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PREFACE

ALVARO ISRAEL! and RACHEL EINAV?

!srael Oceanographic and Limnological Research, Ltd. The
National Institute of Oceanography, P.O. Box 8030, Tel Shikmona
31080. Haifa, Israel. ?Blue-Ecosystems, 26 Hagat St., Zichron
Yaakov, Israel

Climate changes and global warming occurring on earth are now a widely
recognized phenomena within the public and scientific communities. They will
likely modify marine life dramatically as we now know it. One critical question
regarding these changes is whether they occurred because of human interven-
tion, or due to natural events on earth, or a combination of both. Irrespective
of the source of these changes, it is our responsibility to understand and prop-
erly control these events so as to diminish potential or irreversible damage in
the marine environment. The goal of this project, Seaweeds and Their Role in
Globally Changing Environments was to emphasize the role of marine macroal-
gae, the so-called seaweeds, within the context of global changes occurring on
planet Earth.

This book concentrates on the diverse aspects of the expected effects of
global changes on seaweeds. First, a general overview of current changes in
the oceans is given including the legal aspects associated with these modifica-
tions. While responses to global changes occur first on a species level, ulti-
mately the modifications will arise on a community and global ecosystem
levels. These aspects are discussed in Part 2. Then, Part 3 addresses short- and
long-term seaweed ecophysiological responses to environmental abrupt
changes, which forces marine plants to make sudden adjustments rather than
adaptation processes that have occurred during millions of years of evolution.
Specific and detailed aspects of seaweed responses to the UV rays are given in
Part 4. Applied aspects of seaweeds follow in Parts 5 and 6. Here, the reader
will find insights of potential uses of seaweeds in the future, and expected
effects on seaweed cultivation practices worldwide as dictated by the globally
occurring changes in the marine environment. Theoretical approaches of
marine plants utilization in the future as related to modified environments are
shown in Part 7. Global changes influence almost all aspects of human life,
becoming daily worries/issues within the general public and scientific com-
munity. The need to enroll synergistic forces to address the problems derived
from global changes and their environmental effects is apparent. Therefore,
we have considered pertinent to also include spiritual/religious approaches to
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the issue, which are quite unique in the scientific literature. These aspects are
analyzed towards the end of the book and may allow to those readers inter-
ested in such aspects of life as well.

The book begins with rather pessimistic overviews of anthropogenic and
natural effects on the marine environment. Although predictions may be quite
devastating, contributions presented by experts show much optimistic pictures
of how the marine macroalgae will look like in terms of their ecological com-
munities and adaptation strategies. Further, seaweeds will have a much more
significant role in controlling environmental stresses caused by global change.
Thus, the reader will be transferred through various levels of comprehension
both scientifically and encouragingly as to how will seaweeds be viewed in the
near future.
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INTRODUCTION TO GLOBALLY CHANGING ENVIRONMENT

JOSEPH SECKBACH
Hebrew University of Jerusalem, Israel

1. Weather Changes in the Past

Archeological evidence for weather changes in the past are seen in the discovery of
traces of agriculture and tropical plants (bones and fossils) in desert areas. Other
evidence demonstrates the inundation of settlements that today are beneath the sea.
Finding marine traces and fossils at high altitudes, such as hill tops, and in other dry
zones climate changes supports this assumption. Some scholars have assumed that
global warming during the biblical Noah’s generation may have caused the flood.
Others view the Egyptian atmospheric plagues toward the exodus of the children of
Israel and the splitting of the Red Sea as related to climate change by nature.

The release of current industrial pollution and other sources into the atmos-
phere and hydrosphere has increased at a far greater rate than any historic natural
process. One serious regional environmental problem is acid rain. As long as we
have been burning fossil fuels, this acidic liquid has been falling from the sky and
causing damages.

Even with the biological removal of pollution caused by CO, which also
causes atmospheric warming, the pre-existing state cannot be regained precisely.
So, global warming is accelerating faster than the ability for natural repair. Lately,
it has been determined that there is no link between global warming and cosmic
rays or other solar activities.

2. Current Human Activities and Their Influence on the Climate Changes

A new NASA-led study shows that human-caused climate change has made
an impact on a wide range of Earth’s natural systems, resulting in permafrost
thawing, acid rain, plants blooming earlier across Europe, and lakes declining in
productivity. Researchers have linked varying forces since 1970 with rises in tem-
peratures. Humans are influencing climate through increasing greenhouse gases
emissions, among them are CO,, N,O, CH,, CF,, and CFC. Global warming is
influencing physical and biological systems all over our planet but most specifi-
cally in North America, Europe, Asia, and Antarctica.

Climate change is one of the greatest challenges the world is now facing.
Leaders should now deal with this disaster by calling for long-term international
development programs. The ecology factors driven by man include industrial fuel

XV
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burning that yields by-products and pollution spills, vehicle emissions, smoke
from power stations’ chimneys, huge fires, and other harmful environmental
activities. All those occurrences may intensify the greenhouse effect, cause
changes to climate, and directly harm global biology. Further damage caused by
man includes deforestation in some developing areas. The felling of millions of
trees in areas like the Amazon rain forest in addition to forest fires will reduce the
green lungs of the globe. Likewise, damage could result from excess grazing by
herds, excess pumping of water, and desertification. Some gases (such as CFC)
released by industrial activities damage the protective screen of the stratospheric
ozone layer (as, e.g., the recently discovered ozone holes over Antarctica) and
cause intensive UV radiation to penetrate to earth in higher doses.

Some predictions claim that with global warming we shall have less rain and
less precipitation. Or, rain will arrive in short, strong storms, so that the precipita-
tion will not penetrate into the subsurface accumulation spaces. Such an effect
would reduce and damage the subsurface water reservoirs. Others see no rain,
drought, the drying out of large water supplies, dust storms on a great scale, and
general damage to agriculture. All these will damage more and more genera of
living creatures. There are also contrasting harmful effects, such as heavy rains
and floods, or hurricanes in certain zones around the globe; intensified and ruin-
ous damage from storms; thawing of glaciers; and the rise of sea levels, with the
danger of over flooding to low lands.

The rise in temperature will influence the evaporation rates in lakes (see the
current case of the drying Dead Sea [Israel], Chad lake [Africa], or Aral lake [in
Asia]), which might shrink and almost vanish without sufficient income of water
from their sources. Global warming also poses a severe danger for some animals,
such as, the polar bear that is in danger of extinction, or the harm caused by the
expansion of fire ants to areas once too cold for them. Warmer and more acidic
oceanic water (due to the increase of CO, in the atmosphere and oceans) spells
trouble for jumbo squids and other marine animals. Global warming might cause
a reduction in the amount of dissolved oxygen in the oceans and lead to suffoca-
tion of marine biota. Results, for example, would be that the tuna and sword fish
would turn into extinct species and corals would be harmed, resulting in the dis-
appearance of several species of fish and reefs.

Trees in western North America are dying more quickly than they used to,
but there is no corresponding increase in the number of new seedling trees.
Mortality rates, which are currently of the order of 1% a year, have in many cases
doubled in just a few decades. The increased mortality correlates with climate
change in the region, which has warmed by an average of between 0.3°C and
0.4°C per decade since the 1970s.

Some experts claim that even if carbon emissions were stopped, tempera-
tures around the globe would remain high until at least the year 3000. And if we
continue with our current carbon dioxide discharge for just a few more decades,
we could see permanent “dust bowl” conditions.
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3. What Should Be Done to Curtail Human Actions That Promote
Global Warming?

The responsibility of the community is to avoid desertification and repair it. There
should be a shift to growing crops which need less irrigation, and the burning of
large amounts of fossil crude oils and coal should be avoided by using alternative
energy sources. Nations should carefully manage the consumption of fuel by the
various vehicles (cars, boats, air planes, and power stations). They should main-
tain restrictions on deforestation and seek alternative sources of usable water (for
human needs and agricultures).

4. Algae, Seaweeds, and Global Warming

Microalgae and seaweeds (see further) have enormous potential and are actively
involved in lowering global warming and climate change. Algae and seaweeds (like
the entire green world) absorb carbon dioxide from the atmosphere (or directly
from their solution media) by the process of photosynthesis, release oxygen, and
produce solar biofuel. During photosynthesis algae (and higher plants) grow; they
actually drain CO, from the atmosphere. This gas is released again when their
biomass burns. This CO,-capturing system within the green world keeps this gas
from re-entering the air (except for minor amounts released during the plant—
animal respiration process). In fact, even the plant residue (e.g., the ashes) could
be put to good use as mineral-rich fertilizer after being pressed into biofuel.

Marine macroalgae (seaweeds) play significant roles in the normal function-
ing of atmospheric environments. Even though seaweeds are restricted to the tide
zones and benthic photic zones, they contribute to about 10% of the total world
marine productivity. Ecologically they account for food and shelter for marine
life. Seaweeds are also used as sea-vegetables for food consumption (for fish and
man). In the Far Eastern countries they use Porphyra blades (Nori) in cuisine. In
addition, elsewhere other edible seaweeds are in use, such as Rodymenia (Dulse),
Laminaria saccharina, Chodrus, and Ulva (sea lettuce). There are other uses
for seaweed since it is rich in vitamins, minerals, and proteins. Various marine
macroalgae are potential sources of bioactive compounds, and they act as anti-
bacterial and antiviral agents. Among them are those that may also be utilized for
the treatment of human diseases such as cancer.

Globally changing environments on earth is more likely to severely modify
the current equilibrated terrestrial and marine ecosystems. Specifically for the
marine environment, global changes will include increased carbon dioxide which
will acidify the aqueous media. It has been estimated that for CO,, the change
might be from the current 350 ppm to approximately 750 ppm within 50 years, or
so. Such a difference will cause higher average seawater temperatures (within
1-3°C) and higher UV radiation on the water surface. These changes will affect
marine macroalgae at different levels, namely molecular, biochemical, and
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population levels. While predictions of altered environments have been studied
extensively for terrestrial ecosystems, comparatively much less effort has been
devoted to marine habitat. Seaweeds may contribute significantly to reduce
pollutants (such as CO,, heavy metals, and excessive nutrients disposed of in the
marine environments).

5. What Should Be Done to Reduce Greenhouse Gas Emission?

5.1. NONEED FOR REDUCING THE GREENHOUSE EFFECT - FALSE
PANIC ALARM

Historic records extracted from deep ice cores (taken in Antarctica drilling) show
that quantities of CO, have varied widely in the last hundreds or thousands of years.
This evidence appears to contradict the current critical view of global warming.
Some voices claim that the present observation of the human-induced greenhouse
effect is actually a natural occurrence. They say that the effect of carbon on the cli-
mate is overestimated and the climate crisis might be hyped. However, a new study
shows that although carbon dioxide levels may have been larger in the past, the
natural processes had time to react and counteract global warming.

5.2. DO IT NOW

Only good education and international enforcement applied to governments will
reduce the pollution in our planet. The less greenhouse gases released to the atmo-
sphere and hydrosphere (by various human sources), the greater and faster will be
the salvation to the problem of global warming.

6. Conclusion and Summary

There are pro and con arguments about global warming and its damage to the earth’s
atmosphere. As a result of continuing pollution, we might witness the warming of
the atmosphere, changes in the precipitation, and an increase of the CO, level in
the atmosphere which might also cause acidification of the oceans. The elevated
temperature causes the thawing and melting of the glaciers, which will raise the sea
level and cause overflooding overfloating and drown the nether areas (under the sea
level). Other hazards are the lowering of ground water and the salting of the aqui-
fers near the sea shores, reducing drinking water and agricultural irrigation, deserti-
fication of large green areas, and increasing doses of UV harmful irradiation.
Activities should be designed to prevent most of the dangerous phenomena
noted above; one such possible endeavor would be the search for an alternative
energy source (rather than black gold or coal). A main target is utilization of



INTRODUCTION TO GLOBALLY CHANGING ENVIRONMENT Xix

alternative sources of energy, such as solar and wind energy, hydroelectric power,
and “ocean energy” (using underwater vibration) for various human applications.
These powers should reduce and avoid the spread of harmful gases. In some
cases, the use of uranium could also be implemented as an energy source, but this
means must be instituted very cautiously. Another aspect is a stricter watch over
fires, and the maintenance and increase of the areas of rain forests. But above all
is the education of the present and future generations to keep our Mother Earth
as pure as possible.
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1. Introduction

The study of geological and historical sea-level changes constitutes an impor-
tant aspect of climate change and global warming research. In addition to the
imminent hazards resulting from the inundation of low-lying areas along coastal
regions, the rise in sea level can also cause erosion of beaches, salt intrusion into
freshwater aquifers, and other damage to the coastal environment. The utmost
importance of current changes in sea level is attributed to its impact on diverse
ecological systems in coastal regions (Klein et al., 2004).

On time-scales of millions of years, geological processes, such as changes in
ocean basin geometry caused by plate tectonics, are dominant in affecting sea-
level change, whereas on shorter time-scales of years and decades, oceanographic
and climatic factors are more dominant (Lambeck and Purcell, 2005).

On time-scales of centuries and millennia, sea-level change is affected
mainly by eustatic (all types of water volume variations), glacio-hydro-isostatic,
and tectonic factors. Eustatic changes are global and are defined as ice volume
equivalent. [sostatic sea-level changes are regional, and result from changes of ice
mass balance over the crust and water and sediment over the continental shelf
and ocean floor. Vertical tectonic movements are local and are caused by geo-
logical uplift or subsidence. Glacio-hydro-isostatic change has a predictable pat-
tern, whereas tectonics is less predictable (Lambeck et al., 2004). The best way for
differentiating the global, regional, and tectonic processes in long-term records is
by comparing observations and glacio-hydro-isostatic models that predict the
combined global and regional components (e.g., Lambeck and Purcell, 2005, and
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references therein). Discrepancies between the observed and the model-predicted
changes are attributed to local movements, whether induced by tectonic move-
ments, sediment compaction, or other reasons.

For short-term records of decadal scale, distinguishing between the “eustatic”
component and regional-local crustal movements can be conducted only with
present-day measurements. This involves simultaneous measurements of relative
sea-level changes by tide-gauge and land vertical movement by GPS or other
geodetic techniques. Daily and seasonal changes are caused mainly by astro-
nomical tides and other atmospheric and oceanic forcing mechanisms.

“Eustatic” sea-level changes do not actually exist because sea-level changes
are spatially heterogeneous, at least over decadal time scales (Mitrovica et al.,
2001). Isostatic and local factors affecting land levels may cause relative sea-level
changes that vary from place to place throughout the world (Pirazzoli, 1996).

Over the past century, sea level rose by 1-2 mm/year, with nonlinear changes
(“accelerations”) in different places (Woodworth and Player, 2003; Church and
White, 2006; Jevrejeva et al., 2006; Woodworth, 2008), inundating flat coastal
areas, and disrupting natural freshwater environments as well as human habitat
in many coastal and inland communities.

2. Mediterranean Sea-Level Change Since the Middle Pleistocene

“Global” sea-level curves indicate that during the last 600,000 years (ka), the sea
reached a maximum elevation of 5-10 m above present sea level (asl) (Fig. 1) at least
three times and dropped to more than 100 m below present sea level (bsl) at least five
times (Waelbroeck et al., 2002; Schellmann and Radtke, 2004; Rabineau et al., 2006;

60 60
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Figure 1. Global sea-level changes in the last 600 ka. (Modified after Waelbroeck et al., 2002;
Rabineau et al., 2006; and Siddall et al., 2006.)
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Siddall et al., 2006). The cyclic transition between glacial and interglacial cycles was
about 100 ka (Shackleton, 2000), and the mean time between one glacial trough and
the succeeding interglacial peak was about 20 ka.

Sea level during Marine isotope stage (MIS) 7.1, dated to between 202 and
190 ka, remained 18-9 m bsl (Bard et al., 2002), based on precise Uranium-—
Thorium (U-Th) dating of stalagmites from a currently submerged cave in Italy.

Sea level rose above its present level only at the peak of the last interglacial,
some 125 ka ago (MIS 5e). In the Mediterranean, dating of the MIS 5e terraces
is not certain, and at present there are indications of different levels, as summa-
rized in Mauz and Antonioli (2009) and Stewart and Morhange (2009). The
present elevations of the different sea-level indicators range between +175 and
—125 m only in Italy because of tectonic reasons (Ferranti et al., 2006), or because
of hydro-glacial adjustment of the crust (Antonioli et al., 2006). Studies in regions
of the Mediterranean that are relatively tectonically stable, such as the coast of
Israel (Sivan et al., 1999; Galili et al., 2007), western Sicily, and southern Sardinia,
indicate that the Last Interglacial sea reached approximately 6 * 3 m asl (Lambeck
et al., 2004; Ferranti et al., 2006).

“Global” sea level later dropped to about 120 = 5 m bsl, reaching its lowest
levels during the Last Glacial Maximum (LGM), about 18 ka ago. In the
Mediterranean, the longest record is found in Cosquer Cave, southern France,
where Paleolithic wall paintings of horses dated to about 22 ka ago have been
partially eroded by the recent rising sea water level (Lambeck and Bard, 2000 and
references therein; Morhange et al., 2001).

Numerical models (Lambeck and Bard, 2000; Lambeck and Purcell, 2005)
predicting sea-level changes during the last 18 ka allow estimation of the vertical
movements by comparing the observations to the predictions summarized for all
the Mediterranean by Stewart and Morhange (2009).

Since then, “global” sea level has been rising as a result of deglaciation and
global warming (Fairbanks, 1989; Bard et al., 1990, 1996; Pirazzolli, 1991; Fleming
et al., 1998; Rohling et al., 1998; Lambeck and Bard, 2000; Lambeck et al., 2002,
2004). At around 12.5 ka ago, “global” sea level rose rapidly to 70 m bsl. It contin-
ued to rise and reached 40 m bsl at the beginning of the Holocene. Levels lower
than 20 bsl at the beginning of the Holocene have been observed in Israel, based on
the submerged Pre-Pottery Neolithic site of Atlit Yam, situated at present 10-12 m
bsl, with the bottom of one of the water wells at present 15.5 m bsl (Galili et al.,
1988, 2005). Sea level continued to rise rapidly until the Mid-Holocene, when the rate
slowed considerably (Lambeck and Bard, 2000; Bard et al., 1996; Lambeck et al.,
2004; Poulos et al., 2009). Based on biological, sedimentological, and archeological
indicators, sea-level studies around the Mediterranean indicate =1 m bsl about 4 ka
ago (Morhange et al. (2001) in the west Mediterranean, Lambeck et al. (2004) in
Italy, Marriner et al. (2005) in Lebanon, and Sneh and Klein (1984), Galili et al.
(1988, 2005), Nir (1997), Sivan et al. (2001, 2004), Galili and Sharvit (1998, 2000),
and Porat et al. (2008) all from Israel, east Mediterranean). From about 4,000 until
2,000 years ago, there is ample archeological and biological (mainly biostructural)
evidence available for sea-level reconstructions from all around the Mediterranean
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with better vertical accuracy of up to £10 cm. During the Early Roman period,
2,000 years ago, sea level in the Mediterranean was 10-15 cm bsl. In Israel, Sivan
et al. (2004) examined 64 coastal water wells in ancient Caesarea, and concluded
that sea level was close to the present level during the Roman period. This conclu-
sion agrees with the results found in Italy (Anzidei et al., 2008). For the Crusader
period (eleventh to thirteenth centuries AD), lower levels of about 30 = 15 cm bsl
were estimated, based on the coastal water wells of Caesarea (Sivan et al., 2004;
Sivan et al., 2008). These low levels are confirmed (with even lower estimated levels)
by ongoing data from a few sites along the coast of Israel, based mainly on archeo-
logical evidence (Sivan et al., 2008).

3. “Global” Sea-Level Observations During the Twentieth Century

There is a consensus among sea-level researchers that the “global” sea-level rise in
the past 100 years has been considerably faster than in the previous two millennia
(Douglas, 2001).

“Global” sea-level rise during the twentieth century (Table 1) is estimated by
most researchers to be 1-2 mm/year (Peltier, 2001; Miller and Douglas, 2004;
Church and White, 2006). Church and White (2006) calculated a significant accel-
eration of sea-level rise of 0.013 £ 0.006 mm/year during the twentieth century.

The employment of tide-gauging facilities began in the second half of the
nineteenth century, markedly improving the accuracy of sea-level measurement.
Tide-gauge stations were rare prior to 1870, while spatially widespread tide-gauge
records are available only for the twentieth century. Tide-gauge measurements are
considered the most accurate sea-level records available for the twenticth century
(Miller and Douglas, 2004), but they suffer from problems of spatial and temporal
discontinuity that make calculating “global” mean trends a difficult task. Since
the 1990s, sea-level measurements have also been obtained by satellite altimetry,
which are often used as complementary data for tide-gauge data (Cabanes et al.,
2001; Church et al., 2004). At present, more information about sea-level change

Table 1. Estimates of the “global” mean sea-level contributions from
1961 to 2003 and 1993 to 2003, compared with the observed rate of rise.
(Modified after Bindoff et al., 2007.)

Source 1961 to 2003 1993 to 2003
Thermal expansion 0.4210.12 1.60 + 0.50
Glaciers and ice caps 0.50 £ 0.18 0.77 £0.22
Greenland ice sheet 0.05+0.12 0.21 £ 0.07
Antarctic ice sheet 0.14 £ 0.41 0.21 £ 0.35
Sum 1.10 £ 0.50 2.80 £ 0.70
Observed 1.80 £ 0.50 3.10 £ 0.70

Difference (observed-sum) 0.70 £ 0.70 0.30 + 1.00
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is available than ever before: historical data sets from tide-gauges; new under-
standing of postglacial rebound; precise geodetic techniques for the estimation of
vertical crustal motion, and finally, more a decade of satellite altimetry, providing
more precise records of recent changes in mean sea level (Cazenave and Nerem,
2004). New altimeter measurements from the TOPEX/Poscidon and Jason-1 satellites
since the beginning of the 1990s have revealed a much faster rise in sea level
during 1993-2003 than the average twentieth century rate. Cazenave and Nerem
(2004) calculated a 2.8 £ 0.4 mm/year rise for this period (3.1 mm/year if the
effects of postglacial rebound are removed).

As mentioned earlier, sea-level changes are not uniform around the Globe,
e.g., Church et al. (2004) recognized a maximum sea-level rise in the eastern Pacific
off-equatorial area, and minima along the equator, in the western Pacific, and in
the eastern Indian Ocean.

Table 1 summarizes the contributions of thermal expansion, glaciers and ice
caps, and the two ice sheets to “global” sea-level rise since 1961, according to
the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate
Change (IPCC). It is, however, noted in the report that the total “global” sea-level
change budget has not yet been satisfactorily closed.

From 1961 to 2003, thermal expansion accounted for only 23 * 9% of the
observed rate of sea-level rise (Bindoff et al., 2007). Since 1993, the contribution
of thermal expansion of the oceans to the total rise of sea levels has been about
57%. The contribution of glaciers and ice caps decreased to about 28%, and losses
from the polar ice sheets contributed the remainder (IPCC, 2007).

4. Mediterranean Sea Levels During the Twentieth Century

Tsimplis et al. (2008) examined sea-level trends and interannual variability in the
Mediterranean (Genova and Trieste) during the years 1960-2000. Although the
observed values did not show a rise in sea level, when removing the atmospheric
and the steric contributions, the residual trends revealed a significant rise of
0.7-1.8 mm/year. This rise was not uniform, as two different trends were distin-
guished. Between 1960 and 1975, there was no significant change in sea level, but
from 1975 to 2000, sea level rose at a rate of 1.1-1.8 mm/year. They attributed part
of the residual trend to local land movements (0.3 mm/year), and its major part to
a global signal, probably mass addition, after 1975.

Klein and Lichter (2009) compared observed Mediterranean rates with the
“global” rate, and found the sea-level rise in the Mediterranean over the twentieth
century to be in agreement with the mean “global” sea-level rise during the
twentieth century (1.1-2.4 mm/year). They also found that this trend has not been
consistent throughout the century (Table 2; Fig. 2). Three distinctly different sea-
level trends were recognized. The first lasted from the end of the nineteenth century
to 1960, when relative sea level in the Mediterranean rose by rates slightly higher
than the overall “global” trend (1.3-2.8 mm/year). In the second, from 1961 to 1989,
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Table 2. Twentieth century sea-level trends in the Mediterranean. Linear trends from the four tide-
gauging stations with the longest record in the Mediterranean. The trends are presented for the full
record and for the three different trends during the twentieth century: until 1960, from 1961 to 1989,
and from 1990 to 2000 (not enough data).

Sea-level Sea-level Sea-level
Sea-level change change change change
PSMSL PSMSL station Start of until 1960 1961-1989  1990-2000 full record
station No. name record  (mm/year) (mm/year)  (mm/year) (mm/year)
230051 Marseille (FR) 1885 1.72 -0.78 - 1.24
250011 Genova (FR) 1884 1.28 —-0.03 - 1.22
270054 Venice (Ponte 1909 2.77 0.44 10.11 2.40
della Salute) (IT)
270061 Trieste (IT) 1905 1.35 0.37 9.11 1.14

270061 Trieste:

!00 mm

® 270054
Venezia (Punta
Della Salute)

® e ® * o
& LN q—.’—.‘\—'?—-‘. ®250011
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Figure 2. Linear sea-level trends from the beginning of the measurement until 1960, from 1961 to 1989,
and from 1990 to 2000 in Marseilles (230051), Genoa (250011), Venice (270054), and Trieste (270061).

the observed measurements did not indicate significant changes in Mediterranean
sea level. Since the beginning of the 1990s, a third, short-term trend of extremely
rapid sea-level rise has been measured (4-17 mm/year). Table 2 presents sea-level
trends of four Revised Local Reference (RLR) tide-gauging records in the
Mediterranean, with a record of close to 100 years, available in the Permanent
Service for Mean Sea Level (PSMSL) database. The stations are Marseille, Genova,
Venice (with higher rates of relative sea-level rise due to subsidence in the first half
of the century) and Trieste. Sea-level trends are shown for the period from the
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beginning of the measurement to 1960, from 1961 to 1989, from 1990 to 2000 (only
Venice and Trieste had sufficient data), and for the entire record.

Klein and Lichter (2009) also found that the stability in sea level during 1961
and 1989 was the result of a rise in surface atmospheric pressure from 1961 to 1989,
and that eustatic sea level has in fact been rising, but had been depressed by the rising
air pressure. From 1990 onward, most gauging stations have showed an extremely
high sea-level rise, 5-10 times the average twentieth century rise, and notably higher
than the “global” average measured by TOPEX/Poseidon for the same years. This is
in agreement with sea-level rates found in the eastern Mediterrancan by Rosen
(2002), who calculated a sea-level rise of 10 mm/year at the Hadera gauging station
between 1992 and 2002, and Shirman (2004) who showed a 10 cm rise in sea level
from 1990 to 2001 at the Ashdod and Tel Aviv tide-gauges.

New tide-gauge measurements (for location, see Fig. 3), presented in Table 3,
show a slight decrease in the rate of Mediterranean sea-level rise in the first few
years of the twenty-first century. The rates of sea-level rise were calculated from 27
Mediterranean PSMSL RLR tide-gauge records between 1990 and 2000, and
between 1990 and 2006 (the full data sets currently available on the PSMSL web-
site). In most stations, there has been a decrease in the rate of sea-level rise between
1990 and 2006 when compared with the trend between 1990 and 2000, but the rates
remain considerably higher than the “global” and Mediterranean twentieth century
rates. It is important to note that the periods considered here are short, and the
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Figure 3. Location map of the tide-gauging stations presented in Table 3.
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Table 3. Mediterranean sea-level trends from 1990s and onward. Linear trends are presented for

1990-2000, and where data were available trends extending to the mid-2000s were calculated.

Sea-level change
during period

Sea-level change

during period

PSMSL PSMSL 1990-2000 No. of  1990-2006 No. of
station No.  station name (mm/year) years (mm/year) years
1 220011 Algeciras (ES) 3.32 10
2 220031 Malaga (ES) 8.62 10
3 220041 Almeria (ES) 9.58 8
4 220081 L’Estartit (ES) 4.50 11
5 270054 Venezia — Ponte della 10.11 11
Salute (IT)
6 270061 Trieste (IT) 9.11 11 4.99 17
7 279003 Luka Koper (SL) -1.20 9
8 280006 Rovinj (HR) 10.05 11 6.24 15
9 280011 Bakar (HR) 13.52 11 8.98 15
10 280021 Split Rt Marjana (HR) 9.90 11 7.33 15
11 280031 Split Harbor (HR) 9.45 11 7.96 15
12 280046 Sucuraj (HR) 11.02 10 7.40 14
13 280081 Dubrovnik (HR) 9.51 9 7.35 13
14 290001 Preveza (GR) 11.32 11 4.92 14
15 290004 Levkas (GR) 4.21 8 2.96 12
16 290014 Patrai (GR) 14.92 8 12.88 14
17 290017 Katakolon (GR) 17.26 8 6.21 12
18 290030 North Salaminos (GR) 4.88 8
19 290031 Piracus (GR) —-16.15 8
20 290033 Khalkis South (GR) 7.54 8
21 290034 Khalkis North (GR) 1.68 10 5.71 15
22 290051 Thessaloniki (GR) 9.04 9
23 290061 Kavalla (GR) -0.06 9 1.70 13
24 290065 Alexandroupolis (GR) 6.46 10 5.31 15
25 290071 Khios (GR) 17.98 9 5.17 12
26 290091 Leros (GR) -0.08 8 —1.84 11
27 290097 Soudhas (GR) 7.36 10

trend they indicate might be merely an expression of a rising phase of an oscillating
pattern. However, during no other short period in the twentieth century have tide-
gauge records in the Mediterranean shown such an extreme trend.

5. Future Sea-Level Predictions

The AR4 of the IPCC (2007) predicted “global” sea-level rise of 0.18-0.59 m in
2090 and 2099, relative to 1990 and 1999 (about 2-6 mm/year) using several dif-
ferent future scenarios. These predictions, however, do not include uncertainties
resulting from climate—carbon cycle feedbacks, or the full effects of changes in
ice sheet flow. These factors are currently unknown, and therefore the upper
values of these predictions are not considered upper bounds for sea-level rise.
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The predictions take into consideration a contribution to sea-level rise due to
increased ice flow from Greenland and Antarctica at the rates observed from 1993
to 2003. A linear increase in ice flow from the ice sheets with global average tem-
perature change would increase the upper range of sea-level rise for these future
scenarios by only 0.1-0.2 m (IPCC, 2007).

The TPCC AR4 predicts thermal expansion that contributes more than half
of the average sea-level rise estimated for the twenty-first century, and land ice
that loses mass increasingly rapidly. An important uncertainty relates to the ques-
tion of whether discharge of ice from ice sheets will continue to increase as a
consequence of accelerated ice flow, as has been observed in recent years. This
would add to the sea-level rise, but quantitative predictions cannot be made with
a high degree of confidence, owing to the limited understanding of the relevant
processes (Bindoff et al., 2007).

The ranges of sea-level rise predictions of the AR4 are lower than those
projected in the Third Assessment Report (TAR) of the IPCC (2001), because of
improved information about some of the uncertainties of some contributions.

Recent attempts to predict future “global” sea-level rise confirm the ranges
predicted by the IPCC reports, while others predict higher rates. Church and
White (2006) estimate that if the twentieth century acceleration in sea-level rise
(0.013 £ 0.006 mm/year) remains constant during the twenty-first century, sea-
level would rise by 0.28-0.34 m from 1990 to 2100, a rise consistent with the mid-
dle range of the TAR and AR4 predictions.

However, Rahmstorf et al. (2007) compared sea-level predictions of the TAR
with sea-level observations from the 1990s and 2000s, and found that the observa-
tions followed the upper limit of the predictions, including land-ice uncertainties.
They calculated the rate of rise in the past 20 years to be 25% faster than in any
other 20-year period in the last 115 years. Although they are aware of the short time
interval, they conclude that these predictions may have underestimated sea-level
change. Rahmstorf (2007) applied a semi-empirical methodology to project future
sea-level rise by using the relations between “global” sea-level rise and global mean
surface temperature. He suggests that the rate of sea-level rise is roughly propor-
tional to the magnitude of warming above the temperatures of the pre-industrial
age. This relation produced a constant of 3.4 mm/year/°C. Applying this to future
IPCC scenarios, a sea-level rise of 0.5-1.4 m above the 1990 level is projected for
2100. Hence, he concludes that if the linear relations between sea-level rise and
temperature that existed in the twentieth century persist through the twenty-first
century, a rise of over 1 m for strong warming scenarios is not unlikely.

6. Summary

The past 600,000 years are characterized by glacial and interglacial cycles. During
the glacial maxima, sea level dropped more than 100 m below its present level. Sea
level in interglacial periods exceeded the present sea level by a few meters three
times during that time.
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During the LGM, about 18 ka ago, “global” sea level dropped by about 120 m
below its present level. Since then, the transition of the global climate into an
interglacial period was followed by a rapid sea-level rise until around 6,000 years
ago, when there was a decrease in the rate of sea-level rise, and a relative stabiliza-
tion at about the present level about 4,000 years ago.

In the Mediterranean, there are radiometric ages derived from different sea-
level indicators that go back to the MIS 7.1, dated to between 202 and 190 ka ago.
The last time that sea level rose above its present level was some 125 ka ago during
the MIS Se. There are ample well-dated indications for sea level during MIS Se,
located at present at different elevations due to vertical movements. There are bio-
logical, sedimentological, and mainly archeological data from the LGM, about 18
ka ago from all around the Mediterranean; the oldest being from Cosquer Cave,
southern France, dated to about 22 ka ago. Sea level stabilized at almost the present
level around 4,000 years ago with vertical accuracy of =1 m. Later, 2,000 years ago,
the rate of accuracy from different indicators (both biological and archeological)
reaches £10-15 cm, and fluctuations of tens of cm are recorded.

“Global” twentieth century sea-level rise is agreed by researchers to be con-
siderably faster than in the previous two millennia. Most researchers estimate a
“global” twentieth century rate of 1.0-2.5 mm/year. During the 1990s, the mean
rate of “global” sea-level rise was significantly higher than the twentieth century
mean rate (1.3-2.8 mm/year). Mediterranean twentieth century sea-level rise was
close to the “global” rise, with the exception of the 1990s, when sea level in the
Mediterranean rose at rates higher even than the unusually high “global” ones (up
to three and four times the “global” 1990s rate). The rate of sea-level rise since the
beginning of the 1990s has decreased in the first half of the current decade; however,
it is still considerably higher than the twentieth century mean rate.

Future predictions of sea-level rise over the twenty-first century range from
moderate amounts of less than 20 cm to much higher values of over 1 m. The
uncertainties are attributed to the future contribution of Greenland and the
Antarctic ice sheets, and uncertainties resulting from climate—carbon cycle feed-
back, as well as from other unpredicted proxies.
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1. Introduction

Global climate change is real. Compilations of instrumental global land and sea
temperatures back to the mid-ninteenth century provide strong evidence of a
warming world and recent unusual warmth, with 9 of the 10 warmest years since
1850 occurring between 1997 and 2006. The most recent projections of global
climate change due to the enhanced greenhouse effect suggest that global average
temperature could warm by 1.1°C to 6.4°C over 1980-1999 values by 2100, with
best estimates ranging from 1.8°C to 4.0°C. These estimates are generally consis-
tent (although not strictly comparable) with the earlier projections of 1.4°C to
5.8°C, and are based on more climate models of greater complexity and realism
and better understanding of the climate system (Lough, 2007).

Global climate has always fluctuated, but the scale tends to be over tens of
thousands of years. In the last few centuries, we have experienced an accelerated
rate of climate change, largely due to the release of industrial gases, and especially
of carbon dioxide (CO,). By 2100, atmospheric CO, is expected to exceed 500
ppm, and global temperatures to rise at least 2°C, exceeding conditions of the
past 420,000 years (Hoegh-Guldberg et al., 2007). The Earth’s radiative heat bal-
ance is currently out of equilibrium, and mean global temperatures will continue
to rise for several centuries even if greenhouse gas emissions are stabilized at
present levels (IPCC, 2001).

In the marine environment, ongoing studies by NOAA (United States
National Oceanic and Atmospheric Administration) scientists show that
changes in surface temperature, rainfall, and sea level will be largely irreversible
for more than 1,000 years after carbon dioxide emissions are completely stopped
(Solomon et al., 2009). Global sea levels are predicted to rise for the next 1,000
years; the minimal irreversible global average sea level rise is predicted to be at
least 0.4-1 m in the year 3000, and possibly double that if CO, peaks at 600
ppm. (Present concentrations are around 385 ppm.) The rise in sea level will be
mainly due to two factors: thermal expansion of the ocean’s water and input
from melting ice.
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Possibly as important as sea-level rise there will be changes in ocean chemistry
(Diaz-Pulido et al., 2007). Continued emission of CO, will acidify sea waters.
Oceanic pH is projected to decrease by about 0.4-0.5 units by 2100 (e.g. a change
from pH 8.2 to 7.8).

The Mediterranean Sea, a somewhat special case as a smaller enclosed basin,
will have additional problems of higher surface water temperatures and rising salin-
ity. Sevault et al. (2004), using the high-resolution Ocean Regional Circulation
Model OPAMEDS, anticipated a surface temperature rise of 2.5°C by 2100, and a
regionally variable salinity increase between 0.12 and 0.19 psu, with about 0.4 psu
increase in the Aegean and Adriatic seas, in a scenario for years 2060 to 2100.

Israel fits the general pattern of rising sea levels. Monthly averaged sea-level
changes at the Mediterranean coast of Israel during 1992-2008 show a rise of 8.5
cm in 16 years. (Data from the Hadera GLOSS station 80, operated by Israel
Oceanographic and Limnological Research Institute.)

2. Responses to Global Climate Change

The impact of global climatic change on marine systems seems to be mainly felt
in two areas. First is the impact on coastal waters, where rising sea-level shifts the
distribution of species, and surface waters become warmer. Second, and more
dramatic, is the impact on coral reefs.

