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Preface

Alvaro Israel1 and rachel einav2

1Israel Oceanographic and Limnological Research, Ltd. The 
National Institute of Oceanography, P.O. Box 8030, Tel Shikmona 
31080. Haifa, Israel. 2Blue-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 CO2, 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 CO2, N2O, CH4, CF3, 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 
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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 CO2 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. A lgae, 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 CO2 from the atmosphere. This gas is released again when their 
biomass burns. This CO2-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 CO2, 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 CO2, heavy metals, and excessive nutrients disposed of in the 
marine environments).

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

5.1. �NO  NEED FOR REDUCING THE GREENHOUSE EFFECT – FALSE 
PANIC ALARM

Historic records extracted from deep ice cores (taken in Antarctica drilling) show 
that quantities of CO2 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 CO2 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 
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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. Isostatic 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; 

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 twentieth 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 0.42 ± 0.12 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/Poseidon 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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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 

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).

PSMSL  
station No.

PSMSL station  
name

Start of  
record

Sea-level change  
until 1960  
(mm/year)

Sea-level 
change  
1961–1989  
(mm/year)

Sea-level 
change  
1990–2000  
(mm/year)

Sea-level 
change  
full record  
(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  

della Salute) (IT)
1909 2.77 0.44 10.11 2.40

270061 Trieste (IT) 1905 1.35 0.37 9.11 1.14

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).
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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 Mediterranean 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 

Figure 3.  Location map of the tide-gauging stations presented in Table 3.
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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. 

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.

PSMSL  
station No.

PSMSL  
station name

Sea-level change  
during period  
1990–2000  
(mm/year)

No. of  
years

Sea-level change  
during period  
1990–2006 
 (mm/year)

No. of  
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 

Salute (IT)
	 10.11 11

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 Piraeus (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
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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 IPCC 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 5e. There are ample well-dated indications for sea level during MIS 5e, 
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 (CO2). By 2100, atmospheric CO2 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  CO2 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 CO2 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 OPAMED8, 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 CO2 levels rising, and intertidal macroalgae 
already at CO2 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 CO2 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, CO2, 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 CO2 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 CO2, 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.
(i)	 Possibly implement transplantation if  species decline locally.
(j)	 Eliminate other sources of disturbance and stress (pollutants, invaders).
(k)	 Enhance connectivity for refuges and restocking.
(l)	 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., 2006). 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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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 

Table 1.  Time needed for recovery, after the end of the forcing disturbance.

Disturbance Human origin? Natural origin? Recovery Key references

Domestic pollution  
(soft substrates)

+ − <1–10 a Bellan et al. (1999)

Artisanal fishing  
(fish abundance)

+ − <5–10 a Ramos (1992); Roberts 
et al. (2001)

Oil spill + − <10 a Raffin et al. (1991)
Disease of marine species ± + >10 a 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 
change)

+ − Millennia? Conover (2000); Law 
(2000); Kenchington et al. 
(2003); Olsen et al. (2004); 
Jørgensen et al. (2007)

Climate warming + + Glacial 
cycle?

Zwiers and Weaver 
(2000); Barnett et al. 
(2001)

Biological invasions + − Irreversible Bright (1998); Clout 
(1998)

Species neo-extinction + − Irreversible Carlton (1993); Powles 
et al. (2000)
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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.e., 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).

Species
Date of first 
observation

Probability of 
introduction

Probable  
vector of 
introduction

Probable 
geographical 
origin

Native  
biogeographical 
distribution

Rhodobionta (Plantae)
Acanthophora nayadiformis 1798–1801 H ? RS, IP Tr
Acrochaetium codicola 1952 V FO, O IP NT
Acrochaetium robustum 1944 H S IP NT, Tr
Acrochaetium spathoglossi 1944 H S IP Tr
Acrochaetium subseriatum 1944 H S IP Tr
Acrothamnion preissii 1969 V FO IP NT, Tr, ST
Agardhiella subulata 1984 H O A NT, Tr
Aglaothamnion  
feldmanniae

1975 M FO A NT

Ahnfeltiopsis flabelliformis 1994 V O J NC, NT, Tr
Anotrichium okamurae ? M FO ? NT
Antithamnion  
amphigeneum

1989 V FO P ST

Antithamnion nipponicum 1988 V O P NC
Antithamnionella  
boergesenii

1937 M ? ? NT, Tr

Antithamnionella elegans 1882 V FO J Tr
Antithamnionella 
spirographidis

1911 H FO IP NC, SC

Antithamnionella  
sublittoralis

1980 H FO IP NT

Antithamnionella  
ternifolia

1926 V FO SH NC, SC

Apoglossum gregarium 1992 M FO IP? Tr
Asparagopsis armata 1880 V FO IP ST, SC
Asparagopsis taxiformis  
sp. 1

1798–1801 H S, FO A NT, Tr

Asparagopsis taxiformis  
sp. 2 invasive

1996 H FO? IP ST

Bonnemaisonia hamifera 1909 V FO IP NC, NT
Botryocladia  
madagascarensis

1991 H FO? IP Tr

Ceramium bisporum 1980 M FO A Tr
Ceramium strobiliforme 1991 H FO? A Tr
Chondria coerulescens 1995 V O A NT
Chondria curvilineata 1981 H FO A NT, Tr
Chondria pygmaea 1974 V S RS Tr
Chondrus giganteus f.  
flabellatus

1994 V O J NC

Chrysymenia wrightii 1978 V O J NC
Dasya sessilis 1984 V O J NC
Dasysiphonia sp. 1998 V O P NC
Feldmannophycus okamurae 1937 H FO IP 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)

Species
Date of first 
observation

Probability of 
introduction

Probable  
vector of 
introduction

Probable 
geographical 
origin

Native  
biogeographical 
distribution

Goniotrichopsis sublittoralis 1989 H FO IP NC, NT
Gracilaria arcuata 1931 H S RS, IP Tr
Grateloupia asiatica 1984 V O IP NC, NT
Grateloupia lanceolata 1982 V O J NT
Grateloupia patens 1994 V O J NC, NT
Grateloupia subpectinata 1997 H O IP NC, SC
Grateloupia turuturu 1982 V O J NC
Griffithsia corallinoides 1964 H O A NC, NT
Herposiphonia parca 1997 V O IP NT, Tr
Hypnea cornuta 1894 H S RS NT, Tr
Hypnea flagelliformis 1956 H S IP 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 O P NT, Tr
Lithophyllum yessoense 1994 V O P NC
Lomentaria hakodatensis 1978 V O J NC, NT, Tr
Lophocladia lallemandii 1908 M S, FO RS NT, Tr
Nemalion vermiculare 2005 V O IP NC
Nitophyllum  
stellato-corticatum

