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ISSUE IN BRIEF

Anthropogenic climate change, including warming, is due to
increased greenhouse gas (GHG) emissions largely from the use
of fossil fuel. The rate of warming during the past 50 years has
been about twice that during the last 100 years (IPCC 2007b).
Climate change has had biological effects world-wide (reviewed
in Parmesan 2006; Rosenzweig et al. 2008). Consistent with the
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Figure 1. Driving forces, pressures, state, impacts and responses (DPSIR) to climate change on the Scotian Shelf. The

DPSIR framework provides an overview of the relation between the environment and humans. According to this reporting
framework, social and economic developments and natural conditions (driving forces) exert pressures on the environment
and, as a consequence, the state of the environment changes. This leads to impacts on human well-being, ecosystems and
materials, which may elicit a societal or government response that feeds back on all the other elements.
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expected earlier springs and longer summers,
changes in timing of seasonal events and
distribution were observed in 59% of 1598
species in the latter half of the 20" century
(Parmesan 2006).

This theme paper reviews the potential
effects of climate change on ecosystems,
habitats and biota on the Scotian Shelf.
Driving forces include anthropogenic global
climate change and natural climate variability.
These drivers in turn affect the environment
and biota. Globally, it is expected that climate
change will have impacts on productivity,
distribution and the timing of seasonal
events. However, it is important to recognize
there is limited understanding as to how

climate change at the global scale will affect
regional and local ecosystems. Management
and adaptation strategies will have to be
based on current understanding of the
system (Figure 1).

The Scotian Shelf has not yet experienced
drastic ecological impacts due to climate
change but impacts may accrue slowly
over time (e.g., decades). Subpolar water
flowing towards the equator and subtropi-
cal water flowing poleward both influence
the Scotian Shelf oceanography. Changes
occurring to the north in the Labrador
Current and to the south in the Gulf
Stream can be expected to influence

the Shelf's climate and ecosystems.

http://coinatlantic.ca/index.php/state-of-the-scotian-shelf 5



Intergovernmental Panel on
Climate Change (IPCC) is a
large collection of international
scientists, initiated by the United
Nations and the World Meteoro-
logical Organization, working on
climate change and its impacts.

DRIVING FORCES
AND P

2. ] ANTHROPOGENIC CLIMATE CHANGE

While greenhouse gases (GHGs) are naturally released into the
environment, those released as a result of human activities are
considered to be the main driver of climate change. At a global
level, elevated levels of carbon dioxide (CO,) (a greenhouse
gas), are mainly produced by the burning of fossil fuels (59%)
but also by land-use change (189%) such as agricultural clearing
and timber harvest (Baumert et al. 2004). GHGs absorb radia-
tive energy from the Earth, so the heat gets trapped near the
Earth's lower atmosphere instead of escaping into the upper
atmosphere—that trapping warms the Earth's temperature.
Global average temperature increased by 0.045°C per decade
from 1856-2005 and the rate of warming accelerated between
1981 and 2005 (0.18°C per decade) (see Figure 1. of FAQ 3.1,
IPCC 2007b). The Northern Hemisphere is warming faster than
the tropics, the land is warming faster than the oceans, and

the Arctic is warming twice as fast as the global average (IPCC
2007b).

Canada contributes 2% of the total GHG emissions, ranking 9™
in absolute amount, 71" on a per capita basis and 1% based on
energy consumption per capita (Baumert et al. 2005). From
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1990-2008, Canada’'s GHG emissions
increased by 24%. The greatest increases
were in energy production (i.e., fossil fuel
production and refining subsectors, electricity
and heat generation subsector [energy]) and
transportation.

The anthropogenically-derived GHG
emissions are directly related to economic
growth and its continued reliance on fossils
fuels (IPCC 2007a). Nova Scotia specifi-
cally has a continued reliance on coal as

its electricity source. Nova Scotia's popula-
tion in 2006 was just less than 1 million
(934,405) and had grown 5% since 1986,
representing 2.9% of Canada's popula-
tion (Nova Scotia Department of Finance
2006). While the population growth in
Nova Scotia is low, economic growth in
Nova Scotia is driven largely by international
trade. In 2005, the majority (80%) of Nova
Scotia’s international trade was with the

US. The absolute population size of the US,
our major international market, as well as
demand from other provinces will influence
fossil fuel use in the province.

2 .2 NATURAL CONDITIONS

The physical oceanography of the Scotian
Shelf is described in detail in The Scotian

Shelf in Context. Its variability is determined
by the competing influences of i) atmo-
spheric forcing and solar heating, i) the
western North Atlantic's large-scale current
systems (the Gulf Stream and Labrador
Current), and iii) local factors such as tides,
river discharge and topography. The Scotian
Shelf is located in a large-scale oceano-
graphic “transition” zone (ICES 2011)
between the relatively warm and saline
(subtropical) offshore waters of the Gulf
Stream, and the cooler and fresher shelf
waters supplied by the (subpolar) Labrador
Current and outflow from the Gulf of St.
Lawrence (Figure 2).

The greatest natural variability in the Scotian
Shelf's oceanography is the seasonal varia-
tion. In addition, Atlantic Canada is strongly
affected by the North Atlantic Oscillation
(NAO), a natural mode of variability in

the large-scale atmospheric pressure and
wind pattern (see e.g.,, Hurrell and Deser
2010). The state of the NAO Index (either
negative or positive) modifies the volume
of subpolar water moving west past the
Grand Bank, which influences temperature
and salinity over the Scotian Shelf (Petrie
2007). Successive years of positive win-
tertime NAO anomalies (involving stronger
and cooler northwesterly winds over the
Labrador Sea) result in cooler water from
the Newfoundland Shelf reaching the east-
ern Scotian Shelf. Negative NAO vyears result
in a reduction in the volume of slope water


http://coinatlantic.ca/docs/scotian-shelf-in-context.pdf
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Figure 2. Climatological annual-mean distributions of temperature (left) and salinity (right) at 50 m below the sea surface in
the NW Atlantic (I. Yashayaev, Bedford Institute of Oceanography, Fisheries and Oceans Canada).

moving around the Tail of the Grand Bank
which then leads to warmer subtropical
slope water intruding onto the central and
western Scotian Shelf at depth.

