production (after 1988)

361; 20-1088*
572; 235-1460¢
0.46¢; 0.07"

902; 0-5600° 381; 16-1088°
32; 0-80¢ 430; 26-1012¢
0.46°; 0.07" 0.54¢

See footnotes for data sources.
" Station A-10 of Otte and Levings, 1975.
" Station FRAPER 12 of Levings and Coustalin, 1975.
" Station FRAPER 14 of Levings and Coustalin, 1975.

#Based on data from 12 stations seaward of Sea Island (excluding station A-0) at a similar elevation to A-10 in September 1973 and June 1974;

Levings and Coustalin, 1975; Otte and Levings, 1975; Otte, 1979.

®Based on data from seven stations seaward of Lulu Island at a similar elevation to A-12 in September 1973; Levings and Coustalin, 1975.
“Based on eight stations seaward of Westham Island at a similar elevation to A-14 in September 1973; Levings and Coustalin, 1975.

9This study, samples from June to September 1994 and 1995.

¢ Arvai, 1997; pooled data for 1994.

" Arvai, 1997; mean of pooled values for 1995 and 1996.

€ Arvai, 1997; mean of pooled values from 1994, 1995, and 1996.

fluctuations in C. salmonis density were similar between
stations A-O and the three reference stations. Of par-
ticular interest were peaks in density observed during the
winter months at stations A-0 and A-14 and the absence
of similar peaks at stations A-10 and A-12 (Fig. 2).
Consistently high densities were observed during the
winter and spring, particularly in 1994 when densities
ranged from 1804 (S.E.=308.4) to 5007 (S.E.=808.3)
individuals m~2 at station A-0 (Fig. 2(a)) and 1835
(S.E.= 364.4) to 4385 (S.E. = 586.5) individuals m~2 at
station A-14 between 29 November, 1994 and 21 March,
1995 (Fig. 2(d)). This trend was observed again during
the winter of 1995 and spring of 1996 when densities
were as high as 1076 (S.E.=179.7) individuals m~2 at
A-0 (22 November, 1995) and 2872 (S.E. =943.8) indi-
viduals m~2 at A-14 (29 February, 1996). To help con-
firm the winter peaks in density, additional sampling
was undertaken in November 1996 at all four sampling
stations. At this time, density was again high at stations
A-0 and A-14 (Figs. 2(a), (d)). Peaks in densities corre-
lated with seasonal changes in numbers of ovigerous
females, but data were extremely variable at stations
A-10 and A-12 (Fig. 3). Annual production was 0.46
gm2y ! AFDW at these two stations in 1994, and
only 0.07 g m~2 y~! AFDW in 1995 and 1996. At sta-
tion A-14, production was similar to that at station A-0
(0.54 g m—? y~! AFDW) (Table 2).

4. Discussion
4.1. Factors enabling colonization by C. salmonis

The improvement in several physico-chemical factors
in the previously azoic zone near station A-0 likely en-
abled C. salmonis to colonize the area. Laboratory ex-
periments would be required to explicitly identify the
factors, and the situation is complex because several

likely co-vary. For example, organic content of the sed-
iment is correlated with mercury concentration at the
Fraser estuary (Thomas and Bendell-Young, 1998).
There have been no lab experiments to identify specific
toxic constituents of the sewage for C. salmonis. A re-
lated species (C. insidiosum) was reported to be an indi-
cator species of ““slight organic pollution” (Anger, 1977),
so it is possible that C. salmonis is also somewhat pol-
lution tolerant. Dissolved oxygen, sediment grain size,
organic content of sediment and contaminant toxicity
are some of the factors which could have influenced
survival of the amphipod in the pre-treatment era
(Costello and Read, 1994; Gamenick et al., 1996) and
each has shown improvement. Stanhope (1983), working
at the nearby Squamish river estuary in British Colum-
bia, concluded from field studies that C. salmonis pro-
ductivity was reduced in low oxygen conditions created
by decomposing wood debris. The improvement of DO
at station A-0 therefore may have influenced the survival
and growth of C. salmonis. Sediment grain size is another
key factor for C. salmonis, as discussed by Albright
(1982) who concluded that sediment characterized by
silt-sized particles are preferred by this species. In the
pre-improvement condition, however, sediments near A-
0 were dominated by an unstable silt and gel-mud which
may have prevented tube-building by this species. An
intact tube is required for sediment feeding by Coroph-
ium spp. (Miller, 1984; Icely and Nott, 1985).

4.2. Factors influencing contemporary amphipod produc-
tion on Sturgeon and Roberts banks

Overall, density, biomass, and production were gen-
erally lower, especially at stations A-10 and A-12,
characterized by sandy and unstable sediments, than
values found for Corophium spp. in other areas. The
sandy and unstable sediments at station A-10 and A-12
may restrict C. salmonis growth and productivity. Values
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were also relatively lower for Corophium spp. in com-
parison to intact and undisturbed habitats in other es-
tuaries. For example, the density of C. robustum from a
dredging-disturbed habitat in southwestern Russia ran-
ged from 750 to 12,250 individuals m~2 (Bortkevitch
et al., 1984). Grizzle (1984) also found higher densities
of C. ellisi (max=>57,960 individuals m—2, ¥ = 16,234
individuals m~2) in organic-enriched, sewage disturbed
sediments on the east coast of Florida. Mean biomass in
a study in the upper Bay of Fundy ranged from 0.09 to
2.7 g m~? DW (Hawkins, 1985) compared to 0 to 1.21
g m~2 AFDW in this study (Table 2).