1984 V O J NT

Pleonosporium caribaeum 1974 M FO, O PT Tr
Plocamium secundatum 1976 M ? SH SC
Polysiphonia atlantica 1969–1971 H O, FO A NT
Polysiphonia fucoides 1988 H FB A NC, NT
Polysiphonia harveyi 1958 V FO? IP, 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 V S, FO RS, IP Tr
Sarconema filiforme 1944 V S RS Tr
Sarconema scinaioides 1945 V S IP Tr
Solieria dura 1944 V S RS Tr
Solieria filiformis 1922 M ? A NT, Tr
Symphyocladia  
marchantioides

1984 V FO IP NC, NT, Tr, 
ST, SC

Womersleyella setacea 1986 V FO PT Tr
Chlorobionta (Plantae)
Caulerpa mexicana 1939 V S RS NT, Tr
Caulerpa racemosa var. 
cylindracea

1990 V AQ, BW IP ST

Caulerpa racemosa var. 
lamourouxii

1951 M S RS Tr

Caulerpa racemosa  
var. turbinata

1926 M S RS Tr

(continued)
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Table 2.  (continued)

Species
Date of first 
observation

Probability of 
introduction

Probable  
vector of 
introduction

Probable 
geographical 
origin

Native  
biogeographical 
distribution

Caulerpa scalpelliformis 1929 H S RS Tr
Caulerpa taxifolia MAASa 1984 V AQ PT ST
Cladophora herpestica 1948 V S RS NT, Tr, ST
Cladophora patentiramea 1991 H S, FO IP Tr
Codium fragile subsp. 
tomentosoides

1946 V FO, O IP NT

Codium taylori 1955 M FO? A NT, Tr
Derbesia boergesenii 1972 H S RS Tr
Derbesia rhizophora 1984 V O J NT
Neomeris annulata 2003 H S RS Tr
Ulva fasciata 1979–1984 H O J NT, Tr, ST
Ulva pertusa 1984 V O IP NT, Tr
Ulvaria obscura 1985 H O A NC, NT
Phaeophyceae 
(Stramenopiles)
Acrothrix fragilis 1998 H O A, P NC
Botrytella parva 1996 H ? ? NC
Chorda filum 1981 V O A, J NC, NT
Colpomenia peregrina 1918 V FO IP NC, NT, ST, 

SC
Fucus spiralis 1987 V 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 V S IP NT, Tr
Punctaria tenuissima 1985 H O A NC, NT
Rugulopterix okamurae 2002 V O J NT, Tr
Saccharina japonica 1976 V O J NC, NT
Sargassum muticum 1980 V O J NC
Scytosiphon dotyi 1960–1977 V O P NT
Spathoglossum variabile 1944 V S RS Tr
Sphaerotrichia firma 1970 H O J NC
Stypopodium schimperi 1973? V S RS Tr
Undaria pinnatifida 1971 V 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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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; 

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.
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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. (ii) 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 

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.
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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 (Ní Chualáin 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 luridus (Rüppel 
1829) and S. rivulatus (Forsskål 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). 
(ii) 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 (Forsskål) 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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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.

Table 3.  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 Lûning (1990) for definitions and SST maps.

Period
Number of introduced 
species

Biogeographical affinity of introduced species

North and South cold
North and South  
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%)
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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 CO2 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., CO2 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 Tegula 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 (El Niňo – 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 CO2 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 biogeo-
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 
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 
(Feely et al., 2004). Nevertheless, this 
regulating effect does not come with-
out a price – continuous CO2 uptake 
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 

Calcification and CO2

Atmospheric CO2 equilibrates rapidly 
with the surface layer of the ocean, 
where most additional CO2 combines 
with carbonate ions (Gattuso and 
Buddemeier, 2000):

CO2 + CO3
2 – + H2O ® 2HCO3

–

This leads to a decrease in the concen-
tration of CO3

2−, one of the building 
blocks of calcium carbonate, and in the 
saturation state of calcium carbonate, Ω  
(Ω = [Ca2+] × [CO3

2−]/Ksp, where Ksp is 
the equilibrium constant of CaCO3). Ω 
seems to be the controlling factor of 
calcification (Marubini and Thake, 
1999).

58



CLIMATE CHANGE EFFECTS ON MARINE ECOLOGICAL COMMUNITIES

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 CO2 concentrations. Therefore, dissolved 
CO2 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 CO2 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 CaCO3) 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 CO2 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 CO2 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  CO2 (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 CO2 and pH levels was 
recently demonstrated in Italy at shallow coastal sites near volcanic CO2 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).
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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 areal 
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. Lüning (1990) presented an exten-
sive analysis and discussion of the limits of both intertidal and sublittoral seaweed 
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.

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 (Lüning, 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 A. 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 

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−1. 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−1 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−2 a−1 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.

Rockweed area
Area covered
(ha)

Standing stock
(wet tons)

Accessible area
(ha)

Landings 2008
(wet tons)

Yield
(t ha−1)

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 
CO2 from the environment each year (Table 2). Areas 6 and 3 obviously are contrib-
uting the bulk of the rockweed production and CO2 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−2 a−1 and the lowest production is in area 5 (Eastern Shore) with 231.8 g C m−2 a−1 
(Table 2). The annual estimates of Ascophyllum productivity (232–562 g C m−2 a−1) 
observed in the Maritime Provinces are slightly below the range (300–894 g C m−2 
a−1 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 A. 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 A. 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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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; Ang et 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 

Table 2.  Standing stock, production, and productivity values of Ascophyllum nodosum in the 
Canadian Maritime Provinces.

Rockweed 
area

Area covered
(ha)

Standing stock
(dry tons)

Production
(dry tons a−1)

Productivity
(t C a−1)

Productivity
(g C m−2 a−1)

CO2 conversion
(t CO2 a

−1)

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 × 3.664 gave the net amount of CO

2
 assimilated.
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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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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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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 

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 A. 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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AND NICHE MODELING OF SEAWEED COMMUNITIES
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9000, Ghent, Belgium

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 Çatal Höyük, 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 30,0001 publications dating back to 1972 involve GIS (Amsterdam 
et al., 1972), according to ISI Web of Knowledge.2 However, 12 years went by 

1This 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.

Figure 1.  Schematic overview of GIS data file types and remote sensing of a Nori farm in Tokyo Bay, 
Japan.
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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 × 109). 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 × 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., Andréfouët 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 EO1 ALI is a technology verification instrument. EO-1 
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

Hyperion EO1

– 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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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 

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 (line).
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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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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 

Table 3.  Current and future environmental variables retrievable from satellite data on a global scale.

