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ABSTRACT: Global changes manifest themselves in coastal waters depending on local oceanography and ecosystems. In this paper, we consider the Strait of Georgia as a case study. After examining physical and chemical processes and trends, we discuss consequences of change on geochemical cycling and biota. Several components of the system are vulnerable. Declines in pH and O2 of
basin waters, partly imported from the shelf and partly supported by carbon cycling within the strait,
could reduce benthic and pelagic habitat. Sea level rise and storms will interact with coastal development to place critical habitat, such as low-lying estuaries, intertidal zones and mudflats, at risk.
The decrease and earlier peak in zooplankton biomass may lead to changes in the food web that cascade to higher trophic levels such as fish and birds. Anadromous fish, already showing declines, are
vulnerable to ocean regime shifts, increasing river temperatures, habitat destruction, harvesting and
contaminants. For southern resident killer whales Orcinus orca, a species at risk, decline in Chinook
salmon Oncorhynchus tshawytscha together with marine traffic and biomagnifying contaminants will
lead to extirpation if no action is taken. Some stressors can be controlled only through international
action to mitigate climate change. However, we have local control of fishing, habitat destruction,
release of some contaminants and, to some extent, river flow and temperature. Acting to control these
stressors will support resilience of biota in the face of inevitable global changes.
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pH · Fish · Marine mammals
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1. INTRODUCTION
Coastal regions are likely to experience dramatic
change in coming decades as a consequence of global
climate change and local pressures from fishing,
transport, habitat destruction and waste disposal. The
global average surface air temperature has increased
by 0.74°C (IPCC 2007b) over the past century and is
projected to rise another 1.1 to 6.4°C by 2100 (IPCC
2007b). Sea level is also projected to rise by 0.2 to 0.6 m
or more by 2100 (Hansen et al. 2007, IPCC 2007b),
variability in climate is expected to increase, and the
pH of the upper ocean will decrease (Doney et al.
2009).
Humans also affect ecosystems directly through fishing (Myers & Worm 2003), contamination, and alter-

ation of the hydrological cycle through damming,
which together offer nothing less than transformative
change (Jackson 2008). Global change will manifest
itself regionally depending on site-specific characteristics of the marine environment. To identify vulnerability and to respond appropriately to change, it will be
crucial to project change to regional and local scales
where appropriate action may be taken.
In the present study, we examine the sensitivity to
change of the Strait of Georgia, one of Canada’s most
important coastal seas (Fig. 1). Previous reviews have
considered physical, biological and geochemical aspects of the strait (e.g. Thomson 1981, Harrison et al.
1983, Burd et al. 2008b, Hill et al. 2008). We do not
attempt to provide another review of the characteristics of the Strait of Georgia. Rather, we examine the
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that contain particularly strong possibilities to produce alterations significant to local biogeochemical
cycles and to humans. The conclusions drawn for the
Strait of Georgia may be extrapolated to other coastal
basins with similar characteristics (i.e. typologies;
Buddemeier et al. 2008).

1.1. Strait of Georgia
The Strait of Georgia lies between mainland British
Columbia and Vancouver Island (Fig. 1). Shallow sills
(~100 m) restrict water exchange with the Pacific
Ocean predominantly at the southern end and secondarily at the northern end of the strait. Over the
Holocene, the strait has been subject to considerable
fluctuation in relative sea level (RSL), with greater
stability during the past few millennia (Thomson
1981). Emergence of land has also been recognized in
the oral tradition of the Saanich Peoples: ‘Saanich’
(WSÁNEĆ) means ‘raised’ in Coast Salish (Paul et al.
1995). The Fraser River is the dominant source of fresh
water and particles to the strait, contributing approximately 73% of the 158 × 109 m3 yr–1 of water and 64%
of the 30 × 109 kg yr–1 of particles (Johannessen et al.
2003). Bordering the strait are many large towns,
including Metro Vancouver (population ~2 million),
and numerous industries (Fig. 1).

1.2. Projected regional changes

Fig. 1. Regional map showing the Strait of Georgia and the
Fraser River drainage basin

functioning of this coastal sea specifically to identify
points of sensitivity to change. Coastal environments
have already changed due to human activities, and
the natural baseline against which to assess trends
may be difficult to determine (Pitcher 2001, Robinson
& Frid 2008). Change is a result of complex interactions among physical, geochemical and biological
factors, with feedbacks providing opportunities for
surprises. To approach the problem of complexity,
we start with physical and geochemical forcing
and human pressures before addressing biological responses. We seek thresholds or mechanisms of change

Climate change projections vary regionally; the poles
exhibit enhanced warming, for example, and coasts
respond differently than interior continental regions.
On the west coast of North America, we expect drier
summers, wetter winters and more extremes in temperature and precipitation (IPCC 2007b). From November to April, more precipitation will fall as rain
and less as snow. Models and observations suggest
that glacial ice and permanent snow mass, key stabilizers of the hydrological cycle (Barnett et al. 2005),
will decrease. Rivers discharging to Canada’s west
coast are dominated by snow and ice melt. Together,
the seasonal shift in precipitation and the loss of
long-term storage in snow and ice will lead to a more
even hydrograph, with a smaller freshet and greater
fall and winter flow. The Strait of Georgia receives a
dominant imprint of its water properties by advection
from the continental shelf, so changes in shelf water
properties may be imported rapidly (<1 yr) into the
strait. A simple way to effect change in shelf waters
would be to alter the frequency and intensity of
coastal upwelling or the composition of the upwelled
water.
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2. PHYSICAL FORCING AND SENSITIVITY TO
CHANGE
2.1. Water motion and exchange
Water movement in the strait is dominated by estuarine circulation driven primarily by the Fraser River, as
well as by tides and winds (Thomson 1981, Masson
2006). Bottom water in the Strait of Georgia has the
longest residence time (~1 yr; Waldichuk 1957), while
surface water has the potential to exchange within
weeks (Pawlowicz et al. 2007). Bottom-water replacement occurs through deep-water renewal events timed
with neap tides in late spring and summer (Waldichuk
1957, Masson & Cummins 2000). Change in water
properties including temperature, dissolved oxygen
(DO), nutrients and pH can therefore be imported to
the strait from the continental shelf (Fig. 2).

2.2. Seawater temperature
Average air temperatures in British Columbia have
increased significantly over the last 50 yr (IPCC
2007a). Due to its heat capacity, the rise in ocean temperature lags those of air, river and lake water (IPCC
2007b). Nevertheless, seawater in the Strait of Georgia
has warmed since 1970 (Fig. 3). All the seawater that
enters the basin (up to 460 m deep) must flow over
shallow sills (<100 m), and since the temperature
increase at depth parallels the temperature rise in the
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surface waters (upper 150 m) of the shelf (Masson &
Cummins 2007), we infer that heat in the bottom
waters is imported from the shelf. El Niño events also
transport warm waters northward along the coast of
western North America, producing episodic warming
in addition to the long-term trend (Masson & Cummins
2007).