Another natural mode of variability which
affects the Scotian Shelf is the Atlantic
Multidecadal Oscillation (AMO) — a measure
of sea surface temperature in the North
Atlantic with quasi-periodicities of 20-30
and 60-70 years (Frankcombe and Dijkstra
2011; Reid and Valdés 2011). From the
1970s to the past decade, the AMO was in
a warming phase for the North Atlantic which
has been suggested to be a contributing
factor to observed ocean warming on the
Northeastern United States shelf (Nye et al.
2009). The mechanisms and periodicities
of the AMO are still under debate, and one
suggestion is that it is partly linked to changes
in the Atlantic Meridional Overturning
Circulation (AMOC). The latter is the Atlantic
component of the so-called global ocean
“conveyor belt.” AMOC variability has also
been suggested to affect the north-south
position of the Gulf Stream (Joyce and
Zhang 2010) such that the influences of the
NAO, AMO and AMOC on the Scotian Shelf
may be inter-related.

http://coinatlantic.ca/index.php/state-of-the-scotian-shelf

2 . 3 POTENTIAL OCEANOGRAPHIC
CHANGES

Natural variability will continue to be a major
factor in future ocean climate change. During
the next decade or two (while anthropo-
genic changes are emerging), climate on the
Scotian Shelf may still be predominantly influ-
enced by natural variability or anthropogenic
perturbations of this variability.

The coupled atmosphere-ocean climate
models used in the IPCC's Fourth Assessment
Report (AR4) have poor resolution of the
western North Atlantic’s transition zone, and
do not represent the NAO and AMO well.
Hence, caution should be used in “down-
scaling” the global long-term projections of the
AR4 models to the Scotian Shelf, especially for
the next decade or two. The probable tenden-
cies for mid-century (or late-century) regional
dimate change in some ocean variables can
nevertheless be estimated from a combination
of knowledge of atmosphere-ocean

dynamics (ICES 2011; Reid and Valdés
2011), past regional ocean climate variability,
and AR4's projected changes in key larger-
scale forcings. The tendencies for the physical-
chemical variables that are most important



ecologically and most likely to change
significantly on the Scotian Shelf can be
summarized as follows:

* Ocean temperature and acidity can be
expected to increase with increased CO,
concentrations. Increases should be largest in
the upper layers (75—100 m in winter and
20-30 m in summer). The increased ocean
acidity will result in a lowering of calcium
carbonate saturation in the upper ocean, with
effects on calcareous organisms and other
aspects of the ecosystem.

* Sea level can be expected to rise associ-
ated with the global trends of increased
ocean volume due to heating and melting
glaciers, enhanced tides, the potential north-
ward expansion of the subtropical gyre, and
natural continental subsidence (sinking) in
the region. The number of intense storms is
expected to increase and the track of extra-
tropical storms is expected to shift northward
resulting in higher extreme storm surges,
which would further enhance extreme
high-water levels and coastal erosion.

« Net salinity changes on the mid-century
time scale are uncertain because multiple
factors can cause opposite tendencies.
Increased salinity at depth on the mid to
outer shelf can be expected due to the
increasing influences of slope water of sub-
tropical origin. In contrast, melting Arctic

sea ice and the increased precipitation at
mid to high latitudes are expected to result
in reduced salinities of the (shelf) water
moving onto the Scotian Shelf from the
Newfoundland Shelf. The influence of regional
freshwater run-off (from land) is less clear
due to complications such as the expected
changes in precipitation varying with season
and increased evapo-transpiration (due to
warmer air) affecting run-off . However, it is
expected that there will be reduced salinities
in near-surface coastal waters in spring.

 Warmer, fresher surface water should result in
an increase in the vertical density stratification
and an increase in mixed-layer depths, but the
effect can be expected to vary seasonally and
spatially. At the shelf-water/slope-water interface
at depths of 75—-150 m (base of the winter
surface and summer intermediate layers), the
warmer fresher surface water combined with
increased (slope-water) salinity at depth should
lead to increased year-round stratification, as
well as an earlier onset of spring-summer
stratification near the surface (upper 30 m).

« Large-scale changes in ocean circulation
may include a northward shift of the Gulf
Stream and a reduction in the extent of sub-
polar slope water west of the Grand Bank.
This is based on the expected tendencies for
a slowing of the AMOC and more positive
NAO anomalies because of the intensifica-
tion of the atmospheric polar vortex (IPCC
2007b). This would result in higher salinity in
the slope water off the Scotian Shelf, more
frequent “warm” slope water intrusions onto
the shelf, and changes in chemical properties
such as nutrients and dissolved oxygen.

* Increased stratification and reduced depths
of winter convection can be expected to
result in reduced dissolved oxygen concen-
trations at depths below the winter layer on
the Scotian Shelf, such as in the intruded
slope water at depth. This would be further
exacerbated by the expected increased
contribution of dense subtropical water.

« With the expected changes in stratification
and in the source of slope water at depth,
there will probably also be changes in
nutrient concentration. However, as with
dissolved oxygen, nutrient concentrations
are influenced by multiple factors including
complex biogeochemical processes, such
that it is difficult to project the net effects of
climate change.
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STATUS AND TRENDS

3. ] TEMPERATURE

Available data for air and ocean temperature in the NW Atlantic dur-
ing the past century indicate substantial natural variability on decadal
time scales. For example, the 1950s was one of the warmest decades
in the 20" century for air and ocean temperature in the Scotian Shelf
region while the 1960s was one of the coldest. Trends estimated from
time series starting in the 1950s may be very different from those
estimated from those starting in the 1960s. Caution needs to be used
in interpretations of the limited existing ocean datasets with regard to
their implications for future change.

