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1.1 Overview on Climate Change

1.1.1 Weather and climate change

Weather, often confused with climate, are changes 
on an hourly, daily, weekly or monthly basis. 
Atmospheric temperatures may readily vary by as 
much 20°C within a single day. These are short-
term changes with high variances. However, cli-
mate change describes large-scale changes from 
yearly to decadal to millions of years. It is an aver-
age of weather temperatures on an annual basis 
over long periods of time. Temperature change is 
part of what characterizes climate change. There 
are many aspects to climate change, of which 
changes in precipitation patterns, severe storm fre-
quency and changes in average annual temperature, 
among others, are a part. Throughout geological 
history, Earth has experienced profound average 
temperature changes, with both intense increases 
and decreases, including those which precipitated 
the Ice Ages (McInerney and Wing, 2011; Engber, 
2012). At this time in the history of Earth, we are 
experiencing higher temperatures over the entire 
planet, some more severe than others. For example, 
the northern hemisphere is warming faster than the 
southern hemisphere, particularly the Arctic and 
subarctic regions (Feulner et  al., 2013); this is 
termed ‘global warming’.

1.1.2 Atmospheric warming and atmospheric 
carbon dioxide

Concentrations of atmospheric carbon dioxide (CO2) 
and other ‘greenhouse gases’ have been increasing to 
levels unprecedented over the last 800,000 years 
(World Meteorological Organization, 2017) and are 
now known to be responsible for the rise in average 
global temperatures that we are currently experienc-
ing. This rise began during the Industrial Revolution, 
became particularly prominent during the 1930s 
and 1940s, and has been increasing ever since. The 
National Aeronautics and Space Administration’s 
(NASA) Godford Institute reports that global aver-
age temperatures have increased by ~0.9°C since 
1880 (NASA, 2018) and are forecasted to continue 
to increase to at least 1.5°C above pre-industrial levels 
(IPCC, 2014); pre-industrial defined as the time prior 
to 1750. After 1750 England began burning abun-
dant quantities of coal. Pre-industrial CO2 values 
have been reported at 278 ppm (Forster et al., 2007) 
increasing to ~392 ppm in 2011 (NOAA, 2011). 
Levels continued to increase and in 2017 were 
reported as 407.72 ppm, increasing to 409.22 by April 
2018 (see NOAA, 2018) representing an annual 
mean 0.11 ppm/year growth rate. Tillmann and 
Siemann (2011) suggest projected levels may reach 
~650 ppm by 2100 and perhaps exceed 1000 ppm 
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in time (also see Meehl et al., 2007), causing cata-
strophic warming/heating consequences on ecosys-
tems globally.

As atmospheric CO2 increases the oceans absorb 
~40% of it (World Ocean Review, 2010) causing 
decreases in the pH of oceans worldwide (Orr 
et  al., 2005; Riebesell and Gattuso, 2015). The 
decreased pH has a negative effect on the ability of 
many aquatic organisms (e.g. bivalves, corals) to 
effectively calcify processes, which, in turn, affects 
their survival. Feely et al. (2009) for instance sug-
gest that pH in the oceans worldwide has already 
decreased from 8.2 to 8.1 (pre-industrial versus 
current values, respectively). Feely et al. (2010) also 
suggest that over the next 100 years, pH may 
decrease from 8.1 to 7.8. Should this happen, many 
organisms that depend upon aragonite for calcifi-
cation will reach a critical threshold and be unable 
to form shells and for those that already have a 
shell, those will begin to dissolve as the water 
becomes more acidic. Less known are the effects of 
increasing atmospheric CO2 on freshwater lakes 
and rivers (Hasler et al., 2016). However, a recent 
study conducted by Weiss et  al. (2018) over a 
35-year period (1981–2015) examining two species 
of Daphnia (water fleas) in four reservoirs located 
in Germany showed a ~0.3 decrease in pH result-
ing in poor predator detection and decreased self-
defence mechanisms against predation. Ou et  al. 
(2015) similarly showed that decreases in pH in a 
freshwater habitat has negative consequences on 
pink salmon (Oncorhynchus gorbuscha), causing 
anti-predator behaviour and reductions in growth. 
The biological consequences of increased acidity in 
our aquatic ecosystems is impaired olfactory dis-
crimination (Wisenden, 2000; Munday et al., 2009; 
Dixson et  al., 2010; Midway et  al., 2017) and 
appears to affect many different types of organisms 
in both marine and freshwater habitats.

1.1.3 Milankovitch cycles, seasonal changes

Global shifts between warming and cooling on 
Earth have been described as Milankovitch cycles 
(Rahmstorf and Schellnhuber, 2006), driven by vari-
ations in the orbital and axial movements of the 
Earth as it revolves around the sun. According to 
palaeoclimatological studies, warming or cooling 
events occur about every 100,000 years (Keeling and 
Whorf, 2000; Climate Literacy, 2009; Toggweiler 
and Lea, 2010) and are considered to be normal. 
According to this model, the Earth should be in a 

natural cooling cycle (OSS Foundation, 2018); how-
ever, since approximately 1850 (coinciding with the 
beginning of the Industrial Revolution), there has 
been a significant increase in the amount of CO2 
added to the atmosphere and, as a consequence, 
rather than cooling, Earth has been deviating from 
its natural cycle and following a steady warming 
trend (OSS Foundation, 2018).

Over the last century, average atmospheric tem-
peratures in western North America have increased 
by ~0.6–1.0°C (Tillmann and Siemann, 2011). In 
Alaska, temperatures increased by as much as 
~1.9°C between 1949 and 2009 (US Global Change 
Research Program, 2009). Many investigators have 
projected that by 2100, the Earth will experience 
severe heat increases (see IPCC, 2013). For exam-
ple, Peterson and Schwing (2008), Mote et  al. 
(2010) and PRBO Conservation Science (2011) sug-
gest temperature changes ranging from 1.5°C to as 
high as 7.2°C, with the greatest increases in the 
most northerly latitudes (e.g. Alaska). A compen-
dium written by numerous researchers (IPCC; 
Intergovernmental Panel on Climate Change) indi-
cate that while many people (including scientists, 
politicians, etc.) dismiss these predictions of changes 
as being alarmist, even the most conservative math-
ematical models of climate change predict that 
some increase in temperature change is likely. While 
most people hope for the least amount of change 
(i.e. 1.5°C), modelling suggests temperatures in 
excess of 6°C are more likely.

At the surface of this issue, many scientists are 
concerned about the potential increase in frequency 
and duration of each warming event (Union of 
Concerned Scientists, 2018a). What is more discon-
certing is that, according to geological predictions, 
we are supposed to be in a cooling trend; but 
instead, the planet is warming (Budyko, 1972; 
Herring and Simmon, 2007; Phipps cited in Andrews, 
2016). This suggests that the next natural cycle will 
be a warming trend, thus compounding the problem. 
Gerald Meehl (National Center for Atmospheric 
Research) suggests that over the last few decades, the 
number of warming trends is approximately twice 
the number of cooling trends across the USA, but by 
2050, that ratio is expected to increase from 2:1 to 
more than 20:1 (warming versus cooling, respec-
tively) (Meehl et al., 2007). The number of warming 
versus cooling events from weather stations scat-
tered across the contiguous USA show more warm-
ing events since the 1980s compared with cooling 
trends (Fig. 1.1).
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As the number of warming days outpaces the  number 
of cooling days, seasons will begin to shift (Fig. 1.2) with 
earlier springs, longer summers and autumn weather 
beginning later in the year. In fact, in the northern hemi-
sphere, over much of the continental USA, winter is 
becoming shorter in duration due to warming weather 
conditions with temperatures in many northern states, 
such as Montana, Minnesota and Michigan which are 
experiencing temperatures well above normal mean 
maximums characteristic of the 1970s. In some of the 

more southerly states such as California and Texas, 
seasonal shifts are already being observed during the 
spring and autumn seasons (Fig. 1.3).