Variable Source Resolution Available

Sea Surface  
Temperature (SST)

Terra/MODIS 4 km (2 arcmin) 2000–…

Chlorophyll-a (Chl) SeaWiFS 9 km (5 arcmin) 1997–…
Aqua/MODIS 4 km (2 arcmin) 2002–…

Photosynthetically  
active Radiation (PAR)

SeaWiFS 9 km (5 arcmin) 1997–…

Euphotic Depth Aqua/MODIS 4 km (2 arcmin) 2007–…
Surface winds QuikSCAT/SeaWinds Scatterometer 110 km (1 arcdegree)
Bathymetry Various sources, assembled in 

ETOPO2
4 km (2 arcmin)

Salinity SMOS 40 km 2009–…
Aquarius/SAC-D 100 km 2010–…
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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 

Figure 3.  (a) A Pseudobryopsis/Trichosolen (PT) bloom on physically damaged coral. (b) Worldwide 
occurrence points of  PT on coral. (c) 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 Kützing 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 km². 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 ISI 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. Vahtmäe 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 Brönnimann 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 CO2 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  CO2 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 CO2 from 330 to 1,000 ppmv will lead to an increase in CO2 
concentration from 12.69 to 38.46 mM 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., CO2(aq), HCO3

−, and CO3
2−) 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 CO2 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 CO2 bioremediation (Gao and Mckinley, 
1994). On the other hand, increasing pCO2 in seawater would affect physiology 
of  seaweeds. Therefore, a number of  studies have been performed to envisage 
the impacts of  CO2 enrichment on photosynthesis, growth, nutrients metabo-
lism, and cell components of  seaweeds. Results showed that increased CO2 
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 CO2 levels.
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2.  Inorganic Carbon Limitation

The effects of elevated CO2 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 CO2 from the medium to the site of fixation via the carbon-assimi-
lating enzyme Rubisco. There are several aspects of CO2 limitation of carbon assimila-
tion in seaweeds (Beardall et al., 1998): (1) rather low dissolved CO2 concentration; (2) 
low diffusion rate of CO2 in seawater, being four orders of magnitude slower than in 
air; (3) the slow spontaneous formation of CO2 from HCO3

− dehydration; and (4) the 
high Km values (40–70 mM) 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 CO2-concentrating 
mechanisms (CCMs) that enable the algae to efficiently utilize the bulk HCO3

− pool in 
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 CO2. Some species, however, exhibit Ci-limited photosynthesis in natural seawater 
(e.g., Johnston et al., 1992; Andría et al., 1999a; Zou et al., 2003).

HCO3
− is usually dehydrated extracellularly as mediated by periplasmic car-

bonic anhydrase (CA) to release CO2, which is then taken up into the cell. 
Another important approach for Ci acquisition of algae is the active uptake of 
HCO3

− through the plasma membrane facilitated by an anion exchange protein 
(Drechsler et  al., 1993, 1994; Axelsson et  al., 1995). Additionally, H+-ATPase-
driven HCO3

− 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 HCO3

− pool in seawater (Axelsson and Uusitalo, 1988; Maberly, 1990; 
Mercado et al., 1998). Therefore, they can exhibit heterogeneous, often species-
specific responses to elevated CO2. Their physiological responses to elevated CO2 
levels can also depend on their acclimation strategies and the environmental con-
straints under which CO2 enrichment is imposed.

3.  Growth

When juveniles of Porphyra yezoensis germinated from the chonchospores were 
grown at enriched CO2 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 CO2 (Kübler 
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 CO2 to O2 in the culture medium. It was interesting that growth 
of a green alga, Ulva rigida, which showed efficient ability of HCO3

− utilization and 
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saturated photosynthesis at the current Ci concentration of seawater (Björk et al., 
1993; Mercado et al., 1998), was also enhanced at high CO2 concentrations (Björk 
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 HCO3

− uptake and consequent energy saving for its 
operation. On the other hand, a decrease in growth rate caused by elevated CO2 has 
been reported in G. tenuistipitata (Garcìa-Sánchez 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 CO2 
concentrations (Garcìa-Sánchez 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 CO2-enriched seawater. The authors ascribed 
such nonresponsive behavior to the presence of CCMs that rely on the utilization of 
HCO3

−. Obviously, researches show that enrichment of CO2 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 pCO2 in seawater 
is species-specific. When cultured in high CO2, the light-saturated photosynthetic 
rate was reduced in Fucus serratus (Johnston and Raven, 1990), G. tenuistipitata 

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 CO2 concentrations in aeration. The photo images were taken after 
20 days culture (Gao et al., 1991).
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(Garcìa-Sánchez 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 CO2 levels in P. yezoen-
sis (Gao et al., 1991) and Gracilaria sp. (Andría 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 HCO3
− utilization are 

usually lowered in seaweeds following exposures to high CO2 (Johnston and 
Raven, 1990; Björk et al., 1993; Mercado et al., 1997; Andría et al., 1999a, b; Zou 
et al., 2003). Growing the cells at high CO2 levels decreased activity of the external 
(periplasmic) or total CA activity in Ulva sp. (Björk et al., 1993), G. tenuistipitata 
(Garcìa-Sánchez 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 
HCO3

− utilization. Israel and Hophy (2002) showed that the enzymatic features 
of Rubisco did not differ in the seaweeds when compared between the CO2-
enriched and control cultures, though enrichment of CO2 was reported to 
decrease the content of Rubisco in G. tenuistipitata (Garcìa-Sánchez et al., 1994), 
Gracilaria sp. (Andría 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. (Andría et al., 1999b, 2001), G. tenuistipitata (Garcìa-
Sánchez 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 CO2 low-
ered the demand of energy for the HCO3

− 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 HCO3

− 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 HCO3

− in seawater is no longer pres-
ent, and atmospheric CO2 becomes the only exogenous carbon resource for their 
photosynthesis. The acquisition of CO2 is less constrained in air than in seawater, 
through which CO2 diffuses about 10,000 times slower (Raven, 1999). However, this 
constraint can be offset by the abundance of HCO3

−, as many intertidal algae can 
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use HCO3
− 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 CO2 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 CO2 levels increased with 
desiccation, although the absolute photosynthetic rate decreased with desicca-
tion. The enhancement of daily photosynthetic production by elevated CO2 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 CO2 compensation points 
increased with enhanced desiccation, with higher CO2 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 CO2 released to the atmosphere (Sabine 
et al., 2004). With increasing atmospheric CO2 concentration, CO2 dissolves in sea-
water to reach new equilibrium in the carbonate system. This leads to an increase in 
the concentrations of HCO3