Meteorological records, in some cases extending back before 1900,
provide the best indicators of long-term regional climate change.
Coastal air temperature records between the Grand Bank and the
Gulf of Maine generally show a net increase over the past century
in the 0.6—1.7°C range. Sable Island, which had a change of about
1°C, is probably the most representative of the Scotian Shelf. This
magnitude is similar to the observed global and North American
averages of about 1°C reported in IPCC (2007b, Chapter 3), and
to the simulated change of about 0.7°C for eastern North America
in IPCC (2007b, Chapter 9). This suggests that significant
anthropogenic warming is occurring in air temperature over the
Scotian Shelf (averaged over decadal variability).

The longest records (85—90 years) of ocean temperature and salin-
ity in the region are coastal temperatures measured at St. Andrews,
Halifax, and the Prince 5 monitoring station in the Bay of Fundy (Figure
3). The Bay of Fundy observations indicate an increase of about 1°C
per century, consistent with the increases observed at US coastal sites
in the Gulf of Maine and northern Middle Atlantic Bight (Shearman
and Lentz 2010), as well as the air temperature changes noted

above. The limited observed change at Halifax (a slight but insignificant
decrease) may reflect a local influence (e.g, coastal upwelling) such
that the pattern observed at Halifax may not represent the entire shelf.

http://coinatlantic.ca/index.php/state-of-the-scotian-shelf



The longest and most continuous record of
offshore/mid-shelf temperature and salinity

is from Emerald Basin (Figure 4). lts surface
temperature shows little net change since the
relatively warm 1950s but, considering pat-
terns both to the north (e.g., Newfoundland)
and south (US), it is plausible that a longer
record would show a net increase. Sparse
earlier observations from Emerald Basin, and
the longer records from Prince 5 and the Gulf
of St. Lawrence (Gilbert et al. 2005) point to
a long-term warming trend of the deep water
shelf waters during the past century, such that
there is a substantial basis for inferring that
there has been such a trend in the Scotian
Shelf's subsurface waters.

{A) Halifax 0 m

Temperature Anomaly (°C)

Temperature Anomaly (°C)

-2 o T I T 1 T I T 1 1
1920 1940

Temperature Anomaly (°C)

Salinity Anomaly

Since 1985, SST estimates from remote
sensing indicate a widespread increase by over
1°C on the Scotian Shelf. However, the natural
warming phase of the AMO since the 1970s
may be contributing to the recent warming
(Nye et al. 2009; Polyakov et al. 2010).

3 .2 SALINITY

Robust indications of long-term changes in
ocean salinity are even more difficult to obtain
than those for temperature, because of the

5 ({B) St. Andrews 0 m

1920 1940 1960

06 (D) Prince 5, Bay of Fundy 0-90 m

0.6 — T I T I T | T I 1
18920 1840 1960 1980 2000

Figure 3. The longest ocean temperature and salinity records available for the Scotian Shelf and Bay of Fundy: annual
anomalies of coastal temperature (circles joined by dashed line) and their 5-year running means (heavy black line) for
(A) Halifax Harbour and (B) St. Andrews, NB; and annual anomalies of depth-averaged (0—90 m) (C) temperature and
(D) salinity for the Prince 5 monitoring station at the mouth of the Bay of Fundy. The anomalies are relative to the

1971-2000 means (Petrie et al. 2011).
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Figure 4. Annual-mean temperature and salinity anomalies
(circles joined by dashed line) at the surface and near-
bottom at a long-term monitoring site in Emerald Basin

on the central Scotian Shelf, with their 5-year running
means (heavy black line). The anomalies are relative to the
1971-2000 means (R. Pettipas, Bedford Institute of
Oceanography, Fisheries and Oceans Canada).

greater dearth of high-quality measurements.
Salinity in the upper 500 m of the North
Atlantic north of 42°N (the Scotian Shelf's lati-
tude range is 42—44°N) has decreased over
the period 1955-98 (IPCC 2007b), consistent
with the expected change associated with
sea-ice melting and more rain at high latitudes.

The salinity time series from Prince 5 in the
outer Bay of Fundy (Figure 3) indicates a
net depth-averaged (90 m) decrease of
0.1-0.2 psu over about 85 years. The
salinity time series from Emerald Basin (Figure
4) indicates a net decrease of 0.1-0.2 psu at
the surface and a net increase of about 0.2 psu
at depth. These net changes are clearly
influenced by natural variability.

Overall, there have been decadal-scale varia-
tions with magnitudes comparable to (or
greater than) the long-term changes, such that
the contributions of natural and anthropogenic
variability are unclear. There have been claims
of anthropogenic freshening of Arctic origin
during the past two decades (e.g., Drinkwater
et al. 2004), but it is unclear whether this is a
reliable long-term trend or a transient feature
associated with natural variability.

3 . 3 STRATIFICATION

Upper-ocean stratification has increased over
the Scotian Shelf and adjoining shelf regions
during the past 60 years (Figure 5) (Petrie et
al. 2011). Analyses suggest that it has arisen
from a combination of the surface warming
and freshening described earlier, with warm-
ing (freshening) the dominant influence on
the western (central and eastern) Shelf (Brian
Petrie, Bedford Institute of Oceanography,
Fisheries and Oceans Canada, pers. comm.).

Typically, in the spring/summer, warmer, fresher,
less dense water lies over colder, saltier denser
water, creating a boundary so the vertical water
column is “stratified.” The winter winds and
cooling break down this stratification and cause
vertical mixing that takes oxygen to the deeper
water and brings nutrients to the surface, feeding
phytoplankton growth in the spring.