2.1. COASTAL ZONES

Sixty percent of all human beings live on a 60-km wide strip of coastal zone in the
world. Marine coastal water is the seat of 14-30% of the ocean’s primary produc-
tion, and 90% of the fishing catch. Sea-level rise will shift the habitats especially
of coastal waters (UNEP-MAP-RAC/SPA, 2008).

Some local studies have been carried out on the effects of climate change in
marine communities (Parmesan, 2006). In Monterey Bay, Sagarin et al. (1999)
observed a decline in northern species and an increase in southern species. Similar
patterns were seen in the English Channel (Southward et al., 1995, 2005) with a
decline in cold-adapted fish and increase in warm-adapted fish. Similar patterns
were observed in invertebrates (Parmesan, 2006).

Harley et al. (2006) predict changes in pH of oceans without precedent in the
last 200-300 million years. Upwelling could either increase or decrease. Landward
migration of intertidal habitats and biota may be impeded by anthropogenic infra-
structure (sea walls, etc.). An increase in storm damage is expected. Biological
interactions are likely to be affected (for example, sea star Pisaster ochraceus is quite
likely to be more active in a warmer climate, with larger effects on mussel beds).
Harley et al. (2006) expect “squeeze effects,” with potential shifts in distribution
limited by a physical barrier (sea bottom, etc.) leading to local extinctions.
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There is difficulty in predicting the effects of global climate change on diversity
of marine plant life. However, the competitive interaction of sea grasses and
macroalgae may be predicted, with CO, levels rising, and intertidal macroalgae
already at CO, saturation (Beardall et al., 1998). Review of literature so far (Short
and Neckles, 1999) suggests shifts in the distribution of sea grasses. Driving fac-
tors include temperature stress (and its effects on reproduction), eutrophication,
and the frequency of extreme weather events. Changing water depths redistribute
habitats (zonation); change in salinity affects physiology and reproduction in
sea grasses. Increased disease activity is anticipated, as is shifting competition
between sea grass and algae, with the advantage going to the sea grasses.

Short and Neckles (1999) also anticipate synergistic effects: the outcome of
the physical changes under global change will be complicated by interactions
among biological and physical factors. For example, there is a strong interaction
between temperature and CO, effects on calcification (the impact is greater at
warmer temperatures and there is a threshold). Interactions with anthropogenic
factors (overfishing, pollution) will be more easily managed.

Changes in the Mediterranean Sea have been studied by United Nations
teams (UNEP-MAP-RAC/SPA, 2008). Globally, the anticipated extinction rate
of species in the Mediterranean is about 15-37% by 2050. There are some observed
species shifts: Sardinella, barracudas, and coryphenes are moving north in fisheries
quantities; but sprat and anchovy (small pelagics) have collapsed and tuna and
amberjack have changed in their distributions. Lessepsian migrants (Galil, 2007)
are on the increase in the eastern Mediterranean. Heat stress is killing sponges
and gorgonians, with crashes in extremely hot spells in 1999 and 2003. Heat has
also been found to trigger virulence of Vibrio pathogens in sponges, cnidaria, and
echnoderms; apparently by inhibition of defense mechanisms of individuals
subjected to heat stress.

2.2. CORAL REEFS AND MACROALGAE

Changes in pH, CO,, and calcium carbonate saturation state will have biggest
impacts on corals, and crustose and upright calcareous macroalgae. This may
shift the balance in favor of turf algae over corals. Increase of CO, may not only
reduce calcification but ultimately dissolve calcified skeletons (Diaz-Pulido
et al., 2007).

The second and more obvious impact on coral reefs comes when acidifica-
tion is combined with higher sea surface temperatures. Elevated sea temperatures
as small as 1°C above summer average can lead to bleaching (loss of coral algal
symbiotic zooxanthellae following chronic photoinhibition). After bleaching of
coral occurs, acidification of water slows recovery. It is recognized that skeleton
producing corals grown in acidified experimental conditions can persist and
reproduce in a sea anemone-like form, and then revert to skeleton building when
the conditions permit (Fine and Tchernov, 2007). However, according to some
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projections, by 2050, oceans may become too acidic for corals to calcify (Caldeira
and Wickett, 2003; Hoegh-Guldberg, 2005; Orr et al., 2005).

Corals are expected to become increasingly rare on reef systems, resulting in
less diverse reef communities (Hoegh-Guldberg et al., 2007). Carbonate reef
structures will fail to be maintained. Compounded by local stresses, functional
collapse of reef systems is anticipated in some locations. This has consequences
for other habitats (Hoegh-Guldberg, 1999). Coral reefs protect coastlines from
storm damage, erosion, and flooding. The protection they afford enables the
development of mangrove swamps and sea grass beds. As coral reefs fail, all these
services will decline.

One of the anticipated effects of coral bleaching is increased substrate avail-
ability for algal turf, upright macroalgae, and crustose calcareous algae (Diaz-
Pulido et al., 2007). This may be balanced by their vulnerability to terrestrial
nutrient and sediment input, which may increase with erosion and desertification.
Turf algae are expected to be the best competitors for the newly open spaces.

2.3. MARINE ALGAE

A summary of macroalgae response to anticipated climate change shows both
positive and negative responses for nearly every climatic stress: change in ocean
circulation, increased water temperature, increased CO,, acidification, increased
light and UV, sea-level rise, tropical storms, terrestrial inputs, and increased
substrate availability (Diaz-Pulido et al., 2007). Algal turfs have predominantly
positive response; upright macroalgae are balanced between positive and nega-
tive responses, and crustose calcareous algae, like coral, tended to have negative
responses.

The direct impact of global climatic thermal rise is presumed minor due to
wide temperature tolerance of macroalgae, but the high diversity of macroalgae
species makes net response unpredictable. Higher temperatures may enhance turf
algae as opposed to fleshy algae.

3. Recommended Conservation Measures

The general strategy for marine conservation under global climate change is best
expressed by the United Nations study of the Mediterranean:

At the end of this study, it is necessary to remember that climate change and its
effects are irremediable processes. In the long term, the major issue will probably be
no more than successfully predicting the future of Mediterranean biodiversity, the
future composition of the fisheries and the underwater landscapes, and adapting our
ways of using them accordingly. (UNEP-MAP-RAC/SPA, 2008)!

The essentially irreversible nature of global climate change has been suspected
for a long time; only the magnitude of change has been questioned. Hence,
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conservation strategies have largely focused on amelioration of global climate
changes and their effects, rather than efforts to reverse them.

So far, amelioration suggestions are sparse. In general, there are no sugges-
tions that the direct effects of global climate change can be reversed. Instead, the
suggestions are to increase system resilience by (1) reducing other stresses (such
as overfishing) and (2) develop corridors and refuges for restocking.

3.1. COASTAL AREAS

Since global climate change is essentially irreversible in practice, mitigation strat-
egies are necessary in coastal marine systems (Harley et al., 2006). Among the
recommendations:

(a) Marine protected areas and no-take reserves, based on known spatial and
temporal refuges that can act as buffers against climate-related stress

(b) Fisheries management

(c) Prioritization of key species (by functional role in marine communities)

3.2. MEDITERRANEAN

UNEP-MAP-RAC/SPA (2008): Conservation measures in the Mediterranean
mostly focus on improving adaptability (resilience) following the model of Hulme
(2005). Specific recommendations include:

(a) Widen the knowledge base about anticipated impact of global climate change
on species and communities to rising temperature, rising sea level, changing
rainfall regimes (river spates), increased solar radiation, modification of cur-
rents, and changes in biogeochemistry (e.g. pH).

(b) Epidemiological studies. Changing disease patterns is an anticipated concern
(see also Harvell et al., 1999).

(¢c) Develop predictive modeling.

(d) Build federal programs.

(e) Develop economic indicators: what is the cost of global climate change and
of conservation?

(f) Assist developing countries in order to assess their vulnerability.

(g) Good ecological engineering. Adaptations of infrastructure to global climate
change tend to counter biodiversity conservation choices.

(h) Adapt and change fisheries patterns.

(1) Possibly implement transplantation if species decline locally.

() Eliminate other sources of disturbance and stress (pollutants, invaders).

(k) Enhance connectivity for refuges and restocking.

()  Work on the scale of the whole Mediterranean basin.

(m) Protect relict, non-impacted systems by reserves.
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3.3. CORAL REEFS

On its web site, the Nature Conservancy organization (TNC) has outlined its
conservation strategies with respect to climate change and its impact on marine
protected areas (see www.nature.org/initiatives/marine/strategies/art12286.html).

Much of the TNC focus is on coral reefs. Nature Conservancy strategies
include locating areas where marine life resists bleaching and creating networks
of protected areas to help nearby degraded areas to recover. Much of the strategy
is to identify areas where marine life, including corals, seems relatively resistant to
damage and focus on conserving these areas as refuges. In the case of coral reefs,
connectivity is a consideration, with networks of protected areas allowing one
area to provide colonizers to another if it should become degraded.

3.4. COASTAL MANGROVE WETLANDS

It is estimated that between human reclamation of coastal wetlands and rising
sea levels due to global climatic change, by 2080 we will have lost about 80% of
the world’s coastal wetlands. TNC also has a focus on managing mangroves for
resilience to climate change (McLeod and Salm, 2006). Most of the strategies
are expected: protect coastal mangroves from other anthropogenic stressors to
enhance their resilience, maintain buffer zones, restore areas with good prospects,
maintain connectivity, develop adaptive management strategies, etc.

3.5. MACROALGAE

Management recommendations are mainly due to concern about expansion of
algal turf, rather than loss of macroalgal cover or species. The first recommen-
dation is to protect populations of algal herbivores, then to minimize terrestrial
runoff and other sources of nutrient, sediment, and toxicant pollution. Protection
of corals will also reduce expansion of macroalgae (Diaz-Pulido et al., 2007).

4. Summary

In general, the situation of marine environments under global climate change
looks very bad. The factors anticipated to cause the most change in the marine
environment (e.g. sea-temperature and sea-level rises) are also those least likely to
be affected by amelioration, and should be seen as permanent, irreversible changes.
This is grim but recognition of the situation will make practical conservation mea-
sures more effective. The standard practices for any kind of conservation (reduce
environmental stress, protect key habitats, develop and protect corridors for dis-
persal) apply here as well. Beyond that, we simply do not have many good ideas.
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1. Introduction

There is growing concern about the global warming of the Earth and about intro-
duced species (biological invasions) (e.g. Stott et al., 2000; Oreskes, 2004; Schaffelke
et al., 2000). The reasons are: (i) Both warming and biological invasions are not
only in progress but are on the increase. (ii) They are more or less irreversible phe-
nomena at human scale. In contrast, some other human impacts such as domes-
tic pollution and oil spills are not only reversible, but also often on the decrease
(Table 1; Boudouresque et al., 2005). (iii) The ecological and economic impact is
huge (Pimentel et al., 2001; Boudouresque, 2002a; Goreau et al., 2005; Kerr, 2006;
Sala and Knowlton, 2006), though often underestimated by stakeholders.

Politicians, decision-makers and civil servants at the ministries of the envi-
ronment are often inclined to make a cause and effect connection between climate
warming and the increasing rate of species introductions. Be the aim conscious or
unconscious, it is not purely a matter of chance. As long as we are not able to
control carbon dioxide and other greenhouse gas emissions, species introductions
will be impossible to prevent. Therefore, the fact that they do not implement the
international conventions they have ratified, aimed at preventing and combating
species introduction, is of no importance. It is worth noting that most European
countries and all Mediterranean ones have not yet drafted a single text of law to
apply the recommendations of the international conventions dealing with species
introduction (Boudouresque, 2002b; Boudouresque and Verlaque, 2005).

Some scientific papers also envisage, explicitly or not, a cause and effect link
between climate warming and the success of biological invasions (e.g. Dukes and
Mooney, 1999; Bianchi, 2007; Galil et al., 2007; Occhipinti-Ambrogi, 2007; Galil,
2008; Hellmann et al., 2008; Perez, 2008). However, they usually do not present
accurate data supporting the assumption, or they only present partial and there-
fore possibly biased data.

The goal of this study is to revisit the possible link between climate warming
and the growing flow of species introductions, their biogeographical origin and
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Table 1. Time needed for recovery, after the end of the forcing disturbance.

Disturbance Human origin? Natural origin? Recovery Key references

Domestic pollution + - <1-10 a Bellan et al. (1999)
(soft substrates)

Artisanal fishing + - <5-10a Ramos (1992); Roberts
(fish abundance) et al. (2001)

Oil spill + - <10a Raffin et al. (1991)
Disease of marine species =+ + >10a Moses and Bonem (2001)
Loss of long-lived species + + 10-100 a Soltan et al. (2001)
Coastal development + - Millennia  Meinesz et al. (1991)
Over-fishing (genetic + - Millennia? Conover (2000); Law

change) (2000); Kenchington et al.
(2003); Olsen et al. (2004);
Jorgensen et al. (2007)

Climate warming + + Glacial Zwiers and Weaver
cycle? (2000); Barnett et al.
(2001)
Biological invasions + - Irreversible Bright (1998); Clout
(1998)
Species neo-extinction + - Irreversible Carlton (1993); Powles

et al. (2000)

their success. Here, we shall only consider the seaweeds, a polyphyletic set of
multicellular photosynthetic organisms (MPOs) belonging to the Chlorobionta,
Rhodobionta (kingdom Plantae) and Phaeophyceae (kingdom Stramenopiles)
(Boudouresque et al., 2006; Lecointre and Le Guyader, 2006) and the Medi-
terranean Sea, a set of taxa and an area for which an exhaustive data set is avail-
able (Verlaque et al., 2007b).

2. Climate Change and Global Warming

Since the birth of the planet Earth, 4,560-4,540 Ma (million years) ago (Jacobsen,
2003), its climate has never stopped changing. Over the past 50 Ma, the Earth’s
climate has been steadily cooling. Large ice sheets appeared in the Northern
Hemisphere 2.7 Ma ago (Billups, 2005). Since then, the climate has fluctuated
between glacial and interglacial episodes (glacial cycles); about 850,000 years ago,
the period of the glacial cycles changed from 41,000 to 100,000 years (de Garidel-
Thoron et al., 2005). Glacial cycles break down into 5,000-10,000 years and ~1,500
years cycles (Cacho et al., 2002; Braun et al., 2005; Sachs and Anderson, 2005).
As a rule, all these cycles are characterised by slow cooling and abrupt warming
(Tabeaud, 2002; Leipe et al., 2008).

The last cold maximum of a glacial cycle (LGM, Last Glacial Maximum)
occurred 21,000 years ago (Berger, 1996; Tzedakis et al., 1997). Within the current
interglacial episode, the last cold maximum of a 1,500-year cycle is known as the
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Little Ice Age (LIA). It peaked from the thirteenth to the early nineteenth century
(Le Roy-Ladurie, 2004). The sea surface temperature conspicuously dropped
(deMenocal et al., 2000), which probably favoured the Southward expansion of cold
resistant species. The subsequent rapid warming, from the mid-nineteenth century,
should have driven a reverse effect, i.c., a dramatic regression of cold-water affinity
species and better conditions for warm-water species. Obviously, the present-day
release of greenhouse gas due to human activity should have enhanced these natural
trends from 1970 onwards (Stott et al., 2000; Oreskes, 2004).

Taking 1900 as the baseline, in the Mediterranean, there has been a sea-
surface temperature (SST) increase of 0.2°C in the Eastern basin and 1°C in the
Western basin (Moron, 2003). Since 1974, in Catalonia (Spain), the increase is
1.1°C for SST and 0.7°C at 80 m depth (Salat and Pascual, 2002). However, taking
1856 as the baseline, there is no clear trend of SST increase at Mediterranean
scale. These apparent mismatches are due to the occurrence of multidecadal
cycles. In the Mediterranean Sea, the temperature (SST) was relatively higher in
1875-1880, 1935-1945 and in the 2000s than around 1860, 1905-1910 and 1975-1980;
the 1935-1945 warming (+0.2-0.7°C) was more pronounced in the Eastern than
in the Western basin, whereas the opposite is the case for that of the 2000s
(Moron, 2003). Locally, the peaks can shift to a greater or lesser degree; for exam-
ple, at Marseilles (France), for the 1885 to 1967 period, SST peaked in the 1890s
and 1930s-1940s (Romano and Lugrezi, 2007).

3. Introduction of Seaweed Species

An introduced species is defined here as a species, which fulfils the four following
criteria (Boudouresque and Verlaque, 2002a). (i) It colonises a new area where it
did not previously occur. (ii) There is geographical discontinuity between its native
area and the new area (remote dispersal). This means that the occasional advance
of a species at the frontiers of its native range (marginal dispersal) is not taken
into consideration. Such fluctuations (advances or withdrawals) may be linked to
climatic episodes. (iii) The extension of its range is linked, directly or indirectly, to
human activity. (iv) Finally, new generations of the non-native species are born in
situ without human assistance, thus constituting self-sustaining populations: the
species is established, i.e., naturalised.

In the marine realm, the main vectors of introduction are fouling and
clinging on ship hulls, solid ballast (up to the late-nineteenth century), ballast
water, fishing bait, escape from aquariums, waterways and canals crossing
watersheds, transoceanic canals such as the Suez Canal, aquaculture and even
scientific research (Por, 1978; Zibrowius, 1991; Carlton and Geller, 1993;
Verlaque, 1994; Ribera and Boudouresque, 1995; Boudouresque, 1999a;
Boudouresque and Verlaque, 2002b; Olenin, 2002; Galil et al., 2007). As far as
aquaculture is concerned, the introduction can occur through escape of reared
and cultivated species from sea farms and from the transport of reared species,
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such as fish and molluscs, from one aquaculture basin to another distant one,
with all the accompanying species (e.g. parasites and epibiota); when the
recipient habitats are suitable, these species can survive and become estab-
lished, resulting in unintentional introductions (Verlaque et al., 2007a). In the
Eastern Mediterranean, the Suez Canal, which connects the Red Sea to the
Levantine Basin, constitutes the main vector of species introduction. In con-
trast, in the Western Mediterranean, the main vector is aquaculture (Galil,
2008; Galil, 2009).

The Mediterranean is one of the areas worldwide most severely hit by
biological invasions, with about 600 introduced species of MPOs and Metazoa
(Boudouresque et al., 2005; Galil et al., 2007; Galil, 2008; Zenetos et al., 2008;
Galil, 2009).

As far as seaweeds are concerned, 106 species were probably introduced into
the Mediterranean (Table 2; Fig. 1). This is a conservative value: (i) Possible cryp-
togenic introductions (sensu Carlton, 1996) are not taken into account; these are
species whose extensive range area might be the result of ancient introduction
events, before the first inventories in the area, and whose native region (within the
current area) remains unknown; they are therefore classified as native by default.
(ii) In the same way, species considered as native could prove to be cryptic intro-
ductions; these are species closely resembling a native one; identification of their
possibly exotic status would require an in-depth study; several species in Table 2
were at first considered as native until on the basis of a genetic study, they were
assigned to a sibling exotic taxon. (iii) The introduction of exotic strains of spe-
cies already present in the Mediterranean (gene introduction), e.g., Cladosiphon
zosterae, Desmarestia viridis, Ectocarpus siliculosus var. hiemalis and Pylaiella
littoralis, has not been taken into consideration here.

Since the beginning of the twentieth century, the number of seaweeds intro-
duced into the Mediterranean has more or less doubled every 20 years (Ribera
and Boudouresque, 1995; Boudouresque, 1999a; Verlaque and Boudouresque,
2004; Boudouresque et al., 2005). A similar steady increase over time has occurred
for Mediterranean Metazoa (Boudouresque, 1999b; Galil, 2008), e.g., mollusc species
(Zenetos et al., 2003) and in other areas, e.g., in the Bay of San Francisco (Cohen
and Carlton, 1998). However, in the Mediterranean, the post-2000 increase does
not fit the previous trend (Fig. 1); the possibility that the number of introduced
seaweeds is reaching a plateau must be considered (see below).

4. The Relationship Between Seaweed Introduction and Climate Warming

4.1. MORE SPECIES?

The increase in the number of introduced species is clearly parallel to the twentieth
century SST increase. However, as pointed out by Galil (2008), concurrent
phenomena do not in themselves imply causation. This increase is parallel to that
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Table 2. Seaweeds introduced into the Mediterranean. The date of first observation is the date of publication
when no more information is available. For seaweed authorities, see Guiry and Guiry (2008).

Probable Probable Native
Date of first Probability of vector of geographical biogeographical

Species observation introduction introduction origin distribution
Rhodobionta (Plantae)
Acanthophora nayadiformis  1798-1801 H ? RS, IP Tr
Acrochaetium codicola 1952 \'% FO, O 1P NT
Acrochaetium robustum 1944 H S 1P NT, Tr
Acrochaetium spathoglossi 1944 H S 1P Tr
Acrochaetium subseriatum 1944 H S 1P Tr
Acrothamnion preissii 1969 A% FO 1P NT, Tr, ST
Agardhiella subulata 1984 H (6] A NT, Tr
Aglaothamnion 1975 M FO A NT
feldmanniae
Ahnfeltiopsis flabelliformis 1994 \% (6] J NC, NT, Tr
Anotrichium okamurae ? M FO ? NT
Antithamnion 1989 \% FO P ST
amphigeneum
Antithamnion nipponicum 1988 v (@) P NC
Antithamnionella 1937 M ? ? NT, Tr
boergesenii
Antithamnionella elegans 1882 v FO J Tr
Antithamnionella 1911 H FO 1P NC, SC
spirographidis
Antithamnionella 1980 H FO 1P NT
sublittoralis
Antithamnionella 1926 \% FO SH NC, SC
ternifolia
Apoglossum gregarium 1992 M FO 1P? Tr
Asparagopsis armata 1880 v FO 1P ST, SC
Asparagopsis taxiformis 1798-1801 H S, FO A NT, Tr
sp. 1
Asparagopsis taxiformis 1996 H FO? 1P ST
sp. 2 invasive
Bonnemaisonia hamifera 1909 \% FO 1P NC, NT
Botryocladia 1991 H FO? 1P Tr
madagascarensis
Ceramium bisporum 1980 M FO A Tr
Ceramium strobiliforme 1991 H FO? A Tr
Chondria coerulescens 1995 \% (6] A NT
Chondria curvilineata 1981 H FO A NT, Tr
Chondria pygmaea 1974 \% S RS Tr
Chondrus giganteus f. 1994 v (@) J NC
flabellatus
Chrysymenia wrightii 1978 \% (6] J NC
Dasya sessilis 1984 v (@) J NC
Dasysiphonia sp. 1998 \% O P NC
Feldmannophycus okamurae 1937 H FO 1P NC, NT, Tr
Galaxaura rugosa 1990 v S RS Tr
Ganonema farinosa 1808 M S RS NT, Tr, ST

(continued)
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Table 2. (continued)

Probable Probable Native
Date of first Probability of vector of geographical biogeographical

Species observation introduction introduction origin distribution
Goniotrichopsis sublittoralis 1989 H FO 1P NC, NT
Gracilaria arcuata 1931 H S RS, IP Tr
Grateloupia asiatica 1984 v O 1P NC, NT
Grateloupia lanceolata 1982 \% O J NT
Grateloupia patens 1994 \% (6] J NC, NT
Grateloupia subpectinata 1997 H O 1P NC, SC
Grateloupia turuturu 1982 \% O J NC
Griffithsia corallinoides 1964 H (6] A NC, NT
Herposiphonia parca 1997 v O 1P NT, Tr
Hypnea cornuta 1894 H S RS NT, Tr
Hypnea flagelliformis 1956 H S 1P NT, Tr
Hypnea spinella 1928 H FO? PT NT, Tr, ST
Hypnea valentiae 1996 H S, FO RS NT, Tr, ST
Laurencia caduciramulosa 1991 M FO ? Tr
Laurencia okamurae 1984 H (6] P NT, Tr
Lithophyllum yessoense 1994 \% O P NC
Lomentaria hakodatensis 1978 v (6] J NC, NT, Tr
Lophocladia lallemandii 1908 M S, FO RS NT, Tr
Nemalion vermiculare 2005 \% O 1P NC
Nitophyllum 1984 v O J NT
stellato-corticatum
Pleonosporium caribaeum 1974 M FO, O PT Tr
Plocamium secundatum 1976 M ? SH SC
Polysiphonia atlantica 1969-1971 H 0O, FO A NT
Polysiphonia fucoides 1988 H FB A NC, NT
Polysiphonia harveyi 1958 \% FO? 1P, A NC, NT
Polysiphonia morrowii 1997 v O P NC
Polysiphonia paniculata 1967 H ? P NC, NT, ST
Porphyra yezoensis 1975 v O J NC
Pterosiphonia tanakae 1993 v O J NT
Rhodophysema georgii 1978 H O A NC, NT
Rhodymenia erythraea 1948 \% S, FO RS, IP Tr
Sarconema filiforme 1944 v S RS Tr
Sarconema scinaioides 1945 \% S 1P Tr
Solieria dura 1944 v S RS Tr
Solieria filiformis 1922 M ? A NT, Tr
Symphyocladia 1984 \% FO 1P NC, NT, Tr,
marchantioides ST, SC
Womersleyella setacea 1986 v FO PT Tr
Chlorobionta (Plantae)
Caulerpa mexicana 1939 v S RS NT, Tr
Caulerpa racemosa var. 1990 v AQ, BW 1P ST
cylindracea
Caulerpa racemosa var. 1951 M S RS Tr
lamourouxii
Caulerpa racemosa 1926 M S RS Tr

var. turbinata

(continued)
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Table 2. (continued)

39

Probable Probable Native
Date of first Probability of vector of geographical biogeographical
Species observation introduction introduction origin distribution
Caulerpa scalpelliformis 1929 H S RS Tr
Caulerpa taxifolia MAAS* 1984 A% AQ PT ST
Cladophora herpestica 1948 A% S RS NT, Tr, ST
Cladophora patentiramea 1991 H S, FO 1P Tr
Codium fragile subsp. 1946 A% FO, O 1P NT
tomentosoides
Codium taylori 1955 M FO? A NT, Tr
Derbesia boergesenii 1972 H S RS Tr
Derbesia rhizophora 1984 A% (6] J NT
Neomeris annulata 2003 H S RS Tr
Ulva fasciata 1979-1984 H O J NT, Tr, ST
Ulva pertusa 1984 A% (6] 1P NT, Tr
Ulvaria obscura 1985 H O A NC, NT
Phaeophyceae
(Stramenopiles)
Acrothrix fragilis 1998 H O AP NC
Botrytella parva 1996 H ? ? NC
Chorda filum 1981 A% (6] Al NC, NT
Colpomenia peregrina 1918 \Y% FO 1P NC, NT, ST,
SC
Fucus spiralis 1987 A% FB A NC, NT
Halothrix lumbricalis 1985 H O ? NC, NT
Leathesia difformis (1905) 1979 H O A NC, NT, ST,
SC
Padina boergesenii 1962-1965 H S RS Tr
Padina boryana 1974 A% S 1P NT, Tr
Punctaria tenuissima 1985 H (6] A NC, NT
Rugulopterix okamurae 2002 \Y% O J NT, Tr
Saccharina japonica 1976 A% O J NC, NT
Sargassum muticum 1980 A% O J NC
Scytosiphon dotyi 1960-1977 'V O P NT
Spathoglossum variabile 1944 A% S RS Tr
Sphaerotrichia firma 1970 H (6] J NC
Stypopodium schimperi 1973? \Y% S RS Tr
Undaria pinnatifida 1971 A% O J NT

Probability of introduction: V = very high, H = high, M = medium. Vector of introduction: AQ = aquariums,
BW = ballast water, FB = fishing baits, FO = fouling on ship hulls, O = oyster culture, S = Suez Canal (Lessepsian
species). Geographical origin: A = Atlantic, BS = Black Sea, IP = Indo-Pacific, J = Japan, P = Pacific, PT = pan-
tropical, RS = Red Sea, SH = Southern hemisphere. Native biogéographical distribution: NC = North cold, NT
= North temperate, Tr = tropical, ST = South temperate, SC = South cold (see caption to Table 3).

a MAAS = Mediterranean Aquarium and Australian Strain.
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Figure 1. The cumulative number of seaweeds introduced into the Mediterranean Sea and its increase
over time. Hatching for the 2008 value means that it does not correspond to the same 20-year time
interval as the other values.

of the demographic pressure (Benoit and Comeau, 2005), that of the forest surface
area in Western Europe and to the surge in highway traffic as well.

In fact, the increase in the number of introduced species is more probably
related to the strengthening of the vectors: more aquaculture, more pleasure
boats, more trade, more ships, more voyages, more speed, etc. (see Dobler, 2002;
Benoit and Comeau, 2005; Briand, 2007).

4.2. MORE TROPICAL SPECIES?

Unexpectedly, the importance of tropical regions as donor areas for introductions
of seaweeds to the Mediterranean was conspicuously higher in the 1800-1940 and
1941-1980 periods than later on, whereas the importance of both Southern and
Northern cold regions increased from the 1980s (Table 3). Two factors, which are not
mutually exclusive, may account for this. (i) Up to the 1950s, Lessepsian species,
i.e., Red Sea species entering the Mediterranean via the Suez Canal, constituted
the bulk of the seaweeds introduced into the Mediterranean. The Red Sea is a
tropical realm. The number of new Lessepsian species peaked in the 1941-1950
period (Fig. 2), perhaps in relation with the gradual disappearance of the high-
salinity barrier constituted by the Bitter Lakes up to the 1950s (see Por, 1978, 1989;
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Figure 2. The number of seaweeds introduced into the Mediterranean per 10-year period (with the
exception of <1900 and >2000). Two vectors are taken into account: the Suez Canal and oyster culture.

Boudouresque, 1999b). Subsequently, oyster culture took over from the Suez
Canal as the main vector (Fig. 2). Massive importations of Crassostrea gigas
oyster spat and adults from the Northern Pacific (mainly Japan), without either
decontamination or quarantine, occurred in the 1970s; illegal importations (from
Korea), in lesser amounts, continued up to the early 1990s (Grizel and Héral,
1991; Verlaque, 2001; Boudouresque and Verlaque, 2002b; Verlaque et al., 2007a).
Donor regions were located in a cold biogeographical province. The shift from
mainly tropical towards mainly cold-affinity introduced species can therefore be
related to a change in the prevailing vector and the donor region. (i) It might
have been reasonable to suspect that the location of the Mediterranean phycolo-
gists changed over time, leading to phycologists working now in the Western basin
rather than in the Eastern, which may have resulted in a distortion; oyster impor-
tations from cold waters of the Northwestern Pacific actually occurred mainly
in Western Europe. In fact, this is the exact opposite of what actually occurred,
the number of phycologists rather increasing in Eastern Mediterranean countries
whereas declining in the Western ones.

If we remove the vector effect, which obviously accounts for the current
biogeographical origin of most introduced species, a warmer Mediterranean
should be more welcoming for a tropical than for a cold-water candidate species,
and make easier its establishment. However, at the same time, cold-water candi-
dates might be disadvantaged, so that the overall amount of new introduced
species would be unchanged.

The assumption that most of the introduced species in the Mediterranean are
thermophilic, originating in tropical seas (Galil, 2008; Galil, 2009), may prove to
be true for Metazoa (kingdom Opisthokonts), but absolutely not for the MPOs
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belonging to the kingdoms Plantae and Stramenopiles. The media coverage of
some introduced species believed to be of tropical origin, when they actually origi-
nate in temperate sea, has probably contributed to misleading authors. Caulerpa
taxifolia is probably a complex of cryptic species mostly thriving in tropical seas.
‘When it burst in on the Mediterranean, the media and scientists referred to it as ‘the
tropical alga’ (Meinesz and Hesse, 1991; Boudouresque et al., 1995). Subsequently,
molecular studies revealed the geographical origin of the strain (Mediterranean
Aquarium and Australian Strain (MAAS) see Table 2): temperate Southeastern
Australia (Jousson et al., 1998, 2000; Meusnier et al., 2001). Similarly, Caulerpa
racemosa probably encompasses a complex of cryptic species. When discovered in
the Mediterranean, C. racemosa var. cylindracea was at first confused with a tropical
taxon already introduced into the Mediterranean, C. racemosa var. turbinata
(e.g. Nizamuddin, 1991; Djellouli, 2000; Buia et al., 2001). Its true status and native
area, temperate Southwestern Australia, was rapidly established (Verlaque et al.,
2000, 2003). Finally, the invasive strain of Asparagopsis taxiformis (in fact a distinct
species), which closely resembles a species common in the tropical Atlantic Ocean,
actually comes from a Southern Australian temperate area (Ni Chualain et al., 2004;
Andreakis et al., 2007).

4.3. ARE THE INTRODUCED SPECIES MORE AGGRESSIVE?

As pointed out by Occhipinti-Ambrogi (2007), climate warming alters the
competitive interactions between introduced and native species.

Once introduced, warm-water species (either of tropical or subtropical origin)
should benefit from a warming Mediterranean (Galil, 2009). Roughly, SST is
higher in the East and South than in the West and North. The current expansion
of their area, Westwards and Northwards, has actually been observed (Galil, 2008).
However, whatever the temperature trend, the marginal spread of an introduced
species from its site of arrival constitutes a normal feature: it aims to occupy the
whole of the suitable habitats and area. This spread can be very rapid, as occurred
with the Chlorobionta Caulerpa racemosa var. cylindracea, which colonised the
whole Mediterranean and the adjacent Atlantic coasts in less than 15 years
(Verlaque et al., 2004). This spread can also take more time, as for the crustacean
Metapenaeus monoceros (Fabricius 1798) and the fishes Siganus Iuridus (Riippel
1829) and S. rivulatus (Forsskal 1775), which took 6 to 8 decades to spread from
the Levant to Tunisia and Sicily (Galil, 2008). The natural marginal spread and the
possible enhancement of the spread due to the SST warming are superimposed, so
that unravelling their respective roles is not easy; it is therefore to be feared that
premature conclusions are often drawn (i.e. ‘the westwards spread of an intro-
duced thermophilic species is due to the SST warming’). Be that as it may, it is
worth noting that the current spread of native thermophilic species, such as the
fishes Sparisoma cretense (Linnaeus 1758) and Thalassoma pavo (Linnaeus 1758)
and the scleractinian coral Astroides calycularis (Pallas 1767) proves that the
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warming matters, whatever the degree of its contribution (Francour et al., 1994;
Morri and Bianchi, 2001; Bianchi and Morri, 2004; Bianchi, 2007).

Whereas some warm-water introduced species advance, maybe partly in
relation with the SST increase, such as the Rhodobionta Womersleyella setacea
and the Phaeophyceae Stypopodium schimperi, the decline in abundance and the
shrinking of the range of cold-water species, such as the Rhodobionta Asparagopsis
armata (gametogenic phase) and the Chlorobionta Codium fragile, may be
expected. Unfortunately, no data are available for the latter process: the arrival of
a species at a new locality attracts more attention (and results in a scientific paper)
than its absence from a previously occupied site (which may be thought to be
temporary). Similarly, in the continental realm, Dukes and Mooney (1999)
emphasised the components of global change (e.g. climate warming) likely to
favour biological invaders, but did not consider those species, which could be
disadvantaged.

Can we consider that ‘[algae] that are gaining ascendancy [in Mediterranean
coastal ecosystems] are of tropical origin’, as argued by Bianchi (2007)? Among
the three seaweeds cited by the author in support of his assertion (Stypopodium
schimperi, Caulerpa taxifolia and C. racemosa var. cylindracea), only the first one
is actually of tropical origin.

4.4. WHAT COULD DEMONSTRATE THE IMPACT OF WARMING?

How could the impact of warming, either qualitative (which species?) or quanti-
tative (how many species? How invasive?), on seaweed introductions, be demon-
strated? (i) The increase in the number of introduced species reflects the nature
and the strength of the vectors and is therefore irrelevant (see Section 4.1).
(i1) The crossing of the limits of the potential area the species can occupy, a func-
tion of its physiology and competitive ability, would constitute a good criterion
for a thermophilic species. However, this potential area is unknown. In addition,
the spread of an introduced species is often a slow process, which takes decades,
so that for many species, it may be suspected that they have not yet occupied their
full potential area. Por (1989, 1990) delimited the ‘Lessepsian province’ corresponding
to the potential expansion area of the Lessepsian species. At the moment, no strictly
Lessepsian seaweeds have been reported outside this area, although a Magnoliophyta
(Plantae), Halophila stipulacea (Forsskal) Ascherson, and several Metazoa have
passed this limit. (iii) The resumption of the spread after a period of relative stasis
was indicative that the potential area was reached. Four species of putatively ther-
mophilic seaweeds might seem to meet this criterion: Asparagopsis taxiformis,
Caulerpa racemosa, Ulva fasciata and Lophocladia lallemandii. The first two
species proved to result in fact of new introduction events, i.e., the introduction of
distinct taxa of temperate affinity, namely Asparagopsis taxiformis sp. 2 and Caulerpa
racemosa var. cylindracea (see Table 2). The strain of Ulva fasciata discovered in
the Northwestern Mediterranean (Thau Lagoon) is probably a new introduction
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Table3. Biogeographical affinity, in their native area, of the seaweeds introduced into the Mediterranean.
Tropical = annual SST minimum >20°C. Temperate = annual SST minimum between 10°C and 20°C.
Cold = annual SST minimum <10°C. See Lining (1990) for definitions and SST maps.

Biogeographical affinity of introduced species

Number of introduced North and South
Period species North and South cold  temperate Tropical
1800-1940 21 4.3 (20%) 7.7 (37%) 9.0 (43%)
1941-1980 39 7.7 (20%) 14.0 (36%) 17.3 (44%)
1981-2008 46 16.2 (35%) 17.9 (39%) 11.9 (26%)

from Japan (unpublished data). Finally, the very localised new area of Lophocladia
lallemandii (Balearic Islands, Spain), together with its proliferation, could also be
indicative of a new introduction event (strain or yet unidentified taxon). (iv) The
shrinking of the area of a cold-affinity species: Genetic processes such as inbreeding
depression can account for this, in addition to warming. (v) The demonstration that
introduced species of tropical origin are more invasive (more ‘aggressive’) that cold-
affinity species: As pointed out by Perez (2008), this could prove to be correct for
Prokaryota. As far as seaweeds are concerned, there is no indication that species of
cold-water origin (such as Sargassum muticum and Undaria pinnatifida), e.g., in the
Nortwestern Mediterranean Thau Lagoon, are less invasive than species of tropical
origin (such as Stypopodium schimperi) in the warmer Eastern Mediterranean Sea.