2.3. Rivers and the hydrological cycle
Freshwater runoff drives estuarine circulation, supports stratification in the strait and supplies dissolved
and particulate substances. River discharge to the
Strait of Georgia is strongly seasonal: snow-fed rivers,
including the Fraser River, peak in the early summer,
while the much smaller, rain-fed rivers of Vancouver
Island peak in the winter.
The Fraser River’s discharge is changing. Summer
peak flow has decreased, winter flow has increased
and freshet has tended to occur earlier (Fig. 4a; Morrison et al. 2002). These observed trends are projected to
continue throughout the 21st century, as the discharge
shifts from snowmelt- toward rainfall-dominant runoff
(Whitfield et al. 2003), with a significantly lower peak
flow occurring about 24 d earlier by 2080 than during
the 1961 to 1990 reference period (Fig. 4b). River flow
is projected to become more variable (Morrison et al.
2002), as has already been observed in short-term
(< 6 h) precipitation intensity over the last 10 yr in the
Vancouver area (Jakob et al. 2003).

Fig. 2. Schematic diagram showing physical factors (in capitals) that are subject to climate change and the range of physical properties/processes (in italics) they are likely to impact in the Strait of Georgia. Changes in upwelling on the continental shelf will
affect the temperature and salinity of replacement water for the basin. Changes in the timing of freshwater inflow will alter stability of surface waters. Storms together with sea level rise will lead to coastal erosion and inundation of nearshore regions of
low topography. Factors like solar energy and tidal mixing are less subject to change over century timescales

4

Clim Res 40: 1–21, 2009

Fig. 3. The warming of seawater in the Strait of Georgia since 1970 (adapted from Masson & Cummins 2007)

The temperature of major rivers draining into the
Georgia Basin is also increasing. In the summer of
2006, 9 new daily high temperature records were set in
the Fraser River. The summer temperature of the
Fraser River is expected to rise by 1.9°C by the end of
the century (Morrison et al. 2002), leading to maximum
temperatures approaching 24°C.

3. GEOCHEMICAL FORCING, RESPONSES AND
SENSITIVITY TO CHANGE
In this section we consider factors that affect chemical cycles, especially those of organic carbon (OC),
which can then affect oxygen, productivity and the
geochemical cycles of elements affected by redox conditions (DO, hypoxia, sulphide production).

3.1. Light climate
Visible and UV radiation is, strictly speaking, a physical forcing. We include it here because its penetration
into the water is largely controlled by geochemical
transformations of organic matter. Furthermore, light
and nutrients provide the means to produce OC
through primary production (PP), to destroy or modify
OC through photochemistry, to alter carbon flow in
ecosystems through, for example, UV damage, and to
affect the distribution of oxygen through organic production and remineralization. The 2 most important
geochemical controls on UV are suspended particles
and coloured dissolved organic matter (CDOM).

3.2. Particle processes

Fig. 4. (a) Present timing of the Fraser River hydrograph, dominated by spring snow melt, and (b) future hydrograph where
rainfall becomes more important, leading to a more modest
freshet and higher flows in the fall (adapted from Morrison et al.
2002). The date of the actual peak flow is not plotted, because
that date can be affected by a single large rainstorm (J. Morrison pers. comm. 2008). A, B, C and D represent 4 model runs

Particle processes have been studied extensively in
the Strait of Georgia (e.g. Hill et al. 2008). The Fraser
River supplies about 80% of the particle loading to
the strait (Johannessen et al. 2003), and, although
these particles are predominantly inorganic, the ~1%
OC carried by riverborne particles provides almost
half of the particulate organic carbon (POC) that
enters the strait. Particle discharge by the Fraser
River is highly seasonal, with most of the load borne
during early freshet, at which time sand makes up
about half of the suspended particles. During the rest
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of the year, smaller particles predominate. Sand settles first to nourish the Fraser Delta, whereas finer
particles are transported farther in a surface plume
(<15 m thick) that may extend over most of the southern and central Strait of Georgia (Johannessen et al.
2006), limiting light penetration. Once the plume
reaches Haro Strait, intense tidal mixing stirs the particles and holds them in suspension throughout the
water column. Despite the apparent extent of turbidity in surface waters, most of the particulate matter
and, hence, associated materials (OC, contaminants)
are trapped within basin sediments (Johannessen et
al. 2003).
Organic particles are also produced within the strait
through PP (Fig. 5a). About 20% of the PP and terrigenous carbon is oxidized either in the water column or
sediments (Johannessen et al. 2003) and the rest is
buried. OC from terrestrial runoff and PP enters near
the ocean surface, affecting light and the exchange of
CO2 with the atmosphere, but much of the remineralization takes place at depth, affecting the distribution
of oxygen.

5

3.3. Dissolved organic matter
In coastal locations with large terrigenous input,
CDOM may make up 10 to 90% of the dissolved
organic matter (DOM) (Thurman 1985); certainly, the
water in the Fraser plume is visibly coloured. Lacking
CDOM data for the strait, we rely on the distribution of
DOC as a proxy for which we have strait-wide seasonal
data (Johannessen et al. 2008b). Most of the OC in the
Strait of Georgia is dissolved (Fig. 5). As with POC, the
2 major sources of DOC to the strait are PP and terrestrial runoff (Johannessen et al. 2003). Rainwater likely
provides a negligible source of DOM (Willey et al.
2000), but there are no rainwater data for the strait.
DOM may sustain microbial ecosystems or undergo
chemical/photochemical reactions, but these processes
have not been quantified locally. Johannessen et al.
(2008b; Fig. 5) estimate that about twice as much DOM
passes through the strait each year as is contained in
the standing inventory, implying that DOM is highly
dynamic and is, therefore, vulnerable to change.

3.4. Nutrients

Fig. 5. Sources of (a) particulate organic carbon (POC) and
(b) dissolved organic carbon (DOC) in the Strait of Georgia
(adapted from Johannessen et al. 2003, 2008b). Note that
anthropogenic loadings account for only a small portion of
the organic carbon. negl. = negligible