It is easy to confuse wide variations in weather 
conditions and climate change. By following aver-
age temperatures over long periods of time, it is 
clear the Earth is becoming warmer. As the atmos-
phere warms, positive feedback loops are induced, 
and warmer air will produce increased precipita-
tion (Fig. 1.4).
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Fig. 1.1. The number of high warming trends outpacing the number of cooling trends from 1930 to 2016. (Reprinted 
from Climate Central, 2017, with permission.)
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Fig. 1.2. As warming trends begin to outpace cooling trends each decade, expected changes include shifting seasons 
where summer lasts longer. (Adapted from Climate Central, 2017, with permission.)
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If the Earth’s climate continues to warm, this will 
affect both our terrestrial and marine climatic 
zones, their environmental characteristics (e.g. polar 
ice caps), and the organisms that reside within 
them. For instance, for every 0.6°C (1.0°F) increase 
in temperature, the atmosphere can hold 4% more 
water vapour (Climate Central 2017). As a conse-
quence, rather than equal volumes of snow being 
observed in northern climates/latitudes from year 
to year, more rain (rather than snow) may be expe-
rienced. In more tropical areas, that does not neces-
sarily mean there will be more precipitation, 
mainly because the atmosphere in those areas can 

hold that water without condensing and producing 
rain. This is why the Sahara Desert has been 
expanding in recent decades (Thomas and Nigam, 
2018; University of Maryland, 2018).

In the northern latitudes, the polar ice caps, 
which are the result of snow accumulated over 
thousands of years, will also decrease as a result of 
this warming. As snow and ice continue to melt and 
disappear, the reflectivity or albedo (Zeng and 
Yoon, 2009) of the Earth will decrease and more 
radiant energy from the sun will be absorbed by the 
land and the waters. The northern hemisphere pos-
sesses more land than the southern hemisphere, 
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Fig. 1.3. Season mean temperatures from the 1970s through to 2014 are compared in (A) Montana, (B) Minnesota, 
(C) Michigan, (D) California and (E) Texas. (Adapted from Climate Central, 2017, with permission.)
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and the question arises whether there will be less 
heating in the former. Land more readily absorbs 
heat than water; hence, the northern hemisphere is 
expected to absorb more heat. Consequently, the 
northern hemisphere is expected to warm at a 
higher rate than the southern hemisphere, and this 
is what is currently being observed (Cook, 2018; 
NOAA, 2018).

1.1.4 Latitudes of change

Receiving different amounts of sunlight, latitudes 
are actually angular measurements that begin at the 
equator with a value of 0°, extending to the poles 
at 90° (The Environmental Literacy Council, 2015a). 
Depending upon a region’s latitude and proximity 
to the sun, the climate conditions will vary depend-
ing upon the angle of the sun’s rays. Hence, higher 
latitudes receive less heat from the sun compared 
with lower latitudes because the angle at which the 
sun strikes the Earth is higher than the angle expe-
rienced near the equator. Because the Earth is tilted 
23.5° to the perpendicular, the seasons shift from 
hemisphere to hemisphere as the Earth revolves 
around the sun. For example, the northern hemi-
sphere is tilted towards the sun from March to 
September and consequently receives more solar 
energy and heat than the southern hemisphere. In 
terms of climate change and global warming, and 
despite receiving less heat due to proximity to the 
sun, Freedman (2013) suggests that warming in the 
northern hemisphere is occurring much faster than 
in the south not only because of increased green-
house gas emissions but additional warming due to 
global ocean currents ‘pulling’ and transporting 
warmer waters from the south and transporting 
them to the north (also see Levke et al., 2018). In the 
coming decades, Friedman et al. (2013; see Fig. 1.5) 

suggests that the north will continue to warm faster 
than the south, and the differences in temperature 
will be much more noticeable.

Tropic zones have been described as falling 
between 23.5°S and 23.5°N. These are the limits 
between which the sun’s rays impact the Earth at 
a 90° angle, moving between these latitudes with 
every revolution around the sun. While this zone 
receives the most sunlight, it may not necessarily be 
the warmest region, due to the larger ocean mass in 
the southern hemisphere compared with the north-
ern hemisphere, and the comparative abilities of 
these regions to absorb solar energy. Between the 
Tropic of Cancer (23.26°N) and the Arctic Circle 
(66.34°N) lies a major climatic zone – the north 
temperate zone. This is mirrored in the southern 
hemisphere by the Tropic of Capricorn (~23.26°S) 
and the Antarctic Circle (~66.34°S). Collectively, 
the temperate zones are populated by the majority 
of the population (Fig. 1.6; Rankin, 2008).

Mascarelli (2013) suggested that climates will 
indeed change on the Earth; he predicted that the 
number of warmer climates on the Earth will nearly 
double by the end of the century, and that approxi-
mately one-fifth of the Earth’s land mass will expe-
rience some degree of climate shift. He also states 
that while the polar zones retract over time, other 
regions will experience fewer cool summers. 
Consequently, organisms will move or disperse (via 
reproductive propagules) and relocate to new habi-
tats with environmental characteristics that fall 
within their physiological tolerances. Endemic spe-
cies within a stressed region will acclimatize, adapt 
or become extinct.

Will polar movements of some of the terrestrial 
climatic zones be accompanied by shifts in the jet 
streams? There are four major jet streams with two 
oscillating in their movements around the 30°N and 
30°S latitudes (polar jets). The other two are sub-
tropical jets that oscillate around the 50–60°N and 
S latitudes (Fig. 1.7; OSS Foundation, 2018). Climate 
has a significant effect on these jet streams, which in 
turn, affect weather. Although these jet streams may 
oscillate differentially over the course of days, months 
and years, their meanderings are relatively stable 
within certain latitudinal bounds (OSS Foundation, 
2018). It has been reported that the jet streams are 
slowly changing, and shifting as predicted (OSS 
Foundation, 2018) – moving poleward (Fig. 1.8; 
Climate Central, 2013). The impact to all organisms 
and habitats is that as the jet streams shift, so do the 
regional weather patterns (Hudson, 2012).
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Aspects of both observed and predicted climate 
change have been considered in detail for terrestrial 
ecosystems, and many studies have compared 
future developments for these habitats (e.g. Franklin 
et al., 2016; Hölzel et al., 2016). We will consider 
the potential effects of climate change in marine 
and freshwater habitats in the following sections.