In fact, it may simply be too early to detect a qualitative or a quantitative
impact of warming on seaweed introductions, unless it is indeed an insoluble
problem, or even a false problem.

5. General Discussion and Conclusion

It is difficult to give a definite answer to the question we asked (‘Is global warming
involved in the success of seaweed introductions?’). Several distortions may affect the
data set we used. (i) Study taxa and study areas largely depend upon the phycologists
and their location. (ii) Large introduced species, belonging to taxa whose delinea-
tion is not controversial, are easier to detect than tiny species whose taxonomy is
confused and accessible to very few specialists. (iii) Cryptogenic introductions are
by definition unknown. Taking them into consideration, where it is possible, might
conspicuously modify the baseline of our data set, i.e., the panel of anciently intro-
duced species. (iv) Cryptic introductions are not taken into account, though prog-
ress in taxonomy will progressively make this possible. (v) The native area (and
biogeographical province) of a species is not always accurately known. Either it is
naturally present in unknown regions and the native area is underestimated, or it
constitutes a cryptogenic introduction in part of its current area, and the native
area is therefore overestimated.
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Even taking into account these caveats, our data do not support the assumption
that climate warming enhances biological invasions in the Mediterranean, at least
in the case of the seaweeds. (i) The increase over time in the number of introduced
species simply reflects the development of the vectors. In the early and mid-
twentieth century, the Red Sea was the main donor region (Fig. 2). Subsequently,
the relative strength of this vector declined. It can be hypothesised that most of
the species from the Northern Red Sea, suited to survival in Mediterranean
habitats and under their present conditions, have already taken the Suez Canal.
In the 1970s, oyster culture took over from the Suez Canal as the main vector
(Fig. 2). Since the turn of the century, oyster culture seems to be losing ground:
either because oyster importation from Northwestern Pacific is officially banned
or because most of the Japanese species that were able to thrive in the
Mediterranean have been already introduced. In the absence of a new leading
vector, the rate of introductions seems to be slowing down (Fig. 1; see also Galil
et al., 2007, for Metazoa). Is this a durable trend or just a provisional one, i.e.,
waiting for the occurrence of the next prevailing vector? (ii) Since the 1980s,
i.e., since the undisputable warming of Mediterranean surface water, not only has
the relative percentage of new introduced species of tropical origin not increased,
but also it has conspicuously declined (Table 3). The reason is that what matters
first is the vector (see above). (iii) The alleged ‘aggressiveness’ of tropical intro-
duced species, such as Caulerpa taxifolia and C. racemosa var. cylindracea, is
due to the fact that they are seen as of tropical origin, when they are actually
native to temperate seas. Their success in the Mediterranean, a temperate sea, is
therefore in no way unexpected. (iv) The warming can advantage thermophilic
introduced species. However, at the same time, it can disadvantage cold water
species. The overall numbers of new introduced species and the overall dominance
of introduced species might therefore be unchanged.

It is interesting to note that the simulation of the effects of climate warming
and biological invasions (from 1900 to 2050) on the Mediterranean continental
vegetation led to the conclusion that the driving force was the introduced species,
whereas warming alone or in combination with introduced species was likely to
be negligible in many of the simulated ecosystems (Gritti et al., 2006).

The link between climate warming and biological invasions is therefore
poorly supported by the Mediterranean seaweeds. From a quantitative point of
view, there are no grounds to believe that warming is responsible for the increase
in the number of introduced species, or that species of tropical origin are more
‘aggressive’ than those of cold-water region origin. From a qualitative point of
view (i.e., which species?) together with the spread and dominance of these
species, the authors who claim that warming enhances the introduction, spreading
and dominance of tropical species, are simply putting Descartes before the horse:
if warming becomes more pronounced, which is unfortunately highly probable,
there is no doubt that they will end up being proved right.

As far as the politicians, decision-makers and civil servants are concerned,
their belief that the current increase in the number of introduced species results
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from global warming is not supported by the available data. There is no reason
for this to change in the near future, and there is therefore no excuse for not
implementing the international agreements for limiting and controlling biological
invasions.
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1. Introduction

It is no secret that our climate is changing — rapidly — and together with it, oceans
change as well. The Intergovernmental Panel on Climate Change (IPCC), consist-
ing of hundreds of scientists worldwide, have shown that changes in global climate
have accelerated since the 1750s, causing an overall increase in temperature both
on land and in the sea. The IPCC also suggests that research indicates that there
is >90% chance that the change is human-mediated (IPCC, 2007). Modifications
to ocean temperature, biogeochemistry, salinity, sea level, UV radiation, and cur-
rent circulation patterns have all been detected within the last few decades and are
expected to continue (IPCC, 2007). Increase in extreme weather is also expected,
including intensification and rise in the frequency of severe storms. Less than 2
decades ago, marine ecologists could mostly speculate about the possible ecologi-
cal responses of marine systems to global climate change (Lubchenco et al., 1993).
Today, however, the ecological “footprint” of climate change has been observed in
both terrestrial and marine ecosystems worldwide (Walther et al., 2002, 2005).
Documented ecological changes that are related, for example, to temperature
alteration in the oceans include modifications to the phenology of pelagic organisms
resulting in trophic “mismatches” between predators and preys (e.g., Edwards and
Richardson, 2004), severe events of coral bleaching that negatively influence the
structure of coral reef communities (e.g., Hughes et al., 2003), a mostly poleward
shift in fish distributions in the North Sea (Perry et al., 2005), and shifts in the dis-
tributional limits of benthic organisms in temperate coastal environments (Helmuth
et al., 2006b). Harley et al. (2006) provide a comprehensive review of the known and
potential effects of climate change on coastal marine ecosystems. The authors dem-
onstrate that the study of this topic is quickly accelerating, which is no surprise,
given the increased rate of change in physical phenomena related to climate change
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in the ocean and the mounting evidence of their biological and ecological impacts.
Since the publication of Harley et al.’s research, dozen more papers have been pub-
lished on this issue, some with remarkable albeit worrisome findings.

In this chapter, we will illustrate some of the evidences and projections for
change in the marine environment (coastal and pelagic) attributed to climate change,
focusing mainly on the two most studied and experimented changes: temperature
and pH. Other topics that will also be explored briefly are the predicted changes due to
sea-level rise, increase of storms, and change in circulation patterns. The different
aspects of climate change are expected to affect marine communities at different
spatiotemporal scales and also the number of habitats impacted. For example,
temperature and CO, will most likely have basin-scale or even global effects and can
potentially affect ecosystems at all depths, while sea-level rise and increased storm
frequency/intensity will probably affect mostly shallow coastal environments. Climate
changes are predicted to affect ocean life from the tiniest of organisms — plankton,
to the largest ones — whales (Gambaiani et al., 2009).

Several lines of research are being used by investigators to identify the links
between the current (and predicted) physical changes related to global climate
change and their direct and indirect effects on biological and ecological patterns
and processes. On large biogeographic scales, correlative studies are mostly used
to find links, for example between temperature and species distribution shifts.
To predict ecological impacts under different future scenarios of ocean temperature
and pH, researchers use controlled laboratory or mesocosm experiments (mostly
to look at one or several species). In few cases, they could also use existing manmade
(e.g., outflow areas of power plants where temperatures are increased) and natural
(e.g., CO, vents) environments that today mimic predicted levels of these variables
(mostly to look at the total ecosystem effects). Biophysical models and ecological
food-web models can also be used to examine ecosystem-level effects of climate-
induced increase or decrease of key species at the bottom or top of the food-web.
Models and experiments also seek to find stabilizing forces that might modulate
climate change effects.

2. Effects of Temperature Increases

Temperature is probably the most dominant rate-determining factor in biology;
ranging from subcellular to community-level processes, with direct and indirect
effects on organisms’ physiology, ontogeny, trophic interactions, biodiversity,
phenology, and biogeography. Increases in temperature due to climate change
have the potential to impact most marine ecosystems, directly through the impact
on species physiology (growth, reproduction, etc.) or indirectly through impacts on
ocean dynamics (currents) or species interactions. The magnitude of ecological
effects of rising temperatures would inherently vary among and even within
species, as different species and even different ontogenetic stages may be unequally
susceptible to thermal stress or steep fluctuations in temperature.
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The most obvious and direct biological effect of global warming is attrib-
uted to the fundamental relationship between temperature and physiology. A
wide range of physiological processes are influenced by temperature, among
them are protein structure and function, membrane fluidity, organ function
(Hochachka and Somero, 2002; Harley et al., 2006), heart function, and mito-
chondrial respiration (Somero, 2002). For some of these thermally sensitive traits,
the acclimation of marine species to a given environment has resulted in the crea-
tion of narrow thermal optima and limits. In addition, many marine species live
near their thermal tolerance limits, and small temperature increases could nega-
tively impact their performance and survival. This was demonstrated in heat-
shock response patterns of different coastal 7egula snails that were shown to
have limited thermal tolerance, which depended on the region and habitat of the
species studied (Tomanek and Somero, 1999), and again in the thermal tolerance
of rocky intertidal porcelain crab species (Stillman, 2002). In the Caribbean,
McWilliams et al. (2005) demonstrated that a shift of only +0.1°C resulted in
35% and 42% increases in geographic extent and intensity of coral bleaching,
respectively.

Indeed, coral bleaching is one of the most well-known and studied phenom-
enon related to temperature stress in the marine environment. During thermal
stress, corals expel most of their pigmented microalgal endosymbionts, called
zooxanthellae, to become pale or white (i.e., bleached). The link between climate
change and bleaching of corals is now indisputable, as episodes of coral bleaching
have already increased greatly in frequency and magnitude over the past 25 years
(Glynn, 1993; Hughes et al., 2003; Hoegh-Guldberg et al., 2007), strongly associ-
ated in many cases with recurrent ENSO (EI Nino — Southern Oscillation) events
(Baker et al., 2008). Bleaching episodes have occurred almost annually in one or
more of the world’s tropical or subtropical seas, resulting in catastrophic loss of
coral cover in some cases, and coral community structure shift in many others.
Prolonged and severe events of bleaching may result in massive mortality of over-
heated corals (Hughes et al., 2003). Biochemical and physiological mechanisms
of symbiosis breakdown was attributed to temperature or irradiance damage to the
symbionts’ photosynthetic machinery, resulting in the overproduction of oxygen
radicals and cellular damage to hosts and/or symbionts (Lesser, 2006). Another
somewhat controversial approach addresses bleaching episodes as an important
ecological process that can ultimately help reef corals to survive future warming
events in which corals get rid of suboptimal algae and acquire new symbionts.
This point of view defines bleaching as a strategy that sacrifices short-term benefits
of symbiosis for long-term advantage (Baker, 2001).

Temperature is also a key factor in ontogenetic development, and is known
to affect different ontogenetic stages distinctively (Foster, 1971; Pechenik, 1989).
Hence, increased temperature can affect the timing of ontogenic transitions,
sometimes resulting in a temporal mismatch between larval development and key
control factors like food supply or predation intensity. An example of this is the
earlier spawning of the clam Macoma balthica in the Wadden Sea (northwestern
Europe), but not to earlier spring phytoplankton blooms (Philippart et al., 2003).
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Therefore, the period between spawning and maximum food supply was extended,
and food availability during the pelagic phase reduced. Furthermore, predation
intensity by juvenile shrimps on juvenile Macoma has also increased because of
earlier recruitment of juvenile shrimp to the mud flats (Philippart et al., 2003).
Trophic mismatch events are a potential severe consequence of temperature rise.
A phenological study across three trophic levels using five functional groups in
the North Sea showed different responses to temperature changes over the years
1958-2002 (Edwards and Richardson, 2004). Using this long-term data set of 66
plankton taxa, the authors demonstrated shifts in the timing and size of seasonal
peaks of different populations, related to physiological (e.g., respiration, reproduc-
tion, mortality) or environmental (e.g., stratification) conditions. Such shifts can
have profound consequences to community structure and stability, like in the case
of the of North Sea cod stock declines implicated to worsen by key planktonic
prey declines and shifts in their seasonality (Beaugrand et al., 2003, 2008), or in
the case of the northern shrimp, Pandalus Borealis, and its temperature-dependant
timing of egg-hatching, intended to match spring phytoplankton blooms (Greene
et al., 2009). On rocky intertidal shores where upwelling prevails, mussel growth
responds strongly to changes in water temperature associated with ENSO and
PDO (Pacific Decadal Oscillation) cycles, suggesting potential community-level
effects of climate change, as mussels have important ecological roles, serving as both
food and habitat for a multitude of species on the shore (Menge et al., 2008).

Rising temperatures can potentially alter significant community-controlling
interactors such as predators, competitors, ecosystem engineers, mutualists, or
pathogens. The behavior of a keystone predator, the sea star Pisaster ochraceus,
in the upwelling system off the US West Coast was followed by Sanford (1999) at
different water temperatures and was shown to exhibit higher mid-intertidal
abundance and increased consumption rates when exposed to slightly warmer
waters. The author suggested that if water temperatures rise due to climate change,
more intense predation might alter the vertical extent of the prey (habitat-forming
mussels) and various species inhabiting its matrix and thus affect the community
as a whole (Sanford, 1999). Global warming may also reduce predation, for example
in the case of the Humboldt squid, Dusidicus gigas, a top predator in the eastern
Pacific that exhibited lower metabolic rates and activity levels when exposed to
high CO, concentrations and temperatures, thus affecting growth, reproduction,
and survival of the squid and possibly impairing predator—prey interactions in
the pelagic system (Rosa and Seibel, 2008).

Another important illustration of warming water effects is the change in
benthic community structure near the thermal outfall of a power-generating
station on the rocky coast of California. There, communities were greatly altered
in apparently cascading responses to reduced abundances of habitat-forming
species like subtidal kelps and intertidal red algae (Schiel et al., 2004). In contrast,
grazers showed positive response to temperature, attributed by the authors to
physiological tolerances, trophic responses, space availability, and recruitment
dynamics (Schiel et al., 2004).
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An example of what rapid ocean warming can do on regional and community
scales can be seen in the mass mortality event of 25 rocky benthic macro-invertebrate
species (mainly gorgonians and sponges) in the entire Northwestern Mediterranean
region that followed a heat wave in Europe in 2003 (Garrabou et al., 2009). The
heat wave caused an anomalous warming of seawater, which reached the highest
temperatures ever recorded in the studied regions, between 1°C and 3°C above the
climatic values (both mean and maximum). Such increases are certainly within
the range of expected long-term global warming of the oceans, and the authors
also suggest that heat waves may become more common in the future possibly
driving a major biodiversity crisis in the Mediterranean Sea.

Local or regional mortality of species is but one aspect of global climate
change. Water temperature rise has already shown to drive extensive hiogeo-
graphical shifts, expressed mostly as poleward movement of species. Significant
shifts were seen, for example, in marine fish populations in the North Sea, where
nearly two thirds of the species shifted in latitude or depth or both over 25 years
in correlation with warming waters (Perry et al., 2005). Another example is shift
in the population dynamics of the sea urchin Centrostephanus rodgersii along the
eastern Tasmanian coastline (Ling et al., 2009). Ling et al. (2009) revealed range
extension through poleward larval dispersal via atmospheric-forced ocean
warming and intensification and poleward advance of the East Australian
Current (EAC). Shifts are also seen in the intertidal zone, which represents a
unique situation as it is situated at the interface between the land and the sea and
therefore species living there are expected to be influenced by changes in both
water and air temperature. On the shore, species geographic distributions are
expected to shrink or shift due to changes in thermal stress and ocean circulation
either directly or indirectly through species interactions. Some species could be
purged from the intertidal zone by alterations in water temperature, upwelling
regime (Leslie et al., 2005), or oxygen levels (Grantham et al.,, 2003; Chan et al.,
2008). Others may be squeezed out of the system when their upper limit is
reduced to the upper limit of their consumers (Harley et al., 2003). Alternatively,
some species may find that environmental conditions become physiologically
tolerable at regions that were previously uninhabitable, or ocean circulation
changes may bring distant species to new locations, resulting in range expansion.
Indeed, long-term monitoring shows that the poleward-range edges of intertidal
biota have shifted by as much as 50 km per decade in some regions (Helmuth et al.,
2006b). Poleward range extension was documented in various intertidal species
of invertebrates and algae (Herrlinger, 1981; Weslawski et al, 1997; Lohnhart
and Tupen, 2001; Zacherl et al., 2003; Helmuth et al., 2006b; Mieszkowska et al.,
2006). However, change in distribution due to thermal stress may not be a simple
linear/longitudinal process. Helmuth et al. (2002, 2006a) have demonstrated that
thermal stress on the rocky shore exhibit a mosaic of localized hotspots that
do not necessarily follow latitudes. Thermal-stress hotspots are determined
mainly by the timing of low-tide during summer spring tides. These low tides on
the US West coast frequently occur at the hottest time of the day at the higher
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latitudes (Washington and Oregon) while they happen at night time further
south (California). This means that increasing water temperature may facilitate
the establishment of species invading from warmer waters in complex patterns
along the shore, potentially affecting community structure and function in
mosaic patterns.

The link between global warming and invasion of alien species is an obvious
one, as warming can allow warm water species to extend to or invade previously
nonhospitable regions (Occhipinti-Ambrogi, 2007). For example, the establish-
ment of three abundant introduced ascidians on the shores of New England was
explained by the strong positive correlation between their recruitment rates and
rising winter sea temperatures in the region (Stachowicz et al, 2002). In the
Mediterranean, one of the hottest hotspots of marine bioinvasions, warming
events, and change in circulation patterns due to climate shifts (e.g., the Eastern
Mediterranean Transient) in the past century have been suggested to facilitate
invasions of tropical species (Rilov and Galil, 2009).

Climate change thermal effects are not just bound to coastal or sea-
surface environments, but they were also shown to impact deep sea ecosystems.
For example, decadal nematode community surveys conducted in the Eastern
Mediterranean revealed a significant increase in nematode abundance and diver-
sity, which was related in this case to temperature decrease of 0.4°C (Dennavoro
et al., 2004).

3. Ocean Acidification Effects

Ocean plays a substantial role in the
storage of carbon dioxide emissions Calcification and CO,
through the uptake of roughly half of
the fraction released by human activi-
ties up to 1994 (Sabine et al.,, 2004),
and about 30% of recent emissions

Atmospheric CO, equilibrates rapidly
with the surface layer of the ocean,
where most additional CO, combines

(Feely et al., 2004). Nevertheless, this i carbonate 1?ns (Catinse end
. . Buddemeier, 2000):

regulating effect does not come with-

out a price — continuous CO, uptake CO,+ CO.2" + H,O —» 2HCO,

is estimated to create pH reduction
of 0.3-0.5 units over the next 100
years in the ocean surface (Caldeira
and Wickett, 2003). This magnitude
of acidification is higher than any
other pH fluctuations inferred from
the fossil record over the past 200-300
million years (Caldeira and Wickett,
2003). With a rate of change in pH
that is 100 times greater than at any

This leads to a decrease in the concen-
tration of CO,>", one of the building
blocks of calcium carbonate, and in the
saturationstateof calciumcarbonate, Q
(Q = [Ca*] x [COf‘]/Ksp, where K is
the equilibrium constant of CaCO,). Q
seems to be the controlling factor of
calcification (Marubini and Thake,
1999).
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time over that period, marine organisms’ tolerance and ability to adapt to it is
challenged and considerable impacts on the ecology of marine ecosystems are
bound to happen (Guinotte and Fabry, 2008). However, impacts of these chemical
changes in the ocean are still poorly understood, especially at the community to
ecosystem levels (Riebesell, 2008).

It has been shown that marine plants (except seagrasses) are carbon-
saturated (Gattuso and Buddemeier, 2000), and hence, are not expected to
increase growth rates due to elevated CO, concentrations. Therefore, dissolved
CO, concentrations rise may lead, in some localities, to macroalgae replace-
ment by seagrasses due to carbon-limitation variations stemming from different
evolvement eras of these two functional groups (Harley et al., 2006).

Furthermore, pH reduction associated with increased CO, levels in seawater
bears profound physiological consequences in subcellular processes such as
protein synthesis and ion exchange, with a disproportional extent of effects
among taxa (Portner et al., 2005). Ocean acidification can also have longer-term
physiological, mechanical, and structural effects, especially on organisms that build
carbonate structures. For example, pH reduction manipulations have demon-
strated lower metabolic rates and growth in mussels (Michaelidis et al., 2005), which
involved increased hemolymph bicarbonate levels (mainly from dissolution of
shell CaCO,) in order to limit hemolymph acidosis, a drop in oxygen consump-
tion rate, and an increase in nitrogen excretion (indicating net protein degrada-
tion) correlated with a slowing of growth. Another study of pH manipulation
demonstrated reduced growth and survivorship in gastropods and sea-urchins
(Shirayama and Thornton, 2005).

Calcification rates themselves decreased in response to increased CO, in
coccolithophorids, coralline algae, reef-building scleractinian corals, and pter-
opod mollusks (Kleypas et al., 1999; Riebesell et al., 2000; Feely et al., 2004).
Using laboratory and mesocosm experiments on open ocean plankton, it was
shown that a decrease in the carbonate saturation state represses biogenic cal-
cification of dominant marine calcifying organisms such as foraminifera and
coccolithophorids (Riebesell et al., 2000; Riebesell, 2004). On the ecosystem
level, these responses influence phytoplankton species composition and succes-
sion, favoring algal species that predominantly rely on CO, utilization. In
benthic communities, it was predicted that calcification rates in corals and
coralline red algae are very likely to drop by 10-40% with a climatically realis-
tic doubling of the pre-industrial partial pressure of CO, (Feely et al., 2004).
Moreover, changes in ocean chemistry may cause weakening of the existing
coral skeletons and reduce the accretion of reefs (Hughes et al, 2003). Recent
work actually demonstrated a 14.2% decline in coral calcification of the mas-
sive reef-building coral Porites along the Great Barrier Reef since 1990 (De’ath
et al., 2009). The authors suggest that this decline is attributed to the increase
in temperature stress and decline in saturation state of seawater aragonite. Can
some coral species cope to some degree with such effect or are they doomed?
Recent work on the nonreef-building hard coral Ocullina patagonica demon-
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strated the existence of physiological refugia response mechanism, allowing
corals to alternate between nonfossilizing soft-body ecophenotypes and fossil-
izing skeletal forms in response to changes in ocean chemistry (Fine and
Tchernov, 2007).

Remarkably, some of the predictions regarding high latitude regions, where
planktonic shelled pteropod gastropods constitute a prominent trophic compo-
nent, suggest undersaturation with respect to aragonite even within the next 50
years that may cause the collapse of their populations (Orr et al., 2005). The collapse
of populations of such major components in the polar food-web may alter the
structure and biodiversity of polar ecosystems.

The potential ecosystem-scale effects of change in CO, and pH levels was
recently demonstrated in Italy at shallow coastal sites near volcanic CO, vents
(Hall-Spencer et al., 2008). Rocky shore sites near the vents with pH levels lower
by 0.5 units than the mean ocean pH (ocean acidification levels predicted by 2100
by the IPCC) exhibited remarkable community-level effects. Along pH gradient
ranging from 8.1-8.2 to 7.4-7.5, communities with abundant calcareous organ-
isms shifted to communities lacking scleractinian corals and with significant
reduction in abundance of sea urchin and coralline algae. The low pH communi-
ties exhibited peaking seagrass production with no indication of adaptation or
replacement of sensitive species by others capable of filling the same ecological
niche (Riebesell, 2008). Another study, this time from the Pacific Northwest shores
of North America, suggests that reduced pH levels in nearshore seawater over the
last decade was expressed in community-level effects in the rocky intertidal
(Wootton et al., 2008). There, calcareous species generally preformed more poorly
than noncalcareous species in years with low pH and thus have caused change in
community structure.

Ocean chemistry changes and primarily ocean acidification is a poorly
understood, yet potentially crucial, factor in climate change effects on marine
environments at population, community, and ecosystem scales. Scientists predict
that pH reduction through the twenty-first century will exceed any other docu-
mented pH fluctuations over the last 200-300 million years and thus would have
profound consequences to organisms’ physiology, growth, and survivorship,
along with species distribution, abundance, and biogeography. Because acidifica-
tion imposes a genuine threat on organisms’ tolerance and ability to adapt to it,
it should be recognized as an essential research target for conservation purposes
in the following years.

4. Other Potential Climate Change Effects in the Oceans

Apart from temperature and pH, oceans are expected to alter in several other ways
due to the current global climate change. Climate change is predicted to influence
oceanographic patterns and conditions such as current direction and velocity,
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depth of stratification, salinity (fresher in the higher latitudes and more salty in the
subtropics), and the oxygen concentration of the ventilated thermocline (IPCC,
2007). Climate change, for instance, is predicted to modify coastal upwelling either
by intensifying (Bakun, 1990) or weakening it (Vecchi et al., 2006), depending on
the model used. These changes are predicted to affect, for example, survivor-
ship and delivery of propagules to the shore as well as food supply in coastal
ecosystems. On rocky shores for instance, increasing upwelling intensity and dura-
tion in intermittent upwelling regions such as the Oregon coast during the summer
will reduce sessile invertebrate larval recruitment (by moving the larval pool fur-
ther offshore) lowering abundances of sessile invertebrates and through higher nutri-
ent fluxes increase macrophytes, thus making rocky intertidal habitats in Oregon
more similar to those in California (Menge et al., 2004). Alternatively, if upwelling
is reduced, the structure of the seaweed assemblages will change, with decreases in
Laminarians and likely some red algae, and enhanced abundances of sessile inver-
tebrates (due to higher recruitment, see Connolly and Roughgarden, 1999).

Increasing sea levels will permanently submerge some intertidal areas while
others might be created changing the mosaic of communities along the shore. In
areas where tidal amplitudes are small, such as the Mediterranean Sea, sea-level
rise can change the structure of communities because the ratio of vertical versus
horizontal surfaces will probably change and communities on different rock
aspects are different (Vaselli et al., 2008). In regions where most of the rocky
shore is horizontal and at mean sea level, for example where vermetid platforms
are found (warm temperate seas such as the eastern Mediterranean, Bermuda,
Safriel, 1974), a rapid sea-level rise would cause an inundation of most of the
intertidal zone by seawater, effectively turning the platforms into subtidal reefs.
Based on measurements of sea-level rise for the eastern Mediterranean (~8.5 cm
between 1992 and 2008) and projections for the next 100 years of up to a meter
or more (Rosen, 2008), most of the Israeli rocky shore will be underwater and
that unique ecosystem will be mostly lost.

Increasing storm intensity, including tropical storms (hurricanes, cyclones),
will increase the frequency and severity of disturbance inflicted on coastal com-
munities such as mangroves, coral reefs, and rocky shores. There is already evi-
dence that a progressive decadal increase in deep-water wave heights and periods
have increased breaker heights and elevated storm wave run-up levels on beaches
in the US Pacific Northwest (Allan and Komar, 2006). This of course can have
substantial effects on disturbance regimes on the shore that surely will affect the
structure of coastal ecological communities (Dayton and Tegner, 1984; Underwood,
1998). Larger, stronger storms are also expected to increase beach erosion. The
resultant increased erosion of the shore can also affect coastal geomorphology,
increase sedimentation, and therefore affect the ecology of the shore. A study on
the Oregon shore that looked at effects of a cliff collapse (and with it highway
101) and reconstruction showed how rocky intertidal communities have been
altered due to change in small-scale geomorphology and possibly sediment accu-
mulation on the shore (Rilov, unpublished data).



62 GIL RILOV AND HAIM TREVES

The rate at which physical changes caused by global climate change might
unfold could be slow, but they could also be fast and therefore their manifestation
in the structure of communities and in biodiversity could be strong and immediate.
For example, the onset of hypoxia on the shelf of Oregon coast in 2002 was
relatively sudden and unprecedented (Grantham et al., 2004; Chan et al., 2008).
Hypoxic conditions have since re-occurred each summer, and greatly intensified
such that conditions were anoxic in 2006 (Chan et al., 2008). This resulted in mas-
sive die-offs of benthic invertebrates (e.g., crabs, sea stars) and the dwindling of
reef fishes on subtidal reefs (Service, 2004). The delayed upwelling observed in
2005 on the Oregon coast (Barth et al., 2007) had not been observed in at least the
previous 20 years, and had immediate consequences for concentrations of phyto-
plankton and larvae of sessile invertebrates. These intense coastal events seem to
correspond with larger-scale oceanographic and atmospheric changes in the
North Pacific that are consistent with global climate-change scenarios (e.g., Hooff
and Peterson, 2006; Barth et al., 2007) and may linger and therefore have pro-
found ecological effects on regional and potentially global scales.

5. Predictions and Projections

In the past few years, there has been great effort to develop conceptual and numeri-
cal models that aim to forecast the ecological and economical impacts of climate
change on marine ecosystems. There are a dozen such projections in the current
literature of which we will mention only a few examples. Paleontological studies
of marine ecosystems can also aid in predicting how certain changes in ocean con-
ditions might affect species and ecological communities. For example, Yasuhara
et al. (2008) show how deep-sea benthic ecosystems communities collapsed
several times during the past 20,000 years in correspondence with rapid climatic
changes that lasted over centuries or less, demonstrating that climate change can
have profound effects in the deep ocean and should therefore be considered in the
current models. Scientists now attempt to model effects on local, regional, oceanic,
or even whole-planet scales, depending on the question and information at hand.
On oceanic scales, a multispecies, functional group, coupled ocean-
atmosphere model that examined mostly primary producers’ response to
regional biogeochemical conditions suggests significant changes by the end
of this century in ecosystem structure, caused mostly by shifts in the arcal
extent of biomes (Boyd and Doney, 2002). Whitehead et al. (2008) examined
the response of the other end of the food chain, deep-sea cetaceans, by study-
ing their current distribution patterns in relation with sea-surface tempera-
ture, and concluded that climate change will cause declines of cetacean
diversity across the tropics and increases at higher latitudes. In the coastal
environment, the large, brackish, semi-enclosed Baltic Sea is predicted to
freshen (owing to altered precipitation patterns) and warm up resulting in a
shift in biodiversity due to the contraction of more marine species out of the
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system and the expansion of more freshwater species (Mackenzie et al,
2007). In several major US bays, Galbraith et al. (2002) predict that even
with conservative estimates of climate change, sea-level rise will cause losses
of intertidal areas that range between 20% and 70% of the current intertidal
habitat that support extensive populations of migrating and wintering shore-
birds. Such losses could considerably reduce the ability of these bays to sup-
port their present shorebird numbers.

Recent extensive reviews also attempt to predict the consequences of global
climate change to marine ecosystems at different regions. Australia’s marine life
is projected to change considerably due to the multitude of present and future
effects of climate change with the most serious and worrisome effects inflicted on
the unique system of the Great Barrier Reef (Poloczanska et al., 2007). The small
but highly diverse Mediterranean Sea is projected to transform its biological
diversity due (among many other things) to climate change (Gambaiani et al.,
2009). On Antarctic coasts, Smale and Barnes (2008) predict that the intensity of
ice scouring will increase and later sedimentation and freshening events will
become important, all leading to increased disturbance and considerable changes
in benthic community structure and species distributions. And the list goes on.

Climate change is of course but one process by which humans are affect-
ing marine biodiversity. To it, we can add invasions of alien species (that can
be accelerated by climate change) and of course over-harvesting, pollution,
and habitat destruction. Many of these threats may act in synergy and produce
changes in biodiversity that are more pervasive than those caused by single
disturbances (Sala and Knowlton, 2006). What then is the future of marine
biodiversity in light of all these threats? Extinctions that are already happening
will probably accelerate and the homogenization of communities due to cli-
mate effects and invasions will reduce the uniqueness of ecosystems on a global
scale. Even if the current trends of destruction reverse at some point in the
near future, recovery of individual species that were at the brink may take
longer than expected because of Allee effects, changes in trophic community
structure, difficult-to-reverse habitat changes, or a combination of several fac-
tors (Sala and Knowlton, 2006). Recovery of diversity at the community level
will probably take much longer. Although the future seems grim for global
biodiversity, both terrestrial and marine, we wish to conclude with a positive
note that suggests that perhaps not all is doomed. Ehrlich and Pringle (2008)
propose several strategies that, “if implemented soundly and scaled up dra-
matically, would preserve a substantial portion of global biodiversity.” Those
strategies include stabilization of human population, reduction of material
consumption, the deployment of endowment funds, and taking major steps
toward conservation using large, permanent, protected areas. This of course
will require tremendous vision, effort, and mostly will by our species; how-
ever, mankind faced great challenges in the past and prevailed, and so we can
only hope that it will rise again to face this climate change and biodiversity
challenge.
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Climate is recognized as a key driver in determining the distribution and ultimate
geographical boundaries for both terrestrial and marine plant species. The west-
ern north Atlantic environment encompasses the Arctic, cold temperate, and the
warm temperate Carolina regions, the first two of which influence and control
the species distribution of marine flora in the Canadian Maritime Provinces. The
southern limit for the Arctic and cold temperate seaweeds is along the coastline
from Cape Cod, MA, to Long Island Sound. Liining (1990) presented an exten-
sive analysis and discussion of the limits of both intertidal and sublittoral scaweed
speciation and distribution in the north Atlantic in relation to ecophysiological
factors such as temperature, degree of exposure, salinity, and available light.
Fluctuations in the surface temperature of the Earth over the last 250,000—
350,000 years have been reflected in cyclic changes in the greenhouse gases
such as methane and carbon dioxide trapped in glacial ice (Ruddiman, 2005).
Approximately 5,000 years ago, the cyclic decline in methane concentration
expected for the present interglacial period was interrupted leading Ruddiman to
suggest that human activity may have begun to influence the climate much earlier
than had been generally considered. With the improved records over the past 150
years, trends showing increases in both atmospheric and water temperatures that
correlate to human activities during the industrial age are developing (Collins
et al., 2007). According to the International Panel on Climate Change — IPCC
(2007), the temperature of the planet has increased 0.65 £ 0.15°C between 1956
and 2005, and the ecological impact of such a climate change is already being
documented worldwide in every ocean and in most major terrestrial and aquatic
taxonomic groups (Parmesan, 2006). Although early in the projected trends of
global warming, ecological responses to recent climate change are already clearly
visible (Gian-Reto et al., 2002), meta-analyses of studies done for more than
1,400 marine and terrestrial species have demonstrated that the current
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increased temperature is already affecting 40% of them and that 82.3% of these
species are shifting in the direction expected according to their physiological
constraints (Root et al., 2003). An increase in the species diversity of the fish
fauna has been already detected in the North Sea and has been related to climate
change (Hiddink and Hofstede, 2008). These kinds of changes would not only
impact the marine biodiversity but are expected to produce local extinctions in the
subpolar regions, the tropics, and semi-enclosed seas (Cheung et al., 2008a, b ).

Few reports on the effects of current climate change on macroalgae have
been found in the literature, but these describe significant changes in the distribu-
tion and abundance of algae. For example, Pedersen et al. (2008) documented a
significant change in seaweed community structure and related this to an increase
in seawater temperature during a 28-month study in the littoral zone in Long
Island Sound. Sagarin et al. (1999) reported a massive decline in Pelvetia com-
pressa cover by revisiting a location in Baja California that was well monitored 60
years earlier. Simkanin et al. (2005), who revisited 63 locations along the coast of
Ireland after a lapse of 45 years, also reported significant changes in the abun-
dance of several seaweed species in the sublittoral zone. Although they were cau-
tious about associating these changes with climate change, long-term trends seen
in these kinds of surveys can be obscured by short-term fluctuations in species
composition. However, Berecibar et al. (2004), by revisiting several locations after
45 years, clearly demonstrated that the phytogeographic regions of the intertidal
seaweed community along the Portuguese coast have shifted northward in concert
with an observed increase in surface seawater temperature (SST).

If such changes are now being detected when the global climate has warmed
by an estimated average of 0.65°C in the last half-century, the effects on species
and ecosystems will be obviously more drastic in response to a change in tempera-
ture as high as 6°C by 2100 as predicted (IPCC1, 2007).

Fucoid species, particularly the brown seaweed Ascophyllum nodosum (rock-
weed), are key habitat formers and energy producers, and their responses to climate
change can have significant population, community, and even ecosystem conse-
quences in the Canadian Maritime Provinces. From the economic point of view,
these changes could seriously affect a 50-year-old seaweed industry that currently
provides hundreds of jobs and injects millions of dollars into the local economy.

The objective of this chapter is to outline the potential changes in the fucoid
flora of the Maritime Provinces that could result from the predicted increases in
air and SST due to future climate change. The predictions take into consideration
the current biological and ecological information of these species in the region.