Nitrogen is thought to be the controlling nutrient for
PP in west coast waters (Mackas & Harrison 1997).
Nitrogen supply in the Strait of Georgia and the
Juan de Fuca and Haro Straits is dominated by the
upwelling of nutrient-rich water onto the continental
shelf and the inflow of these waters at depth into the
strait driven by estuarine circulation (Fig. 6; Mackas &
Harrison 1997). Unlike many coastal regions where
eutrophication stems from riverine and coastal inputs,
the natural marine nutrient supply swamps anthropogenic loadings, ensuring that phytoplankton are
never nutrient limited ([NO3] always >10 µM; Mackas
& Harrison 1997) in the Juan de Fuca Strait and the
southern Strait of Georgia. Periodic nutrient limitation
does occur in the central Strait of Georgia during the
summer, however, and the fjords and inlets are sensitive to the addition of anthropogenic nutrients due to
restricted circulation and remoteness from upwelled
water (Mackas & Harrison 1997). The concentration of
nitrate in Fraser River water is low (Yin et al. 1995), but
entrainment of subsurface water by estuarine circulation forced by the Fraser River provides a significant
supply of ocean nutrients to the euphotic zone (Yin
et al. 1995), with higher river flow sustaining more
entrainment, even on the timescale of a few days. The
stability provided by runoff promotes the initiation of
PP in the spring, although later this stability limits the
resupply of nutrients from below (St. John et al. 1993).
Wind-mixing modulates estuarine circulation by breaking down stratification and re-supplying nutrients on a
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Fig. 6. Schematic diagram showing geochemical factors (in capitals) subject to climate change and the range of properties or processes (in italic) they are likely to impact. Upwelled water at the coast carries low dissolved oxygen and low pH, which then set a
baseline for Strait of Georgia bottom waters. Sinking particles containing labile organic carbon (marine and terrigenous sources)
further decrease bottom water O2 and pH through metabolism, which converts O2 to CO2. Disturbances to the natural setting
include nutrients, organic loadings and contaminants. The inset diagram shows an organic carbon budget for basin waters
(> 200 m depth) based on Johannessen et al. (2003, 2005b). The metabolism of 40 g C m–2 yr–1 in basin waters is equivalent to a
drawdown of ~0.7 ml l–1 yr–1 of O2. The precautionary level for O2 (~3.2 ml l–1), below which animals begin to exhibit the effects of
hypoxia (see Vaquer-Sunyer & Duarte 2008), is from Masson (2006)

short timescale. No trend in nutrient concentrations
has been observed over the period of recent monitoring (2002 to 2006) (DFO 2007).

3.5. Dissolved oxygen

posed as a precautionary level for hypoxic effects, and
2 mg l–1 (1.4 ml l–1) is considered sufficiently hypoxic to
cause ‘dead zones’ (Vaquer-Sunyer & Duarte 2008), a
small decrease in the Strait of Georgia’s bottom-water
DO has the potential to alter species distributions by
elimination or restriction.

Geochemical cycling is controlled by DO directly
through sequestration or remobilization of elements
sensitive to sulphide or oxygen concentration and indirectly through the regulation of biological populations,
which then affect organic cycling and biomixing. At
the surface of the Strait of Georgia, DO exchanges with
the atmosphere and is produced in the water by phytoplankton. The spring bloom each year boosts the surface concentration of DO by about 2 ml l–1 (Masson &
Cummins 2007). Year-round the concentration in surface waters is high (7 to 9 ml l–1) and decreases with
depth (Masson & Cummins 2007). At depth, DO is periodically re-supplied during deep-water renewal in the
late spring and summer (Masson 2002), which opposes
a relentless drawdown due to the oxidation of organic
matter supplied from above, leading to a seasonal
cycle in deep-water DO (Fig. 7). Between December
and March, the concentration of oxygen in the deep
central strait can be as low as 2 ml l–1 (Masson & Cummins 2007). Given that 4.6 mg l–1 (3.2 ml l–1) is pro-

Fig. 7. Average monthly values of dissolved oxygen (DO) and
temperature (T) in bottom waters of the Strait of Georgia for
1967/1968 (from Masson & Cummins 2000). Lowest O2 values
are recorded during winter, while lowest temperatures are
recorded in spring to summer. In some years DO dropped to
2 ml l–1 (Masson & Cummins 2007), which is considered
sufficiently hypoxic to cause ‘dead zones’
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The deep Strait of Georgia has never been anoxic in
recorded history, although bottom waters in nearby
fjords (Saanich Inlet, Howe Sound) have exhibited seasonal or intermittent anoxia. For the strait, the oxygen
concentration has decreased by 0.02 to 0.03 ml l–1 yr–1
over the period 1970–2006 (Masson & Cummins 2007).
A quarter of this decrease can be explained directly
by the decrease in solubility due to the warming of
seawater (at a basin water temperature of 9°C and a
salinity of 33, a 1°C increase in temperature implies a
0.15 ml l–1 decrease in O2). The remaining decrease is
likely derived from other processes. The concentration
of DO in surface waters of the shelf off Vancouver Island has recently been decreasing (Whitney et al.
2007). This oxygen drawdown could be imported into
the strait’s basin water as described earlier. The system,
and others with similar bathymetry, is particularly vulnerable because the shallow sills permit the entry of
eastern Pacific Ocean shelf and slope water, which exhibits a strong O2 minimum. Within the strait, processes
that increase the flux of labile carbon into basin waters
could, likewise, lead to a decrease in DO. The oxidation
of 40 g C m–2 yr–1 (inset panel in Fig. 6) is equivalent to
a drawdown of ~0.7 ml l–1 O2: a failure in renewal for a
2 to 3 yr period would lead to anoxia in deep water.

3.6. pH
Acidification of the ocean through uptake of anthropogenic CO2 alters chemical speciation and biogeochemical cycling for many elements and compounds,
in particular increasing the availability of some toxic
metal ions, such as the cupric ion (Knutzen 1981). The
best known effect of low pH is dissolution of carbonate
shells (Wootton et al. 2008, Doney et al. 2009), although
there are other possible physiological effects (Widdicombe & Spicer 2008). Plants and animals at risk include calcareous plankton (coccolithophores), bivalves
(clams, mussels), corals and a number of benthic invertebrates (Knutzen 1981, Fabry et al. 2008). The decrease in pH associated with even a moderate increase
in atmospheric pCO2 of 200 ppmv reduces the growth
rate of gastropods and sea urchins (Shirayama &
Thornton 2005). Marine fish seem to be relatively
insensitive to changes in pH, but less active fish, such
as bottom feeders, are thought to be at greater risk for
disruption of their acid –base balance (Fabry et al.
2008), and indirect effects on the food web due to loss
of carbonate species could produce unexpected ecological consequences, especially for nearshore benthic
ecosystems (Wootton et al. 2008). A decrease in pH
could affect fish survival at sea by reducing the availability of calcium-rich food (e.g. pteropods; Doney et
al. 2009). Non-calcareous algae and sea grasses may
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thrive in high-CO2, low-pH conditions (Hall-Spencer
et al. 2008), as may jellyfish (Fabry et al. 2008). It is
possible that the strait of Georgia will experience shifts
in its species assemblage and reductions in its biodiversity, related to pH decline.
In contrast to the situation in the open ocean, the pH
decrease in the strait is unlikely to begin at the surface,
but will rather impinge on deep waters first, as low-pH
water intrudes from the continental shelf. Furthermore, oxygen drawdown produces CO2, further reducing pH. Recent data collected for the North American
west coast shelf shows that upwelling brings with it
acidified water from intermediate depth (Feely et al.
2008), with the possibility that upwelling events will
supply low-pH water to the Strait of Georgia via deepwater renewal. There are no trend data available for
pH in the Strait of Georgia. Increased water temperature and reduced oxygen are thought to act synergistically with reduced pH to stress marine animals further
(Shirayama & Thornton 2005, Fabry et al. 2008).

4. HUMAN FORCING OTHER THAN GLOBAL
CLIMATE CHANGE
Within the Strait of Georgia, known threats to the
marine ecosystem include contamination by a wide
range of chemicals and plastics, fishing, habitat destruction, ship traffic and the introduction of invasive
species.