3 .4 CHEMICAL

OCEANOGRAPHIC
PROPERTIES

3.4.1 pH

The ocean routinely absorbs carbon dioxide
(CO,), but the additional CO,, produced through
increased human activities, has changed the
ocean'’s chemical balance. Atmospheric con-
centrations of CO, are about 40% higher than
before industrialization, and about 33% of that
excess has entered the surface of the ocean
(Doney et al. 2009). The CO, absorbed in the
ocean forms carbonic acid which lowers the pH
as the net CO, input increases.

Global surface ocean pH has decreased by 0.1
units (i.e. the surface ocean has become more
acidic) since pre-industrialization beginning in
1750 (IPCC 2007b), and is expected to reduce
further by 0.3 to 0.4 units by 2100 (reviewed
in Doney et al. 2009). Sparse data from the
Scotian Shelf indicate a decrease in pH of
0.1-0.2 since the early 1930s (Worcester and
Parker 2010). The available atmospheric and
ocean data, and current understanding of the
global carbon cycle, point clearly to ongoing
ocean acidification on the Scotian Shelf. There
is concern that the increasingly acidic Arctic
outflow will affect Atlantic Canadian waters
downstream (Azetsu-Scott et al. 2010; see also
Ocean Acidification theme paper).

3.4.2 Dissolved Oxygen

There has been a widespread decrease in
dissolved oxygen concentrations and oxygen
saturation levels in the slope-derived deep
waters in the Gulf of St. Lawrence and on the
Scotian Shelf (Figure 6; Petrie and Yeats 2000;
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Figure 5. Annual-mean anomalies (solid circles joined by
dashed line with standard error estimates) and 5 year
running means (heavy black line) of the vertical stratification
gradient over the upper 50 m on the Scotian Shelf, based
on historical temperature and salinity data. The red line

is the long-term trend indicating an increase of 0.4 kg/m?
over 60 years (Petrie et al. 2011).
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Figure 6. Annual means of oxygen saturation at depth in the
Gulf of St. Lawrence and in Emerald Basin on the Scotian
Shelf (D. Gilbert, Institut Maurice-Lamontagne, Fisheries and
Oceans Canada).

Gilbert et al. 2005). Gilbert et al. (2005)
reported a 50% reduction in dissolved oxygen
concentration at depth in the St. Lawrence
Estuary since the 1930s, and estimated

that between one-half and two-thirds of this
change was associated with the warming and
increased fraction of subtropical slope water
noted earlier. Petrie and Yeats (2000) reported
higher oxygen at depth on the Scotian Shelf in
the 1960s, also consistent with the increased
influence of cool and fresh subpolar slope
water during that decade. However, data
sparseness makes it difficult to identify any
long-term trends on the Scotian Shelf.

http://coinatlantic.ca/index.php/state-of-the-scotian-shelf
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While the short term (seasonal, decadal) natural variability
swamps anthropogenic change, we can anticipate more gradual
anthropogenic change over the longer term (50 years). To
date, the surface water has been warming since the 1980s,
similar to the air temperature. There is some evidence of local-
ized lower levels of dissolved oxygen and increased acidity,
although no clear evidence of a long term trend in the circulation.
Much of the relevant science topics (e.g., effects of acidification)
are still highly active areas of research. While a comprehensive

14 http://coinatlantic.ca/index.php/state-of-the-scotian-shelf




and precise assessment is not yet
possible, there is enough knowledge to
broadly assess potential climate change
impacts. Related documents include Frank
et al. (1990) and Fogarty et al. (2007).
Climate change affects species’ physiology,
phenology and distribution. Those changes
will in turn affect species interactions,
which then affect species composition

of an ecosystem.

4. ] LOWER TROPHIC
LEVEL PRODUCTION

Plankton are tightly coupled to climate vari-
ability. Changing oceanographic conditions
affect not only the abundance of plankton,
but also the composition. Coupled climate
models suggests that phytoplankton
production will increase in northern latitudes
by 2040-2060 because of a longer growing
season, and decline in the tropics because
increased stratification will impede nutrient
mixing in the upper water column (reviewed
in Sherman et al. 2011).

Globally, the range of responses to climate
change will vary because phytoplankton
abundance is dependent on local combina-
tions of controlling factors including nutrient
availability, vertical and horizontal mixing,

light regime, amount of UV radiation, and
level of thermal stratification. In general, in
subpolar waters the warming/freshening of
the surface waters may lead to longer or
stronger stratification. That stratification would
impede vertical mixing and limit nutrient
availability. In contrast, coastal upwelling may
increase due to an increase in the land/sea
temperature gradient, which would increase
nutrient availability. To date, there is no clear
picture as to whether anthropogenic climate
change will increase or decrease primary
production (Reid and Valdés 2011). On the
Scotian Shelf there is typically a larger spring
bloom, followed by a lesser, but longer dura-
tion fall bloom. The current trend on the
Scotian Shelf indicates that phytoplankton
abundance was higher in the early 1990s as
compared to the 1960s (Head and Pepin
2010) whereas there was no annual trend in
chlorophyll (index of phytoplankton growth)
from 1997-2009 because of an increased

The spring bloom refers to the seasonal
increase of phytoplankton abundance in the
spring, dependent on light, nutrient upwelling,
temperature and seasonal stratification of the
water. In our region, there is also a lesser fall
bloom when fall winds cause stratification to
break down a bit, surface waters start to cool
and the warmer deeper waters rise delivering
new nutrients to the surface.
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spring bloom and a decreased fall bloom (Li
et al. 2006; Li et al. 2009). Also, phytoplank-
ton abundance more than doubled in the
Labrador Sea that has warmed in the spring
at a rate of (0.19+/-0.07°C/yr) since the mid
1990s (Li et al. 2006). What happens in the
Labrador Sea will eventually influence the
Scotian Shelf.

