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1.1 Introduction to Climate Change 
Models

The word ‘climate’ generally refers to a weather 
pattern over a long period of time (e.g. 30 years) 
and within a defined geographic area. Precipitation 
and wind data are often used to describe the mean, 
variability and possible year-to-year changes in 
climate (IPCC, 2007a,b). Weather is mainly deter-
mined by its energy budget; which is the balance 
between the incoming short-wave radiation from 
the Sun and the outgoing long-wave radiation from 
the Earth as influenced by absorption and scatter-
ing at the Earth’s surface and the energy conversion 
processes (Trenberth et al., 2009). From this budget, 
additional effects of ocean currents and topogra-
phy, as well as negative and positive interactions 
among physical processes, determine the varied 
climates over space and time (Vecchi et al., 2008; 
Andrews and Forster 2009; Stephens et al., 2010). 
Greenhouse gases such as carbon dioxide (CO2; 
e.g. from burning of fossil fuels by industries) and 
methane (CH4; e.g. from large-scale breeding and 
raising of livestock) disrupt the energy budget by 
modifying the transfer of heat and radiation across 
the altitudinal zones.

Past climatic events will shed some light on the 
interrelationship between greenhouse gases and the 
physical processes to create regional variations in cli-
mate. The Medieval Climate Anomaly (800–1300 ad) 
followed by the ‘Little Ice Age’ (1350–1850 ad) 
demonstrated how volcanic activity had a profound 
influence on surface temperature, aridity, ocean 

weather and atmospheric concentrations of CO2, 
leading to global warming in the former period and 
cooling in the latter (MacDonald, 2010). Over the 
last 300 years, anthropogenic activities have 
increased atmospheric concentrations of CO2 by 
roughly one-third as a result of burning fossil fuels 
and deforestation (IPCC, 2007a,b). More recently, 
humans have begun to release smaller concentra-
tions of more powerful greenhouse gases (e.g. sul-
fur hexafluoride and perfluoropentane) (Wuebbles 
et al., 2019). The climate has changed in ways that 
cannot be explained through any natural physical 
processes (e.g. increased radiation from the Sun) 
nor natural variation in surface temperatures. 
Climate metrics including average global atmos-
pheric temperature, surface seawater temperature, 
permafrost depth and melting of Arctic ice suggest 
that the Earth is warming (IPCC, 2013; USGCRP, 
2017). In the last century, climatologists have noted 
an increase of 1°C in the global annual average air 
temperature over both land and oceans (USGCRP, 
2017), and this rate of warming has increased since 
2001 (NCEI, 2016). Also, the hottest years on 
record are the most recent (i.e. 2016, 2017, 2015 
and 2018, in a descending ranked order) and they 
surpass the next warmest year (2014) by 0.16°C. 
Concurrent with these global patterns of air tem-
perature, the intensity and frequency of heavy rain 
(i.e. storm events) have increased globally (Karl 
and Knight, 1998; O’Gorman and Schneider, 
2009). These historical and recent changes along 
with long series of ocean, atmospheric and physical 
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data paint an alarming picture of an accelerating 
change in our climate. However, it allows clima-
tologists to develop and test objective models to 
characterize past climate and predict future condi-
tions (Giannini et al., 2003; deMenocal, 2011).

The global circulation models (GCMs; a compo-
nent of the global climate models) form the basis for 
climate predictions from the Intergovernmental Panel 
on Climate Change (IPCC) and as such have been 
widely used and vetted by climate scientists around 
the world. These models combine the energy budget 

models introduced earlier with other important physi-
cal processes (e.g. chemical transport) and superim-
pose their predictions on a spatially explicit surface 
(e.g. latitudinal and longitudinal grids). Some of the 
more common GCMs include data from the UK 
Meteorological Office’s Hadley Centre’s HadCM3 
model and the US National Oceanic and Atmospheric 
Administration’s (NOAA) Geophysical Fluid Dynamics 
Laboratory’s (GFDL) CM2 series, which are both 
atmosphere–ocean models (Table 1.1). These models 
allow greenhouse gas concentrations to be included 

Table 1.1. Global climate models and greenhouse gas (GHG) emission scenarios for future climate projections based 
on simulations conducted for the IPCC AR4 and IPCC AR5. (From Cherkauer and Sinha, 2010.)

Global climate model

Model name Description Sensitivity to GHGs

GFDL NOAA Geophysical Fluid Dynamics Laboratory 
(GFDL), version CM2.1.1

High

HadCM3 UK Met Office Hadley Centre Climate Model, 
version 3.1

Medium

AR4 emissions scenarios

Scenario Description Maximum CO2 (ppm)

B Global population peaks in mid-century before 
declining

Rapid changes in economic structures towards 
service and information economy

Rapid introduction of clean and resource-efficient 
technologies

550

A1B Very rapid economic growth
Global population peaks in mid-century before 

declining
Rapid introduction of new and more efficient 

technologies

720 

A2 Gradual continuous increase in global population
Regionally oriented economic growth
Fragmented technological development

850

AR5 emissions scenarios

Scenario Description Radiative forcing (W/m2)

RCP2.6 Aggressive mitigation and policy for collective action
Requires global participation in reducing GHGs
Invention and application of CO2 removal 

technologies

2.6

RCP4.5 Much like the B scenario above 4.5
RCP6.0 Slow efforts to curb emissions and apply mitigation

Technologies capturing GHGs implemented by 2100
6.0

RCP8.5 Failure to curb warming through collective action
GHGs are up to 7 times higher than pre-industrial levels

8.5
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into projections to provide predictions of how the 
climate will change under different scenarios (Levy 
et al., 2004). This is required because how humans 
respond to the growing concerns on the damaging 
effects of climate change and possibly reduce CO2 
emissions is the greatest source of uncertainty in these 
models. In response, the IPCC has developed 40 sce-
narios of human behaviour based on assumptions on 
future economic and regulatory conditions (Table 1.1 
and Fig. 1.1), which have more recently been sum-
marized as four representative concentration path-
ways (RCPs) which are identified by the watts of 
radiative forcing per square metre. Common scenar-
ios include the extreme cases of A2 and RCP8.5 
where the global dependence on fossil fuels and 

population growth remain high, the optimistic cases 
of B2 and RCP4.5 where fossil fuel use and population 
growth are curtailed, and a technological solutions 
scenario RCP2.6 in which reduced reliance on fossil 
fuels and effective carbon capture technologies are 
enhanced and new strategies implemented.