4.1. Contaminants
Contaminants enter the coastal ocean through longrange transport and local discharges, both of which
have been identified for the Strait of Georgia
(Johannessen et al. 2008a and references therein).
Urbanization, industry and agriculture along the
shores of the Strait of Georgia and adjacent inlets have
resulted in contamination by metals, organic pollutants, other chemicals and pathogens. The long history
of contaminants entering the strait is evident in marine
sediment core records of chemicals like PCBs (polychlorinated biphenyls), PBDEs (polybrominated diphenylethers), dioxins and furans (Macdonald et al.
1992, Johannessen et al. 2008a), polynuclear aromatic
hydrocarbons (Yunker et al. 1999), metals (Macdonald
et al. 1991, Johannessen et al. 2005a), tri-butyl tin
(TBT) (Stewart & Thompson 1994) and industrial detergents (Shang et al. 1999). Many of these contaminants exhibit a characteristic temporal trend, with an
initial entry date, an increase to a maximum and then a
decrease subsequent to regulation (Fig. 8). However,
PBDEs are still in the growth phase (Johannessen et al.
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Fishing can also lead to habitat destruction and instability in populations (Anderson et al. 2008). For the
strait, benthic invertebrates, fishes and marine mammals have been fished commercially since the late
1800s, leading to declines in many species, the extirpation of baleen whales and the virtual extirpation of
sturgeon (Wallace 1998). Currently, Fisheries and
Oceans Canada manages the harvest of marine resources, balancing conservation with aboriginal, commercial and sports fisheries.

4.3. Habitat destruction
Fig. 8. A schematic representation of the time lines for selected contaminant exposures in the Strait of Georgia (not
drawn to scale in terms of toxicological importance; data
sources: Macdonald et al. 1991, 1992, Stewart & Thompson
1994, Johannessen et al. 2005a, 2008a). PBDE: polybrominated diphenylethers; PCB: polychlorinated biphenyls; PCDD/
F: dioxins and furans; TBT: tri-butyl tin

2008a), and new chemicals like pharmaceuticals
(Hirsch et al. 1999, Muir & Howard 2006) will pose
future threats. Contaminants that bioaccumulate and
biomagnify present greater risk, because they can
reach toxic concentrations at high trophic levels (Ross
et al. 2000).
Structural pollutants, such as fishing gear and plastic,
threaten marine organisms, especially fish, mammals
and birds, through choking, smothering and ingestion
(Moore 2008). The effect of plastic has not been quantified systematically in the Strait of Georgia, but it has
been implicated in numerous marine mammal strandings (P. Ross, Fisheries and Oceans Canada, pers.
comm., July 2008). We expect plastics to present a significant and increasing risk in this semi-enclosed sea
bounded by industry and a large human population.

Habitat destruction in coastal regions results in
hydrological and biogeochemical changes (Andrews et
al. 2006). Fish, intertidal organisms, marine birds and
other species are threatened by the loss of coastal habitat, which has already changed significantly around
the strait over the last century; surveyed marshes have
all lost area since the 1880s (Levings & Thom 1994). In
the Fraser estuary and lower river, the loss of salt
marshes, bogs, wet meadows, and the Sumas flood
plain lake has been partially offset by gains in brackish
and freshwater marshes due to mudflat accretion.
Building jetties, causeways, seawalls and other structures along the edge of the water and changing the
course of rivers interfere with natural sediment movement, eroding beaches and mudflats and endangering
coastal communities. Hard edges like seawalls and
dykes and the extensive channelization of rivers in the
Pacific northwest also hinder the migration of salmon
upstream.
Climate change interacts with urbanization to accelerate the loss of habitat. Many areas of the Lower
Mainland are vulnerable to flooding (Fig. 9), which is
likely to occur as a result of global sea level rise (SLR),
local delta subsidence (Shaw et al. 1998) and increased
incidence or intensity of storms and storm surge.

4.2. Fishing
4.4. Marine traffic
About 80 Mt of fish are extracted annually from
global oceans (Pauly et al. 2003), along with a further
~27 Mt of fish bycatch (see Alverson et al. 1994, who
note other bycatch including birds, turtles and mammals). Fishing not only draws down the target species
but has wider effects on the ecosystem (Pitcher 2001).
The present scale of extraction has resulted in measurable changes in the global marine trophic structure
(Myers & Worm 2003). These changes may manifest
themselves in, for example, a change in the balance
between slow-growing fish and those that reproduce
more quickly, or the removal of certain predators, leading to a new predominance of jellyfish (Pitcher 2001).

Marine traffic is associated with negative effects like
noise, collisions with animals, contaminants and invasive species, and is one of the 3 main threats to endangered resident killer whales (DFO 2008). Contaminants released by shipping include oil, other chemicals
and plastics, and antifoulant leachate (e.g. Cu, TBT)
from ships’ hulls. Given large international ports (Vancouver, Seattle), a sheltered inland sea, and a number
of population centers distributed among coastal inlets
and islands, marine traffic is heavy within the Strait of
Georgia (Fig. 10; MOE 2006). Between 1996 and 2004,
marine traffic remained stable at about 400 000 to
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Fig. 9. Sensitivity to sea level rise. Low-lying regions around
estuaries and deltas are especially vulnerable to the projected
increase of 0.65 m by 2100 (IPCC 2007a). Sea level rise will be
exacerbated by local subsidence and the projected increase
in storm intensity (adapted from Shaw et al. 1998)

450 000 vessel movements yr–1, where a ‘movement’ is
defined as one uniquely identifiable ship observation
per 25 km2 grid cell. Ferries and cruise ships (56%)
account for most of the traffic, followed by tugs (29%),
cargo (7%), fishing (3%) and all others (5%). Tanker
and chemical traffic account each for <1%. Noise from

ship propulsion systems is ubiquitous in the strait, its
effects on ecosystems remain unevaluated, and it is
likely to continue to increase. The increased noise from
traffic will be exacerbated by declining pH, which
alters chemical equilibria to decrease sound absorption
(12 to 40%; Hester et al. 2008).
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Fig. 10. Density of marine traffic in the Strait of Georgia for
2003 (adapted from MOE 2006)

The concentration of aquaculture, estuarine circulation
patterns and the increasingly intensive international
shipping in the southern strait have likely contributed
to the large number of alien species.
Climate change, contaminants and other pressures
on local biota play important collaborative roles with
alien species by stressing indigenous species and/or
by pushing them away from the centre and toward
the margin of their natural biogeographical domains
(Couillard et al. 2008). Stressed, for example, by temperature, salinity, or oxygen concentration, local species may no longer be able to compete with an invasive
species better adapted to the changed circumstances,
with the result that a spectacular shift in population
can occur (Occhipinti-Ambrogi 2007).