1. The Canadian Maritimes

The Maritime Provinces of Canada include New Brunswick (NB), Nova Scotia
(NS), and Prince Edward Island (PEI) and are zoned as a cold temperate Atlantic-
boreal region (van den Hoek, 1975). These Provinces front the Atlantic Ocean and
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its various sub-basins such as the Gulf of Maine, the Bay of Fundy, and the Gulf
of St. Lawrence (Fig. 1). Each basin presents different oceanographic conditions
with the consequent temperature regimes. The SST of the Nova Scotian shore
open to the Atlantic experiences average temperatures of 0.4°C during the winter
and 14.5°C during the summer (range —1.4°C to 21.5°C). The Gulf of Maine
directly influences the shoreline of southwestern NS to provide a summer average
SST of 13.9°C and a winter average of 2.0°C (overall range 22.6-1.1°C). However,
shallow embayments along the southwestern and southern shores of NS normally
freeze over during the winter and experience higher temperatures than those of
the open coast during the summer. The Bay of Fundy, due to its depth and excep-
tional tidal range with the resultant deep mixing, is the coldest basin in the region.
Its maximum SST never rises above 15°C during the summer, but it also rarely
experiences freezing during the winter. Finally, the Gulf of Saint Lawrence is a
relatively shallow basin where SST has a much higher variation. Average winter
SST in the Gulf is —1.7°C with a solid layer of ice covering much of the Gulf from
January to mid-April, whereas, in August it reaches an average of 23.3°C, with a
maximum of 25.6°C. Thus, the seaweeds in all these systems have to survive dras-
tic changes of temperature, especially in the case of the intertidal seaweeds that
can experience changes of more than 20°C within minutes during a tidal cycle in
winter when water temperatures may be —1.5°C and air temperatures —25°C.
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Figure 1. The Maritime Provinces of Canada and their main sub-basin systems.
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1.1. THE ROCKY INTERTIDAL ZONE

The shores of PEI and NS and NB within the Gulf of Saint Lawrence (Fig. 1)
present a small tidal range and a limited amount of rocky substrata. The few avail-
able locations for intertidal seaweeds suffer intensive ice abrasion during late winter
and early spring (Scrosati and Heaven, 2006). Thus, most of the intertidal flora
biomass of the region is located on the rocky substrata of eastern and southern NS
and the Bay of Fundy shores of both NS and NB. These rocky shores extend more
than 4,000 km and are dominated by the fucoid Ascophyllum nodosum, which forms
extensive beds especially in moderately wave sheltered to sheltered areas (Fig. 2)
(Sharp, 1986). Fucus vesiculosus is also found in the rocky intertidal zone, but in
lesser quantities. It appears especially in more wave exposed or ice-scoured areas
and in the upper and lower portions of the Ascophyllum beds in the sheltered inter-
tidal zone (Fensom and Taylor (1974); Sharp, op. cit.; Ugarte et al., 2008). The
geographical distribution of these two fucoids in the north Atlantic largely overlaps
with the exception that A. nodosum does not occur along the Baltic Coasts, whereas,
F. vesiculosus is well established there (Lining, 1990). This difference is attributed to
the more euryhaline characteristics of F. vesiculosus (Gylle et al., 2009). The red and

Figure 2. The rocky intertidal zone of New Brunswick with the dominant fucoid Ascophyllum nodosum
(location: Red Point in Seal Cove, Grand Manan Island).
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brown seaweeds, Polysiphonia lanosa and Pilayella littoralis, are common epiphytes
of Ascophyllum in our region (Rawlence and Taylor, 1972; Chopin et al., 1996). Two
other fucoids, Fucus evanescens and F. serratus, are also found in the lower inter-
tidal regions in some areas. The red seaweed Chondrus crispus is also an important
component in the lower intertidal zone in semi-exposed to exposed areas. Other red
seaweeds such as Palmaria palmata (dulse) and Mastocarpus stellatus are also found
in patches and sparsely intermixed with Chondrus in the Canadian Maritimes (Ste-
phenson and Stephenson, 1972; Chapman and Johnson, 1990).

1.2. GEOGRAPHIC DISTRIBUTION AND CRITICAL THRESHOLDS
FOR THE DOMINANT SPECIES

Ascophyllum nodosum is distributed in the western Atlantic Ocean from the Arctic
Circle (66° 33'N) to Long Island (40° 42'N) in the south (Taylor, 1957; Gosner,
1978; Keser et al., 2005). The SST in this current distribution ranges from —2.1°C
to 23°C (Keser et al., 2005). Fucus vesiculosus extends from Ellesmere Island (80°
53'N) to North Carolina (34° 48'N) (Taylor, 1957). The SST in this range of distri-
bution varies from —2.1°C to 27.8°C.

Ascophyllum nodosum is probably one of the most studied macroalgae in the
north western Atlantic, mostly because of its ecological importance as a primary
producer (Baardseth, 1970; Josselyn and Mathieson, 1978, 1980; Carlson and
Carlson, 1984; Cousens, 1984, 1986; Vadas et al., 2004), as a habitat for invertebrates
and vertebrates (Johnson and Scheibling, 1987; Black and Miller, 1991; Rangeley
and Kramer, 1998), and for its economic importance as a raw material for alginate,
agricultural products, and livestock feeds (Sharp, 1986; Ugarte and Sharp, 2001). As
a result, its physiological and ecological responses to environmental variables in all
life stages are reasonably well documented. Its lower intertidal limits appear to be
controlled by grazing pressure in sheltered environments and by competition
with Chondrus crispus in exposed locations (Lubchenco, 1980). The upper limits of
A. nodosum distribution on the shore are regulated by its tolerance to desiccation
(Schonbeck and Norton, 1978). Exposure to long periods of drying results in visible
tissue damage of A. nodosum after 21-28 days (op. cit.), and cell death occurs at
70% water loss (MacDonald et al., 1974). Ascophyllum nodosum loses 70% of its
fresh weight excluding vesicles after 7.5 h at 22°C and relative humidity of 40-45%
(Dorgelo, 1976). Severity of winter conditions and amount of seasonal rainfall do
not seem to be critical factors for this species. A 24-year study in the environs of a
thermal power plant in eastern Long Island Sound demonstrated that the growth
rate of Ascophyllum is very sensitive to seawater temperature (Keser et al., 1998,
2005). The highest growth rate was observed during spring and mid-summer during
the study period. A rapid decrease in growth occurred above 25°C, with total mor-
tality occurring above 27°C (Keser et al., 2005).

However, the germlings and macrorecruits are rockweed’s most vulnerable
stages. Among the factors shown to reduce recruitment are wave action
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(Vadas et al., 1990), canopy of adult plants (Vadas and Elner, 1992), and grazing
pressure (Lazo et al., 1994).

2. Biomass, Harvest, Production, and Productivity of 4. nodosum
in the Maritime Provinces

2.1. BIOMASS

The A. nodosum resource has been divided into six geographic areas along the
Nova Scotia and southern New Brunswick shores (Fig. 3). Acadian Seaplants
Limited (ASL), a Canadian seaweed processing company, has been granted 11
leases in NS in the most productive rockweed areas, and the whole of the southern
NB coastline. The area corresponds to 76% of the total resource for the region.
For management purposes, the company has divided its leases into 340 harvest-
ing sectors (Ugarte and Sharp, 2001) and has been assessing its resource annu-
ally since 1995 using a combination of aerial photography and extensive ground truthing.
Thus, the standing stock and general condition of the resource, including its
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Figure 3. Ascophyllum nodosum distribution in Nova Scotia and southern New Brunswick. Darkest
areas along the coastlines indicate zones having higher concentrations of biomass. (SWNS: South-
western Nova Scotia).
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population structure are well documented over most of the commercially valuable
sites. The uncertainty in these values exists in area 5 of Nova Scotia, a relatively
unproductive area where biomass surveys have been less intense.

The standing crop of summer (July-August) biomass for this region has
been calculated at 353,395 wet tons, covering an area of close to 4,960 ha
(G. Sharp, 2009, personal communication; R. Ugarte, unpublished data), to give
an average biomass density of 71.3 t ha™!. The highest A. nodosum abundance is
concentrated in Lobster Bay (area 3) in southwestern Nova Scotia (SWNS) and
southern New Brunswick (area 6) with a total of 91,758 and 158,811 t, respec-
tively, corresponding to 71% of the total resource biomass (Fig. 3; Table 1).
Biomass densities range between 86 and 87 t ha™! in these areas.

2.2. HARVEST

Commercial exploitation of rockweed along the coastal areas of Nova Scotia
began in the late 1950s when it was used as a raw material for manufacturing
sodium alginate and “kelp” meal. Today, this seaweed is used as a source of a fer-
tilizer extract and as an animal feed supplement. It is the main economic resource
of the seaweed industry in the Maritime Provinces and of the country. Rock-
weed harvest in the region reached peak landings in 2007 and 2008 with just over
36,500 t, with 86% of the total landings corresponding to areas 3 and 6 (20,061
and 11,303 t, respectively) (Table 1). Although the total landings represent only
10.3% of the standing biomass (Table 1), the harvest in the region, with the
exception of NB, is considered to be in a fully exploited condition because only
2,118 ha or 42.7% of the resource is actually accessible (Table 1). The remaining
areas are either too exposed to the weather or waves, or the biomass density is too
low to be profitable for the harvesters and the industry. Thus, the harvest yield
varies between 13.6 and 20.5 t ha™? a™! in the accessible portion of the resource
(Table 1). Area 3 is the most productive and has maintained this yield level since
2001. It appears that all the currently harvested areas in NS have reached or are

Table 1. Total rockweed biomass and landings in the rockweed areas of Nova Scotia and New
Brunswick.

Area covered Standing stock Accessible area Landings 2008  Yield

Rockweed area (ha) (wet tons) (ha) (wet tons) (tha™)
1 35 998 35 500 14.3
2 93 9,031 47 844 18.0
3 1,073 91,758 977 20,061 20.5
4 677 42,125 229 3,839 16.8
5 1,250 50,000 0 0 0.0
6 1,832 158,811 830 11,303 13.6

Total 4,960 352,723 2,118 36,547
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very close to their maximum annual sustainable yield. Area 6 in NB could poten-
tially increase its yield as it is currently under a fixed exploitation rate of 17%
(Ugarte and Sharp, 2001).

2.2.1. Production, Productivity, and Carbon Fixation

Annual production values for A. nodosum for areas with different exposures to wave
action in the Maritimes were estimated by Cousens (1981, 1984). His P/B (Productiv-
ity/Biomass) values varied from 0.22 to 0.79. Considering these estimates and our
own observations of the distribution of the resource in the region, a P/B average
of 0.54 seems reasonable. Thus, based on summer estimates of biomass, the total
annual rockweed production for the region is 54,055 dry tons, equivalent to 20,000 t
of carbon annually. This production would require the net absorption of 73,284 t of
CO, from the environment each year (Table 2). Areas 6 and 3 obviously are contrib-
uting the bulk of the rockweed production and CO, absorption (Table 2). Our analy-
sis shows that the highest production is in area 2 in Saint Mary’s Bay with 561.5 g C
m~2a~!' and the lowest production is in area 5 (Eastern Shore) with 231.8 gCm™2a™!
(Table 2). The annual estimates of Ascophyllum productivity (232-562 g C m™ a™!)
observed in the Maritime Provinces are slightly below the range (300-894 g C m™
a~! 1) estimated for this species for the Northwest Atlantic (Mann, 1973; Brinkhuis,
1977; Cousens, 1981, 1984; Roman et al., 1990; Vadas et al., 2004). These earlier
studies considered the spring biomass, a time when the deciduous receptacles of A.
nodosum are most numerous and largest in size. Our results represent larger-scale
measurements and should serve as a base for future comparisons during summer.

Further, estimates of carbon sequestered in the standing biomass depend on
the composition of the seaweed at the time of harvest. First, the ratio of dry mass
to fresh biomass must be considered. Ascophyllum nodosum growing in regions of
significant currents and upwelling water are subjected to elevated nutrient levels,
which favor a low ratio of dry to live biomass. We encounter this routinely for
A. nodosum harvested from the lower Fundy region (area 6) when compared with
biomass from the open NS coastline (areas 3-5). However, embayments with low
flushing rates can suffer from reduced nutrient availability in the summer seawater
and this leads to elevated dry to live biomass ratios. We have used a 29% conver-
sion for areas 1-5 and 27.5% for area 6 (Table 2).

The composition of the 4. nodosum must be considered, as it is known to vary
significantly throughout the annual growth cycle. Analyses for A. nodosum provide
a range of values for the major components of the seaweed (Indergaard and
Minsaas, 1991). We have used an average of the values reported for the seaweed,
and computed the carbon content for each major component to arrive at the 37%
average overall carbon content for dry 4. nodosum. Because the seaweed harvests
occurred in summer, a period of major carbohydrate and dry matter accumulation,
the use of an average carbon content may slightly underestimate the quantity of net
carbon sequestered. In this regard, Vinogradov (1953; Table 10, p. 27) gives 37.99%
as the carbon content for A. nodosum.
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Table 2. Standing stock, production, and productivity values of Ascophyllum nodosum in the
Canadian Maritime Provinces.

Rockweed Area covered Standing stock Production  Productivity Productivity CO, conversion

area (ha) (dry tons) (dry tons a™") (tCa™) gCm?a™) (tCO,a™
1 35 484 262 97 276.5 355
2 93 2,619 1,414 523 561.5 1,917
3 1,073 26,610 14,369 5,317 495.5 19,481
4 677 12,216 6,597 2,441 360.5 8,944
5 1,250 14,500 7,830 2,897 231.8 10,615
6 1,832 43,673 23,583 8,726 476.3 31,973
Totals 4,960 100,102 54,055 20,000 2,402 73,284

Production values assume an average P/B = 0.54 for the Maritime Provinces (Cousens, 1981). A carbon content of 37% of
the seaweed dry mass was used in the calculations, and the total C x 3.664 gave the net amount of CO, assimilated.

2.3. CURRENT CONDITION OF THE RESOURCE

The rockweed resource of the Maritime Provinces has been observed and studied
for almost 80 years (MacFarlane, 1931-1932, 1952; Sharp, 1981; Cousens, 1981,
1982, 1984; Anget al., 1993, Ugarte et al., 2008). The condition of the resource was
considered stable until the early 2000s when changes started to become apparent.
Specifically, these changes have been in the form of bed damage due to unusual ice
patterns, increased abundance of Fucus vesiculosus, and massive mussel recruit-
ment in the intertidal zone.

2.4. ICE DAMAGE

Severe ice damage was observed in 2003 and 2004 in several harvesting sectors
from areas 1-4 in NS (Fig. 3). In 2000, the ice pattern in the Gulf of Saint Law-
rence Region began to change with a reduced period of ice cover during that
year, a drastic change after that, and a historically record low in 2006 (Fig. 4).
That change in ice cover corresponded well with an increase in the SST during
that period for SWNS, which, in turn, corresponded to the generally increased air
temperature in SWNS for the same period (Fig. 5). Rapid increases in air and SST
during the spring of 2003 and 2004 produced ice breakup into rather larger pieces
that scoured the intertidal zone. This scraping effect was exacerbated by early sea-
son southwest winds that normally arrive in late spring and pushed ice against the
shore. Several A. nodosum harvesting sectors exposed to the southwest wind were
considerably damaged, with some losing up to 90% of the available biomass.

Ice damage in the upper intertidal zone is a common phenomenon along the
Atlantic coast of NS that, on occasion, has resulted in considerable damage to the
intertidal zones of sites such as Saint Margaret Bay, near Halifax (McCook and
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Figure 4. Ice duration in the Gulf of Saint Lawrence Region, 1963-2007. Arrow indicates the lowest
ice duration in more than 4 decades (Data provided by Joel Chassé, DFO, Canada).
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Figure 5. Annual mean air temperature (solid line) observed for southwestern NS (Yarmouth station)
from 1970 to 2007 and winter (December—March) surface seawater temperatures (SST) (triangles)
observed for the same area in the early 1990s and from 2000 to 2007.
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Chapman, 1991). However, the magnitude of the damage observed for two
consecutive years in the ASL leases has not been observed before by the local
harvesters of southwestern NS, some of whom have harvested in this area for more
than 35 years (J. Brennan, 2004, personal communication). In fact, during the winter
of 2007-2008 and for the first time in living memory, the bays of south-western NS
did not freeze over (J. Brennan, 2008, personal communication; R. Ugarte, 2008,
personal observation).
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2.5. INCREASE OF FUCUS VESICULOSUS

Historically, the rockweed beds of southwestern Nova Scotia have been composed
of almost 99% A. nodosum, with a minor component of F. vesiculosus (G. Sharp,
2008, personal communication). The incidence of F. vesiculosus in the harvested
material has been extensively monitored by ASL since 2003, after observing a slight
increase from the previous two years. From an average incidence of 0.8% prior to
2003, it increased almost steadily each year to 4.6% in 2008 (approximately 500%
increase). Field surveys confirmed this trend for 2005-2007 (Fig. 6). The sectors
showing the highest incidence of F. vesiculosus were located mostly in protected
areas such as Lobster Bay and the inner sectors of Saint Mary’s Bay (Fig. 3).

It is tempting to attribute the increase in F. vesiculosus incidence to the har-
vest, especially since the total landings have steadily increased to a peak of over
36,500 t in 2008. However, the increased landings were the result of the opening
of new areas or leases rather than increased exploitation rates within the existing
harvesting areas. Some sectors in Lobster Bay (area 2) have been harvested at the
same exploitation rate or higher since the early 1970s (Sharp, 1986) with no
increased occurrence of F. vesiculosus until very recent years. The specially
designed rake used by the harvesters has been proved to cut only a portion of the
A. nodosum fronds without stripping the plants from the substratum (Ugarte and
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Figure 6. Incidence (percentage of biomass) of Fucus vesiculosus on rockweed (A. nodosum) landings
from ASL lease of southwestern NS from 2003 to 2008 and from field samples taken in the same loca-
tions from 2005 to 2007 (vertical bars are +2 SE).
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Sharp, 2001, Ugarte et al., 2006). The deliberate targeting of F. vesiculosus by the
harvesters also is unlikely, as it is lighter than 4. nodosum and, therefore, it is not
of economic benefit for them to harvest a Fucus—Ascophyllum mixture. Also,
F. vesiculosus is a fast growing seaweed; large plants can be observed in as little as
2 years after colonization of a disturbed or available “free space” in this region
(McCook and Chapman, 1991; R. Ugarte, 2005, personal observation). Therefore,
the increased incidence of F. vesiculosus appears to be related to a recent event or
physical factors. The ice damage occurring in the 2003 and 2004 season could be
a possible explanation for the increased amount of F. vesiculosus in the landings.
Though there was an increase in F. vesiculosus in certain denuded sectors, it was
not the case in all sectors; the highest incidence was observed in protected areas
with no occurrence of ice damage.

2.6. RECRUITMENT IN ASCOPHYLLUM NODOSUM BEDS

A heavy recruitment of the blue mussel Mytilus edulis on the lower part of the
rockweed beds was observed during the spring of 2005 in several harvesting sec-
tors of area 6 in southern NB (see Figs. 3 and 7). The mussels attached to the free
rocky substratum and to the rockweed clumps. As the mussels gain in weight, they

Figure 7. Massive recruitment of the blue mussel, Mytilus edulis, in the rocky intertidal zone, and on
A. nodosum in southern New Brunswick (location: Mc Graws Island in Letete, New Brunswick).
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prevent the normal flotation of the colonized clumps and consequently interfere
with the A. nodosum harvest. The excessive weight of the mussels also resulted in
the detachment of the affected plants from the substratum during the fall storms
of 2006. Losses of up to 30% of the rockweed biomass were observed in some of
the worst affected sectors as recorded in the 2007 survey.

Cold surface seawater temperatures in winter and spring in the Maritime
region appear to keep the spawning and recruitment of certain invertebrates
under some form of control (Lemaire et al., 2006). Although temperature is only
one abiotic factor controlling the recruitment of M. edulis (Dobretsov and Miron,
2001), the mild temperatures experienced in the springs of 2005 and 2006 appar-
ently favored, directly or indirectly, the rapid recruitment and survival of mussels
in the Passamaquoddy Bay area of NB. An inspection in June 2008 in Grand
Manan Island, an important rockweed harvesting area in southern NB, detected
another massive recruitment of blue mussels in the lower part of the intertidal
zone. The winter of 2008 was one of the mildest on record for NB.

3. Future Potential Impact of Rapid Climate Change in the Region

Analysis of Atmosphere-Ocean General Circulation Models (AOGCMs) predicts
that the average SST in the North Atlantic will increase by 2°C by 2060, and that
the impact is expected to be greater during the winter period (Chmura et al., 2005).
Although this increase is expected to significantly influence the distribution and
abundance of marine organisms in the Northwest Atlantic, the rockweed abun-
dance in the Maritime Provinces could in part benefit from an increase in SST,
especially the stocks along the Bay of Fundy where the average SSTs would increase
to around 14°C in summer. The southwestern and eastern shores of NS could
reach average summer temperatures of 16-17°C, and probably up to 20°C in shal-
low embayments. The predicted maxima are around or below the 25°C that limits
rockweed growth, and well below the lethal range of 27-28°C (Keser et al., 2005).
Currently, the vegetative growth of Ascophyllum is almost nil from December to
early March and increases by mid-March (R. Ugarte, 1999-2001, personal obser-
vation) in the Maritimes. Warmer water will promote an earlier growth season dur-
ing spring and possibly slow but continuous growth during the winter period.

However, an increase in temperature will also promote the growth of other
seaweeds with greater eurythermal capacity such as F. vesiculosus and similar
opportunistic species. If an increased water temperature is the factor behind the
current increase of F. vesiculosus in NS, then we should expect this trend to con-
tinue, with a potential Fucus/Ascophyllum mixture of up to 50% in some locations
by 2060. Although we lack historical information for the Fucus/Ascophyllum
proportions in NB, data collected during 2007 and 2008 by ASL showed that
F. vesiculosus in area 6 (Fig. 3) is around 6-7% of the total fucoid biomass, and
that rapid changes from Ascophyllum to Fucus have been observed in some sectors
of this area (Ugarte et al., 2008).
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Thus, it is probable that southern NB will also experience a significant increase
in F. vesiculosus during the next half century. Although it is only an anecdotal
observation, a shift in the fucoid composition from Ascophyllum to F. vesiculosus
has also been observed in Ireland and it has been associated with a shift in prevail-
ing wind patterns.

Invasive species are another potential problem associated with climate
change and the Canadian Maritimes certainly will be affected to some degree.
Grateloupia turuturu, a red seaweed native to Japan and Korea, has invaded the
coasts of New England (Mathieson et al., 2008). The temperature tolerance of this
species is 4-28°C (Simon et al., 1999, 2001) and a low SST has probably precluded
its further northern invasion into Canadian waters. However, an increase in SST
of 2° may well create a suitable habitat for such opportunistic species to develop
along the coastline of the Maritime Provinces.

Another invasive species, Codium fragile, has already become established in
the shallow subtidal and intertidal pools in areas 3 and 4 since the mid-1990s
(Chapman et al., 2002), but so far it has been unable to colonize the waters of the
Bay of Fundy due to the low summer SSTs. However, an increase in the SSTs may
allow this species to survive in shallow warmer embayments of the Fundy region
(Fig. 8 Photo. Raul Ugarte).

Figure 8. Codium fragile is commonly found in the subtidal zone and tide pools. We have also observed
it as an epiphyte on A. nodosum in southwestern NS.
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Another large change predicted by the AOGCMs models for the region by
2060 is a significant reduction of the ice season in the Gulf of Saint Lawrence
during the winter (Chmura et al., 2005), a trend that we are clearly observing
today (Ugarte et al., 2008). This trend will be even more dramatic in the shallow
bays of NS, which will probably remain ice free during winter. Although this situ-
ation seems favorable for Ascophyllum, the ice also serves as a thermal insulation
against sudden drops in air temperature (Scrosati and Eckersley, 2007) and as a
protective barrier from winter storms. According to Environment Canada, Nova
Scotia (along with Newfoundland and Labrador) has the highest storm frequency
during the winter and early spring of any region in Canada owing to its proximity
to the Gulf Stream. These storms can generate wave heights greater than 14 m,
and storm surges in excess of 1 m. The frequency and intensity of storms have
increased in the last decade in the Maritimes and this trend is expected to con-
tinue. Under this scenario, it is possible that a large percentage of rockweed bio-
mass along the southern and eastern shores (areas 3 to 5) of NS may be lost to
storm damage during the winter each year, with those in the most exposed area
being unable to recoup the lost biomass during the summer months.

Information continues to be collected on the rockweed biomass and their
associated flora in the Canadian Maritimes as part of the ASL harvesting respon-
sibilities and the Company’s environmental stewardship role. Such data are essen-
tial for understanding in detail the scale of changes occurring in this region, and
are required when long-term retrospective analyses are carried out in the future.
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1. GIS and Remote Sensing in a Nori Wrap

1.1. INTRODUCTION

In the face of global change, spatially explicit studies or meta-analyses of published
species data are much needed to understand the impact of the changing environment
on living organisms, for instance by modeling and mapping species’ distributional
shifts. A Nature Editorial (2008) recently discussed the need for spatially explicit
biological data, stating that the absence or inaccuracy of geographical coordinates
associated with every single sample prohibits, or at least jeopardizes, such studies
in any research field. In this chapter, we show how geographic techniques such as
remote sensing and applications based on geographic information systems (GIS)
are the key to document changes in marine benthic macroalgal communities.

Our aim is to introduce the evolution and basic principles of GIS and
remote sensing to the phycological community and demonstrate their application
in studies of marine macroalgae. Next, we review current geographical methods
and techniques showing specific advantages and difficulties in spatial seaweed
analyses. We conclude by demonstrating a remarkable lack of spatial data in sea-
weed studies to date and hence suggesting research priorities and new applica-
tions to gain more insight into global change-related seaweed issues.

1.2. THE (R)EVOLUTION OF SPATIAL INFORMATION

The need to share spatial information in a visual framework resulted in the creation
of maps as early as many thousands of years ago. For instance, an approximately
6,200-year-old fresco map covering the city and a nearby erupting volcano was
found in Catal HOylk, Anatolia (Turkey). Dating back even further, the animals,
dots, and lines on the Lascaux cave walls (France) are thought to represent animal
migration routes and star groups, some 15,000 years ago. Throughout written
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history, there has been a steady increase in both demand for and quality (i.e., the
extent and amount of detail) of maps, concurrent with the ability to travel and
observe one’s position on earth. Like many aspects in written and graphic history,
however, a revolutionary expansion took place with the introduction of (personal)
computers. This new technology allowed to store maps (or any graphics) and addi-
tional information on certain map features in a digital format using an associated
relational database (attribute information). It is important to note that the creation of
GIS is not a goal in itself; instead, GIS are tools that facilitate spatial data man-
agement and analysis. For instance, a Nori farmer may wonder how to quantify
the influence of water quality and boat traffic on the yields (the defined goals),
and use GIS as tools to create and store maps and (remotely sensed) images, and
perform spatial analyses to achieve these goals (Fig. 1).

At least 30,000! publications dating back to 1972 involve GIS (Amsterdam
et al., 1972), according to ISI Web of Knowledge.>? However, 12 years went by

table linked to polygon shape 2=

tables linked to point shapes =

multispectral
pixel value| spectral signature

Figure 1. Schematic overview of GIS data file types and remote sensing of a Nori farm in Tokyo Bay,
Japan.

'This number is based on the search term “geographic information system.” The search term ‘GIS’
yielded 32706 records, but an unknown number of these, including the records prior to 1972, concern
other meanings of the same acronym.

2All online database counts and records mentioned throughout this chapter, including ISI Web of
Knowledge, OBIS, and Algaebase records, refer to the status on 1 July 2008.
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before the first use of GIS in the coastal or marine realm was published (Ader,
1982), and since then only a meager 2,257 have followed.

Parallel to the evolution of mapping and GIS, the need to observe objects
without being in physical contact with the target, remote sensing has played an
important role in spatial information throughout history. In its earliest forms, it
might have involved looking from a cliff to gain an overview of migration
routes or cities. However, three revolutions have shaped the modern concept of
remote sensing. Halfway through the nineteenth century, the development of
(balloon) flight and photography allowed one to make permanent images at a
higher altitude (with the scale depending on the altitude and zoom lens) and at
many more times or places than were previously feasible, making remote
sensing a valuable data acquisition technique in mapping. Halfway in the twen-
tieth century, satellites were developed for Earth observation, allowing
one to expand ground coverage. At the end of the twentieth century, the ability
to digitally record images through the use of (multiple) CCD and CMOS
sensors quickly enhanced the abilities to import and edit remote sensing data in
GIS. Two kinds of remote sensing have been developed. Active remote sensing
involves the emission of signals with known properties, to analyze the reflection
and backscatter, with RADAR (RAdio Detecting And Ranging) as the most
widespread and best-known application. Passive remote sensing means recording
radiation emitted or reflected by distant objects, and most often the reflection
of sunlight by objects is investigated. This chapter will only cover passive remote
sensing and laser-induced active remote sensing, as sound-based active sensing
(RADAR, SONAR) is limited to (3D) geomorphological and topographical
studies, rather than distinguishing benthic communities and their relevant
oceanographic variables.

The first remote sensing applications are almost a decade older than the first
GIS publications (Bailey, 1963), and the first coastal or marine use of remote
sensing appeared only few years later, starting with oceanographical applications
(Polcyn and Sattinger, 1969; Stang, 1969) and followed by mapping efforts (Egan
and Hair, 1971). However, out of roughly 98,500 remote sensing records in ISI
Web of Knowledge, little less than 8,500 cover coastal or marine topics.

1.3. SPATIAL DATA TYPES

Analogous to manually drawn hardcopy maps, digitized maps (hardcopies trans-
ferred to computers) or computer-designed maps most often consist of three types
of geometrical features expressed as vectors (Fig. 1): zero-dimensional points,
one-dimensional lines, and two-dimensional polygons. For instance, a point could
represent a tethered Nori platform in a bay, linked to a database containing quan-
titative fields (temperature, nutrients, salinity, biomass, number of active harvest-
ing boats), Boolean fields (presence/absence of several species), and categorical
fields (owner’s name, quality level label). In turn, polygons encompassing several
of these points may depict farms, regions, or jurisdictions. Lines could either
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intersect these polygons (in case of isobaths) or border them (in case of coastal
structures). Vector maps and their associated databases are easy to edit, scale,
reproject, and query while maintaining a limited file size.

The raster data type (Fig. 1), also called grid or image data in which all
remote sensing data come, differs greatly from vector map data. Each image
(whether analogously acquired and subsequently scanned, directly digitally
acquired, or computer-generated) is composed of x-columns times y-rows with
square pixels (or cells) as the smallest unit. Each pixel is characterized by a certain
spatial resolution (the spatial extent of a pixel side), typically ranging from 1 to
1,000 m, and an intensity (z-value). The radiometric resolution refers to the
number of different intensities distinguished by a sensor, typically ranging from 8
bits (256) to 32 bits (4.3%x10°). In modern remote sensing platforms, different
parts (called bands) of the incident electromagnetic spectrum are often recorded
by different sensors in an array. In this case, a given scene (an image with a given
length and width, the latter also termed swath, determined by the focal length and
flight altitude) consists of several raster layers with the same resolution and
extent, each resulting from a different sensor. The amount of sensors thus deter-
mines the spectral resolution. A “vertical” profile of a pixel or group of pixels
through the different bands superimposed as layers results in a spectral signature
for the given pixel(s). The spectral signature can thus be visualized as a graph
plotting radiometric intensity or pixel value against band number (Fig. 1). The
term multispectral is used for up to ten sensors (bands), whereas hyperspectral
means the presence of ten to hundreds of sensors. Some authors propose the term
superspectral, referring to the presence of 10-100 sensors, and reserve hyperspec-
tral for more than 100 sensors. Temporal resolution indicates the coverage of a
given site by a satellite in time, i.e., the time between two overpasses. In the Nori
farm example, one or more satellite images might be used as background layers
in GIS (Fig. 1) to digitize farms and the surroundings (based on large-scale
imagery in a geographic sense, i.e., with a high spatial resolution) or to detect cor-
relations with sites and oceanographical conditions (based on small-scale imagery
in a geographic sense, i.e., with a low spatial resolution).

An important aspect in GIS and remote sensing is georeferencing. By indi-
cating a limited number of tie points or ground control points (GCPs) for which
geographical coordinates have been measured in the field or for which coordinates
are known by the use of maps, coordinates for any location on a computer-loaded
map can be calculated in seconds and subsequently instantly displayed. Almost
coincidentally with GIS evolution, portable satellite-based navigation devices
(Global Positioning System, GPS) have greatly facilitated accurate measurements
and storage of geographical coordinates of points of interest. In the current
example, a nautical chart overlaid with the satellite images covering the Nori
farms might be used as the source to select GCPs (master—slave georeferencing),
or alternatively, field-measured coordinates of rocky outcrops, roads, and human
constructions along the coast, serving as GCPs recognizable on the (large-scale)
satellite images, might be used for direct georeferencing (Fig. 1).
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2. GIS and Remote Sensing: Phycological Applications

2.1. GEOREFERENCING SPECIMENS

Acquiring GPS coordinates has become self-evident, with handheld GPS devices
nowadays fitting within any budget, provided that accuracy requirements are not
smaller than 10-15 m. Devices capable of handling publicly available differential
correction signals like Wide Area Augmentation System (WAAS, covering North
America), European Geostationary Navigation Overlay Service (EGNOS, covering
Europe), and equivalent systems in Japan and India are slightly more expensive but
offer accuracies between 1 and 10 m. However, accuracies are almost always found
to be better in practice, especially in phycological field studies where the device
would mostly be used in areas free from trees and mountains. However, field workers
attempting to log shallow dives and snorkel tracks using GPS should make sure to
mount the device well clear from the water, as even a single splashing wave can hamper
signal reception. Accuracies within 1 m can be obtained with commercial differ-
ential GPS systems, although this increases the cost and reduces mobility of field
workers as a large portable station needs to be carried along, hence restricting use
on water to larger boats. However, logging GPS coordinates does not eliminate the
need for textual location information, preferably using official names or transcrip-
tions as featured on maps, and using a hierarchical format going from more to less
inclusive entities (cf. GenBank locality information; NCBI, 2008). This is vital to
allow for error checking (see further). Several authors have recently independently
and unambiguously stated that a lack of geographic coordinates linked to each
recently and future sampled specimen can no longer be excused (Nature Editorial,
2008; Kidd and Ritchie, 2006; Kozak et al., 2008). Moreover, recommendations
were made to require a standardized and publicly available deposition of spatial
meta-information on all used samples accompanying each publication, including
nonspatially oriented studies. This idea is analogous to most journals requiring gene
sequences to be deposited in GenBank, whenever they are mentioned in a publication
(Nature Editorial, 2008). For instance, the Barcode of Life project, aiming at
the collection and use of short, standardized gene regions in species identifications,
already requires specimen coordinates to be deposited for each sequence in its online
workbench (Ratnasingham and Hebert, 2007).

Adding coordinates to the existing collection databases can be a lot more
challenging and time-consuming. At best, a locality description string in a certain
format is already provided. In that case, gazetteers can be used to retrieve geo-
graphic coordinates. However, many coastal collections are made on remote
localities without specific names, such as a series of small bays between two dis-
tant cities. Efforts have been made to develop software (e.g., GEOLocate; Rios
and Bart, 1997) combining the use of gazetteers and civilian GPS databases to
cope with information such as road names and distances from cities. Unfortunately,
most of the existing automation efforts are specifically designed for terrestrial
collection databases, lacking proper maritime names, boundaries, and functions.
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For instance, the software should allow specimens to be located at a certain dis-
tance from the shoreline. For relatively small collections, coordinates can also be
manually obtained by identifying landmarks described in the locality fields or
known by experienced field workers using Google Earth, a free GIS visualization
tool with high to very high resolution satellite coverage of the entire globe (avail-
able online at http://earth.google.com). However, manually adding specimen
coordinates to database records does increase the chance of errors in the coordi-
nates when compared with automatically retrieving and adding coordinates.

Quality control of specimen coordinates is crucial. GIS allow for overlaying
collection data with administrative boundary maps such as Exclusive Economic
Zone (EEZ) boundaries, and comparing respective attribute tables to check for
implausible locations. A common error, for instance, involves an erroneous posi-
tive or negative sign to a coordinate pair, resulting in locations on the wrong
hemisphere, on land, or in open ocean. Additionally, when used in niche modeling
studies (see Section 2.3), sample localities should be overlaid with raster environ-
mental variable maps, to check if samples are not located on masked-out land due
to the often coarse raster resolution.

2.2. REMOTE SENSING

In documenting the consequences of global change, it is crucial to repeatedly and
automatically obtain baseline thematic and change detection maps of (commer-
cially or ecologically critical) seaweed beds. It has long been acknowledged that
remote sensing is an ideal technique to overcome numerous problems in mapping
and monitoring seaweed assemblages (Belsher et al., 1985). Accessibility of sea-
weed-dominated areas can be an issue if the location is remote, and the exploration
of rocky intertidal shores can be hard or even hazardous. More importantly, most
benthic marine macroalgal assemblages are permanently submerged, restricting
their exploration to SCUBA techniques. Thus, mapping and monitoring extensive
stretches on a regular basis is very time- and resource-consuming when using in
situ techniques only. This section provides an overview of different remote sensing
approaches, without providing procedural information. For hands-on information on
image processing techniques, see Green et al. (2000).

From a technical point of view, airborne remote sensing would seem most
appropriate for seaweed mapping (Theriault et al., 2006; Gagnon et al., 2008).
Light fixed-wing aircrafts are relatively easy to deploy, and sensors mounted on a
light aircraft flying at low to moderate altitudes (1,000-4,000 m) will typically
yield data sets with a very high spatial and spectral resolution. For instance, the
Compact Airborne Spectrographic Imager can resolve features measuring only
0.25 X 0.25 m in up to 288 bands programmable between 400 and 1,050 nm in the
visible and near-infrared (VNIR) light depending on the study object character-
istics. Additionally, the low acquisition altitude can result in a negligible atmos-
pheric influence. However, light aircraft are generally not equipped with advanced
autopilot capabilities and are sensitive to winds and turbulence. It takes considerable
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time and effort to geometrically correct images acquired from such an unstable
platform. Altitude differences combined with roll and pitch (aircraft rotations
around its two horizontal axes) all result in different ground pixel dimensions.
Moreover, low altitude acquisitions result in a limited swath, increasing both
acquisition time (and hence expense) through the use of multiple flight transects
and processing time to geometrically correct and concatenate the different scenes.
Alternatively, a more advanced (and hence more expensive) and stable aircraft
can acquire imagery at higher altitudes covering larger areas, but this is at the cost
of spatial resolution and atmospheric influence.

Overall, atmospheric and weather conditions play an important role in aerial
seaweed studies, as the aircraft and the airborne and ground crew must be
financed over an entire standby period in areas with unstable weather conditions
(quite typical for coastal areas), as the weather conditions at the exact moment of
acquisition cannot be forecasted long enough in advance during the planning
stage of the campaign.

In contrast, satellites are more stable platforms that can cover much larger
areas in one scene daily to biweekly, making these ideal monitoring resources
(Tables 1 and 2). However, satellite-based studies of seaweed assemblages were suf-
fering from a lack of spatial resolution until the late 1990s. Typically, seaweed assem-
blages are very heterogeneous due to the morphology of rocky substrates,
characterized by many differences in exposure to light, temperature fluctuations,
waves, grazers, and nutrients on a small area. These differences result in many micro-
climates and niches, creating patchy assemblages in the scale of several meters to less
than a meter, while no satellite sensor resolved features less than 15 m until 2000.
From that year onwards, very high resolution sensors were developed and made
commercially available (Table 1), allowing for detailed subtidal seaweed mapping
and quantification studies in clear coastal waters (e.g., Andréfouét et al., 2004).