There is consensus among the experts that the 
global climate will continue to change significantly 
during the next century. The 2007 IPCC report con-
cluded it is very likely that fossil fuel burning will be 
the dominant influence on atmospheric CO2 con-
centrations in the 21st century. Model projections of 
atmospheric CO2 concentrations estimated that by 
the end of the century, they could range from 490 
to 1260 ppm, equivalent to between 75 and 350% 
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Fig. 1.1. Global mean temperature change projected for various emission scenarios. (From IPCC, 2007a,b.)
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above estimated levels of CO2 in the year 1750. 
Also, global air temperatures estimated by the 
models are expected to increase in the 21st century 
by 1.4 to 5.8°C, relative to 1990 temperatures 
(Table 1.2 and Fig. 1.1). These projected increases 
are considerably greater than those in the 20th 
century and are very likely to exceed any century-
long trend in the past 10,000 years.

1.2 Climate Change Predictions  
for the Great Lakes Basin

The Great Lakes Basin in North America (Fig. 1.2) 
comprises the lakes, tributaries and associated 
watersheds of lakes Superior, Huron, Michigan, 
Erie and Ontario within the American states 
(Minnesota, Wisconsin, Illinois, Indiana, Michigan, 
Ohio, Pennsylvania and New York) and the 
Canadian province of Ontario. These large bodies 
of water have a strong influence on their surround-
ing climate by moderating air temperatures, as well 
as increasing winter precipitation downwind of the 
lakes while decreasing summer precipitation on the 
lakes (Notaro et al., 2013). Given these influences 
on climate, and the wide geographic variability and 
latitude of the lakes, projecting long-term trends in 
the climate proved difficult for many years (Kling 
et al., 2003). However, more recently it has become 
clear that global climate change is indeed influenc-
ing the local climate and the aquatic environment 
of the Great Lakes (Melillo et al., 2014). Extremes 
in temperatures and precipitations are occurring 
more frequently across the Great Lakes Basin com-
pared with the early half of the 20th century 
(Kunkel et al., 1999; Winkler et al., 2012). Further, 
over the last 30 years, the region has experienced 
increasing air temperatures (Zobel et  al., 2017), 
unpredictable lake-effect snowfalls (Suriano and 
Leathers, 2017), increased summer precipitations 
(Kunkel et al., 2012) and increased runoff and shore 
erosions (Kelly et al., 2017). These changes have led 
to shorter, warmer and wetter winters (Wuebbles 
and Hayhoe, 2004). Corresponding changes have 

been observed throughout the 20th century in win-
ter processes (e.g. snowfall, snow melt, freezing and 
thawing of soil) including a significant reduction in 
mean snow cover area and earlier spring thaw from 
1972 to 2000 in the northern hemisphere (Lemke 
et al., 2007; Cherkauer and Sinha, 2010). Also, the 
occurrence of soil frost has been decreasing since 
the mid-1960s which indicates warmer tempera-
tures (Cherkauer and Sinha, 2010).

The prediction of future climate for the Great 
Lakes Basin has a higher degree of uncertainty than 
global projections because it is inherently more dif-
ficult to model regional-scale phenomena. As such 
it is often best to view future projections as plausi-
ble scenarios rather than as forecasts (Jones et al., 
2006) and to use a range of models. Fortunately, 
there are a range of regional models available for 
future climate projections in the Great Lakes Basin, 
which are supplied by multiple agencies including 
the US Global Change Research Program and the 
Canadian Center for Climate Modelling and 
Analysis, as well as publications by academic insti-
tutions (Wuebbles et al., 2019).

The consensus of the models is that under con-
tinuing greenhouse gas emissions, the Great Lakes 
Basin is likely to experience increases in annual and 
seasonal temperatures, a higher frequency of extreme 
heat (>32°C) and storms events, and seasonal 
changes to precipitation (Fig. 1.3). The models each 
project slightly different ranges of temperatures and 
focus on different areas, but a compelling image 
emerges among all of them. Under a moderate sce-
nario (A1B) and in an averaging of 21 models, 
Christensen and Hewitson (2007) predicted increases 
of 3–5°C in the winter and 3.5–5°C in the summer 
across the Great Lakes Basin by the year 2100. 
According to Wuebbles and Hayhoe (2004), the 
regional temperature increases will be from 1 to 7°C 
in the winter and from 3 to 11°C in the summer over 
the same period. It is possible that the larger range 
of temperatures is more a reflection of what regions 
were chosen to analyse rather than the models them-
selves. For example, Jones et  al. (2006) used two 

Table 1.2. Climate change and CO2 concentration projections for the 21st century, if no 
 climate policy interventions are made. (Modified from IPCC, 2001.)