− and H+ and a decrease in the concentration of CO3
2− 

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 CO2 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 pCO2 and decreased pH 
and CO3

2− will affect calcifying seaweeds. Gao et al. (1993b) showed that enrich-
ment of CO2 to 1,000 and 1,600 ppmv in aeration inhibited the calcification in the 
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articulated coralline alga Corallina pilulifera. It has also been shown that the 
increase in CO2 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 CO2 (Riebesell et al., 2000), while a recent 
study showed that its calcification increased with elevated CO2 (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 CO2 levels. It was also shown that elevated CO2 concentrations in culture stim-
ulated the uptake of NO3

− 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 CO2 concentrations can enhance nitrogen 
assimilation, as more nitrogen is required to support higher growth rate. The regula-
tion of NR activity in seaweed by CO2 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 NO3

− by high CO2 in G. tenuistipitata (Garcìa-
Sánchez et al., 1994) and G. gaditana (Andría et al., 1999b) was also reported. Mer-
cado et al. (1999) stated that NO3

− uptake and reduction might be uncoupled when 
algae are grown at high CO2. Responses of macroalgal nitrogen assimilation to ele-
vated CO2 could be species-specific; however, the results from different studies might 
be also generated from different culture systems or methods.

7.  C/N Ratio

Growth under enrichment of CO2 would alter the cellular components of seaweeds. 
Contents of soluble proteins and phycobiliprotein were decreased in Graciaria 
tenuisitipitata (Garcìa-Sánchez et al., 1994), Gracilaria sp. (Andría 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. 
(Andría et al., 1999b). As a result of these changes, C/N ratios were increased in 
the seaweeds grown at elevated CO2 levels (Garcìa-Sánchez et al., 1994; Kübler 
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. Andría et al. (1999b) 
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thereby suggested that the exposure and acclimation to high CO2 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 CO2 rise leads to a proportional increase in pCO2 of seawater 
and alters the carbonate chemistry, reducing the carbonate ions and pH while 
increasing that of bicarbonate. Physiological responses of seaweeds to elevated 
CO2 concentrations are highly variable, depending on the species, growing condi-
tions, and duration of CO2 enrichment. In the species investigated, growth was 
enhanced, inhibited, or not affected by enrichment of CO2, 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 CO2 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-CO2-grown cells. For the intertidal species, large buff-
ering reservoir of HCO3

− in seawater is no longer present and atmospheric CO2 
becomes the only exogenous carbon resource for their photosynthesis at low tide, 
elevation of atmospheric CO2 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 CO2/low pH conditions are 
needed to further evaluate the impacts of increasing atmospheric CO2 concentra-
tions on seaweeds. At the same time, physiological approaches are required to 
distinguish the effects of high CO2 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¢04²″ W; 7 m depth) on 17 November 
1995 and 2 September 1996; wave bed at Diguet off  Isla San Jose (24°53¢45²″ N, 
110°34¢45²″ W; 7 m depth) on 2 February 1996 and 14 July 1996; current bed off  
Isla San Jose (24°52¢36²″N, 110°32¢07²″ W; 12 m depth) on 4 February 1996 and 
16 July 1996; and current bed in Canal de San Lorenzo (24°22¢60²″ N, 110°18¢41²″ 
W; 12 m depth) on 3 December 1995 and 14 June 1996. All localities are described 
in detail by Riosmena-Rodríguez 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/cm2 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. (Polychaetes 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 a = 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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(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. 

Figure 2.  Comparisons in wave beds of the proportion (mean and standard) of the juvenile and adult 
invertebrate species from three main analyzed taxa.

Figure 3.  Comparisons in current beds of the proportion (mean and standard) of the juvenile and 
adult invertebrate species from three main analyzed taxa.
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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-Rodríguez 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.

Figure 4.  Statistical seasonal comparisons between the major phyla analyzed.



135THE ROLE OF RHODOLITH BEDS IN THE RECRUITMENT OF INVERTEBRATE

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-Rodríguez 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 (Schär 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 Fernández, 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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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: Müller et al., 1990), bacteria 

13Feb 18A

18Aug

Present distribution

a b

13Feb 18A

18Aug

Future predictions

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.
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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: Küpper and 
Müller, 1999, Küpper 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; Küpper 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 (Müller 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; Ellertsdóttir 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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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).

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, (c) light microscopy of  the isolated endophyte in unialgal 
culture, showing many plurilocular sporangia and a phaeophycean hair.
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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 

Table 1.  Distribution of endophytic brown algae in three most abundant European kelp species. ×: 
presence, ××: high prevalence.

Laminaria  
hyperborea

Laminaria  
digitata

Saccharina  
latissima

Laminariocolax aecidioides (Rosenvinge) ××a, b, c ×c ×b, d, e

Laminariocolax tomentosoides (Farlow) Kylin (1947) ×a ××a, b ×a

Laminariocolax tomentosoides subsp. deformans 
(Dangeard) Peters (2003)

×c

Laminarionema elsbetiae Kawai and Tokuyama (1995) ×a ××a, c

a Ellertsdóttir and Peters (1997).
b Burkhardt and Peters (1998).
c Peters (2003).
d Schaffelke et al., 1996.
e 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).
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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 sori in L. hyperborea, 
which was also observed in L. digitata (Lüning et  al., 2000) and in S. latissima 
(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. Laminaria/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; Ellertsdóttir 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 (Küpper 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 (Küpper 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 (O2

−•, H2O2) by epidermal cells (Küpper 
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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 
(Küpper et al., 2002). H2O2 concentrations in the range released by L. digitata were 
toxic to alginate-degrading bacteria (Küpper 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 (Küpper 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 (Küpper 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 (Küpper et al., 2009).

Striking differences exist in endophyte host prevalence and disease symptoms 
among Laminaria/Saccharina 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 H2O2 
is very transient in S. latissima and occurs only after the addition of  elicitor 
(Küpper 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. Iodinated 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 (Küpper 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, Küpper et al. (2006, 2009) reported for L. digitata that the early 
events of the defence reactions included an activation of fatty acid oxidation cascades, 
i.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 
et al., 2005; Küpper 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; Küpper 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 (Küpper 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 I2 production by Laminaria digitata (Palmer et al., 2005; Chance 
et al., 2009). While gaseous ozone caused the maximum rates of I2 release observed 
so far, oligoguluronates elicited the highest release of iodine-containing halocar-
bons including CH2I2. 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 

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.
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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 (Hoepffner, 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 
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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). 
ESG1: late successional or perennial and ESG2: opportunistic and annuals. 
In high ecological status, the proportion of ESG1/ESG2 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-Rodríguez et al., 1998, 2001; Korbee et al., 
2005; Abdala-Díaz et al., 2006).