In terms of composition, warmer water
favours more numerous but smaller organ-
isms (for example picoplankton), while colder
water favours fewer bigger organisms (Moran
et al 2010; Reid and Valdés 2011; reviewed
in Bode et al. 2011). This pattern could be
used to predict that a warmer ocean will
result in a change in the types and numbers
of phytoplankton (Moran et al. 2010). The
effects of stratification could exacerbate the

High levels of dispersal and genetic variability,
and the ability of an organism to adapt to the
environment within their lifetime are crucial to
evolutionary adaptation. The copepod Calanus
finmarchicus is highly capable of tracking
suitable habitat. Provan et al. (2009) used DNA
analysis to show that this important zooplankton
was able to keep high levels of genetic
variability over millennia, through ice ages

(359 000-566 000 BP), and through high
dispersal rates. The life history traits of small
organisms lead them to grow fast, reproduce
early and die young so that they can adapt faster
through shorter generation times (Genner et

al. 2010). Small-bodied organisms are favored
in warmer waters possibly due to metabolic
laws. Metabolic rate increases with temperature,
which increases growth rate so they can
reproduce earlier. Warmer temperatures

would favor smaller-bodied organisms.
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preference for smaller sizes. As well, the
increased amounts of picoplankton (really
small plankton <2 pm) in Arctic Ocean out-
flow may eventually affect the Scotian Shelf
(reviewed in Bode et al. 2011).

Phytoplankton size is relevant to the higher
trophic levels. Fewer bigger organisms gener-
ally transfer energy more efficiently up the
food chain. If higher temperatures lead to
smaller organisms, energy flow through the
ecosystem will be re-directed and less efficient
(Li et al. 2006) and could not support the
productivity of historical fisheries (Bode et

al. 2011).

“Reducing fishing mortality in the
majority of fisheries, which are
currently fully exploited or overex-
ploited, is the principal feasible
means of reducing the impacts
of climate change.”

- Brander 2007.

Zooplankton eat phytoplankton and are
tightly coupled to their dynamics. To date,
there have been no directional shifts in
zooplankton production nor in species
composition, although their dynamics are
intimately tied to water mass composition
(Johnson et al. 2011). Calanus finmarchicus
occurrence has been experimentally shown
to decrease as stratification increases,
especially the younger copepodite stages.
Calanus finmarchicus are the main source
of fatty oil-rich food for larval fish, such as
cod, in our region. If stratification continues
to increase, we might expect lower availability
of Calanus finmarchicus at some critical
level (Reygondeau and Beaugrand 2011).
Currently, that level is locally unknown.



4 .2 FISHERIES PRODUCTION

Climate change is expected to redistribute
the global fish catch potential. Catch is pre-
dicted to decline in the tropics and increase
in northern latitudes. Canada's catch potential
is expected to increase by about 5% by
2050 in a high GHG emission scenario but
decrease <10% if emissions stabilized at
2000 levels (Cheung et al. 2010). When
this model was reconfigured to account for
expected effects of acidification, lower
oxygen and smaller-celled phytoplankton,
catch potential estimates were much
reduced (Cheung et al. 2011).

The early life stages of fish populations are
critical determinants of fish productivity and
in a healthy population, are determined by
climate and food availability. There is no
question that climate plays a critical role in
the population dynamics of northern tem-
perate regions (Groger and Fogarty 2011)
but so too does fishing (Frank et al. 2005).
In the past few decades, researchers have
tried to partition the effects of climate and
the fishery on ecosystems. Increasingly, the
view has evolved to acknowledge that the
effects of climate and exploitation cannot be
separated (see Journal of Marine Systems
79 [2010] and ICES Journal of Marine
Science 68[6] [2011]).

Heavy fishing causes a reduction in diversity
from the individual to the ecosystem level
and diversity is the main buffer against
climate variability (Perry et al. 2010; Planque
et al. 2010). At the ecosystem level, an
inability to tolerate both intense fishing and
environmental variability can lead to com-
munity changes. For example, jellyfish and
ctenophores eat zooplankton and fish larvae.

Forage fish and groundfish larvae, such as
cod, compete with jellyfish/ctenophores for
zooplankton (Frank 1986). When forage fish
or groundfish larvae decline, jellyfish and
ctenophores have more zooplankton to eat
and increase (Suthers and Frank 1990). To
exacerbate their increase, jellyfish benefit in
warmer, eutrophied water, and low levels
of dissolved oxygen (Purcell 2011). Jellyfish
and ctenophores thrive in human-impacted
waters (Link and Ford 2006; Purcell, 2011).

At the population/species level, intense
fishing can lead to a truncation in the age/
size structure, loss of sub-populations and

a change in life-history traits, all of which
renders them much more susceptible to
environmental variability and chance events
(Perry et al. 2010; Planque et al. 2010).
Population variability increases at high levels
of fishing and the population is less able to
buffer environmental variability (Botsford et
al. 2011). In effect, fishing renders populations
more sensitive to climate variability (Hsieh
et al. 2008).

100% 52mLO:L"
° (@PSU,20°C)

Impact on growth/abundance in cod 36mLO:L"

— 70%

Impact on squid spawning
Distribution limit sardine larvae
26mLO:L"

Impact on hatching length in herring — 50%

Decrease of squid catches —
Active selection of normoxic areas
30%
Drastically lowered catches demersals
Distribution limit in sprat/horse mackerel
Reduced growth/gonad size flatfish
Disruption of schooling in herring

16mLO:L"

Distribution limit jellyfish
Impact on squid occurrence
Impact on colpepod swimming/
filtering/abundance
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and hatching
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Figure 7 . Behaviour and physiology responses of marine or-

ganisms to various oxygen saturation levels (Ekau et al. 2010).
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Importantly, in a global analysis of how fish
production will respond to climate change,
Brander (2007) asserts that fishing will
remain the largest threat to fish production,
including both captive (aquaculture) and
wild fisheries, but that the impacts of climate
and fishing interact. It is these interactions,
which are not completely understood, that
limits our ability to predict how production

will change (Murawski 2011). A very
generalized prediction for temperate regions
is that there will be a community turnover
through the arrival of warm-water species
and the loss of cold-water species

(MacNeil et al. 2010).