Indicator 2025 2050 2100

CO2 concentration (ppm) 415–460 460–625 475–1100
Global mean temperature change from 1990 (°C) 0.4–1.1 0.8–2.6 1.4–5.8
Global mean sea-level rise from 1990 (cm) 2–15 5–30 10–90
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GCMs to project air temperature increases of 3 to 
8°C in the winter and 3 to 9°C in the summer over 
the same period while predicting that these seasonal 
increases would be less in the centre of the Great 
Lakes region due to the buffering effect of the lakes, 
with more extremes in the south and north. Mortsch 
and Quinn (1996), using four GCMs, suggested 
temperatures would increase most in the southern 
basins in Ohio and Indiana. This suggestion agrees 
with Wuebbles et al. (2010), who using the GFDL 
CM2.1, HadCM3 and US National Center for 
Atmospheric Research (NCAR) models demon-
strated that under the extreme emission CO2 sce-
nario, mean annual air temperatures in Chicago 
would rise by 6°C by 2100. Their study not only 
demonstrated a relatively high increase in tempera-
ture for a local area, but also reinforced that the 
variability of the climate is almost a more important 
prediction than the rise. In that study the frequency 
of very hot summers was expected to increase, 
rather than a gradual rise in temperatures over time 
(also seen in Sousounis and Grover, 2002). Further, 

the frequency and intensity of extreme cold days and 
cold spells would likely decline, thus indicating an 
overall increase in mean temperature (Wuebbles 
et al., 2010).

While average annual mean air temperatures can 
provide a good indicator of the rate of climate 
change, more detailed studies that look at seasonal 
trends can be more insightful into the nature of the 
temperature change that is expected across the basin. 
Recent analysis on the variation in both seasonal and 
spatial trends indicated that air temperature average 
maximums are expected to rise most in the southern 
Great Lakes in the summer, whereas winter average 
minimums will rise most in the northern Great Lakes 
(IPCC, 2013; USGCRP, 2017). The former finding 
reinforces the Wuebbles et al. (2010) study and sug-
gests more extreme summer temperatures. However, 
the rise of the winter minimums in air temperature 
would continue the decreasing trend in soil frost that 
has been observed since the 1960s (Cherkauer and 
Sinha, 2010). Future projections suggest that the date 
of last frost will be about 30 and 20 days earlier by 
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the end of the century under the extreme and optimis-
tic greenhouse gas emissions scenarios, respectively 
(Lemmen and Warren, 2004; Erwin, 2009). Separate 
studies examining broad weather patterns using data 
from the Canadian Coupled Climate Model 
(CGCM1) and HadCM2 models confirm the predic-
tions that there will be fewer cold air intrusions in 
winter and more heatwaves in summer by the end of 
this century (Sousounis and Grover, 2002; Polderman 
and Pryor, 2004). CGCM1 suggests a warmer cli-
mate scenario than HadCM2 yet both predict milder 
extremes in winter days as defined by an increased 
thickness of air mass of 10 to 20 decametres (dam) 
and slightly weaker winds, while extremely hot sum-
mers will be characterized by an increased air thick-
ness of 10 dam and stronger winds. The main 
difference between the models lies in that HadCM2 
predicts more moisture (southerly flow) at the sur-
face while the CGCM1 predicts drier (more westerly) 
and shorter flow emanating from the influence of the 
Atlantic Bermuda High to the east (Sousounis and 
Grover, 2002).

The relationship between temperature change 
and precipitation is not necessarily intuitive because 
of feedbacks in physical processes discussed earlier. 

For example, the North American continent was 
divided in an east–west split in changes in precipi-
tation over the 2000s (MacDonald, 2010). While 
the air temperatures either remained stable or 
increased in a relatively even pattern across the 
USA, the precipitation tended to decrease in the 
west and increase in the east, with an even greater 
increase surrounding the Great Lakes Basin. Seager 
and Vecchi (2010) determined that precipitation 
and evaporation are balanced by the divergence of 
a time-averaged, column-integrated moisture flux 
which ultimately leads to the conclusion that wet 
areas will generally become wetter while dry areas 
will become drier. Further, if topology and wind are 
included in the climate models, precipitation in one 
season should be highly influenced by the moisture 
content left behind from the previous season 
(Seager and Vecchi, 2010), which furthers the con-
clusion that shorter and drier winters can often 
contribute to drier summers.

These general conclusions seem to hold across 
North America; however, within the Great Lakes 
Basin most climate models do not predict a strong 
link between drier winters leading to drier summers. 
Instead, by the year 2100 increases in precipitation 

Change in temperature (°C) Change in precipitation (%)

1 2 3 4 5 6 6–2 0 2 4 8 10

Fig. 1.3. Projected changes in annual temperature (left side, warm colours) and annual precipitation (right side, cool 
colours) for the RCP8.5 (upper row) and RCP4.5 (lower row) scenarios. (Modified from Wuebbles et al., 2019 with 
permission from the Environmental Law and Policy Center.)



Freshwater Ecosystems in North America 7

expected in the winter and spring across all Great 
Lakes are expected to be offset with a 5 to 15% 
decrease in precipitation in the summer (Byun and 
Hamlet, 2018). As such, the average annual pre-
cipitation is expected to have only minor changes 
with a projected increase between 0 and 10% 
(Wuebbles and Hayhoe, 2004; Christensen and 
Hewitson, 2007), although other studies have pre-
dicted as much as a 20% increase under some sce-
narios (Kling et al., 2003). As with the spatial and 
seasonal patterns of temperature increases, the 
variation in precipitation emerges as a more impor-
tant consideration than the averages. In general, 
higher precipitation will follow corresponding 
increases in extreme weather events such that the 
occurrence of 1-in-5-year storms (i.e. storms that have 
an intensity that now occurs only once in 5 years) 
could increase by 10.8 to 18.7% by 2085 depend-
ing on the emissions scenario (USGCRP, 2017). As 
these storms become more frequent, they are also 
expected to drop more precipitation individually 
(e.g. 7–8% more by the 2030s and 9–12% more by 
the 2050s) (Wuebbles et al., 2019). In other studies, 
Wuebbles and Hayhoe (2004) and Cherkauer and 
Sinha (2010) used GCMs like HadCM3 and an 
ocean dynamics-linked model called the Parallel 
Climate Model (PCM; developed by NCAR) to pre-
dict precipitation under climate change for all emis-
sion scenarios. They concluded that an increase in 
thunderstorms and a doubling of 24-h and 7-day 
heavy rainfalls will occur by the end of the century. 
These more frequent storms will likely lead to greater 
risks of flooding and higher runoff into freshwater 
environments (Trapp et al., 2007). Spatially, precipi-
tation will decline most in the south-western part of 
the basin and increase in the more northerly areas 
which include western Ontario, northern Minnesota, 
Wisconsin and Michigan (Mortsch and Quinn, 1996).