1.1.5 Temperate climate change, water 
resources and fisheries

Water, essential to all of life covers approximately 
two-thirds of the Earth’s surface (The Environmental 

Literacy Council, 2015b). Approximately 97% of 
that water is salt water and 3% is fresh water, but 
only 1% of the fresh water is readily available while 
the remainder is either locked up deep underground 
or in glaciers and ice caps. Despite this scarcity of 
fresh water, 40% of the world’s fish species are 
found in freshwater habitats (Tedesco et al., 2017) 
where temperatures vary from 2°C in the winter to 
summer temperatures as high as 24°C (Santhosh, 
2018). Limited information, however, is currently 
available describing how these freshwater ecosys-
tems will be affected by climate change. Most cli-
mate change models examine the effects of global 

(horizontal axis shows the sum of all population at each degree of latitude)
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Fig. 1.6. World population by latitude versus longitude. (Reprinted from Rankin, 2008, with permission.)
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warming on the oceans, despite the existence of 
more than 100 million lakes. The IPCC has sug-
gested that freshwater habitats are among the most 
vulnerable to climate change.

1.2 Freshwater Ecosystems

Global warming is already affecting freshwater 
aquatic habitats. These include: (i) warming of 
aquatic surface waters of lakes and streams (Poff 
et  al., 2002); (ii) reductions of ice cover associated 
with lakes and rivers (Hewitt et al., 2018); (iii) melt-
ing of glaciers and permafrost (Beniston et al., 2018); 
(iv) increases in the hypolimnetic temperatures of deep 
lakes and rivers (Hershkovitz et  al., 2013); and 
(v) changes in the freshwater biota (Döll et al., 2018), 
particularly fish (Ruby and Ahilan, 2018). For 

instance, it has been reported that coldwater fish 
are decreasing in the Great Lakes, due to less ice 
coverage than in prior years, increased algal 
blooms, and a greater expanse of hypoxic regions 
in the lakes (Mysak, 2016).

In 2015, O’Reilly et al. (2015) studied more than 
235 lakes worldwide and reported average lake 
water temperatures increased by approximately 
0.34°C (0.61°F) every 10 years between 1985 and 
2009. While some lakes gained heat energy, others 
apparently cooled. No clear geographical bounda-
ries could be identified, because the effects (warm-
ing versus cooling) were scattered among latitudes. 
Also, depth and size of the lakes contributed to 
much of the variation. For instance, Lake Superior 
(part of the Laurentian Great Lakes Basin) increased 
in temperature by 1.0°C per decade. The other 
Great Lakes (e.g. Lake Erie), while also showing a 
warming trend, were slower in their responses (e.g. 
0.1°C over the same period; O’Reilly et al., 2015). In 
the case of Lake Superior, scientists believe the reason 
for a more pronounced warming is that it is becom-
ing more stratified earlier each year. According to 
Witze (2017) Lake Superior previously stratified in 
mid- to late July, but now this is occurring in June. 
Other lakes like Lake Erie are warming at a much 
slower pace, in part because it is shallower (64 m) 
in comparison to Lake Superior (406 m) and strati-
fication is less affected because heat is transferred all 
the way to the bottom and thus stratification will 
not occur. In Canada, MacDougall et  al. (2018) 
studied 721 lakes at an 11° latitudinal gradient and 

Climate Change and the Jet Stream
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Fig. 1.8. Expected poleward movement of the jet streams in response to warming of the atmosphere as part of 
climate change. (Reprinted from Climate Central, 2013, with permission.)
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Fig. 1.7. Subtropical and polar jet streams. (Reprinted 
from OSS Foundation, 2018, with permission.)
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described that while predator–prey interactions are 
important, the environment (i.e. climate change) 
had a much greater impact on species richness. 
While changes in temperature (i.e. 0.1–0.2°C) may 
appear to be small, researchers of many lakes 
around the world demonstrate what some of the 
negative impacts of these changes can be in the long 
term. Witze (2017) described changes in a lake in 
east Africa (Lake Tanganyika) where an increase of 
0.2°C per decade has resulted in less mixing, more 
stagnation, and nutrients becoming trapped at the 
lake bottom near the benthic community, resulting 
in biological productivity decreasing substantially 
(e.g. sardine catches have dropped by 50%). Lake 
Poopó (Bolivia), Lakes Chad and Tanganyika 
(Africa), and Lake Urmia (Iran) are examples where 
temperatures have increased, lake volumes have 
decreased, and the plant and animal species are 
disappearing (Weiss et al., 2018). Read (limnologist, 
US Geological Survey, Middleton, Wisconsin; cited 
in Witze, 2017) and colleagues examined more than 
2000 lakes in Wisconsin (USA) from 1989 to 2014 
and describe how fish populations have changed 
over this period. Many of these lakes experienced 
decreases in walleye (Sander vitreus) fish popula-
tions. Projecting how lake temperatures change 
through to 2089, these authors describe how major 
decreases in walleye populations would most likely 
occur in more than 75% of the state’s lakes. These 
results have been supported by Hansen et al. (2016) 
who similarly predict a natural decline of walleye, 
which prefer cooler waters, versus largemouth bass 
(Micropterus salmoides), which prefer warmer 
water. Hansen et al. (2016) also concluded that lake 
temperatures will increase and further suggest that 
if greenhouse gas emissions continue to escalate, 
temperatures may exceed 2.8°C (5.0°F) by 2090. 
With lower greenhouse gas emissions, they project 
that lake temperature may only reach ~2.5°C above 
mean current averages by the year 2090.

In the Great Lakes, ice cover has steadily declined 
since the 1970s (Climate Central, 2016). This low-
ered ice cover results in warmer surface waters, 
which then compounds problems of pollutants, algal 
blooms and the quality of drinking water. The vast 
volumes of water (oceans and, to a lesser degree, 
freshwater lakes, etc.) absorb and retain a great deal 
of heat energy from the sun. On an annual basis, the 
upper ocean layers are considered to have absorbed 
more than 43 times (i.e. 43 ×) the total amount of 
energy consumed by the US population in 2012 (last 
year data was available).

Notaro et al. (2015) claim that in the short term, 
the Great Lakes region will accumulate more lake-
effect snow; they will also, however, remain ice free 
longer in the autumn and winter with earlier ice 
break-up in the spring. As this region continues to 
warm and experience greater evaporation, the long-
term precipitation trend will be for less snowfall, 
more rainfall, and delayed or shortened frost periods. 
In the Arctic, should an ice-free summer occur, many 
authors have indicated this would cause a collapse in 
plankton blooms which serve as food for birds, fish 
and whales (Berwyn, 2017). Examining the magni-
tude and speed at which climate change is occurring, 
Comte and Olden (2017) compared 80 years of 
marine versus freshwater laboratory experimental 
data involving ~2960 ray-finned fishes (~485 species) 
to thermal sensitivity. They suggested the data showed 
significant thermal sensitivity to tropical marine fishes 
and freshwater fishes located at higher latitudes in the 
northern hemisphere; these fishes will either relocate, 
rapidly adapt or acclimatize, or the local population(s) 
will die. Considering the frequency and duration of 
each warming trend, and the evolutionary trends 
regarding how quickly a species can adapt, we predict 
that many fish species will be unable to cope with 
such changes. As climate change and global warming 
continues, many scientists predict: (i)  increases in 
stream and river flow (based on changes in seasonal 
intensity and distribution of rainfall) (Yin et al., 2017; 
Worqlul et  al., 2018); (ii)  increased precipitation, 
flooding and evaporation (The Climate Reality 
Project, 2017; Wang et al., 2017); (iii) as evaporation 
continues to become exacerbated, the disappearance 
of some lakes and streams (United Nations 
Environment Programme, 2018); and (iv) increased 
frequency of pathogen outbreaks (Taylor et al., 2018; 
Zhan et al., 2018) and algal blooms, and decreases in 
the abundance and diversity of particular species.