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 (Hoepffner, 2006).

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. Martínez, 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 (Anadón 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 O3 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 (Häder 
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; Viñegla, 2000; Figueroa and Viñegla, 
2001), pigment photodamage (Figueroa et al., 1997a; Häder 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-Díaz et  al., 2006), and trihydroxicou-
marins in the green algae Dasycladus vermicularis (Pérez-Rodríguez 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 CO2, 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; Häder 
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 CO2 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 (Häder 
and Figueroa, 1997; Gómez and Figueroa, 1998; Conde-Álvarez, 2001; Figueroa 
et al., 2002; Villafañe et al., 2003; Gómez 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, 
i.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 CO2 
concentration, whereas 70% of the red and brown algae analyzed are not saturated, 
consequently an increase in CO2 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 (Lüning, 1990; Häder 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-Álvarez 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; Gómez et al., 2004; 
Wiencke et al., 2006).

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 (Kc) 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 (López-Figueroa, 1992; 



168 Félix L. FIGUEROA and NATHALIE KORBEE

Enríquez 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; Gómez and Figueroa, 1998), North Sea 
(Dring et  al., 1996), Arctic (Hanelt, 1998), Antarctic (Bischof et  al., 1998), and 
Patagonia of Chile (Gómez 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 (Häder 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 CO2, 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; Häder et al., 2007), but the 
number of studies on the interaction between UV radiation and nutrient availa-
bility (Villafañe 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; Villafañe, 2004; Medina-Sánchez et al., 
2006) and phosphorus (P) in freshwater (Hiriart et  al., 2002; Xenopoulos and 
Frost, 2003; Medina-Sánchez 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; García-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 Rüdiger, 1993; Tandeau de Marsac and 
Houmardd, 1993; Sinha and Häder, 1998; Talarico and Maranzana, 2000).

The content of MAAs is much higher in algae grown about 1 week under high 
nitrogen conditions (300–500 µM inorganic nitrogen) than that grown under low nitro-
gen concentration (50 µM). 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−1) 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 ± 0.45 4.3 ± 0.63 126.2 Korbee et al. (2005)
Porphyra umbilicalis
Indoor (PAR + UV) 8.2 ± 0.48 5.3 ± 1.66 55 Korbee et al. (2005)
Grateloupia lanceola
Indoor (PAR + UV) 3.4 ± 0.25 1.9 ± 0.12 78.9 Huovinen et al. (2006)
Grateloupia dichotoma
Indoor (PAR) 3.1 ± 0.30 0.9 ± 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) 0.2 ± 0.02 0.15 ± 0.01 33.3 Bonomi et al. (inedit)

Indoor (PAR + UV) 4.2 ± 0.3 1.75 ± 0.09 142.3
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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 IC50 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-Sánchez 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 a 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; Häder 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 (O2

−), 
hydrogen peroxide (H2O2), 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 CO2 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 Díez, 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 (Häder and Figueroa, 1997; Figueroa et al., 2002; Bischof et al., 
2006) including also morphofunctional aspects and growth-reproductive studies 
(Altamirano et al., 2003a, b; Gómez 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 (Wängberg 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

Temperature1 Temperature2

Seawater Enriched-seawater Seawater Enriched-seawater

PAR

Temperature1 Temperature2

Seawater Enriched-seawater Seawater Enriched-seawater

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. I ntroduction

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 (Häder 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 (Villafañe 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 O2 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 (Gómez 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 O2 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 Pmax depression in view of the balance between damage and repair. 
High levels of UV-A radiation at midday caused photosynthetic inhibition of 
some macroalgae (Häder 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 CO2 fixation by phytoplanktons 
(Gao et al., 2007). Recently, absorption of UV-A energy has been found to be 
transferred to Chl. a 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. I mpacts 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 (Gröniger 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., 2006c) 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. A ccumulation 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 
(MAAs) (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 MAAs 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 (Gröniger 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 
(Gröniger 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. S ummary

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; Häder 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; Häder, 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 Ría 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; Villafañe 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 (Häder 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; Díaz 
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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Figure 1.  Daily doses of solar radiation and ozone concentration in the area of Bahía Engaño from 
1999 to 2007. (a) PAR (400–700 nm); (b) UV-A (315–400 nm); (c) UV-B (280–315 nm); (d) Ozone con-
centrations (in D.U.). Solar radiation data were obtained with a broadband ELDONET radiometer 
(www.eldonet.org) permanently installed on the roof of Estación de Fotobiología Playa Unión. Ozone 
concentrations data were obtained from NASA (http://jwocky.gsfc.nasa.gov). Note the low ozone val-
ues during springtime (inside ovals).
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throughout the upper eulittoral to the supralittoral zone in shallow rock pools. 
Using a pulse amplitude modulated fluorometer (PAM, 2000, Walz, Effeltrich, 
Germany), it was found that the nonphotochemical quenching (qN) rises with 
increasing irradiances of actinic light starting as low as 10 W m−2, whereas the 
photochemical quenching (qP) decreases antagonistically (Häder et  al., 2000). 
This physiological response has also been found in higher plants (Niyogy et al., 
1998). When exposed to solar radiation for 15 min during low tide and at solar 
noon on a bright day, the photosynthetic yield (Y) decreased to about 50% of its 
value in dark-adapted plants, but recovered rapidly within 30 min in dim light. 
When solar UV-B radiation was excluded using filter foils (Montagefolie, Folex, 
Dreieich, Germany), Y was significantly less impaired.

The Chlorophyte Enteromorpha linza occurs in the same habitat, but during 
low tide, it is exposed on the rocky surface as it rarely grows inside the rock pools. 
When exposed to solar radiation for 15 min during low tide and at solar noon, the 
decrease in Y is even more pronounced than in U. rigida and decreases to ~0.2 
from the initial dark-adapted value of 0.7 (Häder et al., 2001a). Cutting off  the 
UV-B wavelength band resulted in a less pronounced reduction in Y and cutting 
off  the total UV band (using Ultraphan UV Opak filter, Digefra, Munich, 
Germany) caused an even less pronounced inhibition. The effects of the UV-B or 
total UV components of solar radiation were still visible throughout the recovery 
period in dim light. In the experiments described here, the thalli were confined to 
a flow-through holder and constantly exposed to solar radiation. However, when 
exposed free floating in a mesocosm, there was a decrease in Y by only ~35% dur-
ing clear days and less pronounced on cloudy days; but in any case, the effects of 
especially the UV-B band were noticeable.