Higher rates of evaporation and transpiration 
are expected in the next century. If precipitation 
falls most often in storm events leading to runoff, 
the recharging of soil moisture and groundwater 
resources will be affected. As such, soils are 
expected to be 30% drier in the Great Lakes Basin 
during the summer months and, correspondingly, 
stream flow and water levels will decline (Magnuson 
et al., 1997; Kling et al., 2003).

Wind speed and direction have important func-
tions over the Great Lakes Basin in moving weather 
patterns and air masses across the landscape. 
Studies using the CGCM1 and HadCM2 models 
predict a decrease in surface wind speeds, more 

frequent easterly winds, and more frequent and 
intense warm fronts (Sousounis and Grover, 2002). 
Cyclones are rotating storms that are characterized 
by a low-pressure zone at the core and sustained 
localized winds. The severity of these storms is 
ranked on a scale. For example, in Tropical 
Cyclones a low ranking of 1 could refer to 40 m/s 
sustained winds, while 70 m/s winds would indi-
cate a much higher ranking of 4 or 5. Over the 
Great Lakes, both climate models predict a decrease 
in low cyclone (sea-level pressure > 1005 hPa) 
numbers and a slight increase in strong cyclone 
(sea-level pressure < 1000 hPa) numbers (Sousounis 
and Grover, 2002). The main difference between 
the two models lies in their predictions for north-
easterly and south-easterly winds in which the 
CGCM1 model predicts an increase in the former, 
while the HadCM2 predicts an increase in the lat-
ter as well as a decrease in winter south-westerly 
winds (Sousounis and Grover, 2002).

1.3 General Effects on Freshwater 
Ecosystems and Their Biota

Freshwater ecosystems occur from small ephemeral 
streams to lakes that are so large they share many 
qualities with the oceans. As such, the effect of a 
change in climate on a freshwater ecosystem will 
depend greatly on the type and location of that 
ecosystem. Further, through the lens of the biota 
that inhabit freshwater ecosystems, the effect of a 
warming climate will equally depend on the organ-
ism’s own thermal preferences. As such, any discus-
sion of climate change on freshwater systems is best 
partitioned into main ecosystem types (e.g. lakes, 
rivers and wetlands) and thermal guilds of the 
organisms (warm, cool and cold). In general, the 
predicted impacts of a warming climate will disturb 
all of these ecosystem types (Magnuson et  al., 
1997; Schindler, 2001; Heino et al., 2009) but not 
necessarily adversely affect all of the thermal 
guilds. The general threat that climate change 
imposes on freshwater ecosystems is dire consider-
ing that global freshwater biodiversity is the most 
threatened among the terrestrial and aquatic 
biomes of the world (Sala et al., 2000).

The link between the climate and a changing 
freshwater environment lies mainly in the link 
between air temperature, precipitation patterns and 
extreme storms. These influence the quantity and 
quality of water in rivers, lakes and wetlands 
(Durance and Ormerod, 2007). While we present 
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these effects for the specific environments below, a 
generally warming water temperature and declin-
ing water quality and quantity has some broad 
effects on aquatic organisms. Thermal guilds of 
aquatic organisms are often characterized by how 
broad a temperature range an organism will inhabit 
over its lifetime (e.g. stenotherms stay within very 
narrow temperature ranges) and its preferred ambi-
ent temperature. For example, for fish in the Great 
Lakes Basin, three main guilds exist for cold-water 
stenotherms, cool-water eurytherms (i.e. a broad 
temperature range) and warm-water eurytherms, 
with temperature preferences centred around 15, 24 
and 28°C, respectively (Magnuson and DeStasio, 
1996). While these guilds each have different tem-
perature preferences, being forced to inhabit an 
environment that is warmer than the preferred 
temperature has some general effects on all guilds. 
Reproductive success in fish is highly dependent on 
completing all the requisite stages within a suitable 
temperature range. Gamete development, spawn-
ing, hatching and juvenile growth are moderated 
by temperature (Pankhurst and Munday, 2011). 
Further, the basic metabolic rate of any ectotherm 
is moderated by the ambient temperature. As such, 
the organism’s life history must match its expected 
metabolic needs, which tend to increase exponen-
tially with temperature. For example, if juveniles of 
a cold-water species (e.g. lake trout, Salvelinus 
namaycush, Walbaum 1792) experience a 3°C 
increase in ambient temperature, they may need to 
increase their consumption by 8.7 times to match 
their new higher metabolic costs (McDonald et al., 
1996). This scenario may be sustainable for the 
juvenile if its prey resources also increase in avail-
ability, but this is not always the case because 
warming water temperatures can also disrupt syn-
chronized dynamics in predator–prey systems. For 
example, some studies found that warmer springs 
encouraged earlier phytoplankton and zooplank-
ton population growth (Sommer et  al., 2007; 
Berger et al., 2010; Shimoda et al., 2011). If the fish 
did not also hatch earlier, they would be faced with 
having missed their predation opportunities while 
being laboured with greater metabolic costs leading 
to poorer body condition (Shuter et al., 1980).