4.5. Invasive species
Invasive species threaten ecosystems through competition with native species, habitat modification, predation, hybridization and other mechanisms (Heath et
al. 1995, Levings et al. 2002). Alien species (both invasive and non-threatening) have been introduced deliberately, as in the case of the eastern and Pacific oysters
Crassostrea virginica and C. gigas, the mussels Mytilus
edulis and M. galloprovincialis, and the scallop Mizuhopecten yessoensis, which were imported into the
Strait of Georgia for aquaculture. More frequently,
species arrive unintentionally, in or on ships (solid ballast, ballast water, hull fouling), with other introduced
species, through the trade in live food and plants
(Gillespie 2007) or through expansion of range as a
result of ocean climate change. Alien species in the
strait have increased 40-fold over the last century
(Fig. 11) to a tally of 89 species as of 2002 (Levings et
al. 2002). These species include phytoplankton and
macroalgae, invertebrates, fishes, birds and mammals,
with over one-third being intertidal (Gillespie 2007).

y = 4.2378x – 8.7121
r 2 = 0.9707

Fig. 11. Cumulative and annual new reports of invasive species in the Strait of Georgia (adapted from Levings 2002)

5. BIOLOGICAL RESPONSES AND SENSITIVITY
TO CHANGE
The Strait of Georgia supports productive benthic
and pelagic food webs, including commercially fished
species and marine mammals. Biota are exposed to the
cumulative effects of physical, geochemical and
human forcings. In this section, we discuss the status of
and observed changes in each group, projecting those
changes forward in the context of climate change.

5.1. Phytoplankton
Phytoplankton production is high, but extremely
patchy in time and space, leading to estimates of total
PP that vary from 120 to 345 g C m–2 yr–1 (e.g. Parsons
et al. 1980, Harrison et al. 1983). Productivity is highest
at fronts, including those with high tidal energy (Haro
Strait and Johnstone Strait) and those associated with
the Fraser River plume (e.g. Parsons et al. 1980, Harrison et al. 1983). The timing and intensity of wind
events, which break down stratification and mix nutrients back into the photic zone, are also critical to
where and when PP occurs in the strait (St. John et al.
1993).
The Strait of Georgia exhibits intermittent blooms
lasting a few days throughout spring and summer (A.
Peña, IOS, DFO, unpubl. data; J. Gower, IOS, DFO,
unpubl. data; Fig. 12). Vertical fluxes of biogenic silica
in the central strait show spring and/or fall blooms, but
episodic blooms occur from as early as March to as late
as October (Johannessen et al. 2005b). The δ15N and
δ13C of sinking particles imply that from April to
August the opaline silicate flux is produced under
bloom conditions, whereas from October to February
the flux is supported by slower phytoplankton growth
under nutrient-replete, but presumably light-limited,
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5.2. Zooplankton

Copepod density (ind. m–2 )

conditions. There are no time series long enough to
evaluate whether PP has changed, although it may
have increased by as much as 40% over the past 25 yr
(R. Pawlowicz, University of British Columbia, pers.
comm.).
Projected changes in climate appear to have little
potential to alter nutrient and light conditions to effect
change in PP. Annual production will remain high and
be distributed over an extended period in episodic
blooms. However, timing of production is sensitive to
changes in timing of stability, which is primarily controlled by freshet, and secondarily, by winds. Given the
projected flatter hydrograph (Fig. 4) and increase in
storms, we expect blooms to begin earlier and episodic
blooms to continue later into the fall. Local inputs of
nutrients might lead to eutrophication in enclosed bays
(Mackas & Harrison 1997).
The composition of the phytoplankton blooms could
also change, especially as the assemblage is sensitive
to water temperature changes of only a few degrees
(Hobson & McQuoid 2001). Changes in assemblage
may come as more frequent harmful algal blooms
(HABs), with consequent toxicity to fish and shellfish.
Mudie et al. (2002) suggested that observed increases
in HABs during the past 50 yr might have been caused
by climate change and increased shipping. Based on
Holocene records of red-tide species in a Saanich Inlet
sediment core, these authors found instances of larger
blooms (up to 10-fold those in modern times) in the
past, and some of these blooms recurred repeatedly
for centuries. However, past blooms mainly involved a
single species, whereas post-industrial blooms involve
a mix of species, from which these authors infer that
recent HABs might be a sign of disequilibium in the
marine ecosystem structure.

Day of year

Fig. 12. Surface chlorophyll fluorescence in the south-central
Strait of Georgia (Halibut Bank) in 2003 (J. Gower, IOS, DFO,
unpubl. data). The spikes in chlorophyll fluorescence represent phytoplankton blooms. In 2003 the largest blooms occurred in April and June, but there is considerable interannual variability in the timing and magnitude of the blooms
(A. Peña, IOS, DFO, unpubl. data)

Zooplankton consume phytoplankton, providing a
critical transfer between PP and higher trophic levels.
Zooplankton provide food for larval fish and other
marine organisms, including birds (Gjerdrum et al.
2003). Zooplankton aggregate where there is food
available — at fronts like those associated with the
Fraser plume — which explains the long local residence time of juvenile salmon and herring (St. John et
al. 1992).
The total zooplankton biomass, especially that of
Neocalanus plumchrus, the dominant zooplankter in
the strait, has decreased during the past 5 yr and possibly longer (Fig. 13a). The reason for the decline is

Fig. 13. (a) Recent decline in the population of Neocalanus
plumchrus in the Strait of Georgia (R. El-Sabaawi and J.
Dower, University of Victoria, unpubl. data; the total zooplankton population also appears to be declining). (b) A record of
the timing of the peak in N. plumchrus biomass in the Strait of
Georgia. Bornhold (2000) data are back-calculated, assuming
that N. plumchrus reached its peak biomass when 50% of the
population reached Stage 5. STRATOGEM data (2002 to 2005)
are based on direct observations of N. plumchrus stage composition, assuming that peak biomass was reached when 50%
of the population reached Stage 3. The difference in the methods for determining the peak date likely explains some of the
observed change. However, the peak date advanced within
both data sets, and it has been suggested that the shift in N.
plumchrus timing is accelerating (R. El-Sabaawi and J. Dower,
University of Victoria, unpubl. data)
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unknown; it might be due to the advance by ~2 mo in
the peak biomass of N. plumchrus (Fig. 13b), possibly
leading to a mismatch with phytoplankton availability.
The earlier zooplankton bloom is not obviously related to phytoplankton dynamics, as these show no
significant trend. Increasing water temperature might
trigger earlier zooplankton blooms. Gardner (1977)
showed that the populations and species assemblage
of overwintering zooplankton in the strait were more
strongly correlated with water temperature and stability during the preceding August/September than with
conditions during the spring reproductive season. He
cautioned that the physical variables might not directly
cause changes in zooplankton communities, but rather
be proxies for changes in chemical composition (OC,
nutrients, trace metals). Since Neocalanus plumchrus
spend much of their life history in deep water (Campbell & Dower 2007), decreasing O2 and pH may contribute to declines. Because zooplankton react to shortterm climate variability and long-term climate change
(e.g. Beaugrand et al. 2002), caution is warranted in
extrapolating this 30 yr record into the future.
A decline in zooplankton biomass, which has already
been observed, or a change in the zooplankton assemblage would have ramifications for upper trophic levels
that feed on zooplankton (Kitaysky & Golubova 2000).
If increasing water temperature has led to a mismatch
between zooplankton and phytoplankton, then the
projected temperature rise will exacerbate the mismatch. Recent work has shown that another mismatch
can occur between the timing of the zooplankton biomass peak and the presence or abundance of juvenile
fish and other predators (e.g. seabirds, seals, seal lions
and other fish) (Yin et al. 1997, Bertram et al. 2001).
Climate change may also operate on the zooplankton
assemblage, replacing excellent dietary sources of
energy (Neocalanus plumchrus) with less nutritious
food for predators (Metridia pacifica).