While in some ways these changes might be wel-
come to some, for example farmers across the USA 
have experienced growing seasons longer than 
usual by nearly 2 weeks and earlier springs (Kunkel, 
2016), parallel changes are not welcome to others. 
In colder climates, long winters support local econ-
omies via ice fishing, hockey, snowmobiling and 
other outdoor activities. In addition, the ‘deeper 
freeze’ helps control disease. Milder winters will 
allow increased survival of disease-carrying pathogens 
(e.g. Lyme disease – Pfeiffer, 2018; mosquitoes – 
European Commission Joint Research Centre, 
2018) and increased respiratory illnesses caused from 
allergies (Staudt et  al., 2010). Many fruit-bearing 
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and other trees will bloom earlier, and it is not 
known whether pollinators will be able to adapt to 
these temporal changes. The fruit-bearing trees and 
plants may have smaller yields because of this.

In colder climates, like the northern latitudes, 
primary productivity is expected to increase 
because of reduced ice coverage, greater absorption 
of heat, and increased nutrient loading (European 
Environment Agency, 2012). It is also likely that 
there will be population increases in particular 
organisms, especially invasive ones, and a decrease 
in endemic species. Because of these changes, 
Jappesen et  al. (2009) predicts that significant 
changes will occur in food web structures, and 
quite likely changes in dissolved oxygen content. 
The European Environment Agency (2012) sug-
gests that it is unlikely that our attempts to remedi-
ate these changes and restore lakes and estuaries to 
their prior state will succeed. They suggest that 
such attempts will most likely be confounded by an 
ecosystem already responding to environmental 
changes via adaptation. As lakes begin to increase 
in temperature and duration of warmer periods, it 
is expected that oxygen depletion in the hypolim-
nion will occur as populations of algal species 
increase and create a negative feedback loop where 
increased nutrients are added to the water through 
their death, leading to hypoxia in the benthos.

As mentioned earlier, food webs will also prob-
ably be affected with the warming of our waters. 
Reduced ice cover, for instance, will likely enhance 
population growth in some fish species and cause 
the extinction of others. It should be no surprise 
that as northern temperate waters warm up, cold-
water fish will be replaced by fish better adapted to 
live, grow and reproduce at those temperatures. 
Some fish and other species living in these regions 
will need to migrate northwards, and they will 
most likely be replaced by other species moving 
northwards from further south. Some cold steno-
thermic invertebrates and many salmonid species 
will suffer losses in this way and are expected to 
decrease in both population abundance and species 
diversity (European Environment Agency, 2012).

The European Environment Agency (2012) pre-
dicts water temperatures to increase in lakes and 
rivers with a shift in food web dynamics. They 
predict that there will be earlier spring blooms of 
phytoplankton and zooplankton, and a switch 
from a more dominant zooplankton and macro-
phyte type of ecosystems to dominance by bloom-
forming phytoplankton and those fish species that 

can take advantage of such a food resource. 
Increased precipitation will also lead to increased 
runoff, which will increase nutrient loading and 
trigger more algal blooms. These changes may or 
may not serve as an acceptable food source for fish 
and other freshwater organisms. Natural mortality 
in these algal populations and the ensuing bacterial 
breakdown will deplete the oxygen resources in 
affected areas. The Union of Concerned Scientists 
(2018b) suggests that, as this occurs, we can expect 
the formation of larger hypoxic (dead) zones. In a 
freshwater habitat like Lake Superior, scientists 
believe this vast body of water is beginning to show 
the effects of progressive warming caused by rising 
water temperatures and increased evaporation lev-
els (Witze, 2017).

Overall, global climate change and warming tem-
peratures are likely to result in positive feedback 
loops with physical, chemical and biological changes 
through space and time. Such changes will not be 
simple or linear but rather, complex – resulting in 
‘winners, losers, and surprises’ (Fulton, 2011).

1.3 Marine Ecosystems

1.3.1 Physical limitations for tropical  
corals, and how they will be affected  

by the temperate climate

It has been suggested that corals in tropical and 
subtropical climates will be able to colonize those 
oceanic regions currently classified as temperate or 
sub-temperate, as the latter regions are encroached 
upon by the former (Sammarco and Strychar, 
2016). The tropical regions are expected to expand 
to the north and south, displacing the temperate 
and sub-temperate oceanic climatic regions. Indeed, 
there appears to be some evidence that this is 
already occurring. Some coral reefs have been 
observed developing off Broward County, Florida 
(Vargas-Angel et  al., 2003; Precht and Aronson, 
2004). This is north of Key Biscayne in the USA, 
which was previously believed to be the northern 
limit of coral reefs in this region. In addition, coral 
reefs have now been observed in the northern sec-
tions of the Ryukyu Islands of Japan, where they 
had not been seen before (Yamano et  al., 2011). 
These researchers estimate the rate of expansion in 
this area to be up to 14 km/year. This may need to 
be verified, but the fact remains that several exam-
ples of a poleward expansion of coral reefs under 
current global warming conditions exist.
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The expansion of coral reefs into previously tem-
perate or sub-temperate regions is expected to have a 
latitudinal limit. To what extent this poleward 
encroachment will proceed remains to be seen. The 
rate at which it occurs will be limited by reproductive 
success, larval dispersal and larval recruitment – and 
this will be at least partially environmentally 
mediated.

1.3.2 Light

That limit of northward and southerly expansion of 
coral reefs into previously temperate regions will 
most likely be limited by three physical factors. The 
first involves the amount of light penetrating to the 
benthic surface. As one moves further north from 
the Tropic of Cancer and south from the Tropic of 
Capricorn, the sun’s rays impact the sea at an angle 
which decreases with increasing distance from the 
equator (Harris, 2018). The amount of light reach-
ing a zooxanthellate coral is critical to its survival. 
The second factor is the character of the wave spec-
trum associated with that decreasing light. As that 
angle decreases, light passes through more and more 
water to penetrate to a given depth. As the maximum 
depth of light penetration decreases, the colour spec-
trum reaching the benthic surface changes, becoming 

increasingly blue which is similar to the blue water 
in deeper mesophotic zones (University of Hawai’i, 
2018; Fig. 1.9). This light spectrum is not well suited 
to the growth of shallow-water tropical corals. The 
third physical factor which will most likely limit the 
shifts in temperate and tropical climatic zones is a 
seasonal one. As the seasons move from summer to 
winter, day length grows increasingly shorter in the 
winter. Shorter day lengths translate to less light per 
day for any benthic algal-symbiotic organism, such 
as a coral. Thus, not only will the light penetration 
become more limited, and the light spectrum be 
changed with latitude, so will the total amount of 
light available to shallow-water or deep-water cor-
als during the late autumn, winter and early spring 
periods (Fig. 1.10; Fondriest Environmental Inc., 
2014).