Consequently, it is perhaps not surprising that the 
main implication of changing water quality and 
quantity in freshwater environments is a shift in the 
spatial distributions of thermal guilds. As environ-
ments in turn become attractive or uninhabitable to 
a particular thermal guild, it will need to move 

across watersheds. This pattern is readily observed 
in North America with the distributions of warm-
water fish (e.g. smallmouth bass, Micropterus dolo-
mieu, Lacepède 1802) being predicted to shift 500 km 
northward with a doubling of greenhouse gas 
atmospheric concentrations (Eaton and Scheller, 
1996; Heino et al., 2009). From this same guild, 19 
new species are expected to invade the lower Great 
Lakes Basin from the Mississippi or Atlantic Basins, 
and another eight lower Great Lake species are 
expected to migrate north (Mandrak, 1989; Rahel 
and Olden, 2008). While these predicted invaders 
are mainly minnows (e.g. Cyprinidae), sunfishes 
(e.g. Centrarchidae), suckers (e.g. Catostomidae) and 
topminnows (e.g. Fundulidae) (Mandrak, 1989), 
other models predict that 20% of lake trout (a cold-
water species) lakes in Canada will be vulnerable to 
smallmouth bass (a warm-water species) invasions 
by 2050 (Sharma et  al., 2009). By the end of the 
century 9700 lakes would be vulnerable to small-
mouth bass invasion, which would negatively 
impact cold-water species through competition and 
small-bodied forage fish species including northern 
redbelly dace (Chrosomus eos, Cope 1862), finescale 
dace (Chrosomus neogaeus, Cope 1867), fathead 
minnow (Pimephales promelas, Rafinesque 1820) 
and pearl dace (Margariscus nachtriebi, Cox 1896) 
through predation (Jackson and Mandrak, 2002; 
Sharma et al., 2009). Using historical and contem-
porary species distribution data, Alofs et al. (2014) 
estimated that the range of smallmouth bass in 
Ontario, Canada has expanded northward at the 
rate of ~13 km/decade over a 30-year period. As 
will be discussed in greater detail in this book, the 
expansion of new species with their pathogens into 
new ecological communities may have detrimental 
effects on the native populations (Marcos-López 
et  al., 2010). However, it is equally possible that 
expanding populations also bring novel hosts for 
existing pathogens (Marcogliese, 2001; Heino 
et al., 2009).

As freshwater ecosystems are typically already 
under environmental stress, the general effects of 
climate change must be considered under a multiple-
stressor framework. For example, different sources 
of stress may have additive, multiplicative and even 
antagonistic interactions with each other, causing 
unpredictable reactions from freshwater biota. In a 
study of populations of a cool-water fish (walleye, 
Sander vitreus, Mitchill 1818) across Ontario, the 
effects of climate change were found to interact in 
unintuitive ways with the presence of invasive 
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 species, the recreational fishery and deforestation 
(Gutowsky et al., 2019). Another example includes 
the interaction between warming temperatures and 
increasing water salinity in Saskatchewan as 
observed by Sereda et  al. (2011). Together, these 
changes accounted for a 30% decrease in macroin-
vertebrate diversity and a decrease in algal primary 
productivity (Benoy et  al., 2007), even though 
warming water temperatures alone should improve 
diversity and production (Jackson et  al., 2007). 
Last, as climate change occurs in tandem with 
increasing human populations, the ability of fresh-
water environments to metabolize nutrients and 
contaminants from effluent could be compromised 
leading to an acceleration in water quality degrada-
tion (Tetreault et al., 2012).

1.4 Lakes

An important classifying characteristic of lakes is 
whether they never mix layers within the water 
column (meromictic), mix once over the year 
(monomictic), twice over the year (dimictic) or 
remain well mixed year-round (unstratified). The 
stratification of water layers, even if temporary, has 
many great benefits for aquatic life, as does sea-
sonal mixing. Stratified lakes are often deep and 
contain valuable cold-water refuges for thermally 
sensitive species (e.g. lake trout). However, under 
climate change, the stratification and mixing within 
lake types are expected to shift due to warming 
waters and less ice cover. For example, northern 
lakes that are currently monomictic would likely 
become dimictic if they began to stratify in the 
summer. Two main patterns of altered mixing are 
predicted: (i) strictly dimictic deep lakes migrating 
towards ice-free monomictic systems; and (ii) 
monomictic lakes switching to meromictic hydro-
dynamic regimes due to the increasing suppression 
of deeply penetrative mixing during mild winters 
(Magnuson et  al., 1997; Shimoda et  al., 2011). 
Further, large deep dimictic lakes (including the 
Great Lakes) are expected to be less likely to mix 
completely (McCormick, 1990).

The depth of the thermocline in stratified lakes is 
an important feature in defining the available 
warm-, cool- and cold-water fish habitats. A shal-
lowing of the thermocline is expected in large tem-
perate lakes as warmer surface-water temperatures 
create stronger thermal gradients which would 
generally be beneficial to all thermal guilds (Snucins 
and Gunn, 2000; Sharma et al., 2011). Curiously, it 

is also possible that the trapping of more heat in 
the surface-mixed layer will allow less heat to 
transfer to the lower column, and deep waters 
could become cooler (Vincent, 2009). However, 
smaller lakes will be more sensitive to increased 
evaporation rates, increased wind and decreased 
dissolved organic carbon that would deepen the 
thermocline. This could put cold-water thermal 
guilds at considerable risk by squeezing their habi-
tat and creating a stronger barrier to foraging 
opportunities in the littoral zone with suboptimal 
temperatures (Schindler et  al., 1996; Jackson, 
2007; Plumb and Blanchfield, 2009). Further, 
warmer waters lose dissolved oxygen (DO) which 
presents challenges to organisms inhabiting shal-
low lakes if the full water column approaches 
anoxic conditions (Fang and Stefan, 1999; Ficke 
et  al., 2007). With the doubling of atmospheric 
concentrations of CO2, Stefan et  al. (1996) pre-
dicted declines in DO of 2 mg/l in the surface 
waters and as much as 8 mg/l in the deeper 
hypolimnetic waters in small lakes in Minnesota. 
The depletion in DO also was expected to occur for 
2 months longer than the current period. These 
declines were most pervasive in eutrophic lakes. As 
mentioned above, from a metabolic perspective a 
corresponding reduction in DO will make it even 
more challenging for larger species to meet their 
metabolic needs (Willis and Magnuson, 2006).