The filamentous Rhodophytes Ceramium sp. and Callithamnion gaudichaudii 
were found in the lower eulittoral inside rock pools. Both were strongly affected 
by solar radiation (Häder et al., 2004). Both UV-A and UV-B had pronounced 
effects compared with that of PAR (Fig. 2). Recovery was much slower than in 
the Chlorophytes and the Y was back to the dark-adapted value only during the 
night. However, it is interesting to note that the increase in qN and the decrease 
in qP started at much higher irradiances than in the Chlorophytes (about 50 W m−2). 
Similar results were found in the Rhodophyte Porphyra columbina, which grew on 
the shaded sides of the rock pools in the lower eulittoral.

Two growth forms of Corallina officinalis were found in the middle and low 
eulittoral (only accessible during very low tides), which differed in their morphol-
ogy and calcification so that the skeleton of the low-eulittoral Corallina was less 
calcified than that in the mid-eulittoral algae (45% (w/w) and 49% of the total dry 
weight (DW), respectively (Richter et al., 2006)). Moreover, it was found that their 
photosynthetic parameters were different as well (Häder et al., 2003). The induc-
tion curves with quenching analysis showed a faster decrease in the current and 
maximal fluorescence (Ft and Fm) in the low eulittoral strain compared with the 
mid eulittoral growth form. Simultaneously, qN rose much faster and higher in 
the low eulittoral strain (Fig. 3).
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The Phaeophyte Dictyota dichotoma was found in rock pools in the mid 
eulittoral. After exposure to 15 min of solar radiation in a fixed position, the 
effective Y decreased dramatically and did not fully recover until the next morn-
ing (Häder et al., 2001b). Free floating thalli were not affected as much as those 
in a fixed position.

Overall, there is a wide range of photosynthetic responses of Patagonian 
macroalgae to solar radiation. All results from Patagonia and other coasts confirm 
that the sensitivity to solar radiation increases with their depth of growth (Häder, 
1997). It can be discussed whether this is due to the fact that more sensitive species 
select a habitat lower in the water column or whether resistance increased with 
higher exposure to solar radiation. In any case, macroalgae have developed a 
number of protective mechanisms against excessive solar radiation. In addition to 
UV-absorbing compounds (see Section 5), most macroalgae use an effective repair 
mechanism for damaged DNA and proteins in the photosynthetic apparatus. To 
prove that the D1 protein in the reaction center of photosystem II is resynthesized 
after photodamage and proteolysis, streptomycin or chloramphenicol were 
applied during recovery of several macroalgae (Ulva, Porphyra, Dictyota). Both 
delayed the recovery indicating that the D1 protein resynthesis was inhibited 
(Häder et al., 2002). Several macroalgae groups use the xanthophyll cycle to dis-
pose of  excessive radiation by thermal dissipation (Niyogi et  al., 1998). 
Dithiothreitol is an inhibitor of the violaxanthin de-epoxidase, so when adminis-
tered to the same algae it affected both photoinhibition and recovery (Häder 
et al., 2002). However, this was also found in the red algae, which are believed not 
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Figure 2.  Effective photosynthetic quantum yield in Ceramium sp. measured after 30 min dark adaptation, 
15 min exposure, and after increasing recovery times in the shade. Gray bars, specimens exposed to 
unfiltered solar radiation. Black bars, specimens exposed to UV-A and PAR. Open bars, specimens 
exposed to PAR only. (After Häder et al., 2004.)
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to possess the xanthophyll cycle. This indicates that the inhibitor should be used 
with caution since it seems to have strong side effects.

5. � Presence and Dynamics of UVR-Absorbing Compounds  
in Patagonian Macroalgae

Macroalgae constitute a source of UV-absorbing compounds, typically mycosporine-
like amino acids (MAAs). These compounds are known to protect organisms 
against UVR stress because of their ability to absorb short wavelengths, but 
other ecophysiological functions such as protectors against desiccation or as 
osmotic regulators, antioxidants, and even as accessory pigments have been 
reported (Korbee Peinado et al., 2006). Therefore, the capacity of synthesizing 
and accumulating these compounds would provide an adaptive advantage for 
organisms exposed to different ambient stressors. This is especially important 
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Figure 3.  Induction curve with quenching analysis in the mid-eulittoral strain (a) and the low eulittoral 
strain (b) of Corallina officinalis. (After Häder et al., 2003.)
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for Patagonian macroalgae that are subjected to high radiation levels and suffer  
desiccation, especially during low tides and at summer time. Studies dealing with 
these compounds in Patagonian macroalgae have focused on two main aspects: 
(a) to determine their presence and abundance in key species of the community 
and (b) to assess their dynamics throughout daily cycles and considering the tide 
effects. These studies are particularly important in the context of climate change, 
as they give insight into the capacity of different algae to cope with increasing 
solar radiation.

Specific studies were carried out with the two strains of the Rhodophyte 
Corallina officinalis (i.e., low- and mid-eulittoral forms). High-performance liquid 
chromatography (HPLC) analysis indicated the presence of two MAAs, shinorine 
and palythine, with the absolute concentration of the latter being about tenfold 
higher than that of the former (Fig. 4). The amount of MAAs in low-eulittoral 
samples was significantly lower than that in the mid-eulittoral strain. Significant 
diurnal changes in the MAAs concentration and in the ratio between shinorine 
and palythine of the low-eulittoral Corallina algae were also observed (Richter 
et  al., 2006): Both MAAs concentration increased around local noon, but the 
ratio between shinorine and palythine decreased during midday owing to a higher 
increase in palythine over shinorine (Fig. 4). In the afternoon, the MAAs concen-
tration decreased again. In the mid-eulittoral strain, MAAs dynamics showed an 
opposite pattern so that around noon the palythine concentration decreased com-
pared with shinorine, whereas in the afternoon the palythine concentration 
tended to increase. Although the data indicate a strong influence of solar radia-
tion on MAAs synthesis in C. officinalis, it is still an open question, whether 
endogenous circadian or circatidal rhythms are also involved in this process.