With the availability of more advanced sensors in the twenty-first century, a
trade-off between spatial and spectral resolution became apparent (Fig. 2) — an
issue of particular relevance to seaweed studies. The trade-off situation evolved
because of computer processing power and data storage capacity limitations at
the time of sensor development — often 5 years prior to launch followed by another
5 years of operation. This is a long time in terms of Moore’s law (Moore, 1965),
describing the pace at which computer processing power doubles. These historical
limitations dictated a choice between a high spatial resolution and a high spectral
resolution in current sensors, but not both, whereas seaweed studies would arguably
benefit from both. While the main macroalgal classes (red, green, and brown sea-
weeds) are theoretically spectrally separable from each other as well as from coral
and seagrass in three bands, this is not the case on a generic level. Additionally,
information from seaweeds at below 5-10 m depth can only be retrieved from blue
and green bands owing to attenuation of red and NIR in the water column. Hence,
several blue and green bands can increase thematic resolution and the resulting
classification accuracies, and this is of particular value in turbid waters, character-
istic of many coastal stretches. By contrast, the absence of a blue band combined
with only one green band (see several sensors in Tables 1 and 2) prevents spectral
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Table 2. Current and future space-borne remote sensors apt for seaweed mapping and monitoring:
operational and quality remarks.

Sensor Platform Remarks

ETM+ Landsat 7 Highest quality earth observation data: calibration
within 5%; Scenes flawed with 25% gaps since 2003
failure

ASTER TERRA Lack of blue band limits the use to intertidal and
surfacing/floating seaweeds; VNIR cross track 24°
off-nadir and NIR backward looking capability for
stereo 3D imaging

- IKONOS Cross track 60° and along-track off-nadir capability
for stereo 3D imaging

ALI EOl ALI is a technology verification instrument. EO-1

Hyperion EOl follows same orbit as Landsat 7 by about 1 min to
benefit from Landsat 7’s high quality calibration.
EO-1 has cross-track off-nadir capability

- Quickbird Cross and along-track 30° off-nadir capability for
stereo 3D imaging

CHRIS PROBA Technology verification instrument; Along track
+55° off-nadir capability for stereo 3D imaging

HRG SPOT 5 Lack of blue band limits the use to intertidal and
surfacing/floating seaweeds

LISS 3-4 IRS-P6 (ResourceSat-1) Lack of blue band cf. SPOT 5; 26° off-nadir capability
for stereo 3D imaging

- FORMOSAT-2 Cross and along-track 45° off-nadir capability for
stereo 3D imaging

- KOMPSAT-2 (= Arirang-2)  Cross-track 30° off-nadir capability

AVNIR-2 ALOS 44° off-nadir capability; Panchromatic stereo 3D
imaging

- WorldView-1 Cross-track 45° off-nadir capability; lack of multi-
spectral information limits use to texture analysis

- WorldView-2 Successor for WV-1; Cross-track 40° off-nadir
capability

- PLEIADES-HR1-2 Planned successor in SPOT series; capable of steering
30° off-track and viewing 43° off-nadir

OLI LDCM Planned successor in Landsat series

discrimination of submerged seaweeds altogether and confined early remote sens-
ing studies on seaweeds to the intertidal range (Guillaumont et al., 1993). Besides
the intertidal, NIR bands are useful (in combination with red) to discriminate
surfacing or floating seaweeds, and allow one to discern decomposing macroalgae,
as NIR reflection decreases with decreasing chlorophyll densities (Guillaumont
et al., 1997).

From Fig. 2, it should be noted that two high spatial resolution spectral
imaging sensors have been developed recently, Hyperion (onboard EO-1) and
CHRIS (onboard PROBA), with a spectral resolution approaching that of air-
borne sensors, hence forming an exception on the historical trade-off. Ongoing
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Figure 2. Trade-off between Log spectral resolution plotted against Log VNIR or pan-sharpened (where
available) spatial resolution in current and future satellite sensors. All sensors are space-borne, except for
the airborne CASI sensor, shown here for comparison. We consider sensors featuring a spatial resolution
between 0 and 50 m and a spectral resolution above 50 bands in the visible and NIR spectrum of high value
for seaweed mapping and monitoring (upper right quadrant). We therefore recommend future satellite
sensor developments toward the CASI position, but note the position of the planned earth observation
missions LDCM, Worldview-2, and Pleiades along the current trade-off situation (see Sections on
2.2 and 3.3). Current sensors; future sensors; current sensors forming an exception to the general trade-off
situation between spectral and spatial resolution in satellite sensors (/ine).

research by the first author of this chapter suggests that CHRIS imagery can be
used to map and monitor benthic communities in turbid waters at the south coast
of Oman (Arabian Sea). Intertidal green, brown, and red seaweeds as well as
submerged mixed seaweed beds, coral, and drifting decomposing seaweeds were
discerned with reasonable accuracy during both monsoon seasons.

2.3. DISTRIBUTION AND NICHE MODELING

For centuries, biogeographical patterns have been studied in a descriptive way by
delineating provinces and regions based on the presence of observed species and
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degrees of endemism, rather than quantifying and explaining these patterns based
on environmental variables (Adey and Steneck, 2001). The question as to which
environmental variables best explain seaweed species’ niches and distributions is,
however, one of the most important in global change research. Biogeographical
models based on these variables could allow for predicting range shifts and direct-
ing field work to discover unknown seaweed species and communities.

It is widely recognized that temperature is a major forcing environmental vari-
able for coastal macrobenthic communities, in general, and seaweeds, in particular.
Temperature plays a significant role in biochemical processes, and generally species
have evolved to tolerate only a (small) portion of the entire range of temperatures
in coastal waters. Thus, it is evident that sea surface temperature (SST, often used
as a proxy for water column temperature in shallow coastal waters) plays a promi-
nent role in seaweed niche distribution models. Furthermore,while temperature is
often measured in a time-averaged manner (daily, monthly, yearly), it is important
to note that the timing of seasons differs globally (even within hemispheres due to
seasonal upwelling phenomena). As some seaweed species or specific life cycles are
limited by maximum and others by minimum temperatures, it is obviously essential
to base models on biologically more relevant maximum, minimum, and related
derived variables rather than on raw time-averaged measurements.

van den Hoek et al. (1990) gave an overview of how generalized or annual
temperature isotherm maps could be used to explain the geographic distribution
of seaweed species in the context of global change.

Adey and Steneck (2001) later described a quantitative model based on the
maximum and minimum temperatures as the main variables, combined with area
and isolation, to explain coastal benthic macroalgal species distributions. Additionally,
their thermogeographic model was integrated over time as they incorporated tem-
peratures from glacial maxima, allowing biogeographical regions to dynamically
shift in response to two historical stable states of temperature regimes (glacial
maxima and interglacials). In this respect, their study is of significant value in global
change research, although their graphic model outputs were not based on GIS and
not straightforward to interpret. Moreover, using analogous or vector isothermal
SST maps, both studies suffered from a lack of resolution in SST input data, conse-
quently compromising the resolution and accuracy of the model outputs.

Recently, two major studies demonstrated how seaweed distribution models
can benefit greatly from the extensive and free availability of environmental
variables on a global scale through the use of satellite data. These data are not
only geographically explicit and readily usable in GIS, but also provide much
more accuracy than isotherm maps due to their continuity. Schils and Wilson
(2006) used Aqua/MODIS 3-monthly averaged SST data in an effort to explain
an abrupt macroalgal turnover around the Arabian Peninsula. Their results
pointed to a threshold of 28°C, defined by the average of the three warmest sea-
sons, explaining diversity patterns of the seaweed floras across the entire Indian
Ocean. They stressed that a single environmental factor can thus dominate the
effect of other potentially interacting and complex variables. On the other hand,
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Table 3. Current and future environmental variables retrievable from satellite data on a global scale.

Variable Source Resolution Available
Sea Surface Terra/MODIS 4 km (2 arcmin) 2000-...
Temperature (SST)
Chlorophyll-a (Chl) SeaWiFS 9 km (5 arcmin) 1997-...
Aqua/MODIS 4 km (2 arcmin) 2002—...
Photosynthetically SeaWiFS 9 km (5 arcmin) 1997-...
active Radiation (PAR)
Euphotic Depth Aqua/MODIS 4 km (2 arcmin) 2007-...
Surface winds QuikSCAT/SeaWinds Scatterometer 110 km (1 arcdegree)
Bathymetry Various sources, assembled in 4 km (2 arcmin)
ETOPO2
Salinity SMOS 40 km 2009-...
Aquarius/SAC-D 100 km 2010-...

Graham et al. (2007) took several other variables in consideration to build a global
model predicting the distribution of deepwater kelps. Their study was essentially
a 3D mapping effort to translate the fundamental niche of kelp species, as determined
by ecophysiological experiments, from environmental space into geographical
space, based on global bathymetry, photosynthetically active radiation (PAR),
optical depth, and thermocline depth stored in GIS. The latter was based on the
interpolation of vertical profiles, whereas the former three variables were derived
from satellite data sets (Table 3).

The latest development in distribution modeling approaches concerns sev-
eral Species’ Distribution Modeling (SDM) algorithms, also termed Ecological
Niche Modeling (ENM), Bioclimatic Envelope Modeling (BEM), or Habitat
Suitability Mapping (HSM). While the names are often mixed in the same con-
text, a slight difference in meaning exists: the latter three are mostly based on
presence-only data and predict the distribution of niches rather than actual spe-
cies distributions, whereas the former involves presence/absence of input data and
allows accurately predicting and verifying actual species distributions. Many dif-
ferent algorithms and software implementations exist (Maxent, GARP, ENFA,
BioClim, GLM, GAD, BRT, but see Elith et al. (2006) for a review), but two
fundamental properties are combined in these techniques, clearly separating them
from the studies described earlier, which showed at most one of these properties.
First, input data are a combination of a vector point file, representing georeferenced
field observations of a species (as opposed to ecophysiological experimental
data), on the one hand, and climatic variables stored in a raster GIS, on the other
hand. The modeling algorithms then read the data out of GIS and use statistical
functions to calculate the realized niche (as opposed to the fundamental niche;
Hutchinson, 1957) in environmental space, subsequently projecting the niche
back into geographical space in GIS. Second, instead of a binary identification of
suitable and unsuitable areas, ENM output is a continuous probability distribution,
which makes more sense from a biological point of view. Continuous probability
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maps may then be converted to binary maps using arbitrary thresholds.
Additionally, ENM algorithms typically use several statistics to pinpoint the most
important environmental variable in terms of model explanation, giving its per-
cent contribution to the model output. Also, response curves can be calculated for
the different variables, defining the niche optima.

However, care must be taken to restrict model input to uncorrelated environ-
mental variables to obtain valid results. With a growing availability of (global,
gridded) environmental data sets, which are often correlated or redundant, a data
reduction strategy should be considered. One may perform a species—environment
correlation analysis or ordination to make a first selection of relevant variables
and perform a subsequent Pearson correlation test between environmental vari-
ables to get rid of redundant information. Alternatively, spatial principal compo-
nent analysis (PCA) may be performed to obtain uncorrelated variables, using
PCA components as input variables (Verbruggen et al., 2009), although the resulting
variable contributions and response curves might be hard to calculate back to
original variables.

Pauly et al. (2009) applied ENM using Maxent (Phillips et al., 2006) to gain
insight into worldwide blooms of the siphonous green alga Trichosolen grow-
ing on physically damaged coral (Fig. 3). A correlation analysis was applied to
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Figure 3. (a) A Pseudobryopsis/ Trichosolen (PT) bloom on physically damaged coral. (b) Worldwide
occurrence points of PT on coral. (¢) Environmental grids used for model training in Maxent.
(d) Relative importance of each variable in the model as identified by the algorithm. (e) Response
curve of PT to the average of the three warmest months. (f) Binary habitat suitability map for PT.
The gray (blue) shade represents suitable environment, whereas the dark (red) shade along the coast
delineates bloom risk areas.
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identify the two least correlated biologically meaningful variables derrived from
SST and Chl (based on monthly data sets), adequately describing the position
and extent of the distribution in environmental space. The model delineated the
potential global distribution of Trichosolen occurring on coral based on a 95%
training confidence threshold, including areas where the bloom had previously
occurred. This allowed identifying areas with a high potential risk for future
blooms based on environmental response curves. For instance, the response
curve for the average of the three warmest months (included as a variable based
on the conclusions of Schils and Wilson (2006)) shows that Trichosolen popula-
tions are only viable above 22°C, but only environments above 28°C are likely to
sustain blooms.

3. Future Directions and Research Priorities

3.1. THE QUEST FOR SPATIAL DATA IN SEAWEED BIOLOGY

In its simplest form, “spatially explicit” seaweed data would refer to the availability
of georeferenced species occurrences. While we discussed the practice of georefer-
encing and dissemination of spatially explicit seaweed data in depth in the second
section of this chapter, we briefly show a couple of examples to demonstrate the
dramatic state of the current availability of this information. For instance, looking
at a random Nori species, Porphyra yezoensis Ueda, AlgaeBase (Guiry and Guiry,
2008) mentions 13 references to occurrence records throughout the northern hemi-
sphere. However, the Ocean Biogeographic Information System (OBIS, an online
integration of marine systematic and ecological information systems; Costello
et al., 2007) contains no P. yezoensis records. Another random example, the sipho-
nous (sub)tropical green alga Codium arabicum Kiitzing illustrates this further: out
of 55 direct or indirect occurrence references in Algaebase, 17 are georeferenced in
OBIS. However, two of the specimens wrongly have zero longitudes, hence locating
the records some 400 km inland from the coast of Ghana, instead of at the Indian
coast. Five out of the 17 are recorded to no better than 0.1° in both longitude and
latitude, making their position uncertain within up to 120 km?. Fifteen out of the
17 make no mention of the collector’s name or publication, preventing to check
the integrity of the identification. Eleven lack subcountry level locality name infor-
mation, and none mention substate locality names, making it impossible to verify
geographical coordinates through the use of gazetteers.

If the amount of coastal or marine publications using GIS, mapping, or
remote sensing can be called minimal, averaging 8% of the total publications using
these geographic techniques as previously shown, the proportion of these records
mentioning seaweeds or macroalgae is statistically speaking barely existing, attain-
ing 0.5-1% of the spatial marine studies. Studies investigating the other two best-
known benthic marine communities, coral (reefs) and seagrasses, constitute up to
10%, while the remainder covers (in no particular order) mangroves and other
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supratidal coastal communities and structures, coastal or marine topography, and
geomorphology or nautical issues. Some of the reasons accounting for this dispro-
portion are obvious: for a start, relatively few investigate seaweeds. However, out of
12,074 studies mentioning seaweeds or macroalgae in IST Web of Knowledge, a
potential 7,279 in the fields of ecology, biogeography, phylogeography, or ecophysi-
ology could benefit from some sort of spatial explicit information, while only 177
(2.5%) actually mention to do so in their title, abstract, or keywords. Other prob-
lems concern the nature of seaweed communities: while coral reefs and seagrass
meadows usually form large and relatively homogeneous assemblages, seaweeds are
spatially and spectrally very heterogeneous. This is particularly difficult to cope
with in remote sensing studies, already challenged by the properties of the water
column in comparison with terrestrial vegetation studies.

3.2. GEOREFERENCING SPECIMENS

Sections 1.4 and 2.1 demonstrate the need to prioritize the standardization of dis-
seminating and linking geographical seaweed specimen information. Investigating
the consequences of global change requires the availability of correct and complete
global data sets. Therefore, we support the requirement of the dissemination of
sample coordinates not only from geographically oriented studies, but from every
study using in situ sampled seaweeds, to allow for informative and accurate meta-
analyses. Coordinate pairs should be deposited in already existing global biodi-
versity databases such as OBIS, but minimal geographic accuracy and complete
specimen information including collector’s name should be required to allow vig-
orous quality control. The use of global biodiversity databases as a main deposit-
ing center for specimen coordinates rather than dedicated seaweed databases also
opens perspectives to investigate potential correlations between seaweed and fau-
nal distribution shifts in response to global change. However, it should also be
investigated how general geographical biodiversity databases such as OBIS could
be related to and synchronized with specific databases such as Algaebase and
GenBank to optimize the dissemination of all kinds of specimen information.

3.3. REMOTE SENSING

No significant time gap exists between the development and deployment of air-
borne sensors; due to an optimal use of the most recent technologies, airborne
sensors thus represent the best technical characteristics desirable for seaweed
mapping to date. As time goes on, the most recent satellite sensors can benefit
from the evolution in technologies to more closely resemble the properties of
airborne sensors. Vahtmaie et al. (2006) used a simulation study to demonstrate
that submerged seaweeds in turbid coastal waters could well be mapped using
hyperspectral satellite sensors like CHRIS and Hyperion, featuring 10 nm wide
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bands in the visual wavelengths. However, they also postulated a signal-to-noise
ratio of 1,000:1, an image quality not met by these existing sensors. It is thus
vital that similar new hyperspectral, very high resolution satellite sensors should
be developed for seaweed mapping and monitoring in the framework of global
change research. However, Fig. 2 shows that planned sensors for the next 3 years
follow the historical trade-off toward multispectral very high resolution systems.
Nowadays, this seems to be motivated by two elements: the huge thrust for coral
reef research, in which macroalgae are often lumped into one or few functional
classes and spatial resolution is considered more important than spectral resolu-
tion, and disaster event monitoring, focusing on a near-one day site revisiting time
through the use of extensive off-nadir or off-track pointing capabilities (Table 2).
The latter technique also generates huge amounts of data, adding a new dimen-
sion to the historical trade-off situation: current data storage capacities allow for
two image characteristics out of three (spectral, spatial, and temporal resolution)
to be optimized, but not all three. Unfortunately, no significant thrust seems to
exist to develop sensors ideally suitable for large-scale algal mapping and moni-
toring to date, explaining the characteristics of the missions in development. As a
means to deal with the lack of very high resolution hyperspectral imagery, efforts
have been made to combine the information from several sensors with different
characteristics into one data set. This is analogous to pan-sharpening techniques,
which use the high spatial detail of a panchromatic band to spatially enhance the
multispectral imagery from the same sensor (see also Fig. 2). Although useful in
current conditions, we suspect these techniques to become less important as more
advanced sensors would be developed, since processing information from one sen-
sor evidently is less time- and resource-consuming and more accurate than using
multisensor information.

Light-based active remote sensing involves the emission of laser pulses with
a known frequency and subsequently detecting fluorescence in certain wave-
lengths. Kieleck et al. (2001) proved this technique to be successful in discerning
submerged green, brown, and red seaweeds in lab conditions. Mazel et al. (2003)
used a similar prototype in-water laser multispectral fluorescence imaging system
to map different coral reef bottom structures, including macroalgae, on a 1-cm
resolution. Airborne laser imaging has been used extensively to provide very high
resolution imagery in terrestrial applications such as forestry. In the marine
realm, its applications are mostly limited to in-water (boat-mounted) transect
mapping strategies, although further research to develop aerial systems could
prove useful to obtain very high resolution imagery of individual seaweed patches,
e.g., to map the spreading of macroalgae on coral reefs.

3.4. DISTRIBUTION AND NICHE MODELING
Presence-only data are mostly inherent to seaweed niche distribution modeling

due to sampling locality bias (caused by difficulty of coastal and submerged
terrain access), small sizes, or seasonally microscopic life stages of seaweed species or
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cryptic species. Under the title of Species’ Distribution Modeling, Pearson (2007)
published a general manual including (presence-only) niche modeling, mostly
based on Maxent. However, the manual is based on terrestrial experiences, as
niche modeling algorithms have rarely been applied to seaweed distribution to
date, and some issues characteristic of marine benthic niche modeling are not
elaborated. For instance, there are more global environmental GIS data available
for the terrestrial realm when compared with the marine environment. Table 3 lists
marine environmental variables currently available from global satellite imagery,
along with data that will become available in the near future. Especially, globally
gridded salinity data are lacking to date. Other variable data sets (pH, nutrients,
salinity, turbidity, etc.) may also be compiled from the interpolation of in situ
data, e.g., from the Worldwide Ocean Optics Database (Freeman et al., 2006) or
the World Ocean Database (NOAA, 2008). These data, consisting of vertical pro-
files, can be advantageous for 3D modeling, but the interpolation techniques nec-
essary to obtain gridded maps may be challenging. Furthermore, global change
climate extrapolations resulted in the production of global gridded maps of envi-
ronmental variables for future scenarios in the terrestrial realm, but similar data
for the marine realm are not yet available. The projection of calculated niches
on future distributions can greatly enhance our understanding of global change
consequences, and it is therefore crucial that future research is aimed at compos-
ing similar gridded maps of future scenarios for marine environmental variables.
More research should also be aimed at setting model parameters to account for
spatial autocorrelation and clustering of species occurrence data. Finally, model
validation and output comparison statistics are under scrutiny in recent literature
(e.g., Peterson et al., 2008), and more research is needed to agree on the best
statistics suitable for marine data.

Modeling on a local scale allows for including high-resolution environmental
variables that are not available for the entire globe. This is particularly the case
where environmental variables not available from satellite data have been meas-
ured in situ and can be interpolated locally. In other cases, one or several (very)
high resolution satellite scenes can be used to provide substrate data, not relevant
on a global scale with 1-km gridded environmental variables. For instance, De
Oliveira et al. (2006) included substrate, flooding frequency, and wave exposure to
model the distribution of several intertidal and shallow subtidal brown seaweeds
along a 20 km coastal stretch in Brittany, France. Thus, it can be expected that
multiscale modeling approaches will gain importance in the near future.

While human-induced effects on habitats are thought to drive short-term spe-
cies dynamics, it is often stated that global climate change will influence the capacity
of alien species to invade new areas on a medium to long term. Range shifts of indi-
vidual species in an assemblage under climate change are based on largely the same
processes driving the spread of alien species. Hence, the two can be addressed using
the same approach (Thuiller et al., 2007). Although very complex processes
are involved, the geographic component of species’ invasions can be very well
predicted using niche modeling techniques (Peterson, 2003). Once a comprehensive
marine environmental data set is compiled, invaded areas and areas at risk of invasion
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can be successfully predicted based on the native niche of alien species (Peterson,
2005; Pauly et al., 2009), although Bronnimann et al. (2007) warn that a niche shift
may occur after invasion. Nevertheless, niche modeling approaches are promising in
future research of seaweeds’ range shifts and invasions. Verbruggen et al. (2009) also
applied niche modeling techniques to unravel the evolutionary niche dynamics in the
green algal genus Halimeda, concluding that globally changing environments may
allow certain macroalgae to invade neighboring niches and subsequently to form a
divergent lineage. They also used Maxent to identify key areas to be targeted for
future field work in search for new sister species — an application in biodiversity
considered important in the light of global change.

To date, seaweed assemblages have often been characterized using quantitative
vegetation analyses and multivariate statistics to delineate different community types
and to establish the link between environmental variables and communities. With
quickly developing niche modeling algorithms now regarded as the most advanced
way to accomplish the latter, community niche modeling will be of particular value
in global change-related seaweed research in the coming years. Ferrier and Guisan
(2006) defined three ways to predict the niche of communities as a whole, rather than
the niches of individual species. The assemble-first, predict-later strategy seems to be
the most promising for seaweed data, since the existing floristic data have often been
statistically assembled into communities. We suggest that prioritizing the develop-
ment of community niche modeling algorithms can greatly speed up our insight into
seaweed community response to future climate change.
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1. Introduction

The atmospheric CO, concentration has been rising since the industrial revo-
lution, and will continue to rise from the present 375 to about 1,000 ppmv
by 2100 (Pearson and Palmer, 2000), increasing dissolution of CO, from the
air and altering the carbonate system of Surface Ocean (Stumm and Morgan,
1996; Takahashi et al., 1997; Riebesell et al., 2007). For example, an increase
in atmospheric CO, from 330 to 1,000 ppmv will lead to an increase in CO,
concentration from 12.69 to 38.46 uM in seawater (at 15°C and total alkalin-
ity of 2.47 eq m~3) and an increase in the concentration of dissolved inorganic
carbon (DIC, i.e., COz(aq), HCO,", and CO,*) from 2.237 to 2.412 mM, with
a concurrent decrease in the pH of the surface seawater from 8.168 to 7.735
(Raven, 1991; Stumm and Morgan, 1996). Increasing atmospheric CO, and its
associated changes in the carbonate system can influence the physiology and
ecology of seaweeds.

Seaweeds (Chlorophyta, Rhodophyta, and Phaeophyta) are usually dis-
tributed in intertidal and subtidal zones of coastal waters. They play an impor-
tant role in the coastal carbon cycle (Reiskind et al., 1989) and contribute
remarkably to sea-farming activities. The rate of primary production of some
species is comparable with those of the most productive land plants; therefore,
seaweeds have a great potential for CO, bioremediation (Gao and Mckinley,
1994). On the other hand, increasing pCO, in seawater would affect physiology
of seaweeds. Therefore, a number of studies have been performed to envisage
the impacts of CO, enrichment on photosynthesis, growth, nutrients metabo-
lism, and cell components of seaweeds. Results showed that increased CO,
concentration may enhance, inhibit, or not affect the growth of the species
investigated. This work is intended to examine how the macroalgal species
respond and acclimate to elevated CO, levels.
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2. Inorganic Carbon Limitation

The effects of elevated CO, concentrations on seaweeds largely depend on the degree
of carbon limitation present in natural systems. Photosynthesis of seaweeds would be
severely limited under current atmospheric conditions if it were dependent only on
diffusional entry of CO, from the medium to the site of fixation via the carbon-assimi-
lating enzyme Rubisco. There are several aspects of CO, limitation of carbon assimila-
tion in seaweeds (Beardall et al., 1998): (1) rather low dissolved CO, concentration; (2)
low diffusion rate of CO, in seawater, being four orders of magnitude slower than in
air; (3) the slow spontaneous formation of CO, from HCO,~ dehydration; and (4) the
high K values (40-70 uM) of Rubisco of algae. Nevertheless, photosynthesis in the
investigated species can be fully or nearly saturated with the current ambient dissolved
inorganic carbon (Ci) composition because of the presence of CO,-concentrating
mechanisms (CCMs) that enable the algae to efficiently utilize the bulk HCO,™ poolin
seawater (Beer, 1994; Beer and Koch, 1996; Raven, 1997; Larsson and Axelsson, 1999;
Zou et al., 2004; Giordano et al., 2005), which is about 150 times more abundant than
free CO,. Some species, however, exhibit Ci-limited photosynthesis in natural seawater
(e.g., Johnston et al., 1992; Andria et al., 1999a; Zou et al., 2003).

HCO," is usually dehydrated extracellularly as mediated by periplasmic car-
bonic anhydrase (CA) to release CO,, which is then taken up into the cell.
Another important approach for Ci acquisition of algae is the active uptake of
HCO,™ through the plasma membrane facilitated by an anion exchange protein
(Drechsler et al., 1993, 1994; Axelsson et al., 1995). Additionally, H*-ATPase-
driven HCO,™ uptake has also been recognized in several marine seaweeds (Choo
et al., 2002; Snoeijs et al., 2002). Seaweeds show different capacities to take advan-
tage of the HCO,™ pool in seawater (Axelsson and Uusitalo, 1988; Maberly, 1990;
Mercado et al., 1998). Therefore, they can exhibit heterogeneous, often species-
specific responses to elevated CO,. Their physiological responses to elevated CO,
levels can also depend on their acclimation strategies and the environmental con-
straints under which CO, enrichment is imposed.

3. Growth

When juveniles of Porphyra yezoensis germinated from the chonchospores were
grown at enriched CO, levels of 1,000 or 1,600 ppmv for 20 days, their growth was
significantly enhanced (Gao et al., 1991; Fig. 1). Similar findings were reported in
Gracilaria sp., Gracilaria chilensis, and Hizikia fusiforme (Gao et al., 1993a; Zou,
2005). Although these species are capable of using bicarbonate, they still showed
carbon-limited photosynthetic rates in natural seawater. Growth of a nonbicarbon-
ate-user, the red alga Lomentaria articulata, was stimulated by enriched CO, (Kiibler
et al., 1999). The enhancement could be attributed to the accelerated photosynthetic
carbon fixation by increasing Ci availability or the depression of photorespiration by
elevating the ratio of CO, to O, in the culture medium. It was interesting that growth
of a green alga, Ulva rigida, which showed efficient ability of HCO," utilization and
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Figure 1. Enhanced growth of Porphyra yezoensis when 50 juveniles each (germinated from the same
bunch of chonchospores released from the same chonchocelis, about 5 mm long at the beginning of
the culture) were grown at different CO, concentrations in aeration. The photo images were taken after
20 days culture (Gao et al., 1991).

saturated photosynthesis at the current Ci concentration of seawater (Bjork et al.,
1993; Mercado et al., 1998), was also enhanced at high CO, concentrations (Bjork
et al., 1993; Gordillo et al., 2001). Such an enhancement of growth was suggested to
be caused by the enhanced N-assimilation (Gordillo et al., 2001), but could also be
attributed to downregulation of HCO,™ uptake and consequent energy saving for its
operation. On the other hand, a decrease in growth rate caused by elevated CO, has
been reported in G tenuistipitata (Garcia-Sanchez et al., 1994), P. leucostica (Mer-
cado et al., 1999), and P, linearis (Israel et al., 1999). Such an inhibition of growth
was associated with lowered photosynthetic activity even measured at high CO,
concentrations (Garcia-Sanchez et al., 1994). However, such a negative effect could
also be caused by acidification of the medium (Israel et al., 1999). A more recent
study by Israel and Hophy (2002) reported that the growth rates of 13 species (repre-
senting Chlorophyta, Rhodophyta, and Phaeophyta) cultivated in normal seawater
were comparable with their growth in CO,-enriched seawater. The authors ascribed
such nonresponsive behavior to the presence of CCMs that rely on the utilization of
HCO,". Obviously, researches show that enrichment of CO, in seawater may affect,
positively, neutrally, or negatively, the growth of seaweeds in direct or indirect ways.

4. Photosynthesis

4.1. PHOTOSYNTHETIC Ci UTILIZATION

The response of macroalgal photosynthesis to elevated pCO, in seawater
is species-specific. When cultured in high CO,, the light-saturated photosynthetic
rate was reduced in Fucus serratus (Johnston and Raven, 1990), G. tenuistipitata
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(Garcia-Sanchez et al., 1994), and P. yezoensis (Gao, unpublished data) when mea-
sured at normal Ci of seawater. When the photosynthetic rate was measured at elevated
DIC levels, it was significantly higher in the thalli grown at enriched CO, levels in P yezoen-
sis (Gao et al., 1991) and Gracilaria sp. (Andria et al., 1999b). In P, leucostica, Mercado
et al. (1999) found no significant difference between the maximal gross photosynthetic
rates of the thalli grown at enriched and current inorganic carbon concentrations.
The photosynthetic affinity for Ci and the capacity of HCO,™ utilization are
usually lowered in seaweeds following exposures to high CO, (Johnston and
Raven, 1990; Bjork et al., 1993; Mercado et al., 1997; Andria et al., 1999a, b; Zou
etal., 2003). Growing the cells at high CO, levels decreased activity of the external
(periplasmic) or total CA activity in Ulva sp. (Bjork et al., 1993), G. tenuistipitata
(Garcia-Sanchez et al., 1994), P. leucosticta (Mercado et al., 1997), and H. fusi-
morme (Zou et al., 2003). Such a decrease reflects a decline in the capacity of
HCO, utilization. Israel and Hophy (2002) showed that the enzymatic features
of Rubisco did not differ in the seaweeds when compared between the CO,-
enriched and control cultures, though enrichment of CO, was reported to
decrease the content of Rubisco in G. tenuistipitata (Garcia-Sanchez et al., 1994),
Gracilaria sp. (Andria et al., 1999a), and P. leucosticta (Mercado et al., 1997).

4.2. PHOTOCHEMICAL EFFICIENCY

Photosynthetic acclimation in seaweeds to high levels of Ci generally resembles
their responses to high irradiances, resulting in a decrease in pigment contents. For
example, the phycobiliprotein (phycoerythrin and phycocyanin) and Chl a contents
were reduced in Gracilaria sp. (Andria et al., 1999b, 2001), G. tenuistipitata (Garcia-
Sanchez et al., 1994), and P, leucosticta (Mercado et al., 1999) grown at high levels
of Ci than those at normal Ci level. On the other hand, both maximum quantum
yield and effective quantum yield were downregulated in P, leucostica when grown
under high Ci conditions (Mercado et al., 1999), suggesting that enriched CO, low-
ered the demand of energy for the HCO,™ utilization mechanism.

4.3. EMERSED PHOTOSYNTHESIS OF INTERTIDAL SEAWEEDS

Intertidal seaweeds experience continual alternation of living in air and in water
as the tidal level changes. Their photosynthesis undergoes dramatic environmental
changes between the aquatic and terrestrial exposures. When the tide is high, they
are submerged in seawater, where HCO,™ pool is available for their photosynthesis
(Beer and Koch, 1996; Beardall et al., 1998). When the tide is low, intertidal seaweeds
are exposed to air, large buffering reservoir of HCO,™ in seawater is no longer pres-
ent, and atmospheric CO, becomes the only exogenous carbon resource for their
photosynthesis. The acquisition of CO, is less constrained in air than in seawater,
through which CO, diffuses about 10,000 times slower (Raven, 1999). However, this
constraint can be offset by the abundance of HCO,", as many intertidal algae can
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use HCO,™ as the exogenous inorganic carbon source for photosynthesis (Maberly,
1990; Gao and McKinley, 1994). Thus, carbon limitation during photosynthesis in
intertidal species may be potentially more important in air than in water.

It is known that intertidal seaweeds can tolerate the emersed conditions, and
the photosynthesis during emersion contributes significantly to their total carbon
fixation budget (e.g., Gao and Aruga, 1987; Maberly and Madsen, 1990). Our
previous works (Gao et al., 1999; Zou and Gao, 2002; Zou and Gao, 2004a, b, 2005;
Zou et al., 2007) showed that elevated atmospheric CO, might have a fertilizing
effect increasing photosynthesis while exposed to air at low tide in most of the
tested species, i.e. the red seaweeds P, haitanensis, Gloiopeltis furcata, and Gigartina
intermedia, the brown seaweeds Ishige okamura, H. fusiformis, and Sargassum
hemiphyllum, and the green seaweeds Enteromopha linza and Ulva lactuca. The
relative photosynthetic enhancement by the elevated CO, levels increased with
desiccation, although the absolute photosynthetic rate decreased with desicca-
tion. The enhancement of daily photosynthetic production by elevated CO, con-
centration during emersion differs among species owing to their zonational
depths and exposure durations and the daily timing of emersion (Gao et al., 1999;
Zou and Gao, 2005; Zou et al., 2007). Additionally, the CO, compensation points
increased with enhanced desiccation, with higher CO, concentrations required to
maintain positive photosynthesis (Gao et al., 1999; Zou and Gao, 2002, 2005).

5. Calcification

It is estimated from more than two million surveys that the oceans have absorbed
more than one third of the anthropogenic CO, released to the atmosphere (Sabine
et al., 2004). With increasing atmospheric CO, concentration, CO, dissolves in sea-
water to reach new equilibrium in the carbonate system. This leads to an increase in
the concentrations of HCO,” and H* and a decrease in the concentration of CO,*”
and of saturation state of calcium carbonate (Gattuso et al., 1999; Gattuso and Bud-
demeier, 2000; Caldeira and Wickett, 2003; Orr et al., 2005). The surface water of
the ocean is known to have been acidified by 0.1 pH unit (corresponding to a 30%
increase of H*) since 1800 (Orr et al., 2005), and will be further acidified by another
0.3-0.4 unit (about 100-150% increase of H*) by 2100 (Brewer, 1997; Caldeira and
Wickett, 2003). Such an ocean-acidifying process has been suggested to harm marine-
calcifying organisms by reducing the rate of calcification of their skeletons or shells
(e.g., Gao et al., 1993b; Gattuso et al., 1999; Riebesell et al., 2000; Orr et al., 2005).
In the coastal waters where seaweeds are distributed, pH of seawater fluctuates
within a larger range than pelagic waters because of inputs from terrestrial systems
and fisheries. Nevertheless, additional CO, input can still affect the biological
activities in coastal waters, because ocean acidification will lower the pH regimes,
shifting the pH range to a lower one. Therefore, increased pCO, and decreased pH
and CO,> will affect calcifying seaweeds. Gao et al. (1993b) showed that enrich-
ment of CO, to 1,000 and 1,600 ppmv in aeration inhibited the calcification in the
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articulated coralline alga Corallina pilulifera. Tt has also been shown that the
increase in CO, concentrations significantly slowed down calcification of temperate
and tropical corals and coralline macroalgae (Gattuso et al., 1998; Langdon et al.,
2000). For the marine-calcifying phytoplankton Emiliania huxleyi, calcification was
reported to be reduced by the enriched CO, (Riebesell et al., 2000), while a recent
study showed that its calcification increased with elevated CO, (Iglesias-Rodriguez
et al., 2008). On the other hand, when pH was controlled at a constant level, elevated
concentrations of DIC enhanced the calcification of Bossiela orbigniana (Smith
and Roth, 1979) and C. pilulifera (Gao et al., 1993b).