All lake types are vulnerable to decreasing water 
levels under climate change in regions where evap-
otranspiration is expected to increase while dis-
charges from groundwater and consistent runoff 
are expected to decrease. With this decrease in 
runoff, lakes may also receive less nutrients from 
the surrounding watershed. Phosphorus is an 
important nutrient for biotic growth and produc-
tivity in lakes and as such, under climate change, 
lakes could become increasingly oligotrophic 
(Schindler, 1998). Declining lake levels in general 
present challenges to species that use nearshore 
habitats, particularly for early- or late-season 
spawning. Many fish species (e.g. walleye, lake 
trout) tend to spawn over shallow cobble in the 
early spring or late autumn. If altered seasonal pat-
terns in precipitation cause these habitats to be 
inundated while the fish are spawning but are gen-
erally dry for the rest of the year, many fish species 
could experience significant losses in population 
recruitment.

The duration of ice cover and the thickness of 
mid-winter ice are expected to be reduced for all 
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lake types under climate change. In a study of 65 
water bodies across the Great Lakes region, the 
average rates of change in freeze-up and break-up 
dates during 1975–2004 were 5.8 times and 3.3 
times, respectively, more rapid than the average 
historical 1846–1995 rates (Jensen et  al., 2007). 
Similarly, Magnuson et  al. (2000) showed that 
freeze-ups have a delay of up to 5.8 days and 
break-ups have been up to 6.5 days earlier, com-
pared with the average 1846–1995 period in the 
northern hemisphere. Low ice cover is mainly 
expected to favour warm- and cool-water fish 
guilds by removing the competitive advantage that 
cold-water fish have accrued through their evolu-
tion under arctic conditions (Willis and Magnuson, 
2006; Keller, 2007). For example, arctic char 
(Salvelinus alpinus, Linnaeus 1758) lose their com-
petitive advantage over brown trout (Salmo trutta, 
Linnaeus 1758) in years with low ice coverage 
because they are better foragers at 1°C and begin 
foraging under the ice earlier in the spring (Finstad 
and Forseth, 2006; Helland et al., 2011). However, 
ice cover also blocks the aeration of winter lake 
waters and so can contribute to large fish kills in 
the late winter. It is difficult to predict if there is an 
advantage to the oxygen concentrations for fish in 
lakes with reduced ice cover because the corre-
spondingly earlier stratification could lead to earlier 
onset of anoxia in the hypolimnion and therefore 
negatively influence fish that inhabit deeper por-
tions of the lake (De Stasio et al., 1996). The rela-
tionship between ice cover and the productivity of 
lower trophic groups is not well known, although 
it has been suggested that low ice coverage in the 
Great Lakes Basin negatively impacts zooplankton 
abundances (Assel, 1991). Further, the timing of ice 
break-up influences the initial growth conditions 
for diatoms and the timing of the spring phyto-
plankton bloom (Blenckner et al., 2007).

1.5 Rivers

The temperature of flowing water at any time of 
the year is strongly tied to the seasonal air tempera-
ture and groundwater discharge (Power et  al., 
1999). Other natural modifiers of stream tempera-
ture include local patterns of rain and snowfall, 
the recharge rate for groundwater and the spring 
thaw (Ducharne, 2008). Anthropogenic impacts 
have a great influence on stream temperatures 
through the building of dams, removal of shade 
through deforestation and water withdrawals, 

which together tend to lead to warmer tempera-
tures and a lower water quality (Poole and Berman, 
2001; Chu et al., 2010). Climate change is expected 
to modify ambient temperature, seasonal precipi-
tation and soil moisture which will collectively 
lead to a shift in peak stream flows from spring to 
late winter (Rahel and Olden, 2008) and further 
disruptions to annual stream flow patterns 
(Mohseni et al., 2003), including increased occur-
rences of short pulses of high discharge (i.e. flash 
floods; Heino et  al., 2009) and generally lower 
annual stream discharge (Xenopoulos et al., 2005). 
Tisseuil et al. (2012) modelled rates of evaporation 
under climate change scenarios and found stream 
flow would decrease by 15% with a temperature 
increase of 1.2°C by the end of the 21st century. 
Similarly, Xenopoulos et  al. (2005) conducted a 
global assessment under moderate and high cli-
mate change scenarios and predicted an 80% 
reduction in stream discharge over 133 water-
sheds. Future changes of this magnitude in water 
temperature and stream discharge will have signifi-
cant impacts on stream biota. Chu et  al. (2008) 
modelled how the predicted changes to air tem-
perature and groundwater under climate change 
scenarios would affect the distribution of fish 
thermal guilds in a subset of Ontario watersheds. 
Under the optimistic scenario, warm-water species 
would be dominant in 66% of the watersheds 
tested by 2055, and under the extreme scenario all 
cold-water fish (e.g. brook trout, Salvelinus fontin-
alis, Mitchill 1814) would be lost. This study ech-
oes Meisner’s (1990) findings that an increase in 
air temperatures with a corresponding increase of 
4.8°C in groundwater temperatures would 
decrease the length of suitable summer cold-water 
habitat in river headwaters by 30 to 40%. Lastly, 
Stefan et al. (1996) included riparian shading as a 
factor in their climate change predictions for 
Minnesota streams. They found that with a dou-
bling of atmospheric CO2 the stream temperatures 
would increase by 2.4 ± 4.7°C with an additional 
6°C in the absence of shade.