Concentration of  UV-absorbing compounds and photosynthetic pig-
ments as a function of  different radiation treatments throughout daily cycles 
were done with the Rhodophyte Porphyra columbina. Five MAAs were identi-
fied: mycosporine–glycine, shinorine, porphyra-334, palythine, and asterina. 
Porphyra-334 was the most abundant MAA (~80% of  the total concentration) 
and it was always present regardless of  the conditions under which the algae 
were exposed. Shinorine was also present in high concentrations (~20%), 
whereas the remaining MAAs occurred at much lower concentrations. 
UV-absorbing compounds in P. columbina generally decreased throughout the 
daily cycles in the two radiation treatments implemented (i.e., PAR+UVR and 
PAR only) but, in contrast to Corallina officinalis, higher values were deter-
mined at night; also, and in general, slightly lower values at the end of  the 
experiment were determined in samples exposed only to PAR. The concentra-
tion of  photosynthetic pigments, on the other hand, remained low throughout 
the experiment. Results from ammonium-enrichment experiments on the syn-
thesis of  MAAs and photosynthetic pigments (Korbee Peinado et al., 2004) 
showed no significant increase in the concentration of  MAAs during a 6-day 
exposure at concentrations of  0 and 50 mM NH4

+. On the other hand, samples 
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grown at 300 mM NH4
+ had a significant increase compared with the initial 

value and other treatments at day 6. In addition, and after 3 days of  exposure, 
the content of  MAAs was significantly lower in thalli exposed only to PAR 
compared with treatments receiving additionally UV-A and UVR, indicating 
a stimulation of  MAA synthesis in these treatments.
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Figure 4.  Diurnal changes in concentration (mg/g DW) of  the MAAs shinorine and palythine in 
Corallina officinalis growing in the low eulittoral (a) and in the mid-eulittoral (b) zones. Data are the means 
and standard deviation of five independent measurements of different samples collected at the corre-
sponding time. Differences between midday low eulittoral samples and morning or evening samples 
in shinorine are significant (P < 0.05) and highly significant (P < 0.001) in palythine. Differences between 
midday samples and morning or evening samples were only significant (P < 0.05) for palythine but not 
for shinorine. (After Helbling et al., 2004.)
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The daily variations of UV-absorbing compounds in Ceramium sp. exposed 
to full solar radiation followed approximately the daily irradiance cycle, with 
high concentrations during the day and decreasing in the evening; during the day, 
their concentration in samples exposed to UVR was significantly higher than in 
those exposed only to PAR. Callithamnion gaudichaudii displayed high variability 
in the concentration of UV-absorbing compounds in algae exposed to full solar 
radiation, with significantly higher values during early morning and decreasing 
during the day.

A comparison of the co-variation of UV-absorbing compounds as a function 
of chlorophyll a in seven macroalgae species is shown in Fig.  5. UV-absorbing 
compounds had a wide range of responses according to the species: In C. officinalis 
and P. columbina exposed to full solar radiation, a significant positive correlation 
was observed. On the other hand, in Ceramium sp and in C. gaudichaudii a poor 
correlation between these compounds was found. Small amounts of UV-absorbing 
compounds were found in Ulva rigida, Dictyota sp., and Enteromorpha linza. 
Carotenoids, however, showed a significant positive correlation with chlorophyll a 
in species studied (carotenoids = 0.9 * chl a, R2 = 0.89, P < 0.0001).
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6.  Algae as Food for Other Organisms

Macroalgae, as well as the environment where they grow, offer shelter and food for 
diverse organisms, mainly invertebrates. Although many studies have been carried 
out in different locations to evaluate the effects of solar radiation on the interactions 
between macroalgae and other organisms, very few studies have addressed this topic 
in the Patagonia area (Menchi, 2001; Helbling et al., 2002). Particularly, these studies 
evaluated the impact of UVR on the survival of the amphipod Ampithoe valida and 
the isopod Idothea baltica feeding on different macroalgae and differentially bioacu-
mulating UV-absorbing compounds. The relationship between the optical density at 
334 nm (i.e., an estimator of the concentration of UV-absorbing compounds) in the 
crustaceans and that of their diets is shown in Fig. 6. In I. baltica (Fig. 6a), there was 
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a significantly higher concentration of UV-absorbing compounds when individuals 
were feeding on the Rhodophyte Polysiphonia sp. than when they were feeding on 
Chlorophytes. In A. valida (Fig. 6b), there was also an increase in the optical density 
at 334 nm, being low when the organisms were feeding on Enteromorpha sp. and 
significantly higher when they were feeding on Polysiphonia sp. Moreover, a higher 
concentration of UV-absorbing compounds was found in A. valida compared with 
that in I. baltica when feeding on Polysiphonia sp. This situation, however, was 
reversed when the two crustacean species were collected from Chlorophyte species. 
Survival experiments carried out with both species of crustaceans indicated a differ-
ent ecological role of these compounds. In A. valida, and since a significant higher 
survival was observed when organisms were feeding on Rhodophytes compared 
with Chlorophytes, MAAs seem to provide an effective protection against UV-B 
radiation. In I. baltica, however, mortality was high and not significantly different in 
individuals feeding on rich and poor MAA diets. However, high amounts of MAAs 
in eggs/embryos of I. baltica suggested that these compounds might provide protec-
tion to the progeny rather than to adults.

7.  Conclusions

The results of the in situ experiments summarized above indicate that the studied 
macroalgae are shade plants adapted to low light conditions during high tide 
favored by strong absorption and scattering of solar radiation in the water column. 
However, during low tide, organisms are damaged by high solar radiation expo-
sure. Any further increase in solar UVR – for example, due to the continue decrease 
of the stratospheric ozone layer or the extent of influence of the Antarctic ozone 
‘hole’ over Patagonia – would worsen this situation, leading to more inhibition 
of the algae. However, and so far, the studies have shown that the thalli protect 
themselves by actively shutting down the photosynthetic electron transport to 
recover during the subsequent low light phase. It is obvious that different species 
are adapted to different heights on the coast, and it can be concluded that the 
duration and intensity of solar radiation is a decisive factor in the habitat zonation 
of macroalgae in the Patagonian region.
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PRODUCTION OF BIOFUEL BY MACROALGAE WITH PRESERVATION 
OF MARINE RESOURCES AND ENVIRONMENT

MASAHIRO NOTOYA
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Sumida-ku, Tokyo 131-8505, Japan

1.  Introduction

Biofuel production and environment are issues of  concern in the world. First, 
the author describes the real needs of  biofuel, and what kind of  materials can 
serve this purpose. This is followed by the argument that under the present 
global circumstances, macroalgae are the most effective raw material for biofuel 
production. Seaweeds are the most important in the marine ecosystem for the 
preservation of  marine bioresources and seawater quality by preventing pollution 
and eutrophication, and also in the absorption and fixation of  CO2 aided by 
solar energy. The validity of  macroalgae is also explained by various additional 
useful substances found in their tissues, and by having high productivities com-
pared with terrestrial plants and commercial crops. Algae can be produced in 
the coast and unused vast ocean area within the exclusive economic zone. Finally, 
the author’s idea for the construction of  an effective production system of 
macroalgae is explained.