pallasi, are the predominant fish species in the strait as
has probably been the case throughout the Holocene
(Tunnicliffe et al. 2001). Walleye pollock Theragra
chalcogramma, juvenile spiny dogfish Squalus acanthias and other juvenile fish also consume zooplankton. Larger and older hake and dogfish incorporate
significant proportions of fish and other prey into their
diets. The biomass of planktivorous fish has been relatively stable (e.g. Saunders & McFarlane 1999), with
the exception of Pacific herring, which experienced a
sudden decline from a 130 kt peak observed in 2003
(Schweigert & Haist 2007). There are also indications
of a decline in the size at age among several of the predominant fish species, particularly hake (King &
McFarlane 2006; Fig. 14) and herring (Schweigert &
Haist 2007). Herring and other small, short-lived
pelagic fishes are subject to wide fluctuations in abundance as a result of climatic and habitat changes and
local productivity (Perry & Schweigert 2008). Consequently, it is not clear whether the current decline in
herring population is a short-term cycle that will soon
be reversed, or whether it represents the beginning of
a longer downward trend.
There have been significant changes in the populations of several predominantly piscivorous fish species
in recent decades. Coho Oncorhynchus kisutch (Simpson et al. 2001; Fig. 15), Chinook salmon O. tshawytscha (Beamish et al. 1995), lingcod Ophiodon elongates (King 2005), Pacific cod Gadus macrocephalus
and some inshore rockfishes (yelloweye Sebastes ruberrimus, quillback S. maliger, copper S. caurinus, black
S. melanops, tiger S. nigrocinctus and China S. nebulosus rockfishes) have experienced declines, as reflected
in landings data.
Anadromous fish like salmon occupy a special niche
in west coast marine ecosystems. These iconic animals
have long been important sources of food and culture
to native peoples, and because their lives span such a
wide geographic range, in some cases 1000s of kilometres from small natal streams to the open Pacific

5.3. Fishes
The sensitivity of fish species to change in the environment will depend on the specifics of their life history; accordingly, no general statement can be made
regarding the vulnerability of fish to projected climate
change. Rather, we must consider food sources and the
ability to adapt to alternative food, critical rearing
habitat, predation, including harvest by humans, sensitivity to hydrology and temperature, and many other
factors. In this section we arbitrarily organize the discussion into 3 fish groups likely to face different challenges: planktivores, piscivores and anadromous fish.
Small, planktivorous fish, particularly the Pacific hake
Merluccius productus and the Pacific herring Clupea

Fig. 14. Merluccius productus. Annual landings of Pacific
hake captured in the Strait of Georgia (adapted from King &
McFarlane 2006)
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Fig. 15. Oncorhyncus kisutch. Marine coho survival (wild
and hatchery) and fishery exploitation (both dimensionless)
in the Georgia Basin (modified from Simpson et al. 2001)

Ocean, they are vulnerable to change in a variety of
ways. During their adult lives at sea, they are susceptible to large-scale climate variation (e.g. regime shifts)
that alters temperature, water-mass distribution and
food supply (Mantua et al. 1997, Beamish et al. 1999).
In fresh water, contamination, temperature rise and
habitat destruction by logging, urbanization, hydrodevelopment and channelization have played important roles in decimating fish stocks (Slaney et al. 1996,
Montgomery 2003). A water temperature of <17°C is
optimum for salmon migration, and at temperatures
>18°C fish begin to manifest stress affecting survival
(Crossin et al. 2008). Above 21°C can be fatal.
A dramatic example of the effect of habitat destruction on fish is the series of Hell’s Gate slides (1913–
1914) associated with railroad construction, which
caused catastrophic sockeye salmon Oncorhynchus
nerka declines (Evenden 2004). Urbanization and
habitat destruction have led to endemic decimation of
west-coast salmon (Montgomery 2003, Slaney et al.
1996). An explanation for the observed decline in chinook and coho populations may be that juvenile fish
entering the strait late miss the increasingly early peak
in zooplankton biomass. Strait of Georgia coho are
now dominated by hatchery-reared fish, which are
released in late spring. Beamish et al. (2006) proposed
that the effects of natural changes, e.g. earlier freshet
for the Fraser River, could be mitigated by changing
the timing of hatchery release. Reliance on hatchery
fish must reduce the diversity of DNA in the population; whether this affects survival in the strait under
changing conditions is unknown. Another explanation
may relate to the trophic levels of the fish; adult chinook and coho fish, which are predominantly piscivorous, are faring more poorly than planktivores.
Chemical contaminants may play a special role with
anadromous fish. These fish accumulate lipid-soluble
contaminants (e.g. PCB, DDT) and focus them into
their natal streams, where they have the potential to
produce toxic effects on the fish themselves and on
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other ecosystem components (Blais et al. 2007). A curious disruption in the timing of sockeye Fraser migrations that led to large-scale, pre-spawning mortality in
the late 1990s to early 2000s might also have been a
consequence of contaminants operating together with
climate (Couillard et al. 2008).
Fish face multiple threats from global and local stressors. Global climate change may alter food availability
in the open ocean and thus affect survival at sea (e.g.
Mantua et al. 1997). Observed declines in O2 in basin
waters may affect the distributions of resident fish
depending on their tolerances; Atlantic cod Gadus
morhua, for example, show significant metabolic effects at < 70% O2 saturation (4.7 ml l–1) and a lethal
threshold at 20% saturation (1.3 ml l–1) (Chabot &
Claireaux 2008). Climate change can also alter the timing and quality of zooplankton production within the
strait, affecting outmigrating and resident fish. Temperature and flow regimes in rivers and lakes provide
tipping points beyond which anadromous fish stocks
will be extirpated. Increased seawater temperature
can also favour invasive species and parasites, such as
sea lice Lepeophtheirus salmonis that survive better
and mature more quickly under warmer conditions.
Local stressors, including fishing, habitat destruction
and contamination, have historically been linked to the
most obvious impacts on fish. These stressors also offer
the greatest potential to be managed by local action.