1.3.3 Temperature

Another limiting factor will be seawater tempera-
ture. Corals thrive within a narrow temperature 
range – ~18–28°C (Levinton, 2017). Much recent 
research regarding temperature tolerance has 
focused on temperatures increasing beyond the 
known limits for corals. This has been spurred by 
the devastating mass coral bleachings observed to 
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occur repeatedly since the early 1980s (Goreau and 
Hayes, 1994; Hoegh-Guldberg et al., 2007; Hughes 
et al., 2017). Much less attention has been paid to 
the lower limit of the corals’ temperature range 
(Coles and Jokiel, 1978; Coles and Fadlallah, 1991; 
Saxby et al., 2003). Yet this factor will most likely 
help us to understand what may define the latitudi-
nal limit of expansion of tropical and subtropical 
corals into the current temperature zones. In the 
Abrolhos Islands, Australia, zooxanthellate corals 
can exist below 18°C, but their growth rates are 
diminished (Johannes et  al., 1983). Their calcifica-
tion rates, however, remain stable at these marginal 
cool temperatures (18°C). Competition for space 
with benthic algae in these sub-temperate waters was 
determined to be the limiting factor for further 
southerly expansion of the coral community. These 
factors may well contribute to setting the limit for the 
southerly and northerly expansion of corals under 
current climate change/global warming conditions.

This point is best illustrated by an example from 
the National Oceanic and Atmospheric Admin-
istration (NOAA) Flower Garden Banks National 
Marine Sanctuary, Gulf of Mexico where there are 
the two most northerly coral reefs. They occur at 
the edge of the continental shelf, approximately 185 
km south-west of Galveston, Texas, USA. They pos-
sess well-developed coral communities and are gen-
erally protected from coral bleaching, which has 
decimated other reefs in the Caribbean and around 
the world. This protection is generally attributed to 
their distance from shore, associated insulation from 
contaminants derived from groundwater runoff, and 
from the warm summer seawater temperatures 

associated with shallower depths which may sur-
pass their temperature tolerances (e.g. 31.1°C, east-
ern Gulf of Mexico, July–August 2017; NOAA, 
2018). The development of these two coral reefs 
may well be attributed to the Yucatan (Gyory et al., 
2013) and Loop Current (Texas Pelagics, 2016) of 
the Gulf of Mexico, both of which are derived from 
the Caribbean Current. These currents impact the 
edge of the continental shelf and bathe these banks 
in warm Caribbean seawater year-round. Because 
of this, seawater temperatures remain within the 
physiological tolerance limits of corals and other 
zooxanthellate organisms, providing them with an 
environment conducive to calcium carbonate reef 
development.

On the other hand, the Stetson Banks, which are 
only 48 km to the north-west of the Flower Garden 
banks, and ~157 km from shore are not true coral 
reefs. They are comprised of uplifted layers of clay-
stone and sandstone (Lankford and Curray, 1957). 
The cooler winter temperatures, which fall below 
18°C there, do not permit the tropical and sub-
tropical corals to contribute substantially to the 
development of a calcium carbonate cap. Thus, 
only a few degrees difference in temperature, at the 
lower end of the corals’ temperature range, can 
limit or thwart reef development.

1.3.4 Replacement of zooxanthellate 
corals by azooxanthellate corals in the reef 

community?

Could temperate ahermatypic/azooxanthellate  corals 
replace zooxanthellate corals, colonizing warmer 
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habitats in lower latitudes? Azooxanthellate scler-
actinian corals exist throughout the world’s oceans 
(Freiwald, 2002). They can disperse successfully, as 
do the zooxanthellate corals, and this has been 
demonstrated through their dispersal to and colo-
nization of offshore oil and gas production plat-
forms in the Gulf of Mexico (Sammarco et  al., 
2012a, b). The only azooxanthellate species which 
have been able to proliferate to an extraordinary 
degree and dominate some benthic communities in 
the Gulf of Mexico are the invasive Indo-Pacific 
corals Tubastraea coccinea and Tubastraea micran-
thus (Sammarco et  al., 2010, 2012a, b, 2014). 
These species have been able to monopolize benthic 
substratum within several years of colonization. 
Ahermatypic corals, particularly those in deep 
water and in temperate and polar climatic zones 
also possess colder temperature tolerances than 
their hermatypic counterparts. In summary, it 
would appear that ahermatypic corals will remain 
an important part of the benthic community as 
global warming continues to increase. They will 
not, however, assume the same niche as the her-
matypic scleractinian corals, since they will not be 
significant contributors of calcium carbonate to the 
benthic substratum. In general, their growth will be 
less extensive than those of their hermatypic coun-
terparts. Invasive azooxanthellate coral species 
such as T. coccinea and T. micranthus will retain 
their ability to dominate the benthos in isolated 
habitats. They will not, however, build calcium 
carbonate-based reefs, as their hermatypic counter-
parts, and if the oceans waters warm to 34°C, they 
will not survive (Strychar et al., 2005).

1.3.5 Mesophotic reefs as potential larval 
sources for shallow-water reefs

It has been suggested that those zooxanthellate cor-
als which die in shallow water due to rising seawa-
ter temperatures could be replaced by zooxanthellate 
corals which live in deeper, somewhat cooler and 
darker waters on mesophotic reefs (Serrano, 2013; 
Laverick et al., 2016). These reefs are insulated by 
depth from high-temperature environmental per-
turbations. Mesophotic reefs may be defined as 
follows: ‘Mesophotic coral reef ecosystems (MCEs) 
occur in tropical regions extending from depths of 
30 m to the limit of zooxanthellate corals (approx. 
150 m)’ (Ocean Research and Conservation Group, 
2018). They are characterized by light-dependent 
coral, algae and other organisms that are found in 

water with low light penetration (Sammarco et al., 
2016). It has been suggested that mesophotic reef 
communities may be connected to shallow coral 
reef ecosystems, and that they may provide an 
important source of larvae for threatened coral and 
fish populations in shallower water, and, indeed, 
there is some genetic evidence for this (van Oppen 
et al., 2011).

This concept may be correct, to a certain degree; 
but there are several constraints regarding recoloni-
zation from this deeper-water coral community in 
the event of mass shallow-water mortality. First, 
corals which exist at these deeper depths are adapted 
to grow and reproduce in that environment. The 
endosymbiotic zooxanthellae of shade-adapted cor-
als, or deep-water corals, have more chlorophyll per 
zooxanthellar cell, being adapted for very efficient 
photon capture in a region where light is scarce 
(Porter et  al., 1984). There is evidence that these 
populations would adapt to new environmental 
conditions (Dustan, 1979, 1982). Secondly, the spe-
cies diversity of corals is lower in deeper waters and 
they represent a smaller proportion of the shallow-
water coral community (Bak et  al., 2005; Kahng 
et al., 2010; Bongaerts et al., 2017). There are some 
species overlaps between the deeper and shallower 
habitats with some species which only occur in these 
environments (Loya, 1972). It is possible that the 
latter may not be adapted to shallower water. Thus, 
the question of recolonization from deeper waters 
remains unknown and needs further research. 
Replacement of dead or dying coral communities 
vertically from deep-water reefs is possible but may 
be limited to some degree by adaptations of deep-
water species to increased light levels and other 
environmental factors. Also, the range of species 
which could colonize shallower depths is probably a 
small subset of those already living there.