In general, river ecosystems that have developed 
under repeated drying periods will fare best under 
climate change because they sustain themselves 
under low or stagnant discharge conditions (Meyer 
et al., 1999). Rivers that are adapted to flooding 
may be able to handle the increased frequency of 
storms well but will be extremely vulnerable dur-
ing the rest of the year. From the biotic perspective, 
warm-water fish (e.g. channel catfish, Ictalurus 
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punctatus, Rafinesque 1818) that tend to inhabit 
the higher-order streams and mainstems of rivers 
would do better than headwater species (e.g. 
brook trout) under these conditions (Ostrand and 
Wilde, 2004; Wenger et al., 2011). Finally, streams 
face the danger of acidification under extended 
drought conditions due to the oxidation of organic 
sulfur (Schindler et al., 1997). Like with DO and 
temperature, cold-water fish species tend to be 
vulnerable to changes in pH and would fare worse 
under these conditions than species from the other 
thermal guilds.

1.6 Wetlands

Wetlands occur in a variety of forms, from fens to 
marshes to swamps to coastal wetlands, which are 
generally differentiated based upon their dominant 
source water. There is a wide range of general 
impacts that climate change will have on these sys-
tems including: change in base flows; altered 
hydrology in depth and period; increased heat 
stress on wildlife; extended range and activity of 
some pest and disease vectors; increased flooding, 
landslide, avalanche and mudslide damage; 
increased soil erosion; increased flood runoff 
resulting in a decrease in recharge of some flood-
plain aquifers; decreased water resource quantity 
and quality; increased risk of fires; and increased 
coastal erosion (Gitay et al., 2011). Mid-continental 
wetlands are expected to be most vulnerable due to 
decreases in precipitation (Winter, 2000). The spa-
tial distribution of semi-permanent and seasonal 
wetlands is expected to be reduced by increases in 
evapotranspiration and decreases in soil moisture. 
Once a wetland has dried up, the remaining plants 
are vulnerable to successional processes as terres-
trial plants become established. Peatlands are 
broadly distributed in northern Canada, yet under 
a doubling of CO2 concentrations the southern 
edge is expected to retreat 200 to 300 km north-
ward (Anisimov and Fitzharris, 2001). This has 
implications for further greenhouse gas emissions 
as the drying of peatland releases CH4 through an 
oxidation process. While the full destruction and 
loss of wetlands under climate change is the top 
concern, more nuanced changes to wetland types 
are also likely to be observed. For example, with 
increased variation in precipitation and more fre-
quent storm events, marshes will begin to dominate 
over swamps, as trees lose dominance under fluctu-
ating water levels (Mortsch, 1998).

1.7 Specific Effects on the Great Lakes 
Basin

Over the last 20,000 years the Great Lakes Basin 
experienced a change in mean annual air tem-
perature of 5 to 6°C which caused major changes 
in the patterns of vegetation throughout the region, 
in some cases trading prairie for forest ecosystems 
(Kling et al., 2003). Given that some models predict 
mean air temperatures will increase as much as 
11°C, similar disruptions are likely to be observed 
under future scenarios. The Ontario government 
manages the aquatic resources of the Great Lakes 
Basin in Canada. In 2015 it released a vulnerability 
assessment for the inland aquatic resources (those 
within the basin’s watersheds but not in the Great 
Lakes proper) divided by lakes, rivers and streams 
(Chu, 2015). As the northern portion of the basin 
covers a range of geographic and climatic clines, 
these assessments are useful for illustrating the 
spatial variation of the impacts to these freshwater 
systems. Under the extreme (A2) and optimistic 
(B1) scenarios maximum lake surface temperatures 
are expected to increase quite dramatically across the 
northern basin watersheds by 2080 (see Fig. 1.4). 
While maximum surface temperatures of inland 
lakes currently range between 18 and 26°C, they 
would shift to 24 to 30°C and 28 to 34°C under 
the optimistic and extreme scenarios, respectively 
(Chu, 2015). Under the optimistic scenario a small 
inland refuge for cool temperatures would only 
exist north of Lake Superior. The maximum weekly 
averaged temperatures for streams demonstrated 
a different pattern as both emission scenarios 
predicted 6 to 14°C increases across the northern 
watersheds (see Fig. 1.5). Wetlands were most vul-
nerable by 2080 in Lake Superior’s eastern water-
sheds, around Georgian Bay and south-western 
Ontario in both scenarios (Fig. 1.6).

The Great Lakes have been monitored for decades 
and provide good long-term time series data for 
evaluating the early effects of climate change on 
large lake surface-water temperatures and lake-level 
fluctuations. Shimoda et al. (2011) demonstrated in 
north temperate deep lakes including the Great 
Lakes that an increase in overall lake and epilimnetic 
temperatures, an increase in thermal stability, a 
lengthening of the stratification period and a short-
ening of the ice cover period are the responses to our 
already warming climate (Table 1.3). However, long-
term (25–87 years) observations of water tempera-
tures at seven locations throughout the Great Lakes, 
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i.e. Sault Ste Marie (Ontario), Green Bay (Wisconsin), 
St. Joseph (Michigan), Bay City (Michigan), 
Sandusky (Ohio), Put-In-Bay (Ohio) and Erie (Ohio), 
found strong trends towards increasing temperature 
at only two sites (Sault Ste Marie and Put-In-Bay) 
and weak trends at two other sites (Bay City and 
St.  Joseph; McCormick and Fahnenstiel, 1999). In 
agreement with Shimoda et al. (2011), the stronger 
trends demonstrated a corresponding 4 and 6 h/year 
rate of increase in the maximum potential duration 
of summer stratification (14 and 18 days, respec-
tively, over the time period). In this instance, the rate 
of increase in the duration data was mostly skewed 

towards earlier transitions to spring-like conditions, 
rather than a delayed onset as expected in smaller 
inland lakes.