6. Nitrogen Metabolism

Zou (2005) reported that both the nitrate uptake rate and the activity of nitrate
reductase (NR) in the brown algae H. fusiforme were increased following cultures at
high CO, levels. It was also shown that elevated CO, concentrations in culture stim-
ulated the uptake of NO,™ in Gracilaria sp. and G. chilensis (Gao et al., 1993a), Ulva
lactuca (Zou et al., 2001), and U. rigida (Gordillo et al., 2001), and enhanced the
activity of NR in P, leucosticta (Mercado et al., 1999) and U. rigida (Gordillo et al.,
2001, 2003). This indicates that elevated CO, concentrations can enhance nitrogen
assimilation, as more nitrogen is required to support higher growth rate. The regula-
tion of NR activity in seaweed by CO, might be through a direct action on de novo
synthesis of the enzyme, rather than through physiological consequences in carbon
metabolism as occurring in terrestrial higher plants (Gordillo et al., 2001, 2003).
Contrarily, decreased uptake rate of NO,™ by high CO, in G tenuistipitata (Garcia-
Sanchez et al., 1994) and G. gaditana (Andria et al., 1999b) was also reported. Mer-
cado et al. (1999) stated that NO,™ uptake and reduction might be uncoupled when
algae are grown at high CO,. Responses of macroalgal nitrogen assimilation to ele-
vated CO, could be species-specific; however, the results from different studies might
be also generated from different culture systems or methods.

7. CIN Ratio

Growth under enrichment of CO, would alter the cellular components of seaweeds.
Contents of soluble proteins and phycobiliprotein were decreased in Graciaria
tenuisitipitata (Garcia-Sanchez et al., 1994), Gracilaria sp. (Andria et al., 1999b),
and P, leucosticta (Mercado et al., 1999) when they were grown at high DIC levels.
In contrast, the content of soluble carbohydrate was increased in Gracilaria sp.
(Andria et al., 1999b). As a result of these changes, C/N ratios were increased in
the seaweeds grown at elevated CO, levels (Garcia-Sanchez et al., 1994; Kiibler
et al., 1999; Mercado et al., 1999). Although phycobiliprotein, soluble proteins, and
Rubisco contents were found to decrease under DIC-enriched conditions, internal
N content was not significantly affected by the DIC levels. Andria et al. (1999b)



PHYSIOLOGICAL RESPONSES OF SEAWEEDS 123

thereby suggested that the exposure and acclimation to high CO, would involve
the reallocation of resources, such as N, away from Rubisco and other limiting
components (electron transport) towards carbohydrate synthesis and nonphoto-
synthetic processes.

8. Summary

Atmospheric CO, rise leads to a proportional increase in pCO, of seawater
and alters the carbonate chemistry, reducing the carbonate ions and pH while
increasing that of bicarbonate. Physiological responses of seaweeds to elevated
CO, concentrations are highly variable, depending on the species, growing condi-
tions, and duration of CO, enrichment. In the species investigated, growth was
enhanced, inhibited, or not affected by enrichment of CO,, while photosynthetic
performance varied according to Ci acquisition mechanisms or the acclimation
strategies. Usually, net photosynthesis was enhanced in elevated DIC levels for
the species with less efficiency in bicarbonate utilization or CCMs. Growing the
seaweeds in high CO, downregulated their CCMs and possibly the electron trans-
port demanded for its operation. On the other hand, calcification of calcifying
seaweeds is negatively affected; nitrogen metabolism and the cellular C/N ratio
would be increased in high-CO,-grown cells. For the intertidal species, large buff-
ering reservoir of HCO,™ in seawater is no longer present and atmospheric CO,
becomes the only exogenous carbon resource for their photosynthesis at low tide,
elevation of atmospheric CO, might have a fertilizing effect, increasing their pho-
tosynthesis during emersion. More research efforts on biochemical and molecular
aspects for a wider range of species grown at high CO,/low pH conditions are
needed to further evaluate the impacts of increasing atmospheric CO, concentra-
tions on seaweeds. At the same time, physiological approaches are required to
distinguish the effects of high CO, from that of lowered pH.
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1. Introduction

Rhodoliths are free-living forms of nongeniculate coralline red algae (Corallinaceae,
Rhodophyta) that form extensive beds worldwide over broad latitudinal and
depth ranges (Foster, 2001). Synonymous with the maerl beds common in the
northeastern Atlantic, rhodolith beds are hard benthic substrates, albeit mobile,
made up of branching crustose coralline thalli. Collectively, they create a fragile
biogenic matrix over carbonate sediment deposits thought to be the result of
long-term accumulation of dead thalli (Bosence, 1983a). A wide morphological
variation of individuals exists and appears to be a response to variation in
physical factors (Bosence, 1983b; Steller and Foster, 1995). This variation in
morphology and incorporation of whole rhodolith and carbonates into the
fossil record has led to their use as paleoindicators of environmental condi-
tions (Foster et al., 1997). Unconsolidated rhodolith deposits have long been
harvested for human use as soil amendment in European waters (Blunden et al.,
1977, 1981). However, recent studies have shown that such beds are highly
susceptible to anthropogenic disturbance such as trawling harvesting and reduced
water quality (review in Birkett et al., 1998). Slow rhodolith growth (Rivera et al.,
2003; Steller, 2003) combined with the negative impacts of burial make recovery
after disturbance predictably slow. Foster et al. (1997) found rhodolith beds
to be very common in the Gulf of California and suggested that there are
two main types of beds: wave beds in shallow water (0-12 m) that are influ-
enced by wave action (Steller and Foster, 1995), and current beds in deeper water
(10->30 m) that are influenced by currents. Both types, especially current beds,
are also influenced by bioturbation (Marrack, 1999). To persist, these algal beds
require light, nutrients and movement from water motion (waves and currents),
or bioturbation, which maintains them in an unattached and unburied state
(Bosence, 1983a, b; Marrack, 1999).
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The structure of individual rhodoliths influences the abundance patterns in
the cryptofaunal assemblage. Intact, complex thalli, along with high rhodolith
densities, are important factors driving this pattern. Complex thalli may provide
more space, refuge, and resources through increased interstitial or interbranch
space. As a result, rhodolith complexity appears to be a good predictor of abun-
dance and potentially for richness. This matrix provides habitat for diverse assem-
blages of invertebrates and algae (Cabioch, 1968; Keegan, 1974; Bosence, 1983a, b;
Steller et al., 2003). This also supports the hypothesis that the availability and
shape of interstitial cavities are important for the associated crustaceans’ assem-
blage (De Grave, 1999). Variation in physical factors, thought to influence rhodo-
lith morphology (Bosence, 1983a; Steller and Foster, 1995), may therefore directly
influence community structure. Thus, we predict that conditions that enhance
structural complexity increase the available refuge among the rhodolith branches,
and enhance overall species richness and abundance. Rhodolith beds support a
rich community of flora and fauna found to be higher in species diversity than
soft-sediment benthos alone (Steller et al., 2003). Organisms within a bed can
associate with the surface of algal thalli (epi-fauna/flora), within the branches
(crypto-fauna/flora) or in the underlying sediments (in-fauna/flora) (Steller et al.,
2003). Factors influencing diversity patterns include increased architectural com-
plexity and grain size, reduced sedimentation (Grall and Glemarec, 1997), and
seasonal variation (Ballesteros, 1988) and reduced predation.

Bivalves have been shown to be abundant and associated with rhodolith
beds and in the NE Atlantic (Hall-Spencer, 1998, 1999). Possibly, this is due to
larval settlement preferences for coralline, structured, or large grain substrates, or
refuge from predation. Depth stratification of bivalve species may also be related
to variability in substrate type (Steller, 2003; Kamenos et al., 2004). The high den-
sity of bivalves at intermediate bed depths may reflect larval attraction to the
structured settlement substrate provided by the rhodoliths or physical conditions
found there. In addition, Steller and Foster (1995) found that rhodolith turnover
and protection from burial was greater at shallow versus intermediate depths,
suggesting that the latter affords reduced sedimentation and water flow favored
by surface dwelling bivalves. Increases in summer densities may correspond to
winter/spring recruitment periods of many species. It appears that rhodolith beds
may positively enhance bivalve populations. However, there is a clear conserva-
tion problem between these positive attributes and the degradation resulting from
commercial fishing (Hall-Spencer, 1998, 1999; Hall-Spencer and Moore, 2000).

Studies have shown that rhodolith beds support a diverse and dynamic ben-
thic community. Community descriptions of diversity include common associated
species including cryptofauna living within interstitial cavities in rhodoliths
(Hinojosa-Arango and Riosmena-Rodriguez, 2004; Foster et al., 2007). The density
of the associated species will vary in relation to the size of the rhodolith and
the density of the bed (Steller et al., 2003). Recently, Hinojosa-Arango and
Riosmena-Rodriguez (2004) have shown that criptofauna assemblages are organized
independently of the main rhodolith species or growth-form that composes a bed.
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Steller et al. (2003) have also shown that rhodolith beds are relevant habitats for
scallop recruitment but little is known about their role in invertebrate recruitment.
Because of the different physical settings, the different cryptofaunal species will
differ in the proportion of juvenile and adult relative abundance. In addition to the
above evaluation, seasonal trends will be evaluated as an alternative source of
change, as is clear in the flora and macrofauna of the beds (Steller et al., 2003).
Because of the above, the aims of this study were to determine if the rhodolith beds
are a relevant habitat for cryptofaunal assemblages in the southwestern Gulf of
California and if this varies with bed type or season.

2. Sites and Methods for Data Gathering

Rhodoliths were collected in four rhodolith beds (Fig. 1) in the central southwestern
Gulf of California in winter 1995 and summer 1996. Sampling dates and localities were:
wave bed at Isla Coronados (26°06' N 111°17'04” W; 7 m depth) on 17 November
1995 and 2 September 1996; wave bed at Diguet off Isla San Jose (24°53'45" N,
110°34'45" 'W; 7 m depth) on 2 February 1996 and 14 July 1996; current bed off
Isla San Jose (24°52'36"” N, 110°32'07" W; 12 m depth) on 4 February 1996 and
16 July 1996; and current bed in Canal de San Lorenzo (24°22'60" N, 110°18'41"
W; 12 m depth) on 3 December 1995 and 14 June 1996. All localities are described
in detail by Riosmena-Rodriguez et al. (in press).

A similar sampling design was used in each locality and date. Two 20-m
transects at least 50 m apart were haphazardly located within each bed (origin at
the boat anchor). The four largest rhodoliths were collected nearest to each 2-m

Figure 1. General view of a rhodolith bed in a wave bed.
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increment along the transects (40 rhodolith/transect). Individual plants were put
in separate plastic-sealed underwater at the time of sampling. After collection, all
materials were fixed in 4% formalin in sea water. In the laboratory, the 40 rhodo-
liths from each transect were examined, and individuals were selected for stand-
ard size (3-5 cm dim.) and branch density (4 branch tips/cm? at the rhodolith
surface). All the plants selected had the fruticose growth-form. Branch densities
were determined as in Steller and Foster (1995). Twenty rhodoliths per site/
date were selected and used in the analyses for a total of 160 rhodoliths for the
entire study.

Each selected plant was dissected and all animals >0.3 mm extracted, segregated
into groups, and placed in 70% alcohol. Taxonomic determinations to lowest taxa
possible were based on Smith and Carlton (1975; Cnidarians and Amphipods), Harrison
and Ellis (1991; Isopods), Sieg and Winn (1978, 1981; Tanaidaceans), Wicksten
(1983; Carideans), Salazar-Vallejo et al. (Polychactes 1989), Bastida-Zavala (1991;
Polychaetes), and Brusca (1980; Echinoderms). The abundance of each species or
taxon per rhodolith from each site and date was then determined. Only the data
from Class Turbellaria, Class Polychaeta, Subphyllum Crustacea, Class Asteroidea,
Class Ophirouridea, and Calls Equinoidea were analyzed because of their
abundance and celar trend in adult/juvenile morphology. Normality (Kolmogorov
a = 0.05) and homoskedasticity (Cochran y Barlett o = 0.05) assumptions were met
for richness and for abundance data transformed log 10. Differences among life
stage, location, and season (winter 1995 and summer 1996) were examined using three-
way ANOVA (model 1).

3. General Findings

A total of 5,066 organisms were found in the 160 rhodoliths sampled where 85%
of the fauna were possible to identify at least to genus/species level. Overall, 60%
of the collected individuals were juvenile (including recently settled larvae and
organisms that are starting to grow) and 40% adults. Our comparisons strongly
support that most cryptofaunal species found in the samples were juveniles but have
variations in relation to bed type and season (Figs. 2 and 3). Trends varied in relation
to taxonomic group and probably with richness. Turbellaria and Equinodermata
were found with low species number and crustacean, mollusk, and annelid were
found with higher species numbers.

Three species of Turbellaria, where 100% of the specimens were new recruit
in all the seasons/subhabitats, were sampled (Figs. 2 and 3). Seven species of
Echinoderms were found with significant differences between seasons where
only juveniles were observed in winter and a higher proportion of adults were
observed in summer in both beds.

Crustacea, Mollusk, and Annelida were taxa with higher number of
species where we found a tendency in the seasons and/or bed type. We found 21
species of crustaceans where juvenile individuals were more abundant than adults
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Figure 2. Comparisons in wave beds of the proportion (mean and standard) of the juvenile and adult
invertebrate species from three main analyzed taxa.
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Figure 3. Comparisons in current beds of the proportion (mean and standard) of the juvenile and
adult invertebrate species from three main analyzed taxa.

(Figs. 2 and 3); this trend is particularly clear in current beds where we found the
higher differences among life-cycle stages (Fig. 4). In the case of wave beds, we
found an inverse arrangement between seasons, with high proportion of
adults in winter and high proportion of juveniles in summer. Forty mollusks present
in contrasting patterns were observed. In the current beds, juvenile proportion
was significantly higher in winter, and more adults were found in summer (Fig. 2),
whereas in wave beds, juveniles were significantly higher in both seasons (Figs. 3
and 4). In polychaetes, seasons (summer/winter) have the most consistent differences,
with higher juvenile proportion in winter and larger number of adults in summer.
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We also found differences between bed type and this might be an artifact of the
seasonal variation. Statistically, we found significant seasonal variation in
Crustacea, Polychaetes, and Equinodermata (Fig. 4), while the mollusk bed type
showed the significant differences.

Rhodolith beds are one of the marine habitats that have been considered for
design of marine reserves in the Gulf of California (Sala et al., 2002; Anaya-Reyna
et al., 2005) and elsewhere (Birkett et al., 1998). The extensive cover of the seafloor
of this habitat is the key element in their ecological value (Hetzinger et al., 2006) in
relation to the associated biodiversity (Steller et al., 2003; Hinojosa-Arango and
Riosmena-Rodriguez, 2004). Our study has shown that rhodolith beds are also the
habitat for recruitment of many of the invertebrate associated species where some
of them (scallops) are part of the fishery of the area (Steller, 2003). Also, there are
species considered in some category of protection (as many species of coral and
equinoderm) that are continuously present in the beds (Riosmena-Rodriguez et al.,
in press) and started from their recruitment as cryptofauna. A similar situation is
found in several beds around the world (Hopkins et al., 1991; Birkett et al., 1998)
where rhodolith beds are not only the habitat for adult species but also the recruit-
ment habitats. This situation might enhance the number of species present and their
abundance over years; we could not determine mortality among the samples, but it
was clear that the scallops larvae were present in very abundant numbers inside the
sea anemone, which lives commonly as part of the cryptofauna.



THE ROLE OF RHODOLITH BEDS IN THE RECRUITMENT OF INVERTEBRATE 135

It is well known that the thalli surface of coralline algae is a common space
for recruitment for many invertebrates (Johnson et al., 1991) used as a “signal” to
find a hard structure (whether the hard structure is a free-living species or a spe-
cies attached to the rocks). In some cases, rhodolith beds might be just the contact
point for these larvae because in a later stage they will migrate to the surrounding
areas (Steller, 2003). The continuous presence of juvenile stages within a rhodolith
is more related with the trophic structure of each bed (Grall and Glemarec, 1997).
This close relationship between scallops and rhodolith as a recruitment habitat
explains the extensive mollusk bank that has been a formal fishery (Hall-Spencer,
1998). The high impact of several fisheries might produce the lack of larvae in the
water column and thus inhibit recruitment. An example of this situation can be
seen when, according to historical analysis, rhodolith beds were the recruitment
habitats of the pearl oyster at the beginning of the twentieth century but not
present, since the fisheries collapse. A similar situation occurred in 1991 when
rhodolith beds were heavily impacted by a combination of factors (Steller et al.,
2003) related with high number of fishing permits and the lack of critical analysis
of the collecting procedures because most fishermen used to dive with Hokka and
leather shoes, which crashed and buried rhodoliths, making their yearly recovery
impossible and maintaining that condition over the last 17 years.

Rhodolith (maerl) in the Gulf of California needs urgent consideration in the
management plan of benthic fisheries (as scallops, octopus, and trawling fisheries as
shrimp) because it has almost no existence. In fact, a management plan for rhodolith
beds might be a good strategy because of their presence in several habitats and
depths (Riosmena-Rodriguez et al., in press). In addition, their value as monitoring
objects more than justifies their being based on fisheries needs but there are species
under protection in this habitat (where they spend most of their lives) as is currently
in place for European waters (Birkett et al., 1998).

4. Summary

The role of rhodolith beds as recruitment habitats as part of their cryptofauna
was evaluated based on seasonal sampling over a series of beds that represent two
different microhabitats (current and wave beds). Our basic goal was to understand
if the cryptofauna were composed mostly by juvenile or adult individuals of each
species as part of the understanding of the rhodolith beds as a critical habitat for
conservation worldwide. We have collected 160 rhodoliths from more than 5,000
individuals of 116 species were found. Turbellaria and Equinodermata are phyla
with low number of species, but mostly juveniles were present with no seasonal
variation for the former and a small variation for the latter. Crustacea, Mollusk,
and Annelid were taxa with higher number of species wherein we found a tendency
in the seasons and/or bed type. Crustaceans were mostly juvenile individuals
than adults in current beds and the inverse pattern was observed in wave beds.
In current beds, juveniles were significantly higher in winter, and more adults were
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found in summer, whereas in wave beds, juveniles were significantly higher in both
seasons. In polychaetes, seasons (summer/winter) have the most consistent differ-
ences, with higher juvenile proportion in winter and higher proportion of adults
in summer. Currently, rhodolith beds are considered as a relevant habitat in the
near shore areas in the Gulf of California but the subdivision between current
and wave beds need to be taken into consideration for protection proposes. The
present results have shown the value of rhodolith beds as a recruitment habitat for
many species and the urgent need to not only consider them in the management of
the fisheries but also the need of a management plan for the habitat itself.
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1. Introduction

There is a strong scientific consensus that coastal marine ecosystems are threatened by
global climate change. These ecosystems are particularly vulnerable as many distur-
bances act at the terrestrial-marine interface and are predicted to increase, such as
increased land run-off after floods or higher wave energies owing to increased storm
frequency (Helmuth et al., 2006; IPCC, 2007). An alarming decrease in the density
and biomass of canopy-forming kelps has been reported worldwide (Dayton et al.,
1999; Steneck et al., 2002; Connell et al., 2008) and recent European monitoring pro-
grams indicate substantial losses of Laminaria digitata in France (Morizur, 2001)
and of Saccharina latissima (formerly L. saccharina) along the Southwest coast of
Norway and Sweden (survey in 1996-2006, Norwegian Institute for Water Research,
2007) and on the German island Helgoland (Pehlke and Bartsch, 2008). For instance,
the losses of S. latissima at the Norwegian West and Skagerrak coasts are estimated to
be 50% and 90%, respectively. Here, the decline in kelp abundance is most pronounced
in sheltered waters, where the kelp forest in large areas has been replaced by a silty turf
community dominated by filamentous algae. Anthropogenic influences, such as eutro-
phication and global climate change, have been postulated as possible causes for the
loss of canopy-forming kelps. However, substantial scientific evidence is still lacking.

The genus Laminaria sensu lato is one of the most important macroalgal
genera of the order Laminariales (= “kelp”) in temperate to polar rocky coastal
ecosystems, especially in the northern hemisphere (Bartsch et al., 2008). This is
reflected by its high species numbers, its considerable overall biomass and its
dominance and economic significance. Since low levels of redundancy in func-
tional species traits exist in many coastal marine systems, including kelp
forests, changes in species diversity, and the final loss of habitat-forming
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species would severely affect ecosystem functioning (Micheli and Halpern, 2005).
Targets would include the diversity and abundance of the associated fauna
that directly or indirectly use the structure provided by macroalgae as a habitat or
as food source (Graham, 2004) as well as a variety of trophic levels via changes in
the amount and source of detritus inputs into the food web (Duggins et al., 1989).

The linear warming trend over the last 50 years from 1956 to 2005 amounts
to 0.10-0.16°C per decade. The temperature increase is widespread over the globe
and is greater at higher northern latitudes (IPCC, 2007). Additionally, heat waves,
such as in summer 2003 in Europe, are likely to occur more frequently (Schar and
Jendritzky, 2004). Moreover, a regional climate model for the Baltic Sea area
predicts an increase in the mean summer temperatures of 3—5°C within the next
century, i.e., above the global warming average (BACC, 2008). Even though some
negative effects of ocean warming on coastal biota are already evident (Harley
et al., 2006), their consequences on marine ecosystems are far less understood
than they are in terrestrial environments. It is assumed that macroalgal-based
coastal ecosystems with low species redundancy are particularly vulnerable to
global warming (Micheli and Halpern, 2005; Ehlers et al., 2008). To predict the
fate of coastal ecosystems, an assessment of the vulnerability of key species to
climate change is necessary (Harley et al., 2006).

Perhaps the most pervasive changes in terrestrial and marine biota to recent
global warming are the shifts in geographical ranges of species (Parmesan and
Yohe, 2003). Latitudinal range shifts of marine species have been demonstrated in
several studies and forecasts suggest that even greater impacts can be expected in
the future (several NE Atlantic taxa including kelps: Southward et al., 1995;
Californian gastropod: Zacherl et al., 2003; Caribbean coral: Precht and Aronson,
2004; North Sea fishes: Perry et al., 2005; Chilean gastropods and chitons:
Rivadeneira and Fernandez, 2005, Portuguese macroalgae: Lima et al., 2007). The
southern boundaries of the cold-temperate kelp species in the NE Atlantic are
either set by summer lethal limits or by winter “reproduction” limits. As it has been
shown for L. hyperborea, its southern boundary is set by a summer lethal limit at
the 18°C-August isotherm and a winter reproduction limit at the 13°C-February
isotherm at the Iberian Peninsula (Fig. 1). If only these temperature limitations
were to be considered, the projected increase in sea surface temperatures by 2°C
during winter or summer would lead to lethal summer temperature regimes, and
consequently the disappearance at the coasts of the Iberian Peninsula, Brittany, S.
England, S. Ireland, and Helgoland (marked in pink in Fig. 1, Breeman, 1990).

Comprehensive field surveys to study latitudinal shifts of benthic marine
macroalgae are limited to one. Lima et al. (2007) examined shifts in macroalgal
species inhabiting the Portuguese rocky coast. It is known that many cold-temperate
species, e.g., L. hyperborea as described earlier, have their southern boundaries at
this coast (Ardré, 1971; Breeman, 1988). In comparison with the reported distribu-
tion boundaries of 26 cold-water species by Ardré (1971) in this region, Lima
et al. (2007) describe significant northward shifts for seven species (e.g., Palmaria
palmata: 358 km, Himanthalia elongata: 219 km), significant southward shifts for
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Figure 1. (a) Present southern distribution boundary of Laminaria hyperborea. (b) Boundary shift
after the expected rise in seawater temperature of 2°C. Shown are the present 13°C February winter
isotherm (blue line) and the 18°C August summer isotherm (red line, after Breeman, 1990). Marked in
pink are those populations that would disappear under such a scenario.

seven species (e.g., Fucus vesiculosus: 157 km, Ahnfeltia plicata: 330 km) and
non-significant changes for 12 species (e.g., L. hyperborea, S. latissima, Ascophyllum
nodosum). Therefore, at present no generalisations about poleward range shifts of
cold-temperate algae due to increasing temperature can be made. It is obvious
that a range of factors not only related to changes in temperature such as
eutrophication, or which are rather indirectly related (e.g., biotic interactions),
could explain some of the observed distributional shifts.

2. Biotic Interactions

Environmental factors (e.g., temperature) might alter species composition, and
the strength or even sign of interspecific interactions (Graham, 1992; Davis et al.,
1998), predicting ecological responses to climate change, requires additional infor-
mation on how abiotic changes are mediated by biotic interactions. Benthic marine
macroalgae are subjected to a variety of biotic stress factors, such as intra- and
interspecific competition, colonization, grazing, or pathogenic diseases. In marine
algae, competition and grazing are considered as the major factors determining the
structure of natural populations (e.g., Lubchenco and Gaines, 1981). Experimental
proof for direct impacts of climate change on biotic interactions in coastal ecosys-
tems are limited to the impact of thermal stress on predation (Sanford, 1999)
and grazing (Leonard, 2000; Morelissen and Harley, 2007). However, interac-
tions with pathogens can also have significant impacts on marine algae. Algae
can be attacked by viruses (Emiliania huxleyi: Bratbak et al., 1996, marine plank-
ton: Culley and Steward, 2007, Ectocarpus siliculosus: Miller et al., 1990), bacteria
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(L. japonica: Sawabe et al., 1998, Gracilaria conferta: Weinberger and Friedlander,
2000, L. religiosa: Vairappan et al., 2001), fungi and oomycetes (S. latissima: Schatz,
1984, Porphyra sp.: Uppalapati and Fujita, 2000, Pylaiella littoralis: Kiipper and
Miiller, 1999, Kiipper et al., 2006) or other algae (Rhodomela confervoides <—>
Harveyella mirabilis: Kremer, 1983; Chondrus crispus <—> Acrochaete opercu-
lata: Bouarab et al., 1999, Mazzaella laminarioides <—> Endophyton ramosum
and Pleurocapsa sp.: Faugeron et al., 2000, filamentous red algae <—> kelp game-
tophytes: Hubbard et al., 2004, kelp species <—> filamentous brown algae: e.g.,
Peters and Schaffelke, 1996; Kiipper et al., 2002). Most of the research on infec-
tious diseases in algae has focused on characterizing the parasites and describ-
ing morphological aspects of host—parasite interactions. Studies going beyond the
description stage, particularly into the effect of infections on the host performance
and fitness, are scarce. Infected thalli of the red alga Mazzaella laminarioides are
more susceptible to wave action. The endophytes also negatively affect the repro-
ductive output of this red alga (Faugeron et al., 2000). A similar effect has also
been reported for virus-infected species of Ectocarpus (Miiller et al., 1990). The
field study by Schatz (1984) showed that infected S. latissima grow more slowly
than healthy plants, and it is hypothesized by the author that the fungus limits
long-distance transport of photosynthates. The photosynthetic performance of
pathogen-infected organisms has been studied so far only in Pylaiella littoralis
with the fungus Chytridium polysiphoniae (Gachon et al., 2006). Virtually, nothing
is known about potential ecological consequences of climate change on algal-
pathogen interactions. Primarily based on the knowledge from terrestrial systems,
Harvell et al. (2002) predict that most host—pathogen interactions will become
more frequent or disease impacts more severe with global warming. The interac-
tions will be affected by (1) more rapid pathogen development owing to increased
growth rates of the pathogen at higher temperatures (e.g., coral pathogen: Alker
et al., 2001), (2) increased winter survival of the pathogen (e.g., oyster disease:
Cook et al., 1998) and (3) increased host susceptibility at higher temperatures
(e.g., coral pathogens: Harvell et al., 2001).

Field observations in kelp species from different parts of the world docu-
ment massive prevalence of infection by endophytic algae. In the 1990s, infection
rates of L. hyperborea and of S. latissima (formerly L. saccharina) in the NE
Atlantic and the western Baltic Sea were as high as 25-100% and 70-100%,
respectively (Lein et al., 1991; Peters and Schaffelke, 1996; Ellertsdottir and Peters,
1997). Frequent infections have also been reported in other geographical regions,
such as in Laminaria species in the NW Pacific (Yoshida, 1980) and in several
members of the Laminariales in the NE and SE Pacific (Apt, 1988; Peters, 1991).
According to kelp trawlers, dark spots (as shown in Fig. 2a) have been observed
on the kelps earlier and infections by endophytic algae have been described as a
common disease of kelp species for many decades (Lein et al., 1991). Accordingly,
infection of kelps by endophytic brown, filamentous algae has been regarded as a
pathogenic disease. Publications on endophytic algae in kelps focus on the mere
description of the prevalence, on the taxonomy of the endophytes or defence
mechanisms of the hosts (see later). However, little is known about the ecological
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Figure 2. Saccharina latissima infected with Laminariocolax aecidioides at Kiel Bight (western Baltic
Sea) in 1993. (a) Silhouette of the host with twisted stipe, distorted meristem and dark spots, (b) light
microscopy of a hand section of the host, well-pigmented filaments of the endophyte growing in the
intercellular space of the host medulla, (¢) light microscopy of the isolated endophyte in unialgal
culture, showing many plurilocular sporangia and a phaecophycean hair.

significance of this host—pathogen interaction. Nevertheless, it is reasonable
to assume that endophytes negatively influence the fitness and productivity of
Laminaria sporophytes.

Endophyte species of Laminaria are mainly microscopic, morphologically
little differentiated, filamentous brown algae (e.g., Laminariocolax aecidioides,
L. tomentosoides, Laminarionema elsbetiae), recently classified in the family
Chordariaceae within the order Ectocarpales (Peters, 2003, Fig. 2b). European
S. latissima is mainly infested by Laminarionema elsbetiae and L. hyperborea with
Laminariocolax aecidioides, respectively (Peters and Ellertsdottir, 1996; Burkhardt
and Peters, 1998; Peters and Burkhardt, 1998; Table 1). The endophytes are dis-
tributed among host plants via zoospores from plurilocular sporangia. Zoospores
of Laminariocolax aecidioides and Laminarionema elsbetiae attach to and pene-
trate the healthy host surface; no wounds or other openings are required for suc-
cessful invasion of the host and no epiphytic stage precedes infection (Heesch and
Peters, 1999). Thus, these endophytes are immediately invasive. This is notewor-
thy since a great number of epiphytic algae occur on kelps but most of these are
unable to penetrate into the host. Thus, endophytes must have developed special
attributes to achieve infection. Endophyte spores settle with their anterior end on
the host surface and fibrillar adhesive material is formed around the attaching
end. As no inward deflection of the host surface was observed, Heesch and Peters
(1999) proposed that the surface is locally dissolved by enzymes. A similar mecha-
nism has been described for the green endophyte Acrochaete operculata, which
infects the red alga Chondrus crispus (Correa and McLachlan, 1994).
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Table 1. Distribution of endophytic brown algae in three most abundant European kelp species. X:
presence, XX: high prevalence.

Laminaria Laminaria Saccharina
hyperborea digitata latissima
Laminariocolax aecidioides (Rosenvinge) X Xa b xe xb.d.e
Laminariocolax tomentosoides (Farlow) Kylin (1947) X X X0 X
Laminariocolax tomentosoides subsp. deformans xe
(Dangeard) Peters (2003)
Laminarionema elsbetiae Kawai and Tokuyama (1995) X XX¢

“Ellertsdéttir and Peters (1997).
*Burkhardt and Peters (1998).
¢Peters (2003).

dSchaffelke et al., 1996.
¢Peters and Schaffelke, 1996.

Figure 3. Laminaria digitata infected by Laminariocolax tomentosoides and twisted stipe (Ile de Batz
off Roscoff in the English Channel, 1997).

Endophytic infections are described as a common disease of kelps. Hosts
show either weak symptoms such as dark spots on the lamina or warts on the stipes
or severe morphological changes like twisted stipes or crippled laminae. Endophytic
infection of S. latissima by Laminariocolax aecidioides has been divided into three
disease categories according to Peters and Schaffelke (1996): (1) Thalli are infected
microscopically and disease symptoms are absent. (2) Moderate symptoms (i.e., dark
spots, ridges, and small wart-like structures) are visible. Consequently, this endophytic
infestation is called “dark spot disease.” (3) Severe morphological changes, such as
distorted stipes or crinkled blades may occur (Fig. 3).

Even though the presence of endophytes is not necessarily harmful to
the host, blades with severe morphological changes are less flexible and hence
more susceptible to wave action (Lein et al., 1991; Dr. Akira F. Peters, 2009 personal
communication). Furthermore, negative effects of both endophytes and their
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polar and non-polar extracts on the growth rates of Laminaria sporophytes
have been shown, indicating direct chemical interactions with the host tissue
(A.F. Peters, 2009, personal communication). In addition, endophytic infestation
possibly interferes with the fertility of kelp sporophytes. Sporangia can cover
about 70% of the blade surface (Kain, 1975), so that 20% coverage of the blade
surface by the “dark spot disease” will diminish the potential reproductive area
significantly (Lein et al., 1991). On the other hand, Lein et al. (1991) suggested
that endophyte infection per se might inhibit the formation of soriin L. hyperborea,
which was also observed in L. digitata (Lining et al., 2000) and in S. /atissima
(Peters and Schaffelke, 1996). However, the underlying mechanisms are completely
unstudied. Furthermore, brittle thalli (especially twisted stipes, Fig. 3) are more
likely to be detached during storms, again reducing the potential reproductive
area or period. The importance of this effect increases under the scenario of climate
change, as changes in atmospheric circulation might also change storm frequency.
An increase in the frequency of winter storms has already been observed in coastal
oceans (Bromirski et al., 2003) and the trend is expected to continue (IPCC, 2007).
Only two field studies considered interactions between abiotic factors and endophyte
infections in kelp hosts. Laminarial Saccharina sporophytes in the western Baltic and
at Helgoland exhibited considerably stronger disease symptoms in the shallow
than in the deep water (Schaffelke et al., 1996; Ellertsdottir and Peters, 1997).
It was hypothesised that a reduced fitness of the host tissue, caused by higher UV
radiation at lower water depth or higher photosynthetically active radiation
resulting in higher growth rates of the photosynthetic parasite may have caused
stronger disease symptoms. Accordingly, how climate change may modulate this
biotic interaction remains speculative.

3. Defence Responses

Laminaria sporophytes can potentially recognize attacks by endophytes and initiate
effective defence responses within minutes. On the other hand, endophytes like
Laminariocolax tomentosoides also seem to have developed mechanisms that
either eliminate the defence response of L. digitata or detoxify reactive oxygen
species by having a high peroxide-scavenging capacity (Kiipper et al., 2002). The
so-called oxidative burst, the rapid release of reactive oxygen species, facilitated
the resistance of Macrocystis pyrifera and L. digitata against the pathogenic brown
algal endophytes Laminariocolax tomentosoides and Laminariocolax macrocystis.
This response took 7 days to occur and possibly involved induction or up-regulation
of other structural or chemical defences (Kiipper et al., 2002). The oxidative burst in
response to oligoalginates, which are released from the host cell wall after endophyte
attack, is a good example of activated defence and currently the best described
example of a chemical defence mechanism in kelps. In sporophytes of L. digitata,
the presence of oligoguluronates — degradation products of alginate — resulted in a
massive release of reactive oxygen species (O,™, H,0,) by epidermal cells (Kiipper
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et al., 2001). The same response was also observed in sporophytes, but not game-
tophytes, of S. latissima, L. hyperborea, L. ochroleuca, L. pallida, M. pyrifera,
Saccorhiza polyschides, Chorda filum, and Lessonia nigrescens, so that the response
appears to be universal in kelp and kelp-like sporophytes but not in their gametophytes
(Kiipper et al., 2002). H,0, concentrations in the range released by L. digitata were
toxic to alginate-degrading bacteria (Kiipper et al., 2002) and axenic M. pyrifera
was rapidly infected by pathogenic bacteria when the oxidative burst response
was blocked with an NAD(P)H-oxidase inhibitor (Kiipper et al., 2002). Treatment
of non-axenic M. pyrifera or L. digitata with the inhibitor also resulted in rapid
degradation by their natural bacterial flora, which indicates that the oxidative
burst must play an important role in the algal defence against harmful bacteria and
the maintenance of harmless, eventually even protective biofilms. Recently, it was
reported that L. digitata can recognize not only oligoalginates (i.e., endogenous
elicitors), but also lipopolysaccharides from the outer cell envelope of a range
of gram-negative bacterial taxa as exogenous elicitors for an oxidative burst and
other early defence responses (Kiipper et al., 2006). Similarly, free polyunsatu-
rated fatty acids and methyl jasmonate can trigger an oxidative burst and induce
resistance against pathogenic endophytes in L. digitata (Kiipper et al., 2009).

Striking differences exist in endophyte host prevalence and disease symptoms
among LaminarialSaccharina sporophytes. A field survey in 1994 at Helgoland
(North Sea) showed that S. latissima has a higher percentage of infected thalli and
of severe thallus deformations than L. hyperborea (Schaffelke et al., 1996). It is still
an open question whether these observations originate in different resistance of the
hosts or in different virulence of the endophytes. First indications point in both
directions. The most common endophyte of S. latissima at Helgoland (North Sea)
is Laminarionema elsbetiae, whereas Laminariocolax aecidioides preferentially
infects L. hyperborea. Furthermore, field-collected sporophytes of L. hyperborea
exhibit high constitutive rates of peroxide release; whereas accumulation of H,O,
is very transient in S. latissima and occurs only after the addition of elicitor
(Kiipper et al., 2002).

Reactive oxygen species generated during the oxidative burst may play a role
in biotic defence not only through direct cytotoxicity, but also through their
peroxidase-catalyzed reactions. The release of hypohalous acids (HOX) and, sub-
sequently, halogenated organic compounds by Laminaria digitata increases after
oxidative burst elicitation — in particular, of iodinated compounds (Palmer et al.,
2005; Chance et al., 2009). Hypohalous acids generated by L. digitata inactivated
bacterial quorum-sensing signals and thereby caused dispersal of biofilms. In
contrast, a direct role of halogenated organic compounds in the defence of kelps
has not been demonstrated so far, even though it appears likely. lodinated com-
pounds — which are produced at increased rates following elicitation compared
with the unstressed steady state (Palmer et al., 2005; Chance et al., 2009) — exhibit
a higher toxicity than brominated and chlorinated compounds owing to the
higher effectiveness of iodine as a leaving group in nucleophilic substitutions
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compared with bromine and chlorine, respectively (Kiipper et al., 2008). In this
context, it should also be noted that bromoform, which is the main volatile halo-
carbon produced by L. digitata (Carpenter et al., 2000) and most other seaweeds
(Carpenter and Liss, 2000), contributes to the defence against bacterial and algal
epiphytes in red seaweeds (Ohsawa et al., 2001; Paul et al., 2006) and a similar
effect in kelps may be possible.