1.3.6 Origin(s) of recolonizing corals

Could damaged reefs be recolonized horizontally 
rather than vertically, as discussed above (i.e. from 
other latitudes)? This actually has a high probability 
of occurring. This is based on the geological and 
palaeontological records. It would most likely not 
be a short- or medium-term solution to the problem 
of replenishing reefs severely affected by increased 
seawater temperatures, but a long-term one requir-
ing most likely minimally hundreds of years.

There are precedents for this in the geological 
record. For example, the Caribbean experienced two 
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major extinctions in the past. During the end of the 
Oligocene/beginning of the Miocene sea level fell by 
~50–75 m (Kominz, 2001) and the Isthmus of 
Panama was formed, severing the Tethys Sea into the 
Atlantic and the Pacific Oceans (Stanley, 1979, 
1984; Veron, 1986; Rosen, 1988). This change in sea 
level was accompanied by oceanic cooling in the 
Atlantic, particularly in the Caribbean, which caused 
mass extinctions of marine fauna, particularly in 
bivalves and corals (Wells, 1956). Some of the coral 
community in South America survived. This region 
appears to have served as a refuge for coral species 
during this period as the corals here did not experi-
ence the same degree of cooling. Later, when the 
planet entered a warming phase, the remaining coral 
species, lower in species diversity, were able to 
recolonize the Caribbean from South America 
(J.E.N. Veron, Bali, Indonesia, 2000, personal com-
munication). The Caribbean remained relatively 
stable after this, as the Earth continued to warm.

This series of events was repeated. At the end of 
the Pliocene/beginning of the Pleistocene, the Earth 
experienced another cooling period characterized 
by a major glaciation (Stanley, 1979, 1981, 1984, 
1985, 1986). Again, there were mass extinctions of 
bivalves and corals in the Caribbean (Dana, 1975; 
Frost, 1977). In time, the climate changed again 
and the glaciers melted and receded. The Caribbean 
waters warmed, making it suitable for expansion 
of coral populations back into the Caribbean 
region again to re-establish communities there. It is 
possible that something like this may happen 
again, although clearly it will require long periods 
of time.

1.3.7 Will temperate azooxanthellate corals 
be affected by climate change?

Temperate azooxanthellate corals will most likely 
not be as affected in the short term by predicted 
increases in seawater temperatures in the temperate 
zone as tropical zooxanthellate corals. The reason 
is that they do not possess zooxanthellae, and it is 
the zooxanthellae that are the more sensitive of the 
symbiotic pair to high seawater temperatures – not 
the coral tissue (Strychar et al., 2005; Strychar and 
Sammarco, 2009). However, they may be affected 
in the longer term. In tropical corals, once seawater 
temperatures reach 32–34°C, the cells within the 
coral tissue also begin to exhibit signs of apoptosis 
and necrosis, and the corals begin to die (Strychar 
et al., 2004; Strychar and Sammarco, 2008). At this 

time, we do not know at what temperatures this 
type of cellular response might occur in temperate 
corals. This type of response may actually be initi-
ated at temperatures lower than tropical corals, 
because these corals are generally adapted to live 
under cooler conditions than tropical and subtropi-
cal ones. Based on this potential response, it is 
likely that, in areas within the temperate region 
that are exposed to high seawater temperatures, it 
is possible that we may also lose those coral com-
munities in the future.

1.3.8 The effects of increasing seawater 
temperatures on coral reproduction

Adult corals are not the only ones that will be affected 
by increasing seawater temperatures in these marginal 
temperate environments. Coral embryos and juve-
niles may also be affected by increased temperatures 
which are known to act on larval development, 
larval dispersal, larval settlement and early spat 
growth/recruitment. As seawater temperatures 
increase, fertilization of the coral eggs will occur 
without hindrance (Bassim et al., 2002). Embryonic 
development of the planular larvae, however, is 
strongly affected by temperature (Bassim and 
Sammarco, 2003). That is, with increasing tempera-
ture, the larvae develop in an abnormal and terato-
genic fashion, making them inviable. If the larvae do 
develop fully, their swimming capabilities are greatly 
diminished with increased seawater temperature, as 
are their settlement capabilities, and spat survival 
capabilities. Thus, any attempts to artificially 
increase the survival capabilities of adult corals 
should take into account survivorship in the planu-
lar larvae and the spat.

1.3.9 The effects of heat stress  
on zooxanthellar clades in coral

Symbiodinium sp. occurs in the form of many 
clades, each varying in their DNA sequences. These 
clades thus far number 12–14 (Sammarco and 
Strychar, 2009), with numerous (~1700) subclades 
and subtypes being described using various meth-
odologies (see Riddle, 2007). The immune system 
of the individual clade must produce one or more 
proteins for recognition by the host coral in order 
for successful colonization of the host to occur. 
Likewise, the coral must have the ability to recog-
nize more than one clade’s proteins at the same 
time, and this capability is genetically based.
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The possession of, say, three clades requires more 
genetic variation and metabolic energy than pos-
sessing a single clade. Accommodating each clade 
requires both the genetic code to do so and also, 
upon demand, the energetic resources for the pro-
duction of recognition cells. Accepting multiple 
clades multiplies the demand on genetic material 
and energetic resources. Heat stress increases the 
demand on the coral host by producing mac-
rophages to destroy dysfunctional algal cells of one 
clade while, for example, in a three-clade system, 
maintaining the other two. Similarly, it is likely that 
those corals that have multiple clades are more 
susceptible to heat stress and mortality than those 
possessing a single clade, because there is less 
energy available to deal with this stress and other 
confounding stresses.

Azooxanthellate corals represent the extreme end 
of this spectrum because they lack zooxanthellae. 
T. coccinea may serve as an example of this point. 
This species does not possess zooxanthellae, but 
does possess pigments. The animal tissues of this 
species will bleach its pigments under heat stress, but 
not until seawater temperature reaches > 36°C 
(Strychar et  al., unpublished data). This is a very 
resilient coral and is temperature resistant. Some 
corals are aposymbiotic, wherein possession of 
zooxanthellae is facultative. An example of such a 
coral is Oculina, including Oculina diffusa, the 
genus of which occurs throughout the western 
Atlantic and the Mediterranean. O. diffusa has at 
least two clades of zooxanthellae, B-1 and B-2 
(LaJeunesse, 2001, 2002, 2004; Banaszak et  al., 
2006; Riddle, 2006) and exhibits bleaching under 
heat stress (Savage et al., 2002) and disease condi-
tions (Kushmaro et  al., 1996, 1997, 1998, 2001; 
Rosenberg et  al., 1998; Sutherland et  al., 2004; 
Anonymous, 2009). We would predict that, since 
accepting a zooxanthellar clade is a presence/absence 
character, it would exhibit the same level of immu-
nity as a zooxanthellate coral with the same poten-
tial number of clades. Likewise, we would expect 
this species to have similar heat sensitivities or sus-
ceptibility to disease as other corals that accept three 
clades of zooxanthellae. In fact, Acropora formosa 
can accept three clades of zooxanthellae and is listed 
on the International Union for Conservation of 
Nature (IUCN) red list of endangered species 
(Carpenter et al., 2008) because of mass mortalities 
due to both heat stress and disease. Oculina vari-
cosa, known to have only one zooxanthellar clade, 
is similarly listed (Roberts and Hirshfield, 2004).