While both McCormick and Fahnenstiel (1999) and 
Shimoda et  al. (2011) did not study Lake Ontario, 
there is ample evidence of increasing water tempera-
tures in other studies. A steady increase in lake water 
temperatures in the Bay of Quinte (Ontario) has been 
observed in summers (1950 to 2000) and winters 
(1980 to 2000; Casselman, 2002). Huang et al. (2012) 
also demonstrated increases in air (1.43 ± 0.39°C) and 
surface water (1.26 ± 0.32°C) temperatures at all sea-
sonal and annual time scales during the last 40 years in 
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Fig. 1.4. Maximum predicted surface temperatures (°C) of lakes in Ontario’s Great Lakes watersheds under two 
greenhouse gas emission scenarios, B1 and A2, by 2080. (From Chu, 2015.)

B1 emissions scenario A2 emissions scenario

14

6

–2

Fig. 1.5. Change in the predicted maximum weekly average temperature (°C) for streams in Ontario’s Great Lakes 
watersheds under two greenhouse gas emission scenarios, B1 and A2, by 2080. (From Chu, 2015.)
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Lake Ontario. The rate of increase was higher for the 
air temperature than for surface-water temperature in 
winter and autumn. By contrast in spring and summer the 
surface water warmed faster than the air temperature. 

They also found that the length of the summer strati-
fied season had increased by 12 ± 2 days since the early 
1970s, most likely due to the increase in water tem-
perature. Climate warming also had an effect on the 

Table 1.3. Summary of climate-induced changes in the thermal structure of the Great Lakes. (Modified from Shimoda 
et al., 2011.)

Lake

Increase in lake temperature (°C/year) Increase in ice-free season (days/10 years)

Observed change Time period Observed change Time period

Lake Superior 0.01 (near-shore) 1906–1992 13 1973–2002

0.110 (epilimnion) 1979–2006

Lake Michigan 0.065 (epilimnion) 1979–2006 8.5 1973–2002

Lake Huron 0.086 (epilimnion) 1979–2006 2.3 1973–2002

Lake Erie 0.01 (nearshore) 1918–1992 5.9 1973–2002

Lake Ontario NA NA 10 1973–2002

NA, not available.

High

B1 emissions scenario A2 emissions scenario

Mid

Low

High

B1 emissions scenario A2 emissions scenario

Mid

Low

Fig. 1.6. Vulnerability of wetlands in Ontario’s Great Lakes watersheds to the effects of climate change on groundwater 
inflows and air temperature following two scenarios, B1 (left column) and A2 (right column), for 2020 (top row) and 
2080 (bottom row). (From Chu, 2015.)
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wind speed over Lake Ontario, which declined and 
thus further enhanced the summer thermal stratifica-
tion. This increasing rate is comparable to that of the 
duration of the summer stratification season of Lake 
Superior, which extended from 145 to 170 days over 
the last century (Austin and Colman, 2007).

The Great Lakes Environmental Research 
Laboratory (GLERL) through its Great Lakes 
Advanced Hydrologic Prediction System (AHPS) 
conducted a large-scale study of the influence of cli-
mate change on lake levels (Croley, 2005). Lake-level 
fluctuations were categorized in three distinct types: 
changes in long-term levels (annual), seasonal levels 
(following water-source variation trends) and short-
period levels (mostly due to wind and storm surges).

Annual fluctuations accounted for most of the 
variability of the high and low lake levels. The 
overall range of the annual levels for most lakes 
was about 2 m, with precipitation influencing the 
major portions of long-term variations. Annual 
precipitation ranged from about 82 cm for Superior 
to 93 cm for Ontario, and these correlated very 
well with annual lake levels with a delay of 1 year. 
In addition, air temperature variations influenced 
lake-level fluctuations in multiple ways: (i) plants 
tended to use more water at higher temperatures; 
(ii) higher rates of evaporation were detected from 
the lake and ground surface; and (iii) greater 
humidity depletion in soils caused less runoff for 
the same amount of precipitation (Polderman and 
Pryor, 2004; Croley, 2005; Blanken et al., 2011).

Seasonal variation in lake levels depends upon 
the individual water supplies. The seasonal range is 
about 30 cm on the upper lakes and about 38 cm 
on the lower lakes. When the net basin supplies 
diminish in the summer and autumn, the lakes 
begin their seasonal decline. Although the monthly 
precipitation is uniformly distributed throughout 
the year, the runoff has a peak during spring from 
the spring snow melt and a minimum in the late 
summer from higher evaporation rates. The higher 
evaporation period is due to colder dry air passing 
over warm lake surfaces (Croley, 2005; Blanken 
et al., 2011). Croley’s (2005) data confirmed obser-
vations of Lake Superior levels which between 
1948 and 1999 decreased by 20% from 40 to 32 cm 
(Lenters, 2004). The seasonal decrease in water levels 
is explained by changes in runoff and over-lake pre-
cipitation rather than changes in evapotran-
spiration over the summer (Blanken et al., 2011). 
Indeed, Lenters (2004) found that Lake Superior 
had begun to receive less influxes of water in the 

late spring (i.e. losing up to 1360 m3/s) which 
would contribute to lower water levels and thus a 
smaller amplitude in the seasonal variations.

The evidence presented above suggests that the 
Great Lakes will undergo many of the same type of 
changes in physical and hydrological processes as 
many other lakes in North America. Similarly, the 
rivers that act as tributaries, and the coastal and 
protected wetlands, will be faced with the same 
type of challenges as further inland. As such, the 
biota within the Great Lakes Basin will need to 
deal with the same challenges in the form of chang-
ing thermal regimes, mismatched seasonal pro-
cesses (e.g. the hatching of fish eggs versus the 
emergence of their invertebrate prey), the appear-
ance of new species, and alterations in the quantity 
and quality of habitat. It is therefore important for 
scientists and managers to provide plausible sce-
narios now under climate change predictions, such 
that appropriate mitigation and adaptation plans 
can be implemented where possible.
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