Additionally, Kiipper et al. (2006, 2009) reported for L. digitata that the early
events of the defence reactions included an activation of fatty acid oxidation cascades,
1.e., the release of free saturated and unsaturated fatty acids (FFAs) and accumulation
of hydroxyl derivatives of fatty acids (oxylipins). The biosynthetic pathway of oxy-
lipins in L. digitata is not fully identified yet. These compounds are generated by lipoxy-
genases in mammals and some of them have been reported to be anti-inflammatory
mediators (Miller et al., 1990), besides a wide range of other physiological roles. Thus,
oxylipins may well be another component of the defence response in kelps.

4. Biogeochemical Feedback

It is well established that aerosol particle bursts occur in the atmosphere over
kelp beds at low tide during daytime (O’Dowd et al., 2002). In coastal ecosystems,
Laminariales are major contributors to the iodine and volatile halocarbon flux from
the ocean to the atmosphere (Giese et al., 1999; Carpenter et al., 2000). Release
of molecular iodine occurs at rates around five orders of magnitude higher than
that of volatile organic iodine compounds and is thus the major source of coastal
new particle production, providing precursors for cloud condensation nuclei (Palmer
etal., 2005; Kiipper et al., 2008). While bromine emissions are high in the unstressed
steady state (Carpenter et al., 2000), iodine emissions are strongly increased during
oxidative stress — both in the context of defence reactions (Palmer et al., 2005;
Chance et al., 2009) and ozone exposure (Palmer et al., 2005; Kiipper et al., 2008).
In fact, it has recently become clear that kelps utilize iodide accumulation in a
unique inorganic antioxidant system to protect their apoplast and thallus surface
against oxidative stress (Kiipper et al., 2008), effectively linking antioxidant pro-
tection to atmospheric processes and coastal climate.

Thus, comparable with the oceanic release of dimethyl sulfide (DMS) by
planktonic algae (Larsen, 2005), coastal primary productivity, cloud cover, ultra-
violet radiation are linked via biogeochemical feedback mechanisms. They make
it extraordinarily difficult to predict both future climate change and its impacts at
a regional and local level. It has been shown that oxidative stress caused increased
halocarbon and I, production by Laminaria digitata (Palmer et al., 2005; Chance
etal., 2009). While gaseous ozone caused the maximum rates of L, release observed
so far, oligoguluronates elicited the highest release of iodine-containing halocar-
bons including CH,L,. Thus, a potential link between endophyte infection and the
biogeochemical cycle of iodine in coastal systems can be postulated.
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5. Conclusion

A dramatic decrease in kelp forests has been reported in parts of the world. Kelp
species are subjected to a variety of biotic stress factors, one of them being the
interaction with pathogens. Bacteria are the causative agents of the red spot
disease in kelp species, whereas the known pathogens of the dark spot disease
are endophytic algae. Field observations from different parts of the world docu-
ment massive rates of infection prevalence by endophytic brown algae. In recent
years, major advances in identifying the taxonomic position of the pathogens
and describing the biochemical basis of the defence responses of the host have
been achieved. However, many aspects of this biotic interaction are still poorly
understood, including pathogenicity of the endophytes. Nothing is known about

# Global climate change

Temperature Salinity Solar radiation Storms

Virulence factors
of the endophyte

of the kelp sporophyte of the endophyte

Susceptibility | B i Pathogenicity

Defense responses
of the kelp sporophyte

Biogeochemical feedback
(Iodine flux and cloud condensation nuclei)

Increased infection rates

Reduced fitness

— Decline in kelp abundance

Figure 4. Global climate change (e.g., increase in temperature, freshwater input, UV radiation, storm
frequency) may impact several components of the host—pathogen interaction (i.e., susceptibility of
the kelp sporophyte, pathogenicity of the endophyte). Increased infection rates may cause a reduced
fitness of the kelp sporophytes. This may contribute to the disappearance of kelp forests, which in turn
might feedback with global climate change via the iodine metabolism of the kelps.



THE POTENTIAL IMPACT OF CLIMATE CHANGE ON ENDOPHYTE 151

the ecological significance, i.e., the effect of infections on host physiological per-
formance and fitness. Accordingly, how climate change may modulate this biotic
interaction remains speculative (Fig. 4). Further research effort needs to deepen
our mechanistic understanding of such host—pathogen interactions, to estimate its
ecological impact and to predict and assess the effects of climate change.
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1. Ozone Depletion and Climate Change in Aquatic Ecosystems: Interaction
Among Variables at Different Scales and Ecological Status of Coastal Waters

The IV Report of the Intergovernmental Panel of Climate Change (IPCC, 2007a, b)
has concluded that the warming of the Earth is unequivocal as is now evident
from observations of the increasing global air and ocean temperatures, the reduc-
tion of ice and snow in polar region and high mountains, and rising global aver-
age sea level. It is crucial to know the vulnerability and the ecosystem capacity
of adaptation to climate change. Most of the studies are being conducted in land
ecosystems and oceanic waters; meanwhile, it is necessary for a greater research
effort in coastal waters, lakes, and lagoons. The IV-IPCC report defines the adap-
tation capacity as the capability of a system to adapt or adjust to climate change
(including the climate variability and the climate extremes) to take the advantages
of the opportunities or to carry the consequences. On the other hand, the vulner-
ability of the systems is the grade in which the systems are not capable of carrying
the adverse effects of climate change. The vulnerability is a function of character,
magnitude, and change rate of climate change, and also of the submitted environ-
mental variations, the sensitivity, and capacity of adaptation of the ecosystems.

The IV IPCC (2007a, b) reported changes in the abundance of macroalgae and
phytoplankton, a higher acidity of the ocean waters and an increase in the surface
water temperature. The availability of drinking water will decrease (10-30%) in
the Mediterranean area of Europe in which at present the water stress already
exists. The vulnerability of the coastal areas in Southern Europe will be increased
by other human factors such as marine contamination, urban and agricultural
effluents, and the urban development.

No implemented regulations are presently addressing the protection of
marine environment as a whole against multiple stresses, including climate
change. However, a number of water- and marine-related directives have been
established with specific issues like water quality and sustainable management
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of marine resources in response to political concern in restricting domains
(e.g., bathing, drinking, water, fisheries).

On the other hand, the Water Framework Directive (2000/60/EC) of the
European Parliament and Council establishing a framework for community action
in the field of water policy (WFD) provides a good example of an integrated man-
agement and allows great flexibility in meeting good ecological and chemical status
not only in continental waters (river and lakes) but also transitional (lagoons and
estuarine) and coastal waters. The ecological status is an expression of the quality
of the structure and functioning of aquatic ecosystems associated with surface
waters. The ecological status is directly related to human activities: urban, indus-
trial, and agricultural effluents, urban pressure on the line coast among others, but
recently it is also related to climate change impacts. Its successful implementation
would increase the ecosystem capacity for resilience and reduce the vulnerability of
these waters to climate change stresses (Hoepftner, 2006).

The ecological status of coastal waters must be evaluated by

1. Biological elements: Composition, abundance, and biomass of phytoplankton,
other aquatic flora, and benthic invertebrate fauna

2.  Hydromorphologic elements supporting the biological elements as (a) mor-
phological conditions (depth variation structure and substrate of coastal
bed, structure of the intertidal zone), (b) tidal regime: direction of dominant
currents, water exposure, and chemical and physicochemical elements support-
ing the biological elements as general (transparency, thermal , oxygenation, and
nutrient conditions and salinity), and specific pollutants (pollution by all
priority substances identified as being discharged into the body of the water
and pollution by other substances identified in significant quantities into the
body water).

The coastal waters in Europe as in other parts of the world, i.e., USA and Eastern
Asia, continuously exposed to increasing human pressure through activities such
as fisheries, energy production, trade, commercial, and tourism. Thus, the effect of
climatic change is difficult to untangle from direct anthropogenic activities. The
latter often reduces the resilience property of the marine and coastal ecosystems,
which then become more vulnerable to stresses due to climate forcing. Macroalgae
have been used as a good indicator of the water quality because their sedentary
condition integrates the effects of long-term exposure of nutrient or other pollut-
ants resulting in a decrease or even disappearance of the most sensitive species and
its replacement by highly resistant, nitrophilic, or opportunistic species (Murray and
Littler, 1978). Macrophytes have been used as biological indicators in different
European geographical areas such as region 1 (Atlantic Ocean) by research groups
of United Kingdom and Ireland (Wells and Wilkinson, 2002; Wells et al., 2007)
and region 6 (Mediterranean) by groups of Greece (Orfanidis et al., 2001), France
(Thibaut et al., 2005), or Spain, mainly in the Catalonia coastal waters (Ballesteros
et al., 2007; Arévalo et al., 2007) among others. The investigations reported the



INTERACTIVE EFFECTS OF UV RADIATION AND NUTRIENTS 161

importance to define the ecological status of the water, not only based on the
composition, abundance, and biomass of phytoplankton or macrophytes but also
by using new indicators. There is still no agreement at the European level on the
evaluation design and the specific indicators by using macrophytes; in contrast,
the indicators for macroinvertebrate evaluations are already decided, i.e., seven
different ISO regulations.

The intertidal macroalgae communities respond to changes in nutrient status
when they are exposed to eutrophication, toxic substances, and other habitat
modification known as general ambient stresses. Specifically, the WFD outlines
the criteria that need to be related to type-specific reference (undisturbed area) con-
ditions for macroalgae: (1) taxonomic composition corresponds totally or nearly
totally to undisturbed conditions, (2) there are no detectable changes in macroalgae
abundance owing to anthropogenic activities. Regarding the composition of mac-
rophytes, the WFD states that for high quality, all sensitive taxa must be present.
The requirements stipulated for reference and high quality conditions by WFD create
two main problems: (1) It is not well known which species are the sensitive ones in
any particular situation, as sensitivity species tend to be less abundant members of
the community, or such that they will not constantly present even under good water-
quality conditions and (2) species composition can be naturally highly variable.

At present, there is a controversy on the indicators used to evaluate the
ecological status of aquatic ecosystems, as new indicators are being proposed in
addition to species composition such as

1. Specific richness. Wilkinson and Tittley (1979) reported that the richness
remains broadly constant in the absence of environmental alterations, over
days, months, seasons, and years. Although different ecological communities
do not contain the same number of species (Krebs, 1978), there is a particular
range of species richness which can be expected within intertidal communities
(Wells et al., 2007). Using data for 100 rocky shores, Wilkinson et al. (1988)
founded a link between species richness and localized intertidal variables.

2. Proportion of Chlorophyta and Rhodophyta taxa. The Chlorophyta species
constitute a high proportion of small filamentous and delicate species and
show an increase in species numbers with decreasing environmental quality.
Generally, the Chlorophyta species although small and often filamentous are
able to adapt more rapidly to changes in the environments, whereby propor-
tions increase with decreasing quality status. Consequently, the changes in the
proportion of Rhodophyta and Chlorophyta species have been considered
to be indicative of human influences and shift in quality status, i.e., in high
ecological status, the proportion of Chlorophyta is 20-25%, whereas that of
Rhodophyta is 45-55%. There are exceptions to this pattern, for example, the
increase in the red algae Ceramiales under stress conditions; this is a group of
red algae with filamentous and simple morphology. Thus, Gorostiaga et al.
(2008) proposed the proportion of species of simple morphology/complex
morphology as an indicator independent of the taxonomic identity.
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3. Ratio of ecological-functional status group. Wells (2002) proposed the
functional groups according to the classification of Littler et al. (1983).
ESGH: late successional or perennial and ESG2: opportunistic and annuals.
In high ecological status, the proportion of ESG1/ESG?2 is about 0.5-0.9,
whereas the values are 0.1-0.4 in low ecological status (Wells, 2002). Arévalo
et al. (2007) applied methods based on functional-form group of macroalgae.
They reported that changes in the species composition and structure of
Mediterranean macroalgal-dominated communities form upper sublittoral
zone described along a gradient of nutrient enrichment form urban sewage
outfall. Ulva-dominated communities only appear close to sewage outfall,
Corallina-dominated communities replace ulvacean at intermediate levels of
nutrient enrichment, and Cystoseira-dominated communities thrive in the
reference site. The functional group approach is adequate, since it is linked
to the concept of bioindicator species and to the progressive increase in the
structural complexity of aquatic ecosystems (Gorostiaga et al., 2008).

4. CARLIT index. It combines community cartography and available informa-
tion about the value of the community as indicators of water quality, using
GIS technology, to provide an index that fulfills the requirements of the WFD,
i.e.,, it takes into account sites in reference conditions and it is expressed as
numerical values ranging between zero and one. Ballesteros et al. (2007) used
this approach to express the ecological status of the coastal waters of Catalo-
nia in the 37 areas in which the coast was parceled.

In the context of climate change and its influence in the marine benthos, the effort
of research conducted has been scarce, owing to the newness of the field, the smaller
number of studies with large scale as references (30-50 years), and the intrinsic
high environmental temporal-spatial variation in aquatic ecosystems. In spite of
this, scientific attention is being devoted to the prediction of biological changes in
benthic marine communities (Bhaud et al., 1995; Alcock, 2003) as well as to the
evaluation of effects already attributed to climate change with new advances in the
statistical approaches (Hiscock et al., 2004; Helmuth et al., 2006).

Improvements in water quality in Spain has recently been followed by notice-
able changes in species composition and vegetation structure (Ballesteros et al.,
2007; Arévalo et al., 2007; Pérez-Ruzafa et al., 2007; Gorostiaga et al., 2008) — spe-
cies richness significantly increased throughout the study area, whereas algal cover
only increased at the most degraded sites. Pollution removal promoted the devel-
opment of morphologically more complex species. Intertidal vegetation at the
degraded sites became progressively more similar to that at the reference site. In the
Basque coast, five recovery stages discriminated by different species (SIMPER rou-
tine) were characterized from ordination (MDS) analyses (Gorostiaga et al., 2008):
(1) extremely degraded: Gelidium pusillum is the most abundant species, which is
accompanied by Bachelotia antillarum at the low intertidal level (0.75 m); (2) heavily
degraded: Gelidium pusillum remains dominant and accompanied by Caulacanthus
ustulatus at the high intertidal level (1.4 m); (3) moderately degraded: Corallina
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elongata becomes dominant, C. ustulatus remains abundant at the high level; (4)
slightly degraded: C. elongata remains dominant in both tidal levels, Chondracanthus
acicularis and Lithophyllum incrustans are abundant at the high level. Pterosiphonia
complanata and Stypocaulon scoparium become abundant at the low level; (5) ref-
erence stage: Lithophyllum incrustans and Laurencia obtusa are abundant together
with C. elongata at the high level, whereas Stypocaulon scoparium dominates the
low level, with Bifurcaria bifurcata, Jania rubens, and Cystoseira tamariscifolia as
abundant species. Thus, this study reveals that phytobenthic communities are use-
ful indicators of water quality and provide real data that contribute to the assess-
ment of the ecological status of rocky open shores on the Basque coast species
richness, algal cover, and proportion of species with complex morphology have
been used as good indicators of the ecological status of coastal waters. The bioin-
dicator capacity of certain species of subtidal systems has been tested in the frame
of climate change, i.e., retraction due to temperature increase and high irradiance
of marine macroalgae such as G. sesquipedale, Pterosiphonia complanata, or the
increase of Cystoseira baccata, Codium decorticatum'y Peyssonelia sp. The biomass
is the other key parameter but with high sampling cost, i.e., the biomass and pro-
duction of Gelidium meadows have decreased in the last 10 years. It is evident that
the Production/Biomass (P/B) ratio in a stressed community will be lower than
that in communities under optimal conditions.

The evaluation of the vulnerability requires the knowledge of the structure—
function of the aquatic ecosystems (Tilman et al., 2002). One of the best indica-
tors of the human activity, i.e., urban sewage, which leads to the decline of
biodiversity (Wilson, 2003), is not only related to the species extinction but also
the loss of genetic and functional diversity at different levels of organization
(Naeem et al., 1999).

In terrestrial systems, habitat distribution models have been applied with suc-
cess to define protected areas relating the direct field observations on the species
distribution with the predictor variables of the ecosystems according to theoretical
models and statistical tools (Guisan and Zimmermann, 2000; Seoane et al., 2006)
and to detect key environmental variables on the species abundance (Luoto et al.,
2001). These approaches are scarce in marine communities (Kaschner et al., 2006)
and especially in coastal ecosystems (Robertson et al., 2003; Calvo Aranda, 2007).

The macroalgae of Southern Iberian Peninsula, both Mediterranean and
Atlantic species, present higher mechanism for photoprotection compared with
algae of Northern latitudes, i.e., dynamic photoinhibition (Figueroa et al., 1997a,
2002; Flores-Moya et al., 1998; Jiménez et al., 1998) and accumulation of photo-
protectors (Karsten et al., 1998; Pérez-Rodriguez et al., 1998, 2001; Korbee et al.,
2005; Abdala-Diaz et al., 20006).

There is very scarce information about adaptation and ecophysiological
responses. It is urgent to investigate ecophysiological responses at the molecular,
metabolic, and individual levels to global climate change. Functional indicators
can be not only a good basis for ecophysiological studies but also in the manage-
ment of the aquatic environment, i.e., ecological status according to WFD.
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The use of new indicators to both evaluate the ecological status and the
vulnerability and adaptation capacity of the macrophyte community is proposed
as follows:

1. Structural, biological, and ecological indicators: species richness, biodiversity,
and other structural parameters

2. Functional indicators of photosynthesis: optimal quantum yield and maxi-
mal, electron transport rate as in vivo chlorophyll fluorescence is associated
to Photosystem II (PAM fluorometry)

3. Functional indicator of nutrient status: stoichiometry, i.e., C:N:P ratios

4. Stress indicators: heat shock proteins (HSP), proteases, and reactive oxygen
species (ROS)

The integration of ecological and ecophysiological approaches will give the basis
for the evaluation of ecological status and the prediction of variations of the
structure—function of aquatic ecosystems owing to climate change.

2. Nutrient Status and the Capacity of Acclimation to Increased UV Radiation: UV
Screen Substances (Mycosporine-Like Amino Acids and Phenolic Compounds)

2.1. INTERACTION OF FACTORS OF CLIMATE CHANGE:
TEMPERATURE, PHOTOSYNTHETIC IRRADIANCE, AND UV
RADIATION AT DIFFERENT SCALES (ORGANISMS VERSUS
ECOSYSTEMS)

There is an accumulating body of evidence to suggest that many marine ecosys-
tems, both physically and biologically, are responding to changes in regional climate
caused by the warming of air and sea surface temperatures and to a lesser extent by
the modification of precipitation regime and wind patterns (Hoepftner, 20006).
Recent evidences indicate that the increase in temperature over the last dec-
ade has had a primary role in influencing the ecology of European seas in inter-
tidal rocky shore populations (Hawkinks and Jones, 1992). Ecological changes in
the Southern North Sea (Perry et al., 2005) and English channel also appear to be
closely related to climate-driven sea temperature fluctuations (Southward et al.,
2005). Other documented range shifts and recent appearance of warm-water spe-
cies new to marine environment include tropical macroalgae in the Mediterranean
(Walther et al., 2002). Successive heat waves over the Mediterranean Sea and sub-
sequent peaks in the water temperature field have been lethal to some invertebrates
like sponges and gorgonias, and it could be also affecting supralittoral macroalgae
(Laubier et al., 2003). Seagrasses beds, which have an important role in the marine
store carbon and stabilizing the bottom sediment against erosion, may suffer con-
siderably through intensification of extreme weather patterns through storms,
wave action, resuspension of sediment in the water column, as well as sudden
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pulses of freshwater runoff (Pergent et al., 1994). After such events, the recoloniza-
tion of the benthos can take several years. In spite of the importance of biodiver-
sity for ecological functioning, we have still scarce knowledge on the effects of
climate change on this aspect of our seas. Even as our oceans cover more than 70%
of the surface of our planet, less than 10% of published research on biodiversity
dealt with marine systems (Parry et al., 2007).

Changes in the abundance of certain species in the Spanish coast have been
related to thermal shocks (B. Martinez, 2009, personal communication). The results
of a demographic study, which is currently being undertaken in the Cantabric
coast, show clear differences in the structure and demography of the brown algae
Fucus serratus in the southern distributional of Asturias compared with his-
torical data (Anadén and Niell, 1981). Transplant experiments done in 1990
showed that F. serratus can grow out from the limit of distribution (Arrontes,
1993). However, the last studies suggested that marginal population of F. serratus
are above their limit of environmental tolerance and a retraction in the distribu-
tion is taking place in this geographical area. Other vulnerable communities are
the aquatic angiosperms both from marine and continental waters. The meadows
of seagrasses Posidonia oceanica are essential in the protection of the marine
environments on the Spanish Mediterranean coast (Medina et al., 2001); thus, the
retraction of these communities due to anthropogenic factors including climate
change would have catastrophic consequences.

The concentration of ozone depleting substances in the atmosphere are now
decreasing but the recovery of the ozone layer as 1980 is still far to produce. The
area affected each year by ozone hole seems to reach a constant maximal level, but
there is greater uncertainty about future UV-B radiation than future ozone, since
UV-B radiation will be additionally influenced by climate change (Mckenzie et al.,
2007). At some sites of northern hemisphere, UV-B irradiance may continue to
increase because of continuing reduction in aerosol extinction since 1990. The
recovery of the ozone layer is expected to delay to 2070 due to the decrease in the
temperature in the stratosphere as an influence of the climate change. Calculations
based on the absorption characteristics of O, suggest that a 10% decrease in the
ozone layer produces an increase of 5% of irradiance at 320 nm but an increase of
100% at 300 nm (Frederick et al., 1989). The decrease in ozone layer in Southern
Iberian Peninsula has been about 0.3% per year, i.e., 0.5-0.75% increase in biologi-
cal weighted irradiance related to DNA damage and algal photoinhibition (Hader
et al., 2007). The ozone depletion is affecting the UVB/UVA ratios since only UV-B
is increased. The increasing in this ratio can have an important effect on repair
capacity and biochemical cycles (Jeffrey et al., 1996; Zepp et al., 2007). The turbid-
ity and beam attenuation coefficient (c) are good indicators of the penetration of
UVR. The decrease in transparency of the water by an increase in the concentration
of dissolved and particulate material due to different activities (urban sewage out-
flow, aquacultural effluents) together with the increasing of temperature can be
the probable reason for the significantly negative effect of macroalgae marine
angiosperm communities. In aquatic ecosystems, the increase in UVB (280-315 nm)
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by ozone depletion together the high exposure to UVA (315-400 nm) according to
the latitude and altitudes have been related to the damage of DNA, RNA, proteins,
and lipids in aquatic organisms (Buma et al., 1995, 1997; Bischof et al., 1998;
Helbling et al., 2001) as the increase of oxygen radicals (ROS) and subsequent
stimulation of antioxidant systems (Bischof et al., 2006), decrease of enzyme activi-
ties as Rubisco (Bischof et al., 2002), nitrate reductase, and carbonic anhydrase
(Gomez et al., 1998; Flores-Moya et al., 1998; Vifiegla, 2000; Figueroa and Vifiegla,
2001), pigment photodamage (Figueroa et al., 1997a; Hader and Figueroa, 1997;
Aguilera et al., 2002), photoinhibition of photosynthesis (Figueroa et al., 1997a;
Figueroa et al., 2002), inhibition of growth (Altamirano et al., 2000a, b), and inhibition
of different reproductive stages (Altamirano et al., 2003a, b; Wiencke et al., 2000,
2006). The algae present different sensitivity to UVB according to species, morphology,
and life cycle (Dring et al., 1996; Altamirano et al., 2003a, b). This pattern is related
to the action of photoprotection mechanisms as the photorepair of DNA is medi-
ated by PAR and UVR (Mitchell and Karentz, 1993), accumulation of lipidic and
water-soluble antioxidants, and the activation of antioxidant enzymes (Cockell and
Knowland, 1999), and finally the accumulation of UV-screen photoprotectors as
mycosporine-like amino acids (MAAs) in red macroalgae (Karsten et al., 1998;
Korbee Peinado et al., 2004, 2005), phenolic compounds in brown algae (Pavia
et al.,, 1997; Connan et al., 2004; Abdala-Diaz et al., 2006), and trihydroxicou-
marins in the green algae Dasycladus vermicularis (Pérez-Rodriguez et al., 1998,
2001) or other phenolic compounds in Ulva pertusa (Han and Han, 2005).
Temperature can affect the repair process and it has an antagonist effect with UV
radiation on growth pattern in macroalgae (Altamirano et al., 2003a, b).

The factors can change the physiological and ecological responses with antago-
nist or synergic effects. The analysis of multiple factors influencing at different rates
and scales is a hot research point in the research on the effects of Global Climate
Change (Breitburg et al., 1999; Xenopoulos et al., 2002; Doyle et al., 2005). One of
the most important challenge of the ecological research is to understand and
predict the effect of multiple factors of abiotic stress (increase in CO,, photosyn-
thetic irradiance, UV and temperature, input of nutrient by pulses, decrease in pH,
eutrophication) on species, communities, and ecosystems (Breitburg et al., 1999).

Most of the studies on the effect of global climate change on aquatic organ-
isms has been conducted with one or two variables and the number of studies on
interaction of more number of factors are very scarce (Bischof et al., 2006; Hader
et al., 2007). In the last 15 years, our research group has investigated on the effect
of the increase in ultraviolet radiation (UVR), temperature, and CO, on the
photosynthetic metabolism, nutrient incorporation, and growth in microalgae,
macroalgae, and aquatic macrophytes of both coastal and continental waters.
The investigation has been conducted in the field (in situ) monitoring the main
environmental factors (solar radiation, nutrient, and temperature), in experimental
controlled conditions under solar radiation (outdoor) and under artificial condi-
tions (indoor). The mechanisms for acclimation to global climate change have
been evaluated including as follows: photoinhibition, photoprotection, nutrient
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uptake systems, and patterns of growth, reproduction, and morphogenesis (Hader
and Figueroa, 1997; Gémez and Figueroa, 1998; Conde-Alvarez, 2001; Figueroa
et al., 2002; Villafafie et al., 2003; Gémez et al., 2004).

The studies on the adaptation capacity and vulnerability of the coastal
ecosystems of Southern Europe to climate change are still scarce. One of the best
monitored ecosystems is the high altitude lake ecosystems (Sierra Nevada,
Southern Spain). The structure—function and complex interaction has been
studied in microbial food webs of these lakes submitted to stress, i.e., high solar
UV radiation and nutrient availability (Carrillo et al., 2002, 2006, 2008). However,
it is necessary to study other lakes submitted to other interactive stress conditions,
1.e., saline lagoons. In coastal waters, Mercado et al. (1998) is a pioneer study on
the use of carbon by the macroalgae of Southern Iberian Peninsula; this study
reported that in green algae the assimilation of Ci is saturated at the present CO,
concentration, whereas 70% of the red and brown algae analyzed are not saturated,
consequently an increase in CO, favored the primary production.

The main investigation has been conducted at species level and there is still
scarce information on the interactive effect of climate change variables on the
structure, diversity, and primary production of the algal and aquatic macrophyte
communities (Liining, 1990; Hader and Figueroa, 1997; Bischof et al., 2006). The
increase in UVB due to ozone depletion has been related to the alterations at pri-
mary production and community structure (Roleda et al., 2006), reproductive
stages (Wiencke et al., 2000), and succession (Santas et al., 1998; Wahl et al., 2004;
Dobrestov et al., 2005). The effects of UVR are only important in the early phases
of succession as spore germination or the growth of juvenile algae, i.e., spores of
supralittoral dominant species are more resistant to UVR than that of subtidal
grown algae (Wiencke et al., 2006). The same results were observed on the resist-
ance of the pollen to UVR of macrophytes of the Laguna of Fuente de Piedra,
i.e., the species with pollinization in surface waters presented higher survival rate
to UVR than plants with underwater pollinization (Conde-Alvarez et al., 2008).

The depth distribution (zonation) and consequently the structure of the coastal
system is correlated to the sensitivity of the algae to UV radiation, i.e., the supralit-
toral present less DNA damage and higher repair rate than the algae grown in
the subtidal area (van de Poll et al., 2001; Bischof et al., 1998; Gémez et al., 2004;
Wiencke et al., 20006).

Studying the interaction among factors of climate change is very important to
know the bio-optical properties of both macrophytes and aquatic ecosystem. Our
research group has conducted studies on bio-optical properties of diverse aquatic
ecosystem (Mediterranean, Atlantic, and Antarctic). The evaluation of absorpt-
ances of macroalgae is very important to estimate the photosynthetic capacity of
macrophytes. In a laboratory study, it has been reported that specific attenuation
coefficient (K ) was a good indicator of the acclimation capacity of algae in terms
of photosynthesis to increase photosynthetic and UV radiation (Figueroa et al.,
1997a; Figueroa et al., 2002). In macrophytes, the absorptance has been related to
morpho-functional aspects related to light and nutrients (Lopez-Figueroa, 1992;
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Enriquez et al., 1994; Salles et al., 1996). The capacity of acclimation to UV radia-
tion has been related to morpho-functional characteristics of macrophytes in tropi-
cal ecosystems (Larkum and Wood, 1993; Hanelt et al., 1994), temperate latitudes
as Mediterranean (Santas et al., 1998; Gémez and Figueroa, 1998), North Sea
(Dring et al., 1996), Arctic (Hanelt, 1998), Antarctic (Bischof et al., 1998), and
Patagonia of Chile (Gomez et al., 2004).

The preliminary studies suggest that the influence of UVB at ecosystem level
could be more pronounced on the structure of the community and a trophic
level with the subsequent effects on biogeochemical cycles than that on the levels
of biomass per se (Héder et al., 2007). Thus, in the next 50 years, the levels of
UVR can still affect the structure and function of macrophyte communities and
consequently to a higher scale the biogeochemical cycles.

2.2. INTERACTION OF FACTORS OF CLIMATE CHANGE:
NUTRIENT AVAILABILITY, STOICHIOMETRY,
AND STRUCTURE-FUNCTION OF AQUATIC ECOSYSTEMS

Although one of the most evident effects of the human activities on aquatic
ecosystems is the decrease in biodiversity, this decline also includes the loss of
genetic and functional diversity at different organization levels. It is a consensus
among ecologists to increase the focus to other field of diversity of ecosystems
(Schulze and Mooney, 1993; Naeem and Wright, 2003). Most of the studies on
the relation between biodiversity and the functioning of ecosystem have been con-
ducted in terrestrial ecosystems and with communities of higher plants (Naeem
et al., 1999; Naeem and Wright, 2003). In addition, the number of studies on the
interaction between factors of global climate change (increased CO,, temperature,
and UVR) at regional scale and the relation of the pattern of biodiversity and
function of ecosystems are still more scarce (Naeem et al., 1999).

There are a great number of reports on the individual effects of UVR and
nutrients on organisms (Helbling and Zagarese, 2003; Hader et al., 2007), but the
number of studies on the interaction between UV radiation and nutrient availa-
bility (Villafadie et al., 2003) is scarce. Sterner et al. (1997) proposed the hypoth-
esis light: nutrients (LNH) with predictive models. However, the investigation has
treated partial aspects such as structure and succession of nannoplankton
(Bergeron and Vincent, 1997; Xenopoulos and Frost, 2003) or functional aspects
of algal community (Xenopoulos et al., 2002; Litchman et al., 2002).

Most of the adaptive mechanisms and the sensitivity of algae to UVR
depend on the nutrient availability or cell nutrient status, nitrogen (N) in marine
(Shelly et al., 2002; Korbee et al., 2005; Villafaiie, 2004; Medina-Sanchez et al.,
2006) and phosphorus (P) in freshwater (Hiriart et al., 2002; Xenopoulos and
Frost, 2003; Medina-Sanchez et al., 2006) ecosystems. The nitrogen limitation
affects many processes in macrophytes, among which are not only the photosyn-
thetic capacity (Pérez-LLoréns et al., 1996), but also the content of proteins
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(Henley et al., 2001; Vergara et al., 1995) and photoprotection mechanisms (Korbee
Peinado et al., 2004; Korbee et al., 2006; Huovinen et al., 2006). The limitation of
N reduces the cell size (Doucette and Harrison, 1990; Garcia-Pichel, 1994). The
increase in the relation cell surface/volume not only favored nutrient incorporation
but also decreased the attenuation of UVR (antagonist effect). Increasing sensitiv-
ity to UVR has been reported for N-limited algae in short- and mid-term studies
(Litchman et al., 2002; Korbee Peinado et al., 2004) and P-starved algae in shorter-
term (Hiriart et al., 2002) and longer-term (Shelly et al., 2005) studies.

The accumulation of MAAs (photoprotectors) with the increase in both nitrate
and ammonium availability (Table 1) suggest that these substances can have other
functions beyond UV-screen capacity as also reservoir of N (Korbee et al., 2005,
2006; De la Coba, 2007). Thus, in addition to UV radiation, the nitrogen availabil-
ity is crucial as trigger and substrate for the enhancement of photoprotective sys-
tem. In scenarios of increased UV radiation, combined eutrophication is expected
in the investment of energy to accumulate MAAs. The nitrogen of MAAs can
be used when the N sources is reduced (anticipating strategy), as it has been sug-
gested for phycobiliproteins (Algarra and Riidiger, 1993; Tandeau de Marsac and
Houmardd, 1993; Sinha and Héader, 1998; Talarico and Maranzana, 2000).

The content of MAAs is much higher in algae grown about 1 week under high
nitrogen conditions (300-500 uM inorganic nitrogen) than that grown under low nitro-
gen concentration (50 pM). The increase is higher in the presence of UV radiation
indicating an interaction between nutrient supply and UV radiation (Korbee
Peinado et al., 2004). Thus, these data show that the algae grown under eutrophi-
cation conditions could be more photoprotected against increased UV radiation.

Table 1. Concentration of mycosporine-like amino acids (expressed as mg gDW™') in red macroalgae
grown at different nitrogen conditions (high and low N), and the percentage of the increment under high
nitrogen availability.

Species High N Low N Increase (%)  Reference

Porphyra columbina

Indoor (PAR + UV) 8.9+0.9 3.7%0.76 140.0 Korbee Peinado et al. (2004)
Porphyra leucosticta

Indoor (PAR + UV) 9.7+045 43%0.63 126.2 Korbee et al. (2005)
Porphyra umbilicalis

Indoor (PAR + UV) 82+048 53%1.66 55 Korbee et al. (2005)
Grateloupia lanceola

Indoor (PAR + UV) 34+0.25 1.9£0.12 78.9 Huovinen et al. (2006)
Grateloupia dichotoma

Indoor (PAR) 31+030 09£0.14 244.4 Figueroa et al. (inedit)
Gracilaria cornea

Indoor (PAR) 0.6 +0.01 0.4 %0.05 50.0 Figueroa et al. (inedit)

Outdoor (PAR + UV) 1.8+£0.18 0.8%0.09 125.0
Gracilaria tenuistipitata
Indoor (PAR) 02+0.02 0.15+£0.01 333 Bonomi et al. (inedit)

Indoor (PAR + UV) 42103 1.75+£0.09 1423




170 FELIX L. FIGUEROA AND NATHALIE KORBEE

In addition, MAAs can be true “multipurpose” secondary metabolites, which
have many additional functions in the cell beyond their well-known UV screen
(see review by Oren and Gunde-Cimerman, 2007) and nitrogen source (Korbee
et al., 2006). MAAs can be functional under osmotic stress in cyanobacteria
(Oren, 1997), in desiccation resistance (Tirkey and Adhikary, 2005; Wright et al.,
2005), and against free oxygen radicals due to antioxidant activity as scavengers
of free radicals (Dunlap and Yamamoto, 1995; Suh et al., 2003). Recently, de la
Coba et al. (2008) reported that several standard in vitro assays were performed
to determine the potential antioxidant capabilities of purified aqueous extracts of
the mycosporine-like amino acids (MAAs) porphyra 334 plus shinorine (P-334 +
SH), isolated from the red alga Porphyra rosengurttii, asterina 330 plus paly-
thine (AS + PNE), from the red alga Gelidium corneum, shinorine (SH), from the
red alga Ahnfeltiopsis devoniensis, and mycosporine—glycine (M-Gly), isolated
from the marine lichen Lichina pygmaea. The scavenging potential of hydrosolu-
ble radicals (ABTS* decolorization method), inhibition of lipid peroxidation (B-car-
otene linoleate model system), and the scavenging capacity of superoxide radicals
(pyrogallol autooxidation assay) were evaluated. In terms of hydrosoluble radi-
cals scavenging, the antioxidant activity of all MAAs studied was dose-dependent
and it increased with the alkalinity of the medium (pH 8.5). M-Gly presented the
highest activity in all pH tested; at pH 8.5 its IC, was eightfold L-ascorbic acid
(L-ASC). AS (+PNE) showed higher activity than L-ASC at pH 8.5, as well. P-334
(+SH) and SH showed scarce activity of scavenging of hydrosoluble free radicals.
AS (+PNE) showed high activity for the inhibition of lipid peroxidation, relative
to vitamin E, and superoxide radical scavenging, whereas the activities of P-334
(+SH) and SH were moderate (de la Coba et al., 2008). According to these results,
the potential of MAAs in photoprotection is high due to a double function: (1)
UV chemical sunscreens with high efficiency for UVB and UVA bands (2) their
antioxidant capacity. MAAs as secondary metabolites can be key substances
against stress conditions provoked by different phenomena, i.e., climate change,
pollution, etc.

The limitation of P also reduced the photosynthetic rate in macroalgae
(Flores-Moya et al., 1997). The interaction UVR-P is very complex with both syn-
ergic and antagonist effect depending on the temporal scale (Medina-Sanchez et al.,
2006). In phytoplankton communities, there are some published results about the
interaction of UV and P inputs. These papers pointed out that P-enrichment
unmasked the inhibitory UVR effect on primary production of algae in a similar
way to other studies (Xenopoulos et al., 2002; Doyle et al., 2005; Carrillo et al.,
2008; Korbee et al., in preparation). Xenopoulos and Frost, (2003) found stronger
negative UVR effects on total phytoplankton growth under P enrichment. Doyle
et al. (2005) did not observe a negative effect of UVR on Alpine lakes phytoplank-
ton growth in the absence of nutrient additions; only with the addition of nutrients
did UVR exposure depress the growth of some species.