5.4. Benthos
In recent reviews of benthic environments of the
Strait of Georgia, Burd et al. (2008a,b) conclude that
abundance and biomass of subtidal benthos depend
mostly on the flux of labile OC to sediments. While
numbers of most species decline with water depth, the
percent contribution by polychaetes increases with
depth at the expense of bivalves. In particular, bivalves
are important above a water depth of 100 m, but are
severely impoverished in the deeper basin sediments.
For shallow habitats, bottom characteristics and the
supply of organic matter have been found to be important (Levings et al. 1983). Recent acquisitions of multibeam bathymetry (Barrie et al. 2005) confirm discrete
grab samples, indicating patchy benthic sediment
characteristics.
It is important to note that human activities have
already drastically altered many shallow benthic environments (Levings & Thom 1994), but no assessment of
temporal trends in benthic abundance or assemblage
has been carried out. In the future, SLR and increased
storm activity will affect the nearshore, likely in tandem with human activities, to mitigate the effects of
these changes on nearshore structures. Basin benthos
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will be sensitive to changes in OC flux (Burd et al.
2008a), DO (Fig. 16), pH, contaminants and habitat
destruction. Ongoing urbanization will continue to disrupt nearshore habitats through dredging, port construction, shipping and outfalls. Physical disruption
can also have significant consequences for deep-water
benthic environments (Robinson & Frid 2008). In the
Strait of Georgia, bottom trawling is implicated in the
observed destruction of perhaps half of the siliceous
sponge reefs (Cook et al. 2008). Sedimentary contaminants (Fig. 8) may be taken up by benthic foragers,
which has led in the past to fisheries closures for crab,
shrimp and bivalves.

a

b

5.5. Marine mammals
Marine mammals, at the top of the food web, are at
risk both from the perspective of competition with
humans for food and of exposure to biomagnifying
contaminants. The population of resident harbour seals
Phoca vitulina has grown and stabilized over the past
few decades (Fig. 17a), likely because humans stopped
hunting them (Olesiuk 1999). In contrast, northern and
southern resident killer whales Orcinus orca, which
were stable or increasing before the 1990s, are now
declining (Fig. 17b; Ford et al. 2005). Three factors are
likely involved in the decline: availability of prey,
exposure to contaminants and disturbance by marine
traffic (Ross 2006, DFO 2008). The southern resident
killer whales are dependent almost entirely on Chinook salmon, even though other salmon are often more
abundant (DFO 2008). The whales may not be able to
adjust to recent declines in Chinook populations. In the

Fig. 16. Sensitivity of various species to declining O2 levels.
On the left, ranges of lethality and sublethality based on an
extensive review are given for Crustacea and fish (adapted
from Vaquer-Sunyer & Duarte 2008). On the right, the effect
of O2 levels in the Gulf of St. Lawrence is shown in the distributions of fish and shrimp (adapted from Gilbert et al. 2007)

c

Fig. 17. (a) Population of harbour seals Phoca vitulina in the
Strait of Georgia. The seal population increased from the
1970s to the mid-1990s, after the cessation of hunting and has
since stabilized (Olesiuk 1999). The dotted and solid lines
represent 2 different model fits to the data. (b,c) Population
size and trends for (b) southern and (c) northern resident killer
whalesOrcinus orca from 1974 to 2003 (adapted from DFO 2008)

case of organochlorines like PCBs and PBDEs, local
killer whales are among the most contaminated marine
mammals in the world (Ross et al. 2000, Grant & Ross
2002). Killer whales are susceptible to contaminant
accumulation, because they maintain burdens within
their population over decades (Hickie et al. 2007).
Grey whales Eschrichtius robustus, which feed at a
much lower trophic level than killer whales, nevertheless accumulate high contaminant concentrations from
plankton and sediments (Ross et al. 2007). It seems
likely that contaminant burdens, which are sufficient
to trigger effects such as immunotoxicity for harbour
seals, would similarly threaten whales. Local harbour
seals are also highly contaminated with PCBs, dioxins
and furans from local and long-range sources (Ross et
al. 2004).
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Killer whales appear especially vulnerable, as their
populations are already small and declining, and they
are threatened by nutritional stress, contaminants and
marine traffic. Although seals have recovered from
widespread hunting, their high contaminant burdens
may leave them vulnerable to disease (Ross et al.
1996). Climate variability and change can alter the
exposure of resident animals to viruses brought by
migratory carriers (Dietz et al. 1989), or they can alter
the availability of prey and thereby increase their
exposure to contaminants, either through dietary pathways or through burning down fat reserves (Couillard
et al. 2008).

5.6. Birds
Marine birds (shorebirds, seabirds and seaducks)
are highly visible, and, in principle, it is easier to
observe declines in their populations, which make
these species important indicators of environmental
stress (Morton 2009). However, bird populations are
also subject to natural fluctuations, which complicate
the interpretation of trends over short time periods.
Shorebirds, such as sandpipers Calidris sp. and plovers
Charadrius sp., typically exploit the interface between
land and water, foraging principally on intertidal
invertebrates found on the surface or within substrates
(Cramp & Simmons 1983). They may migrate widely
from breeding areas in the Arctic to spend winter
months in tropical and subtropical ecosystems. Shorebirds stop along the way and refuel for the next leg of
their journey. Migration is one of the riskiest phases of
the shorebirds’ annual cycle (Hockey et al. 1998, Lank
et al. 2003), and food availability during migration is
critical, not only to offset the metabolic costs of sustained flight, but to reduce exposure to predation
while refuelling (Lank et al. 2003).
Many shorebird species are declining globally
(O’Hara et al. 2007). Widespread degradation and
habitat loss at stopover sites and on overwintering
grounds may be the cause of these population
declines; however, this has not been clearly shown for
most shorebird species (Sherry & Holmes 1996). Shorebird species generally express a high degree of fidelity
to breeding, stop-over and wintering locations (Summers et al. 1990, Butler et al. 2002), so they cannot
readily adapt to degradation of critical habitat by moving elsewhere. The mudflats associated with the Fraser
River delta provide a crucial stop-over point for many
species of shorebirds, and a number of migratory pathways probably converge there (Butler et al. 1996).
Urbanization of the shoreline threatens these birds, as
does the potential loss of intertidal areas due to projected SLR.
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Seabirds, such as alcids, cormorants Phalacrocorax
sp. and albatrosses Diomedea sp., spend most of their
lives at sea, but come ashore to breed, typically in
colonies on islands (Harrison 1987). Marbled murrelets
Brachyramphus marmoratus are unique among the
seabird species, in that they breed in trees, particularly
in old-growth forests (Nelson 1997), which are increasingly rare in coastal British Columbia.
Seabirds are also sensitive to variations in the timing
and magnitude of zooplankton biomass. Peak food
requirements during chick rearing generally coincide
with peak productivity in local plankton. A mismatch
in timing or reduced productivity can lead to reproductive failure (Gjerdrum et al. 2003). If the zooplankton
biomass in the Strait of Georgia continues to peak earlier in the year and the sea birds do not adapt, the birds
will face reproductive failure.
Sea ducks spend much of their lives at sea, but tend to
stay close to shore. They typically breed inland around
lakes, rivers and marshes (Cramp & Simmons 1983),
making them vulnerable to degradation of habitat in
breeding and wintering areas. All marine birds are sensitive to oil slicks, and top predatory birds that feed out
of aquatic systems are especially vulnerable to contaminants through biomagnification (Elliott et al. 2000).
Birds are likely to experience serious population
crashes due to loss of habitat (e.g. wetlands, staging
areas, shoreline alteration due to SLR and development, harvesting of old-growth forest) and changes in
the timing of zooplankton availability. For migratory
birds, pressure on local populations may be delivered
by human activities (hunting, development, pesticides)
elsewhere.