The production of C. salmonis is also contingent
upon food availability. Food availability is likely high at
stations A-0 and A-14 because of high benthic micro-
algal biomass (Ross, 1998; Yin and Harrison, 2000) and
increased organic content as a result of natural organic
input and periodic sewage effluent discharges (as indi-
cated by high loss on ignition, Table 1). On Sturgeon
and Roberts banks, these take place as influxes of marsh
detritus in fall and winter (Pomeroy and Levings, 1980).
There are also relatively small occasional discharges of
primary treated effluent from the Iona Island STP,
mainly during volume-overload bypasses during periods
of heavy rainfall, predominantly during the winter
months. In 1994, nine such bypass events took place,
spilling a total of 7.3 x 107 1 of effluent near station A-0
on Sturgeon bank (Larson, 1995). On Roberts bank,
station A-14 is thought to be influenced by discharges
from the Annacis (3.7 x 10° m® d™') and Lulu Islands
(5.1 x 105 m® d~! STPs located upstream in the South
Arm of the Fraser river (Moore, 1993). In 1995, Thomas
and Bendell-Young (1998) found sediment organic levels
ranged from 3.4% to 4.2% at this site as well as increased
levels of metals in sediments.

Secondary production and secondary production to
mean biomass ratios (P:B) of C. salmonis (which ranged
from 0.89 to 2.05) at stations A-0 and A-14 were lower
than those observed in several other estuaries (Table 3).
These low P:B ratios and growth rates can be accounted

for, in part due to increased longevity and latitude
(Segerstrale, 1960; Ankar and Elmgren, 1976) as com-
pared to other cold water Corophium spp. We may also
have observed the effects of sublethal effluent-related
toxicity related to the periodic effluent discharges from
the Tona, Annacis, and Lulu STPs.

4.3. Ecosystem benefits of increased productivity of C.
salmonis on Sturgeon bank

Because of the lack of detailed data on the ecology of
Sturgeon bank before the sewage was diverted, it is dif-
ficult to give a quantitative perspective on improvement.
However, we believe that the establishment of C. sal-
monis in the previously azoic area may have benefited
secondary and tertiary consumers on Sturgeon bank.
For example, up to 500,000 Western Sandpipers (Calidris
mauri) utilize the tidal flats of the Fraser river estuary for
feeding each day during their spring and late summer
migration (Butler, 1994). It is expected that during their
stay on the mudflats, Western Sandpipers remove a large
amount of the available benthic production in the form
of epibenthic and infaunal invertebrates from the inter-
tidal as has been seen on temperate mudflats in the Bay
of Fundy (Peer et al., 1986; Daborn et al., 1993). The
arrival of migratory birds like the Western Sandpiper at
these times likely partially accounts for the changes in C.
salmonis density shown in Fig. 2.

As well, fish are now more abundant near station A-0
compared to the pre-improvement condition (Nishim-
ura et al., 1996) and the increased amphipod production
(0.5 g m~2 y=! AFDW) is available for fish food energy
flow. C. salmonis also becomes potentially available as
fish food at high tide, when swimming amphipods are
consumed by fish living in the water column such as
juvenile salmon (Levings, 1985). Species such as starry
flounder feed on C. salmonis emerging from the sedi-
ments even when the water is only a few centimetres
deep. Some of the fish production in turn is used by
predatory birds such as great blue heron and gulls. The

Table 3
Summary of published values of secondary production (P), and production to biomass ratios (P:B) measured for Corophium spp. in this and other
studies
Species P (gm2y! DW) P B Study site Reference
C. salmonis 0.10 1.0 A-10/A-12 This Study (MIN.)
C. salmonis 1.55 1.7 A-14 This Study (MAX.)
C. salmonis 7.24 8.6 Grays harbor, WA, station 1 Albright (1982)
C. salmonis 21.44 7.6 Grays harbor, WA, station 2 Albright (1982)
C. salmonis 18.64 7.2 Grays harbor, WA, station 3 Albright (1982)
C. robustum 71.8 2.1 Ingulets river, Russia, station 1 Bortkevitch et al. (1984)
C. robustum 101.5 NA Ingulets river, Russia, station 2 Bortkevitch et al. (1984)
C. spinicorne 0.78 2.4 Squamish estuary, BC, station 1 Stanhope (1983)
C. spinicorne 4.66 4.0 Squamish estuary, BC, station 2 Stanhope (1983)
C. sextoni 0.01 2.1 Torbay, UK Hughes (1978)
C. volutator 3.17 NA Pecks Cove, Bay of Fundy Hawkins (1985)

NA =not available.
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amphipod production is also available to invertebrate
predators such as the Dungeness crab (Cancer magister)
and predatory polychaetes such as nereids (Eteone
longa) which now can use the area (Rebele, 1994).

5. Conclusions

The results of our study on C. salmonis strongly
support the conclusion that the Sturgeon bank ecosys-
tem at the Fraser river estuary has undergone significant
improvement since 1988 when disposal of primary
treated sewage into the intertidal zone ceased. As found
in both intertidal and subtidal sediment ecosystems
elsewhere (e.g., Moore and Rodger, 1991; Ueda et al.,
1994; Underwood and Chapman, 1997), the removal of
stress from sewage enabled changes toward an ecosys-
tem which likely is more representative of conditions
before the STP began operating. The evidence for the
improvement in our study area includes increased dis-
solved oxygen levels, decreased sediment organics, in-
creased grain size, decreased chlorophyll levels,
decreased heavy metals and the finding of significant
populations of the amphipod C. salmonis in an area
where none were found when sewage was being dis-
charged intertidally. In addition to improvement in the
previously azoic zone, relatively high contemporary
winter density, biomass, and secondary production of C.
salmonis were observed at stations that were influenced
by occasional or regular effluent discharges. This was
likely due to ample food availability, optimum sediment
grain sizes for feeding on organic material, and relatively
low toxicity of the sewage discharged.
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