According to the previous arguments, it is relevant to conduct synthetic
studies analyzing the interactive effects of climate change factors such as
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temperature, photosynthetic irradiance, UV radiation, and nutrient availability
(input pulses), and the structure (biodiversity) and function (physiological proc-
ess and capacity of adaptation) of ecosystems.

3. Ecophysiology Approach: Experimental Design of the Studies of Interaction
Between Ultraviolet (UV) Radiation and Nutrients

Design and application of novel indicators for an integrated evaluation of the eco-
logical status and vulnerability of coastal waters, lagoons, and hypersaline lakes to
climate change according to enviromental gradients (temperature, photosynthetic
irradiance, UV radiation, nutrient availability, and confinement).

For this purpose, it is neccesary to study the abundance and species composition
as well as functional elements.

Abundance and species composition: Comparison with previous historical
data. Systemic or ecological indicators: species richness and Shannon diversity
using multiple regressions, permutational multivariate analysis of variance
(Permanova), and considering the natural scales variation through an appropriate
multiscale sampling design. Correlation between biological changes and climatic
variables (period 1970-2008). Habitat Distribution models.

Functional elements: Bio-optical indicators, maximal quantum yield by
in vivo Chl « fluorescence as an indicator of physiological status, stoichiometry
(C:N:P) as an indicator of nutrient status, and stress indicators: heat shock pro-
teins, proteases, and reactive oxygen species (ROS).

For the evaluation of the effect of stress factors on the capacity of acclima-
tion of aquatic macrophytes, it is neccesary to determine the interaction of
physico-chemical and biological variables. For this purpose, we suggest the devel-
opment of several studies:

1. Ecophysiological-multifactorial studies focusing on factors of climate change
(temperature, photosynthetic irradiance, UV radiation, and nutrient availabil-
ity): dynamic photoinhibition, accumulation of UV screen photoprotectors,
antioxidant capacity.

2. Field measurements of environmental factors (temperature, PAR, and turbidity)
and its relation with stress symptoms in subtidal macrophytes: the case of the
decline of the stands of Gelidium corneum or Fucus serratus. Complementary
field experiments to elucidate the main sources of stress (irradiance and
nutrients).

3. Effect of UVR, temperature, and salinity on seed germination, seed production,
and growth in macrophytes. Relations between renovation rate of seeds and
climate conditions of each hydrological year.

Among functional indicators, in vivo Chlorophyll fluorescence is not only used
to estimate photosynthesis but also the general physiological status of marine
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macrophytes and phytoplanktons. This nonintrusive technique is being applied
since 15 years in macrophytes (Hanelt et al., 1994; Hader and Figueroa, 1997;
Figueroa et al., 2003). Although PAM fluorescence has been used in field studies
of both intertidal and subtidal algae, it is still necessary to investigate the use of
this technique as an indicator of ecological process as primary production.

In addition, we proposed the following stress indicators:

Heat shock proteins (HSP). They are molecular chaperones for protein mol-
ecules. They are usually cytoplasmic proteins and they perform functions in various
intracellular processes. They play an important role in protein—protein interactions
such as folding and assisting in the establishment of proper protein conformation
(shape) and prevention of unwanted protein aggregation. By helping to stabilize
partially unfolded proteins, HSPs aid in transporting proteins across membranes
within the cell. Some members of the HSP family are expressed at low to moderate
levels in all organisms because of their essential role in protein maintenance (Lam
et al., 2000). However, the peculiarity of HSPs is that they are a group of proteins
whose expression is increased when the cells are exposed to elevated temperatures
or other stress. The upregulation of the HSPs induced mostly by heat shock factor
(HSF) is a key part of the heat shock response. The HSPs are named according to
their molecular weights. Production of high levels of HSPs can also be triggered by
exposure to different kinds of environmental stress conditions, such as ultraviolet
light, nitrogen starvation, or desiccation. Consequently, the HSPs are also referred
to as stress proteins and their upregulation is sometimes described more generally
as part of the stress response (Burdon, 1986). Scientists have not discovered exactly
how heat-shock (or other environmental stressors) activates the heat-shock factor.
However, some studies suggest that an increase in damaged or abnormal proteins
brings HSPs into action. The use of the expression of HSPs, HSP70 and HSP90,
both related to thermotolerance to cell on exposure to heat and UV stress, as stress
indicator are of great interest in the scenario of climate change.

Cellular oxidation. Reactive oxygen species (ROS). Oxidative stress is caused
by an imbalance between the production of reactive oxygen and a biological sys-
tem’s ability to readily detoxify the reactive intermediates or easily repair the
resulting damage. All forms of life maintain a reducing environment within their
cells. This reducing environment is preserved by enzymes that maintain the
reduced state through a constant input of metabolic energy. Oxidative burst
seems to be an important regulator of the stress response, as the production of
antioxidants inhibits the expression of HSPs. The oxidative burst is a rapid tran-
sient production of reactive oxygen species (ROS) such as superoxide (O,"),
hydrogen peroxide (H,0,), or hydroxyl radicals (OH-). The generation of ROS
around the photosystem II (PS II) diminishes the efficiency of the photosynthetic
apparatus: the D1 protein from the PS II is damaged by ROS and the Calvin cycle
is disrupted, hence CO, fixation is arrested (Lesser, 2006).

Proteases. These are also known as proteinases or proteolytic enzymes and
are a large group of enzymes. Proteases belong to the class of enzymes known as
hydrolases, which catalyze the reaction of hydrolysis of various bonds with the
participation of a water molecule. These enzymes determine the lifetime of other
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proteins playing important physiological roles among which stress response
appears as a key point (Van der Hoorn, 2008). This is one of the fastest “switching
on” and “switching off” regulatory mechanisms in the physiology of an organism.
By complex cooperative action, the proteases may proceed as cascade reactions,
which result in rapid and efficient amplification of an organism’s response to a
physiological signal. It has been shown that proteases play an important role in
photosynthetic organisms subjected to stress. Proteases have been reported to act
on nitrogen starvation, irradiance stress, and light deprivation (Berges and
Falkowski, 1998), and are essential components of cells and participate in proc-
esses ranging from photoacclimation and nutrient acquisition to development and
stress responses. It has been reported that applying the methods to a wide range of
macroalgae from intertidal zones Southwestern Spain and Northern Ireland
(Pérez-Lloréns et al., 2003), macroalgal proteases are easily measurable but highly
variable. A major source of variability that has not been assessed is differing envi-
ronmental conditions. Therefore, measurements of proteolytic enzymes may pro-
vide a valuable tool for examining biologically relevant changes in environments.

4. Future Research to Evaluate the Vulnerability of the Macrophytes
to Climate Change

The studies on the ecological status and vulnerability to climate change of aquatic
ecosystems need integration and coordination. At present, most of the studies
of aquatic enviroments are using macrophytes as biological indicators focusing
at the community level, i.e., monitoring abundance, percentage covered, chlo-
rophyta/rhodophyta ratios, and in a few cases, species richness and biodiversity
(Gorostiaga and Diez, 1996; Wells et al., 2007; Ballesteros et al., 2007; Arévalo
et al., 2007; Pérez-Ruzafa et al., 2007). In contrast to pioneer papers, other papers
also included energetic dimension as production in the sucession studies (Niell,
1979; Lapointe et al., 1981). However, plankton studies combine trophic and
biotic approaches in the studies of the vulnerability of aquatic ecosystems to cli-
mate change (Carrillo et al., 2006) with a focus on stoichiometric and functional
approaches.

On the other hand, there are a good number of reports on ecophysiology of
macrophytes with focus on functional approach such as photosynthesis or nutri-
ent assimilation (Héder and Figueroa, 1997; Figueroa et al., 2002; Bischof et al.,
2006) including also morphofunctional aspects and growth-reproductive studies
(Altamirano et al., 2003a, b; Gomez et al., 2004). However, the research on the
effect factors of climate change and the adaptation strategies on the structure—
function of macrophyte communities and ecosystems are still very scarce (Bischof
et al., 2006). Previous investigations have demonstrated that temperature and
UVBR increases, applied separately, can alter aquatic food-web structure and func-
tion (Mostajir et al., 1999).

Only experimental studies under controlled conditions in large mesocosms
can (1) control forcing factors to mimic model predictions, (2) evaluate the
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response of quasi entire food webs to climate change (e.g., microbial food-webs),
and (3) acquire pertinent data toward the development of predictive global
change models integrating both physical and biological components (Nouguier
et al., 2007).

Several investigations using mesocosms have demostrated the effects of
UVR on the structure—function of aquatic food-web (Wéngberg et al., 2001;
Hernando et al., 2006) (Fig. 1).

The response of the phytoplankton and bacterial spring succession to the
predicted warming of sea surface temperature in temperate climate zones during
winter was studied using an indoor-mesocosm approach (Hoppe et al., 2008).
Also, research groups are studying the interactive effect of UV and P pulses using
mesocosms with natural phytoplankton communities in high mountain lakes
(Carrillo et al., 2008).

In addition, the experimental multifactorial approach with potent statistical
basis can give information on the vulnerability and the capacity of adpatation to
environmental changes including climate change. The approach also gives infor-
mation on the use of novel experimental designs based on mesocosms to evaluate
the interactive effects of enviromental variables related with climate change
(temperature, photosynthetic irradiance, UV radiation, and nutrient availability)
in macrophytes. Liboriussen et al. (2005) designed a flow-through shallow lake
mesocosm to evaluate climate change; this system could be adjusted to be applied
in other aquatic ecosystems. Recently, a new automatically operated system that
can provide accurate simulations of the increases in UV-B radiation and temperature
predicted by climate change scenarios was reported; the system follows the natural

PAR+UV
Seawater Enriched-seawater Seawater Enriched-seawater
Temperaturel Temperature2
PAR
Seawater Enriched-seawater Seawater Enriched-seawater
Temperaturel Temperature2

Figure 1. Experimental design using mesocosms to evaluate the interactive effect between environmental
variables: UV radiation, temperature, and nutrient availability in macrophytes.
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fluctuations of these variables and so reproduces the high degree of environmental
variability that is inherent to aquatic systems (Nouguier et al., 2007).

It is necessary to adapt or create mesocosms for their application in the
research on marine macrophytes. It is crucial to link ecological and ecophysiologi-
cal studies to evaluate the ecological status of coastal waters, lagoon, and hyper-
saline lakes by using macrophyte as bioindicators not only at structural level
(community ecology) but also at funtional one (energetic ecology).
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1. Introduction

Solar visible radiation (400-700 nm, photosynthetically active radiation, PAR)
drives photosynthesis and, therefore, is indispensable for all forms of life. In
aquatic ecosystems, photosynthetic carbon fixation contributes to nearly 50% of
the global primary production (Behrenfeld et al., 2006). Within the euphotic zone
(down to 1% of surface PAR), cells receive not only PAR but also ultraviolet
radiation (UVR, 280-400 nm), which can penetrate to considerable depths (Har-
greaves, 2003). UVR is usually considered harmful at either organism or commu-
nity levels (Héader et al., 2007). However, UV-A can be utilized for photosynthetic
carbon fixation by phytoplankton, playing negative (at high levels) and positive
roles like a double-edged sword (Gao et al., 2007).

Solar UVR can reduce photosynthetic rate (Helbling et al., 2003), damage
cellular components such as D1/D2 protein (Sass et al., 1997) and DNA molecule
(Buma et al., 2003), alter the rate of nutrient uptake (Fauchot et al., 2000), and
affect growth (Villafafie et al., 2003) and fatty acids composition (Goes et al., 1994)
of algae. Recently, it has been found that natural levels of UVR can even alter the
morphology of the cyanobacterium Arthrospira (Spirulina) platensis (Wu et al.,
2005; Gao and Ma, 2008). On the other hand, positive effects of UV-A (315-400
nm) have also been reported. UV-A enhances carbon fixation under reduced
(Barbieri et al., 2002) or fast-fluctuating (Helbling et al., 2003) solar radiation and
allows photorepair of UV-B-induced DNA damage (Buma et al., 2003); it can
even drive photosynthetic carbon fixation in the absence of PAR (Gao et al.,
2007). However, to date, estimations of aquatic biological production have been
carried out in incubations considering only PAR (i.e., using UV-opaque vials
made of glass or polycarbonate) (van Donk et al., 2001) without UVR being con-
sidered (Hein and Sand-Jensen, 1997; Schippers et al., 2004; Zou and Gao, 2002).
Seaweeds, as the major group of primary producers in coastal waters, experience
dramatic changes of solar radiation during a day or through their different life
stages. It is of general concern to know how macroalgal species respond to
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fluctuation or changes of the solar radiation from a physiological or photobio-
logical point of view. In addition, UV-B (280-315 nm) irradiance at the surface of
the earth has been raised due to the reduction of stratospheric ozone layer associated with
the CFC pollutants (Kerr and McElroy, 1993; Aucamp, 2007). Therefore, impacts
of solar UVR as well as enhanced levels of UV-B on macroalgae have also been
widely investigated.

2. Physiological Responses to Short- and Long-Term Exposures

Growth is an important parameter that incorporates stress effects in biochemi-
cal and physiological processes within the cell. Growth measurements are useful
in estimating possible change in productivity due to enhanced UV-B irradiance
associated with ozone depletion. UVR is generally known to inhibit macroalgal
growth (Dring et al., 1996; Altamirano et al., 2000; Henry and Van Alstyne, 2004;
Han and Han, 2005; Davison et al., 2007). Enhanced levels of UV-B can further
inhibit macroalgal growth as found in the brown algae Ectocarpus rhodochondroi-
des (Santas et al., 1998) and Dictyota dichotoma (Kuhlenkamp et al., 2001). Michler
et al. (2002) reported that most of the investigated 13 macroalgal species showed
reduced growth rates in the presence of UVR. On the other hand, UVR resulted
in a higher growth rate in Gracilaria lemaneiformis under reduced levels (25%) of
solar radiation (Xu, J and Gao, K, unpublished data). UVR was found to result
insignificant impact on the growth of Ulva lactuca during winter period (Xu and
Gao, 2007), whereas growth of Ulva expansa was largely inhibited by UV-B dur-
ing the summer period (Grobe and Murphy, 1998). It is possible that UVR-related
impacts on macroalgal growth depend on seasonal environmental changes, such
as temperature, which is much lower during winter season. UVR-induced inhibi-
tion of photosynthetic O, evolution in a Gracilaria plant increased with increased
seawater temperature (Gao and Xu, 2008).

UVR affects macroalgal growth to different degrees. UV-B radiation,
though with the strength of less than 1% of the total solar radiation, can signifi-
cantly reduce the growth rates of most of the species investigated so far (Grobe
and Murphy, 1994; Pang et al., 2001; Michler et al., 2002; Jiang et al., 2007; Gao
and Xu, 2008). In contrast to the impacts of UVR in short-term experiments,
hardly any lasting difference was found in growth between samples exposed to
solar radiations with or screened off UV-B in long-term experiments in Ulva
rigida (Altamirano et al.,, 2000) and Fucus serratus (Michler et al., 2002).
Nevertheless, UVR was found to affect the growth in long-term and field experi-
ments in Laminaria spp. (Michler et al., 2002; Roleda et al., 2006a) and Gracilaria
lemaneiformis (Gao and Xu, 2008). In the green alga, Codium fragile, no change
in the biomass was observed during the first week; however, when exposed to
UVR, it increased by about 70% in the following 16 days (Michler et al., 2002).
In another green alga, Ulva lactuca, presence of UV-B only caused inhibition of
photochemical yield in the initial 2 days, whereas UV-A showed insignificant
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effect; solar PAR resulted in most of the inhibition during noon time (Xu and
Gao, 2007). UV-A was shown to reduce the photosynthetic rate at higher irradi-
ance levels around noontime, but enhanced it during sunrise at low irradiance
levels in Gracilaria lemaneiformis (Gao and Xu, 2008). Photosynthesis in mac-
roalgae is known to be negatively affected by UV-B as well as UV-A (Cordi et al.,
1997; Aguilera et al., 1999b; Han et al., 2003). However, short-term experiments
about the responses to UVR do not usually provide enough information to relate
to the long-term effects. For example, Laminaria ochroleuca showed partial accli-
mation to chronic UVR exposure in photosynthesis, but did not in growth
(Roleda et al., 2004). On the other hand, solar UV-B radiation could play a role
in the recovery process of the inhibited photosynthesis in a brown alga Dictyota
dichotoma (Flores-Moya et al., 1999), and UV-A (315-400 nm) radiation could
aid in DNA repair (Pakker et al., 2000a,b) and enhance growth (Henry and Van
Alstyne, 2004) in macroalgae.

Species of macroalgae are distributed to different depths in the intertidal
zone and exposed to different levels of PAR and UVR because of the attenua-
tion of seawater. Their vertical distribution is closely related to their sensitivity
to UV-B (Hanelt et al., 1997; Bischof et al., 1998) as well as to their recovery
capacity after being damaged by UVR (G6mez and Figueroa, 1998). Upper spe-
cies are more resistant to solar UVR. UV-B had little effect on eulittoral species
but significantly inhibited the growth of sublittoral red macrophytes (van de Poll
et al., 2001).

3. UV-Regulated Photosynthetic Performance Under the Sun

Solar UV radiation is a permanently existing environmental factor that macroalgae
are usually exposed to. However, photosynthetic performance under the sun has been
mainly investigated in the absence of UVR owing to the ignorance of the transmitting
characteristics of vessels used (glass, polyethylene, and polycarbonate materials do
not allow UV-B and part of UV-A to penetrate, Van Donk et al., 2001).

In the studies without considering the effects of UVR, diurnal photosynthesis
of macroalgae was depressed in the afternoon on sunny days in Macrocystis pyrifera
surface canopy (Gerard, 1986), Sargassum spp. (Gao and Umezaki, 1989; Gao,
1990), Ulva curvata, Codium decorticatum, Dictyota dichotoma, Petalonia fascia,
and Gracilaria foliifera (Ramus and Rosenberg, 1980). The photosynthetic
efficiency of O, evolution was found to be higher in the morning than in the
afternoon in Ulva rotundata (Henley et al., 1991) and Sargassum horneri (Gao,
1990) under solar PAR. Such an afternoon photosynthetic depression was not
found on rainy or highly cloudy days (Gao and Umezaki, 1989) and may be
largely removed by superimposing a light fluctuation on the diurnal regime as
demonstrated in phytoplanktons (Marra, 1978). Contrarily, the red alga Gelidiella
acerosa was found to photosynthesize inefficiently in the morning compared with
that of midday and afternoon (Ganzon-Fortes, 1997). Owing to light-transmission
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characteristics of the incubation vessels used, these previous findings demon-
strated the asymmetrical diurnal photosynthesis under PAR only, without UV-B
or UVR being considered. Although both UV-A and UV-B might cause less
damages than PAR under natural solar radiation (Dring et al., 2001), the highest
photoinhibition was found at noon in macroalgae under full spectrum of solar
radiation (Huppertz et al., 1990; Hanelt, 1992). However, the effects caused by
UVR have only infrequently been differentiated from that of PAR (Hanelt et al.,
1997; Flores-Moya et al., 1999).

Recently, it has been found that involvement of UV-B depressed the
apparent photosynthetic efficiency on sunny days, whereas UV-A enhanced
the apparent photosynthetic efficiency during sunrise period in Gracilaria lema-
neiformis (Gao and Xu, 2008). Daytime photosynthetic performance usually
depends on the extent and pattern of fluctuating solar irradiance, especially that
of UV-A, which can refurbish damaged photosynthetic apparatus and ameliorate
the afternoon P depression in view of the balance between damage and repair.
High levels of UV-A radiation at midday caused photosynthetic inhibition of
some macroalgae (Hader et al., 2001), but low levels of UV-A radiation have been
found to enhance the growth of the brown alga Fucus gardneri embryos (Henry
and Van Alstyne, 2004) as well as photosynthetic CO, fixation by phytoplanktons
(Gao et al., 2007). Recently, absorption of UV-A energy has been found to be
transferred to Chl. @ in a diatom (Orellana et al., 2004) and Porphyra spp. (Zheng, Y
and Gao, K, unpublished data). It has been recently proved that both Gracilaria
and Porphyra plants can utilize UV-A for photosynthesis (Xu, J and Gao, K, unpub-
lished data). The double-edged (positive at low and negative at high levels) effects
of UV-A could magnify the discrepancy between the estimations of photosyn-
thetic production and growth according to weather conditions.

4. Impacts of UVR on Different Life Stages

Different life stages of macroalgae showed different sensitivity to irradiation stress
(Dring et al., 1996; Hanelt et al., 1997; Altamirano et al., 2003; Roleda et al.,
2004; Véliz et al., 2006). Most studies conducted to evaluate the impact of UV-B
on seaweeds used macro-thallus stages; however, early developmental life stages
of intertidal algae seemed to be more sensitive to UVR than adult stages (Major
and Davison, 1998; Coelho et al., 2000; Hoffman et al., 2003; Véliz et al., 2006).
Studies to establish the sensitivity of early developmental stages are critical, since
the survival and growth of these stages will determine the recruitment of a species
and thus productivity.

Different life stages of Porphyra plants have been found to exhibit different
photosynthetic characteristics.

Light utilization efficiency in thallus was much higher than that in conchocelis
stage of P. yezoensis (Zhang et al., 1997), and maximal net photosynthetic rate of
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the conchocelis was lower than that of the thalli (Tanaka, 1985; Gao and Aruga,
1987). Electron transfer inhibitor DCMU blocked the energy transfer from PS II
to PS I in the thalli, but not in the conchocelis of P yezoensis (Pan et al., 2001).
UVR was found to degrade photosynthetic pigments in both P leucosticta
(Figueroa et al., 1997) and P. umbilicalis (Aguilera et al., 1999a) and to reduce the
effective quantum yield of P. leucosticta (Figueroa et al., 1997), but it resulted in
insignificant photoinhibition in P. umbilicalis (Groniger et al., 1999). These studies
have focused on the thallus stage of Porphyra spp. In nature, Porphyra-conchocelis
lives in shells, which are often found in shallow coastal waters (Jao, 1936) and
must be exposed to certain extent of UVR. The conchocelis stage of Porphyra
haitanensis contained much less UV-screening compounds and its PSII activity
was more damaged even under reduced levels of solar radiation compared with
the thallus stage (Jiang and Gao, 2008).

UVR is known to affect early development (Huovinen et al., 2000; Henry
and Van Alstyne, 2004; Roleda et al., 2005, 2007; Wiencke et al., 2006, 2007) and
spore germination (Wiencke et al., 2000; Altamirano et al., 2003; Han et al., 2004;
Steinhoff et al., 2008) of macroalgae. It can effectively delay photosynthetic recov-
ery in arctic kelp zoospores following photo-exposures (Roleda et al., 2006b).
UV-B rather than UV-A negatively affected the germination of the zygotes of
Fucus serratus (Altamirano et al., 2003) and the zoospores of Laminaria hyperbo-
rean (Steinhoff et al., 2008). Different life stages of some macroalgal species
showed different degrees of enduring UVR, with increased tolerance as individu-
als differentiate. UV-A was found to play an important role in the morphogenesis
of sporelings in Porphyra haitanensis, enhancing transverse cell division from
conchospores (Jiang et al., 2007). Morphological differences among life stages
can affect the energy transfer of PAR and UVR in the tissue, resulting in different
responses to UVR in Laminaria spp. (Dring et al., 1996; Roleda et al., 2006¢) as
well as Porphyra haitanensis (Jiang and Gao, 2008). Longer path-length for the
absorbed UVR energy in tissues can reduce its damaging effects.

5. Accumulation of UV-Absorbing Compounds as a Strategy Against UVR

Adaptation to UVR has equipped macroalgae with defensive mechanisms to min-
imize UV-induced damages. Macroalgae can protect themselves via avoidance,
repair, and screening mechanisms (Karentz, 1994; Franklin and Foster, 1997; Kar-
entz, 2001). In addition to photoreactivation and nucleotide excision repair of UV-
induced DNA damage (Buma et al., 1995; Pakker et al., 2000a; Lud et al., 2001),
an important mechanism to reduce the damaging impact of UVR in marine mac-
roalgae is the synthesis and accumulation of UV-absorbing compounds (UVAC)
(Karsten et al., 1998). These compounds, such as mycosporine-like amino acids
(MAA:s) (Karentz et al., 1991; Dunlap and Shick, 1998), scytonemin (Garcia-Pichel
and Castenholz, 1991; Dillon et al., 2002), and phlorotannins (Pavia et al., 1997;
Pavia and Brock, 2000), have been found in many photosynthetic organisms.
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They increased in cellular content with increased UV exposure (Brenowitz and
Castenholz, 1997; Pavia et al., 1997; Han and Han, 2005; Zheng and Gao, 2009) to
reduce UV-related photoinhibition and damage, playing a protective role against
solar UVR (Oren and Gunde-Cimerman, 2007).

Seaweeds often exhibit high levels of UVAC, such as MAAs in the red alga
Porphyra columbina (Korbee-Peinado et al., 2004), an unknown UV-B absorbing
substance in the green alga Ulva pertusa (Han and Han, 2005), and phlorotannin
in the brown algae Ascophyllum nodosum and Fucus gardneri (Pavia et al., 1997;
Henry and Van Alstyne, 2004). Higher levels of UVAC have been found in the red
alga Gracilaria lemaneiformis under full spectrum of solar radiation than UVR-
free treatments, reflecting a responsive induction (Gao and Xu, 2008). Synthesis
of UVAC has been found to be induced by UV-B in Chondrus crispus (Karsten
et al., 1998), Porphyra columbina (Korbee-Peinado et al., 2004), and Ulva pertusa
(Han and Han, 2005). Such stimulation is dependent on both dose and wave-
length, with higher accumulation of UVAC under high daily doses (Karsten et al.,
1998; Franklin et al., 2001). UVR was suggested to trigger some photoreceptors
(active wavelengths between 280 and 320 nm) in the algae to sense the need for
UVAC synthesis (Han and Han, 2005; Oren and Gunde-Cimerman, 2007).
Accumulation of UVAC is often associated with decreased Chl a, resulting in an
increased ratio of UVAC to Chl a (Gao and Xu, 2008).

MAAs, the most common UV-screening compounds, are water-soluble
substances with absorption maxima ranging from 310 to 360 nm (Nakamura
et al., 1982). Although their UVR-protective function is not yet completely clear,
the most acceptable interpretation is that they play a role as a screen against UVR
(Conde et al., 2000; Karsten et al., 2005). Some of these compounds may also
function as antioxidants (Dunlap and Yamamoto, 1995; Suh et al., 2003), osmosis-
regulating substances (Oren, 1997), antenna pigments channeling the energy to the
photosynthetic apparatus (Sivalingam et al., 1976; Gao et al., 2007), or an intracellular
nitrogen storage (Korbee-Peinado et al., 2004; Korbee et al., 2006). Accumulation
of MAAs could be induced by different radiation treatments (Karsten et al., 1999;
Korbee-Peinado et al., 2004; Karsten et al., 2005) or affected by osmotic stress
(Oren, 1997; Klisch et al., 2002) and nutrient availability (Korbee-Peinado et al.,
2004; Korbee et al., 2005; Zheng and Gao, 2009). The accumulation of MAAs was
found to be dependent on both dose and wavelength of incident solar radiation,
with higher accumulation of M AAs associated with high daily doses in Chondrus
crispus (Karsten et al., 1998; Franklin et al., 2001). Nutrient availability was also
found to affect the accumulation of MAAs (Karsten and Wiencke, 1999; Korbee-
Peinado et al., 2004); enrichment of nitrate enhanced the content of MAAs in
Gracilaria tenuistipitata (Zheng and Gao, 2009). Porphyra plants contain high
levels of MAAs (up to 1% of the dry weight), mainly porphyra-334, which accu-
mulates to the highest concentrations among the species of red algae studied so
far (Groniger et al., 1999; Hoyer et al., 2001). However, some studies showed that
contents of MAAs did not increase in response to UVR or PAR and could not
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completely protect Porphyra umbilicalis and Gracilaria cornea against UVR
(Groniger et al., 1999; Sinha et al., 2000).

Distribution of seaweed at different zonational depths affects the accumula-
tion of MAAs. Intertidal species are usually more resistant to UV stress (i.e.,
inhibition of photosynthesis) than subtidal species that have less or no MAAs
(Maegawa et al., 1993). It was found that deep-water polar macroalgal species did
not have MAAs, whereas supra- and eulittoral species contained MAAs to high
concentrations (Hoyer et al., 2002). Total MAAs content in Mastocarpus stellatus
was sixfold higher than in Chondrus crispus that was generally found at a greater
depth; quantum yield and maximal electron transport rate were more reduced in
C. crispus than M. stellatus by UV-B radiation (Bischof et al., 2000). MAAs con-
tent in Devaleraea ramentacea increased with decreased depth, being correlated
with a higher photosynthetic capacity under UVR treatment (Karsten et al.,
1999). The macroalgal zonation patterns relate to their ability to resist high
radiation stress (Hanelt, 1998).

Macroalgal species distributed at the upper part of intertidal zone may be
exposed to much higher solar radiation during emersion if the low tide coincides
with local noon. Recently, it was shown that desiccation or dehydration of
Porphyra haitanensis thalli led to higher absorptivity of the UVAC (Jiang et al.,
2008). The ability for Porphyra haitanensis thalli to increase its cellular content of
UVAC during such emersion period allows them to cope with UVR stress. The
possible strategy for macroalgal species to survive at the upper levels of intertidal
zone is to increase its content of UVAC, which play roles in both sunscreening
and osmosis regulation.

6. Summary

PAR drives photosynthesis, whereas UVR is usually known to harm physiological
processes in macroalgae as well as phytoplankton. UV-A, however, at reduced
levels, has been shown to enhance photosynthesis and repairing processes of pho-
todamaged molecules, whereas UV-B mostly results in harmful effects. During their
long history of evolution, seaweeds have developed protective strategies against
harmful UV irradiances, such as synthesizing and accumulating UVAC and the
repair of DNA damage. Different life stages of seaweeds show different sensitivity
to solar UVR, with less-differentiated forms being more sensitive to UVR. Species
distributed at different depths in the intertidal zone also show different responses
to solar UVR; upper species, that are usually exposed to higher levels of solar
radiation and accumulate higher contents of UVAC (such as MAAs), are more
tolerant of UVR. On the other hand, diurnal photosynthesis can be underesti-
mated during twilight period or cloudy days and overestimated during noontime
if the effects of UVR are ignored owing to positive and negative effects caused by
UV-A, respectively, at low and high irradiance levels.
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1. General Considerations

Aquatic ecosystems account for almost half of the primary production on
our planet, matching the combined productivity of all terrestrial ecosystems
(Siegenthaler and Sarmiento, 1993). Though most of the aquatic productivity is
due to phytoplankton, macroalgae contribute to a significant share, especially in
coastal areas. In their natural environment, macroalgae are generally exposed to
excessive solar PAR (photosynthetic active radiation, 400-700 nm) as well as to
ultraviolet radiation (UV-B, 280-315 nm, and UV-A, 315-400 nm), especially in
the upper eulittoral and the supralittoral (Hanelt, 1998). The coincidence of low
tides and high solar angles results in the highest radiation stress, generally reflected
as photoinhibition, i.e., the reduction in photosynthetic rates. Photoinhibition
(Dring et al., 1996; Franklin and Forster, 1997; Héader et al., 2001b), is determined not
only in macroalgae from the tropics and temperate zones but also in Arctic and
Antarctic environments (Hanelt et al., 1997; Hanelt, 1998). Most of the observed
photoinhibition is due to PAR, as this waveband has a high proportion of solar
radiation energy reaching the Earth’s surface. However, in the top meters of the
water column, a significant percentage of photoinhibition is caused by UV-B, and
to a lesser extent by UV-A (Dring et al., 1996; Hader, 1997).

In this chapter, we will review our knowledge about the effects of solar radiation
on macroalgae from Patagonia, Argentina. This area is especially important from a
photobiological point of view, as it presents high heliophany and episodic ozone
depletion events (Helbling et al., 2005). Although relatively few studies were con-
ducted in this area, most of them were performed under in situ conditions, and thus
the information is highly valuable as it reflects the natural situation of the area.
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2. Macroalgae Diversity in Patagonia

Extensive literature on the different macroalgae groups present in the Patagonia
area is available (see Boraso and Zaixso, 2008 and references therein). Particularly,
there are many studies regarding macroalgal communities of the Chubut Province.
In Golfo San José, which represents the limit between the oceanic biogeographic
provinces of Patagonia and Argentina, ca. 30% of the surface at depths <10 m is
covered by Dictyota dichotoma. In the intertidal zone of Golfo Nuevo, Blidingia
minima and Enteromorpha spp. are characteristic. In tidal pools, Cladophora
falklandica, Ulva rigida, and Polysiphonia brodiaei are commonly found; the
Rhodophyta Corallina officinalis has been found very important to fix and protect
the shore from the incoming waves. In the past 10 years, rocky seabeds have been
dominated by the invasive Phaeophyta Undaria pinnatifida (Casas and Piriz, 1996;
Martin and Cuevas, 2006; Casas et al., 2008) in several areas of the Patagonia
coast. Moreover, in sandy beaches of Golfo Nuevo, beach-cast seaweeds were
dominated by green algae from the genera Ulva and Codium but lately U. pinnati-
fida displaced Codium spp. (Piriz et al., 2003). Farther south, and in the intertidal
zone of Golfo San Jorge, Enteromorpha spp. and Porphyra columbina are charac-
teristic. In the lower intertidal, C. officinallis dominates, but other species from
the genera Cladophora, Ulva, Adenocystis, Bryopsis, Codium, Chondria, Leathesia,
Colpomenia, Spongomorpa, and Urospora are also found.

Macroalgae of commercial interest have also been the focus of several
investigations (Boraso de Zaixso et al., 1998 and references therein). The most
important commercial species found in Patagonian waters are Gracilaria gracilis
and Macrocystis pyrifera, which are usually found in the center and south of the
Chubut Province.

In Santa Cruz Province, and particularly in the Ria de Puerto Deseado,
many studies have focused on the taxonomy of macroalgal species: So far, more
than 200 species have been identified (Boraso de Zaixso, 1995). In Tierra del
Fuego, and in the intertidal zone near Ushuaia, the genera Rama, Rhizoclonium,
Cladophoropsis, Porphyra, Bostrychia, Iridaea, Hildenbrandtia, and Caepidium are
common, as also Ulvales and Cladophorales are diverse; in the subtidal zone,
diverse corallinaceae are representative.

3. Solar Radiation and Ozone Conditions Over the Area of Patagonia

Solar radiation is an environmental factor that strongly affects organisms living in
aquatic ecosystems. The radiation levels at which aquatic organisms are exposed
depend on several factors, such as the solar irradiance reaching the Earth’s surface,
type and concentration of atmospheric gases (i.e., mainly ozone), altitude, and partic-
ulate and dissolved material in the water column (Blumthaler and Webb, 2003;
Hargreaves, 2003). In Patagonia, there is a clear trend of high radiation values du-
ring summer and low during winter (Orce and Helbling, 1997; Villafafie et al., 2004).
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However, there is high variability in irradiance and daily doses values over Patagonia
owing to the large latitudinal coverage with concomitant changes in solar zenith
angle, day length, and atmospheric aerosols content, among other factors (Holm-
Hansen et al., 1993) (more detailed information about latitudinal differences in
radiation levels in temperate and sub-Antarctic sites of Patagonia as well as along
Argentina is presented in Orce and Helbling (1997)). Representative patterns of
solar radiation over Patagonia are presented in Fig. 1: daily doses of PAR (Fig. 1a)
vary from ~14 MJ m~2 in summer to <1 MJ m~2 in winter; UVR daily doses follow
a similar pattern, with UV-A (Fig. 1b) ranging from ~2 to 0.15 MJ m™2, whereas
UV-B (Fig. 1c) ranges from ~45 to <5 KJ m™2

UV-B radiation is additionally affected by ozone concentrations (Madronich,
1993; Blumthaler and Webb, 2003). During the past 2 decades, there was an increas-
ing interest in evaluating the effects of enhanced UV-B radiation due to the
thinning of the ozone layer (i.e., ozone “hole”) on aquatic biota (Héder et al., 2007).
Total column ozone concentration over mid-Patagonia varies throughout the year,
with low values (~220-230 Dobson Units, D.U.) in April-May, and high ones (~400
D.U.) during September (Fig. 1d), which is in agreement with the reported dynam-
ics of photochemical production of ozone over the stratosphere (Molina and
Molina, 1992). During early spring, however, there are some days (ovals in Fig. 1d)
characterized by relatively low ozone concentrations (220-270 D.U.) that are associ-
ated with the Antarctic polar vortex and to the ozone “hole”; in fact, the signaling
of the Antarctic ozone “hole” over Patagonia has been determined as far north as
38°S (Orce and Helbling, 1997). Several studies have shown the presence of low-
ozone air masses over Patagonia, either because the Antarctic polar vortex covers
the tip of South America for short periods of time (Frederick et al., 1993; Diaz
et al., 1996), or because ozone-depleted air masses detach from the polar vortex
(i.e., end of November to early December) and circulate northward (Atkinson
et al., 1989; Kirchhoff et al., 1996). However, these studies have highlighted the
temporal and spatial variability of low-ozone air masses over Patagonia. Moreover,
Helbling et al. (2005) used TOMS data to determine the aerial coverage of low-
ozone air masses (<275 D.U.) that were related to the Antarctic ozone “hole” over
Patagonia and they found that, in general, they covered ~20% of the Patagonia area
during 1979 and then increased up to ~95% during 2002. However, it should be
stressed that these data represent the maximum coverage of low-ozone air masses
during 1 day, and the dynamics of the polar vortex is such that it influences
Patagonia only during a few days per year (Orce and Helbling, 1997).

4. Impact on Macroalgae Photosynthesis

The photosynthetic performance under solar radiation of several macroalgae has
been measured on site on the coast of Patagonia. On the rocky shore, the organ-
isms cover a wide habitat from the supralittoral to the sublittoral with substantial
differences in exposure to PAR and UVR. The Chlorophyte Ulva rigida grows
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