1.3.10 Immune responses of coral relative  
to heat stress

If we assume that bleaching (i.e. heat stress) is tied 
to the immune system, and that zooxanthellae are 
maintained within the host by being recognized 
immunologically as ‘self’, then the question arises 
regarding how the number of clades carried by a 
coral affects susceptibility to bleaching. The most 
logical and parsimonious answer would be that 
having more than one clade with differential tem-
perature susceptibilities per clade confers better 
 fitness on the holobiont. This is because of the 
cumulative broader temperature tolerances between 
the clades. However, more clades require more 
immunorecognition proteins to address the pres-
ence of benign symbionts. Possession of a single 
clade may mean that only one protein is required. 
The system whereby several clades in a single col-
ony enhance survival is driven by simple directional 
selection and specialization of temperature toler-
ances. These tolerances may be spread among two 
or more symbiotic clades, conferring a broader 
temperature tolerance for the holobiont. The data, 
however, suggest a different situation. For example, 
Acropora hyacinthus (Great Barrier Reef) can pos-
sess up to three clades simultaneously in a colony; 
and yet, as shown through controlled laboratory 
experiments, this species is highly susceptible to 
bleaching with only modest increases in seawater 
temperatures. It is the most temperature sensitive of 
three species from three families tested. On the 
other hand, Favites complanata possesses two 
clades of zooxanthellae and is less susceptible to 
bleaching than A. hyacinthus. Further, Porites solida 
has only one clade of zooxanthellae and is the most 
resistant to bleaching and least sensitive to elevated 
temperatures. Furthermore, the azooxanthellate coral 
T. coccinea, possessing no zooxanthellae, exhibits no 
signs of heat stress up to temperatures of 36°C, at 
which point the coral begins to ‘bleach’ its tissue 
pigments and eventually dies. In this case, the 
immune system need only recognize ‘self’ cells, as 
there is no need to allow other symbiotic cell types 
to enter the organism. This would imply that neces-
sity for a relatively sophisticated immune system is 
diminished in a symbiotic coral, whereas in azoox-
anthellate coral, immunity is focused on self-
defence. We hypothesize that this is because the 
host, when it invests energy into defence, directs all 
of it into a single macrophagic type; metabolic 
energy is not allocated across the production of 
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numerous macrophage types or shared among sev-
eral types of symbiotic algae. This allows the azoox-
anthellate coral to respond to dysfunctional cells or 
infection rapidly.

Once again, these results may seem counter-
intuitive. Why would the presence of the second 
clade which has temperature sensitivities different 
from its counterpart not increase the probability of 
survival of the holobiont (i.e. the coral host)? The 
reason, again is most likely related to immunity. In 
a coral with zooxanthellae, whether it possesses 
one clade, two, or more, when temperature is ele-
vated, the zooxanthellae, which had been benign 
symbionts recognized by the coral as ‘self’, now 
experience a change in their cell membrane struc-
ture and become recognized as ‘non-self’. As ‘non-
self’, they are essentially treated the same as a 
pathogen. In a zooxanthellate coral there can be up 
to tens to hundreds of millions of zooxanthellae 
spread throughout the organism. When the cell 
surface signal changes to communicate a ‘non-self’ 
signal to the host coral organism, this occurs 
throughout the zooxanthellar population nearly 
simultaneously. This then changes the existing 
symbiont population into the equivalent of a mas-
sive pathogenic infection almost simultaneously 
throughout the colony, somewhat analogous to 
leukaemia in humans. Those red blood cells, criti-
cal to the survival of the individual, are treated as 
pathogens by the immune system/white blood 
cells – by the hundreds of millions. This then 
requires a tremendous amount of energy to fight 
off the infestation of millions of non-self entities 
already omnipresent, now perceived to be patho-
genic cells. This is complicated by a concomitant 
reduction in energy resources for the coral, in the 
form of carbohydrates which the zooxanthellae 
had been supplying to the host. This could stretch 
the coral to its physiological limit. As the zooxan-
thellae die, less and less food would be available 
to provide the energy to feed the host – to produce 
and maintain the macrophages to control the 
pathogens.

1.3.11 Immune response as the primary 
process driving bleaching: a hypothesis

How is the signal of ‘self’ to ‘non-self’ manifested 
in the zooxanthellae under heat-stress conditions? 
We propose that there may be a conformational 
change in the surface proteins produced by 
Symbiodinium. This change may be the basis for 

the lack of recognition of ‘self’ for the algae by the 
coral. If so, it would trigger an immune response on 
the part of the host. That is, it may not be the apop-
tosis and necrosis in the Symbiodinium which ini-
tially causes the breakdown in the host–symbiont 
link; it may be the breakdown in the immunorecog-
nition system required for this successful symbiotic 
relationship. Apoptosis and necrosis would then 
follow after lack of recognition and attack by mac-
rophages. In a recent study, one of us (Strychar, 
unpublished data) was able to differentiate mac-
rophage types using morphology via transmission 
electron microscopy, following the techniques of 
Tahseen (2009). The processes of apoptosis and 
necrosis are not the cause of bleaching; they are 
symptoms of lack of immunorecognition as ‘self’ 
and represent precursors to bleaching.

Communication between the host and symbiont, 
or the breakdown thereof, may well be regulated 
by the immune system. The caspases may play a 
particularly important role here. Upon injury of 
chemical or heat stress, cell membrane conforma-
tional changes would result in the release of cas-
pase markers, which would mark the injured cells 
as dysfunctional and attract macrophages for the 
purpose of removal. The macrophages are respon-
sible for causing cellular destruction, which is then 
observed as apoptosis and necrosis. This has been 
repeatedly documented at the cellular and subcel-
lular level.

This same type of immunorecognition would 
most likely occur in response to a number of envi-
ronmental perturbations, including changes in 
ocean temperatures, ocean acidification, sea level 
rise, etc. The driving factor would be the same in all 
cases, most likely a change in cell membrane con-
formation. A change in the molecular structure or 
configuration in the cell membrane may serve as an 
important cue for macrophage attack.

Cervino et  al. (2012) has demonstrated experi-
mentally that a coral infected with the bacterial 
pathogen Vibrio sp. continued to suffer for 10 
years until death. This suggests that once a coral is 
infected with such a pathogen, it may be con-
trolled to a degree, but not destroyed; rather, it 
persists long term until eventual death of the col-
ony. This is unlike heat stress. The disease is a 
constant presence and the battle continues within 
the coral; the energy supply of the coral is 
depleted through a chronic production of mac-
rophages attempting to control the disease. This is 
analagous to AIDS (acquired immune deficiency 
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syndrome) in humans – a chronic infection which 
suppresses the immune system, opening the host to 
secondary infections, which can be fatal. Bleaching 
is an acute response to heat perturbation; disease is 
a chronic response to a pathogenic perturbation. We 
raise the question, are diseased corals compromised 
to a greater degree than temperature-bleached cor-
als because the probability of recovery may be 
lower due to a potential chronic infection? If so, can 
we expect the immune response to vary species-
specifically for the coral and the disease, respec-
tively? Alternatively, perhaps the query should be 
the other way around. Are corals stressed due to 
high temperature under pre-bleaching or bleaching 
conditions and compromised allowing infection by 
disease? And do they have a lower probability of 
recovery due to infection?