4.3 CHEMICAL

OCEANOGRAPHIC
PROPERTIES

4.3.1 Ocean Acidification

Acidification is expected to impact physiol-
ogy, including reproduction, and calcification
processes (see Ocean Acidification theme
paper). Such impacts will affect plankton and
favour non-calcifying species. The effects of
acidification are compounded by the expected
increase in temperature and the solubility

of CO.. Such complex effects translate into
complex ecological effects on bacteria (that
produce CO,) and zooplankton (that eat
phytoplankton). This reorganization of the
lower food chain will penetrate the rest of
the food chain (Blackford 2010).

4.3.2 Hypoxia
Oxygen is essential for aerobic metabolism

and the amount of dissolved oxygen (DO)
affects growth, distribution and productivity.

Warmer water cannot hold as much oxygen.
When levels of dissolved oxygen become
too low for biota, the condition is called
hypoxia, and that lower threshold depends
on the species. For example, there is an
impact on growth and abundance of cod
below 70% oxygen saturation level (Ekau et
al. 2010; see refs in Gilbert et al. 2005; see
refs in Chabot and Claireaux 2008).

In general, sediment-dwelling, longer-lived,
immobile species would be most vulnerable
(Figure 7). These species are actively
involved in re-working the sediments through
bio-irrigation (tube and burrow animals
transport oxygen to the deeper sediments

by breathing and flushing water from their
tubes/burrows, thereby enhancing aerobic
respiration and exchange of nutrients) and
bioturbation (moving the sediment around
and distributing oxygen below the surface and
exchanging nutrients—much like earthworms).
As such, their absence would clearly affect
other organisms. Larger benthic organisms
including echinoderms such as sea cucum-
ber, and crustaceans such as lobster, need
more oxygen and so are also vulnerable

in low oxygen settings, whereas annelids,
molluscs and cnidarians are less sensitive
(reviewed in Middleburg and Levin 2009).
Oxygen is declining at a faster rate in the
coastal ocean than in open ocean (>100 km
offshore) (Gilbert et al. 2010), which implies
that coastal populations will be more affected
than offshore populations.

4.4 SHIFTS IN SPATIAL
DISTRIBUTION

Temperature is arguably the major deter-
minant of growth, reproduction, feeding
and distribution for all marine biota. As the



temperature of the ocean changes, so does
the distribution of organisms that live in the
ocean, as described above for plankton.
Global projections using a bioclimatic model
predict that demersal marine organisms in the
Northwest Atlantic will migrate poleward
from 2005-2050, whereas pelagic marine
organisms will migrate faster because

Seasonal patterns of animals are evolved
behaviours adapted to environmental conditions.
In temperate marine climates, there is often a
limited window when conditions for growth,
feeding or reproduction are optimal. The timing
of these events is called phenology.

the surface layers are expected to warm
faster and pelagic species are more mobile
(Cheung et al. 2009). The most extreme
responses to climate change have been
documented in the Northeast Atlantic and
the Northwest Pacific, where SST has

been consistently increasing (Parmesan
2006; reviewed in Drinkwater

et al. 2010).

Locally, temperature regime continually
modifies fish distribution and composition.
When the eastern Scotian Shelf was inun-
dated by cold water, cold-adapted capelin
flourished (Frank et al. 1996). Variations in
the NAO induce temperature anomalies and
can cause changes in the latitudinal diver-
sity gradient of fish (Fisher et al. 2008).
Species in the temperate to subarctic North
Atlantic feed and spawn from -2 to 20°C,
but the majority feed at 0-4°C and spawn
from 2-7°C (Rose 2005). Warming will
influence changes in distribution. However,
it is possible that the temperature toler-
ances of opportunistic species have been
underestimated by using simple survey
data. Using electronic tags, Righton et al.

(2010) were able to determine that cod
were much more tolerant than previously
considered.

There have been shifts in distribution at
lower latitudes (Nye et al. 2009) as well
as in the eastern North Atlantic (Hofstede
et al. 2010), where change is occurring
rapidly. However, large changes in com-
munity assemblages on the Scotian Shelf
up to the mid 2000s have been due to
intense fishing, not warming (Frank et

al. 2005; Shackell and Frank 2007). The
same is true for the Northeast US (Fogarty
and Murawski 1998; Auster and Link 2009;
Shackell et al. 2012) and elsewhere in
temperate waters (Blanchard 2001). The
mechanism of change is that the removal
of dominant commercial fish allows either
their prey or less commercial species to
thrive as was observed on the Scotian
Shelf (Koeller et al. 2009).

4.5 CHANGES IN TIMING OF
ECOSYSTEMS EVENTS

4.5.1 Seasonal Events

Climate change has caused a shift in the
timing of seasonal events (phenology)

of plants, animals and marine organisms
around the world (reviewed in Visser and
Both 2005). The ability to adapt phenol-
ogy (the timing of seasonal events such as
reproduction, migration) to climate change
varies widely among species but can be
generally predicted if the seasonal cues
(e.g. temperature, light) to seasonal behaviour
are well known. Seasonal cues are known
for many (Greve et al. 2005) but not all
key species.
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Climate Change

Match » Mis-Match

Fish eggs

Fish eggs

Density

Figure 8. Match-Mismatch in the marine environment. Many
fish are adapted to spawn so that peak larvae abundance will

coincide with their copepod prey. If copepod peak abundance

occurs earlier due to climate-induced shift in seasonal cues,

and fish do not adapt in the same direction, peak abundances

between predator and prey will be mismatched.