6. CONCLUSIONS
6.1. Risks to biota
Coastal ecosystems have adapted to large-scale climate change in the past, including SLR and ice ages.
Now, these systems are being threatened by unprecedented stresses related to human activities. These
stresses include rapid climate change, habitat destruction and encroachment by humans, exposure to contaminants, and extraction of fish and shellfish for human
consumption. The adaptability of plants and animals to
these changes is unknown, and we know far too little
about plasticity or resilience, which vary widely among
species. We summarize below what we see as the most
pressing risks to biota (Fig. 18).
Dissolved O2 and pH in deep basin water of the strait
will be affected by composition of upwelled coastal
water and by internal loadings of nutrients and organic
carbon. Bottom water already approaches hypoxic

16

Clim Res 40: 1–21, 2009

Fig. 18. Schematic diagram showing the system factors (in capitals) that are most likely to lead to impacts on biota (in italic) in the
Strait of Georgia. Basin water decreases in O2 and/or pH will displace or extinguish benthic biota. Changes in coupling between
phytoplankton and zooplankton grazers (inset) will alter the food web structure. Changes in flow and temperature regimes together with changes in survival at sea will affect migratory fish. Alteration in contaminant inputs will especially affect high
trophic levels where biomagnification comes into play. Habitat destruction or alteration will lead to changes in the way sea level
rise and storms interact with shores

thresholds; further O2 depletion in replacement water
and/or increase in labile organic flux to basin waters
would displace mobile animals from the habitat and
extirpate sessile benthos. Nothing is known about the
role that pH plays presently in basin waters, but
declining pH could interact with oxygen depletion to
stress animals further. Both O2 and pH should be monitored in basin waters.
Change in the timing of zooplankton blooms, possibly forced by temperature increase, would change
connectivity in the food web among phytoplankton,
zooplankton, fish and birds. Neither the cause nor the
consequence of the observed change in is well understood, but low trophic-level changes have cascaded
into higher trophic levels in the Bering Sea (Kitaysky &
Golubova 2000). Birds in the Strait of Georgia may
already be stressed by such timing changes.
Increasing temperature and decreased flow in rivers
threaten the survival of anadromous fish. A model predicts that by the end of this century, the number of
days when the temperature of the Fraser River exceeds
20°C will have increased 10-fold (Morrison et al. 2002),
and this threshold may be exceeded in other rivers as
well. This prediction is within 1°C of the temperature
prohibitive to salmon.
Contaminants threaten higher trophic level organisms, such as killer whales and seals. New chemicals
like pharmaceuticals and plastics appear to pose the
greatest threat of harm in the future.

Invasive species are a sign of a stressed ecosystem.
Many factors contribute to successful invasion, including a climate change that favours the invader and vectors, like ballast water, that promote the arrival of the
invader. Eelgrass beds, aquaculture and native clams
and crabs are all potentially at risk.
Shorelines are threatened by SLR, increased storms
and development. Past transgressions of the sea over
land have resulted in readjustment of intertidal zones,
beaches and mudflats. Transgressions now face seawalls and dykes, which prevent inland migration of
mudflats and intertidal zones, therefore leading to loss
of critical habitat.
Excessive fishing decreases populations, but, provided they are not pushed past critical thresholds, fish
populations recover when pressure is reduced. All
coastal regions, including the Strait of Georgia, have
seen declines and population threats due to overharvest, bycatch and mechanical damage due to bottom
trawling.
None of the above stresses acts in isolation, and most
biota will face more than one. Salmon, killer whales
and seabirds are especially subject to multiple stresses.
Salmon rely on a wide range of habitats, from spawning to adult growth. Harvesting by humans, and survival at sea (which is affected by large-scale climate
change and regime shifts) (Mantua et al. 1997), interact with habitat destruction, contamination, rise in
river temperature and decrease in river flow. Killer
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final role in the demise of some resources (Ludwig et
al. 1993). Populations of some of the fishes in the Strait
of Georgia, particularly piscivorous fish, are declining
for reasons that are not fully understood. Because fish
face so many threats, it is difficult to assign a single
cause to population decline. More positively, multiple
stresses offer multiple options to reduce stress. Reducing fishing pressure, according to Brander (2008), maximizes sustainable yields, allows fish and marine
ecosystems to adapt to climate impacts and helps to
reduce greenhouse gas emissions. However, left too
long without action, a critical species may move
beyond recovery (e.g. Atlantic cod; Hutchings 2005),
which underscores the urgency of timely action.

whales face declines in Chinook, high exposure to contaminants and traffic. The population of resident killer
whales has recently declined to the point that northern
residents are threatened and southern residents are
endangered (DFO 2008). Even if local sources of contaminants are eliminated, long-lived killer whales will
continue to carry contaminant burdens for decades
(Hickie et al. 2007, Ross et al. 2007), which adds
urgency to controlling persistent chemicals. Seabirds
are highly vulnerable to habitat destruction, oiling at
sea, contaminants and marine plastics. They are also
vulnerable to change in food supply, which can be an
advantage to the birds that adapt and a disadvantage
to those that cannot (Kitaysky & Golubova 2000). As
highly visible animals, seabirds provide sentinels of
change (Morton in 2009).
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6.2. Human actions
When biota face multiple stressors, reducing one or
more of the stresses may enhance resistance to the
remainder (Brander 2008). Local management has the
potential to control coastal development and other
forms of habitat destruction, input of local contaminants including nutrients and organics, fishing pressure and, in some cases, river temperature and flow.
Coastal development can be controlled locally and,
with a projected SLR of 0.6 m or more by 2100, humans
will have to respond to threats to property. Clearly,
decision-makers could limit further development in the
path of harm (IPCC 2007c), but responses that would
preserve critical intertidal habitat are also needed.
Certain benthic areas, like sponge reefs, are being
physically damaged Cook et al. (2008). Small incremental losses that together spell the demise of critical
habitat can only be prevented through cooperative,
basin-wide management.
Contaminants enter the Georgia Basin from global
and local sources. The control of globally distributed
contaminants (e.g. DDT, PCBs) must be addressed
through international agreements, for which there has
been considerable success (Stockholm Convention
2001). Effort to control the release of contaminants
locally needs to be informed by an understanding of
the sources (global and local), sinks and pathways of
contaminants in the receiving environment and of
which contaminants pose the greatest threats (Chapman et al. 2008). Source control, if practicable, is
clearly the best solution, particularly for persistent contaminants (Ross et al. 2009).
Fisheries management provides one of the most
direct ways to control stress on populations. Government action to subsidize continued resource extraction
when it is not profitable has been proposed to play a
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