1.3.12 Evolution of zooxanthellate versus 
azooxanthellate corals

Azooxanthellate corals appear to have broader 
environmental tolerances than zooxanthellate ones. 
They are not depth-restricted because of light. They 
also have broader temperature tolerances. They are 
heterotrophs. Increases in nutrient enrichment are 
often accompanied by increases in plankton popu-
lations, which can serve as a stress for zooxanthel-
late corals but as additional food sources for the 
azooxanthellate corals. A comparison between azo-
oxanthellate and zooxanthellate corals may be 
somewhat analogous to a comparison between 
horseshoe crabs and fruit flies, respectively. 
Horseshoe crabs (Tachypleus tridentatus) are an 
extremely old taxon, dating back in their current 
morphological form to the late Ordovician, approx-
imately 450 million years ago (MYA) (Rudkin 
et al., 2008). Their physiological tolerances are very 
high with respect to variations in temperature, 
salinity, oxygen concentrations, etc. (Sekiguchi and 
Shuster, 2009). On the other hand, Drosophila spp. 
(fruit flies) have a very high genetic variability and 
have speciated numerous times. Currently 1450 
species of Drosophila are documented to occur 
naturally. The genetic variability in this genus is 
formidable, and the physiological and environmen-
tal tolerances of each species are very narrow 
(Dobzhansky, 1970; Steiner, 1977).

Zooxanthellate corals are more species diverse 
than the azooxanthellate ones – at the generic and 
family levels, in the Caribbean and the Indo-Pacific 
(Veron, 1996, 2000). Azooxanthellate corals 

 preceded zooxanthellate ones in evolutionary time. 
It has been proposed that scleractinian corals 
evolved 225 MYA during the mid-Triassic (Romano 
and Palumbi, 1996), and endosymbiosis with zoox-
anthellae evolved 200 MYA during the late-Triassic 
(Stanley and Swart, 1995; Stanley and van de 
Schootbrugge, 2009). Azooxanthellate corals 
appear to have had less adaptive radiation than 
their zooxanthellate counterparts, making them 
more evolutionarily conservative. For example, the 
zooxanthellate coral genus Acropora (Acroporidae) 
is known to have arisen about 60 MYA during the 
Paleocene (Carbone et al., 1994) or 45 MYA dur-
ing the Eocene (von Fritsch, 1875; Latham, 1929), 
and currently has as many as 180 described species 
(Veron, 1996), mostly in the Indo-Pacific. One of 
the reasons for their broad phylogenetic radiation 
may be derived from their mode of reproduction 
(simultaneous multi-species broadcast spawning of 
sperm and eggs into the water column) and their 
propensity for hybridization (Willis et  al., 2006). 
The genus Tubastraea (Dendrophylliidae) is a 
brooder and, similar to Acropora, apparently 
emerged during the early Eocene, 55 MYA. Yet 
Tubastraea is known to have only eight species, 
two of which are extinct (Cairns, 2001). This genus 
is approximately 10 million years older than 
Acropora. The major point is that azooxanthellate 
corals may be the older, more conservative, and less 
specific group in terms of environmental limita-
tions yet have retained the ability to disallow colo-
nization by foreign symbionts by possessing more 
caspases.

1.4 Climate Change/Global Warming  
and the Long-term CO2 Problem

The problems we face with climate change and 
global warming will not be solved in the short term. 
This is because the amount of: (i) atmospheric CO2 
is already massive; (ii) heat this has created second-
arily in our atmosphere over the past 150 years is 
elevated; and (iii) heat which has, in turn, been 
introduced into our oceans is increasing. It has 
been estimated that > 25 × 1022 KJ of heat have 
been absorbed into the oceans since 1957 as a by-
product of CO2 release (Church et al. 2011). The 
ocean is a large heat sink. Water also has a high 
thermal capacity, which means it is slow to warm 
and slow to cool. Even if we stop introducing CO2 
into the atmosphere today, it will be 2075 before 
the oceans will begin to cool.
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The production of atmospheric CO2 will con-
tinue for quite some time, on an ecological time-
scale. Some special-interest groups place blame on 
certain groups for the excessive CO2 released into 
the atmosphere, as well as for the continuance of 
this problem. The truth is that we are all to blame. 
Over the 20th century, humans have become 
dependent upon, indeed addicted to, the use of 
petroleum hydrocarbons for transportation and 
production of numerous everyday products. It is 
likely that their use cannot – and will not – be cur-
tailed in the short term. Any decline in usage of this 
non-renewable, non-sustainable natural resource 
will require a coordinated and concerted effort on 
the part of all stakeholders – users and producers – 
to reduce usage and substitute suitable renewable, 
sustainable resources for the hydrocarbons. This 
would then result in a gradual decline in petroleum 
hydrocarbon usage. It is our prediction that those 
oil and gas companies that are willing to invest a 
substantial proportion of their profits now into 
research on renewable, sustainable energy sources 
will most likely not only survive this changeover in 
energy sources in the future, but also dominate 
energy production. The sooner this corporate tack 
is adopted, the sooner our environment will begin 
to recover, and the sooner those companies will 
develop a competitive edge over other companies in 
their sector.

1.5 Closing Comments

Will the temperate zone play a limiting role in the 
changes in the distribution of tropical and sub-
tropical corals and the reefs they build? The answer 
is, yes. They will do this by limiting the amount of 
light available for photosynthesis by the coral’s 
zooxanthellae, including through changes in length 
of daylight. They will also limit the quality of the 
light made available to the corals due to changes in 
the angle of the sun’s light impacting the corals and 
concomitant changes in the light spectrum impact-
ing the benthos. In addition, these zones will limit 
the temperatures in which the tropical corals will 
be able to survive or build calcium-carbonate-
based reefs. Temperate corals are already adapting 
to these cooler temperatures and are not dependent 
upon light for photosynthesis for survival. They 
will continue to play their role of a recognizable 
component of the benthic community. They will 
not, however, take over the role of building coral 
reefs; they do not have the physiology to do it.

As coral reefs go through changes with time 
through mortality of the more sensitive species, 
recolonization may come from deeper mesophotic 
reefs, but only to a degree. In the longer geological 
timescale, it is more likely that recolonization of 
the Caribbean will come from refuges in other 
higher latitude countries, such as Brazil, which may 
be less affected by increases in seawater temperature, 
as has apparently happened before in geological 
history.

Is it possible for us to address the problem of 
oceanic warming today? Yes. Anything we do to 
reduce CO2 emissions will contribute to this effort. 
But the effort must come from all stakeholders, and 
it will need to be long term – perhaps over several 
generations. This is because, after the effort has 
been initiated, it will still require years for the 
oceans to cool and begin to reverse the ecological 
damage that we are now witnessing. It is time for 
us to become good stewards of our environment, 
and then pass that torch down to our children and 
grandchildren.
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