A key taxon is the plankton, the base of
the food chain. There was no directional
trend towards earlier spring blooms on the
Scotian shelf since 1998 (see Figure 4a in
Song et al. 2010) although fresher surface
waters can cause earlier spring blooms
and later fall blooms (Song et al. 2011).
However, the observed trend in salinity
changes is expected to eventually affect
phytoplankton phenology given that salinity
is one of the strong determinants of spring
bloom timing from 1998-2008 (Song et
al. 2010). The authors hypothesize that
the additional influx of surface freshwater
from the fresher (low-salinity) Scotian Shelf
water helps set up stratification, in addition
to warming in the spring.

Although several global examples of changes
in marine plankton phenology exist (see
also Li et al. 2006), plankton are naturally
extremely variable. Researchers are working
on how to assess changes in phenology in
response to climate change so that a more
uniform and global picture can be achieved
(reviewed in Ji et al. 2010). The current

time series of remote sensing (since 1998)
of chlorophyll may be too short to detect
long-term change because the natural
intrinsic variability is so high, but research-
ers are developing models to improve
interpretation of observational, noisy data
(Platt et al. 2009).

4.5.2 Trophic Interactions and
Match-Mismatch Theory

If climate change will shift timing of
seasonal events then it will also affect
trophic interactions if predators and their
prey respond differently to a shift in seasonal
events. Many species are adapted to give
birth during a time when peak abundances
of their young will coincide with peak
abundances of their prey, as survival
depends on having enough to eat (reviewed
in Stenseth and Mysterud 2002; Durant

et al. 2007). That is, the predator’s timing
in peak abundances will “match” the peak
abundance of their prey. When peak abun-
dances do not coincide, this is referred to as
“mismatch,” and the predator’s likelihood of
survival is reduced. Suppose that two trophic
levels, fish larvae and their copepod prey
are triggered by different seasonal cues.

It follows that a mismatch may be more
likely if those different cues do not co-vary
in a changing climate (Figure 8). However,
if phytoplankton abundance increases as a
result of climate change, this might offset
the effects of a mismatch between predator
and prey (Durant et al. 2007).

In a review of 11 species showing

changes in phenology, 8 were mismatched
because of the trend in climate change
(Visser and Both 2005 and see review in
Durant et al. 2007). Such mismatches are
expected to affect energy flow to higher
trophic levels, and will have implications

on the ecosystem.



ACTIONS AND
RESPONSES

5 . ] GOVERNMENT POLICY AND ACTION PLANS

The United Nations Framework Convention on Climate Change
(UNFCCC) has set targets to reduce GHG emissions and has
asked nations for effective accountability measures to meet
those targets. Reductions in GHG emissions requires interna-
tional action and responses. Canada ratified the United Nations
Framework Convention on Climate Change in 1992. There
have been several international UN fora designed to negotiate
among countries to combat climate change. The most notable
to date was the Kyoto Protocol designed in the late 1990s.
The Kyoto protocol is an international agreement to fight global
warming and calls for emissions reductions. Targets varied for
developed and developing countries. For Canada, the target
was a reduction of 6% of greenhouse gas emissions from
1990 levels by the 2008—-2012 period. That is, the average
level of GHG emissions should be 6% lower than the 1990
levels during the period 2008—2012. Canada ratified the Kyoto
protocol in 2002 and so committed the country to reduce
GHG emissions. However, Canada’s 1990 emissions were 592
megatonnes (Mt) CO2 equivalent, and in 2007 they were 747,
representing a 26.2% increase in Canadian GHG emissions
(Figure 9), meaning Canada was 33.8% above the Kyoto target
in 2007 (Government of Canada 2010). Canada announced
that it would withdraw from the Kyoto protocol in December
2011; however, current Canadian legislation remains in force.

UN fora subsequent to Kyoto (e.g. Bali, Copenhagen) set other
targets under other accords (Government of Canada 2010).
Canada'’s current commitment is as follows: “The Government
of Canada is committed to reducing Canada’s total greenhouse
gas emissions by 17 per cent from 2005 levels by 2020 — a
target that is inscribed in the Copenhagen Accord and aligned

http://coinatlantic.ca/index.php/state-of-the-scotian-shelf
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Figure 9. Canadian GHG Emission Trend and Kyoto Target from National Inventory Report 1990-2008: Greenhouse Gas

Sources and Sinks (Government of Canada 2010)

with the United States” (Government of
Canada 2011). That reduction would be
17% of 731, which would mean a target of
606.73 Mt CO2 equivalent GHG emissions
by 2020.

The Kyoto Protocol Implementation Act
(2007) is Canada's legislation to address
climate change. The act requires the gov-
ernment to formulate a climate change

plan every year until 2013. Nova Scotia

has a climate change action plan (Province
of Nova Scotia 2011a). The Nova Scotian
government has set targets under the Envi-
ronmental Goals and Sustainable Prosperity
Act (EGSPA) proclaimed in 2007. In 2010,
the province had fully articulated goals and
objectives to reduce its environmental foot-
print, including GHG emission reduction. This
legislated target is 10% below 1990 GHG
levels by 2020. Legislation of targets is still
rare and should be noted (Province of

Nova Scotia 2011b).
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In addition to reducing greenhouse gas
emissions, there is also a need to respond
to changes in the ecosystems that are
already occurring or predicted to occur. The
Nova Scotia Climate Change Directorate
(within the Department of Environment)

is responsible for ensuring all departments
understand the impacts of climate change
on their operations and develop adaptation
plans to ensure they are prepared for cli-
mate changes and their subsequent impacts.
The Government of Canada has a national
Climate Change Adaptation Program, which
funds activities in several departments. From
a global perspective, Canada is considered

a country with a high capacity to adapt to
climate change based on a suite of indica-
tors, including health, education, size of the
economy and governance system (Allison
et al. 2009).



5.2 MONITORING AND RESEARCH

Atlantic Canada marine ecosystems are
monitored by Canadian provincial and federal
agencies, principally, Fisheries and Oceans
Canada (DFO) and Environment Canada. In
1999, DFO established the Atlantic Zonal
Monitoring Program (AZMP) (http://www.
meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-
pmza/index-eng.html). The main objectives
of AZMP are to collect and analyze biological,
chemical, and physical data to characterize
and understand the causes of oceanic vari-
ability at different time scales; and to provide
the multidisciplinary data sets that can be
used to establish relationships among the
physical, chemical and lower trophic level
components of the ecosystem and their
links to higher trophic levels.

Global generalities may be projected, but
each region needs to be examined for local
effects. Globally, researchers have created
models that use IPCC-class climate results to
examine ecosystem scenarios. For example,
Cheung et al. (2009) used a “bioclimate
envelope” global model and predicted that
by 2050, there will be local extinctions and
invasions, resulting in a 60% species turn-
over relative to current biodiversity patterns.
The general consensus is the field has
progressed greatly, but would be improved
by a better mechanistic understanding of
how climate shapes biology, as well as an
improvement in IPCC-class climate model
predictions, in particular at regional and local
scales (Stock et al. 2010).

Numerous changes in phenology, species
distribution, community composition have
been ascribed to climate change in the
last 30 years (reviewed by many but see

Walther et al. 2002). Our ability to know
what communities and ecosystems will look
like is hampered because global climate
change affects regions so differently. More
importantly, it is difficult to predict com-
plex ecological interactions in the absence
of climate change, and even harder in its
presence. It will always be difficult to predict
beyond broad generalities. It is the broad
generalities outlined in this paper that may
be used to inform policy, and for identifying
future research avenues.

“The principal brake to climate change
remains reduced CO, emissions that
marine scientists and custodians of the
marine environment can lobby for
and contribute to.”

- Brierley and Kingsford, 2009

In the fall of 2011, the DFO announced a
new program called the Aquatic Climate
Change Adaptation Services Program
(ACCASP). The goal is integrate the evident
climate change into existing DFO planning
processes. This “adaptation” will be
accomplished through directed research
on climate change projections and impacts
on freshwater and marine ecosystems

as well as other vulnerable areas of DFO
responsibility. The program also aims to
develop adaptation tools for use in DFO
management and decision-making.
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INDICATOR SUMMARY*

INDICATOR POLICY ISSUE DPSIR ASSESSMENT' TREND?

GHG emissions Global warming and other long-term Driving Force = Poor
climate changes.

Natural climate variability = Regional near-term climate change. Driving Force = Good

Gulf Stream position Potential northward shift resulting in Pressure Good
increased subtropical influences.

Increasing ocean Implications for sustainable Pressure Fair
temperature and prosperous ecosystems.

Increasing vertical (density) - Effects on primary production. Pressure Fair
stratification - Effects on oxygenation of subsurface Fair
waters.

Ocean acidification (pH) Low growth and high mortality in some  Pressure Fair
species.

Ecosystem productivity Climate-induced reduction of ecosystem Impact Good
services with _re(sjpect to phytoplankton
and fishery yield.

Shifts in species distribution = Change in availability of fishery resources. Impact Fair

Ecological timing Change in timing of seasonal events may  Impact Unknown
affect trophic interactions.

Nova Scotia’s Action on Province of Nova Scotia’s responseto ~ Response Unknown
Climate Change climate change.

Aquatic Climate AdaEtation Integration of dimate change into existing  Response Unknown
Services Program (DFO) DFO planning processes.

'Assessment: assessment of the current situation in terms of implications for the state of the environment. Categories are poor, fair, good, unknown.
rend: is it positive or negative in terms of implications for the state of the environment? It is not the direction of the indicator, although it could
coincide with the direction of the indicator.

Data Confidence: - - Key:

* Available datasets for atmospheric variables and ocean temperature and salinity are Negative trend: -
adequate for describing regional climate variability during the past 60-90 years, but the Unclear or neutral
ocean datasets are not wi e,sl|1:>read or long enough for separating anthropogenic and trend: /
natural climate variations with confidence. Positive trend: +

» The sparser and shorter available data sets for chemical and plankton variables are No assessment due to
adequate for describing variability during the past decade or two, but also not long enough  lack of data: ?
for identifying whether there are changes occurring due to anthr_cgaogemc dimate change.

» Longer datasets for upper trophic levels of fish are adequate for i _entlfylnj(;j changes but the
latter tend to be dominated by fishing influences such that it is difficult to identify dimate
change influences. - _

» While existing climate models represent large-scale variations in the Earth’s climate system
well, they do not have an adequate representation of the Gulf Stream, Labrador Current
andf%tlantlc Canadian shelves to provide projections of regional ocean climate change with
confidence.

Data Gaps:

*The Iimiteg duration of all available ocean and marine ecosystem datasets limits the identification of anthropogenic
dimate change and its impacts. Ongoing m_or_utonrlF J)_roglrams and resulting indices are needed, including sensitive
biogeochemical variables such as ocean acidity and dissolved oxygen. _

» Improved indices of large-scale ocean circulation changes (e.g. Gulf Stream, Labrador Current) are needed since such
changes could lead to regime shifts at some trophic levels. _ : :

* Since there can be important influences on both lower and higher trophic levels from changes in the ocean dimate’s
seasonality (e.g. onset of spring stratification affecting plankton blooms and fish recruitment), it is important that
dimate and ecosystem indices resolve the seasonal cycle in key variables. : -

» Development of metrics for fish populations which indude fishing impacts is needed in order to identify dimate
change influences on fish.

*Indicator Summary: Several Indicators derived from J. Loder (Draft Report on Physics and Climate Change)
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