2.  Environmental Destruction and Bioenergy Production

Threats to human life on a global scale in the near future is thought to include 
environmental destruction, shortage of drinking water and food, water pollution by 
the contamination of chemical substances or radioactivity, and energy problems. 
Most of these problems are due to unjustified destruction of natural environments, 
and they originated by spendthrift economy of mass production/consumption. It is 
also considered that a key factor of present global warming is CO2 emissions 
and other greenhouse gases emitted artificially by the excessive use of fossil fuel 
(fourth IPCC report). The need of energy production (bioenergy, physical energy 
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from solar light, wind) with environmental conservation approaches without 
discharging CO2 is required. Therefore, in biofuel production, the technology 
using a lot of  energy and discharging a lot of waste for producing the raw mate-
rials and for the conversion process for fuel is not suitable. Furthermore, neither 
the technology of changing food into energy nor the technology that uses a life 
place should be used.

3.  Biofuel Production and Global Environment

Recent increases in atmospheric CO2 levels are also caused by the anthropogenic 
environmental destruction, such as the excessive consumption of fossil fuels, 
deforestation, and development of farmland. Thus, to enhance the accumulation 
of CO2 in a forest, stopping deforestation and developing farmland have been  
recommended among immediate measures to be taken in every corner of the world, 
until now. However, recently measures are moving to control the consumption of 
the fossil fuel and production of carbon-neutral energy.

Wood, weeds, corn, sugarcane, palm, sunflower, and rapeseed have all 
been evaluated as raw materials for carbon-neutral energy, such as alcohol or 
diesel engine oil. Physical energies have also been considered, such as solar, wind, 
geothermal, tidal, and current power. However, the energy for transportation 
that can replace petroleum should be liquid, or gas fuel. Land crop resources for 
carbon-neutral energy have also been used. However, land comprises only about 
30% of the surface of  the earth, and this includes mountains, deserts, and areas 
close to lakes and rivers; and besides using it as a region of  economic activity, 
land also serves as a human being’s region of  livelihood, such as the city, 
farmland, and pasture. There was a feeling that not enough area has been allot-
ted for the production of  biofuel resources. Moreover, the shortage of  food 
material in the world at present should be taken into consideration as well as the 
rapid increase in global population in the near future. Therefore, using up land 
space for the production of  biofuel resources is considered a problem given the 
expected food crisis in the near future; thus all land space should be solely used 
for food production.

On the basis of the above-mentioned facts, production of biofuel resources 
should use marine plants rather than terrestrial plants. Especially in Japan, the 
small islands with a large exclusive economic zone require the development of 
technologies for large-scale culture of macroalgae on the coastal and offshore 
areas, such that the production of biofuel from macroalgae does not compete 
with that of food and does not destroy the environment. From our experimental 
trials, it was estimated that the annual bio-ethanol production was 20 million 
kiloliters from 10,000 ha (or 100 km2). This corresponds to about one third the 
amount of petrol used annually in Japan. Our project has estimated that a production 
of biohydrogen of about 4.7 m3/t wet weight of Ecklonia stolonifera Okamura is 
also possible.
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4. � Necessity of Preservation of the Coastal Environment  
and the Marine Bioresources

Generally, production of marine bioresources in coastal areas is greatly influenced 
by the ocean current and water temperature. Macroalgae grow well in coasts 
having lower temperatures generated by cold currents. Good fishing areas are 
formed at the boundaries of warm and cold currents.

In the coasts of Japan affected by cold currents such as those in the Pacific, 
from the north-east of Tohoku to Hokkaido, large amounts of brown macroalgae 
like Laminaria spp. can be found. Along the Pacific coast of  Japan, the cold 
current flows from northeast to south and warm current flows from south to 
north. Both currents collide at the offing of the Tohoku region, and both make 
whirlpools where good fishing areas are found. However, the fish resources are 
continuously decreasing every year from these fishing areas. Moreover, on a global 
scale, large-sized wide-ranging fish resources are decreasing because of artificial 
destruction of the environment from various origins. In a certain shocking report, 
it has been predicted that the natural fish resources in the seas will almost disappear 
by 2050, addressing already exterminated fishes as well (Worm et al., 2006). On a 
global scale, it is shown that the coast and the ocean as well as the land and 
atmosphere are exposed to environmental destruction, and the preservation of 
the coastal and marine environment is needed.

About 48% of the coastline of Japan has been modified artificially until now, 
and the natural seashore and useful large macroalgal communities for fisheries have 
been destroyed by the construction of shore-protecting artificial seawalls from the 
viewpoint of seashore preservation (Ministry of the Environment, Government of 
Japan 1994). Generally, various algal species grow in this shallow coastal area, 
especially communities of large macroalgae such as Laminaria spp., Sargassum 
spp., and Ecklonia spp., together with sea-grass developing in the sand and muddy 
shallow bottoms. These areas are used as the spawning ground of fishes and 
shellfishes, the growing area of larval fish, and the feeding area of large-sized fish. 
Thus, this is an important area for the preservation of the environment as well as 
of useful animals and alga resources for fishery. Moreover, these areas in which 
macroalgae and sea-grasses grow also serve for water purification. Therefore, the 
shallow coastal area and the communities of marine organisms are important, as 
they receive the benefits of ecosystem services and environmental preservation.

In Japan, these useful areas of macroalgal communities and ecosystems for 
fisheries production have been specially called “Moba” since ancient times (Fig. 1). 
The definition of “Moba” in Japanese is “a useful and important economic area 
and/or ecosystem dominated by over-sized-seaweed and sea-grass communities in 
which marine resources are produced and preserved, and the environment has bal-
anced functioning.” “Moba” has been protected, managed, preserved, restored, 
and developed. It has also been advanced by the public works of country and local 
government. Besides the “Moba,” there are various kinds of high productive areas 
and important ecosystems in tidal areas. There are various organisms involved in 
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water quality purification in tidal flats, sandy regions, and salt marshes. However, 
in recent years these “Moba” and other natural tidal areas are greatly decreased by 
the coast development, and as a part of the project of “natural reproduction.” In 
addition, the “Isoyake” phenomenon, which is covered with crustose coralline 
algae and the disappearing communities of the useful macroalgae, is spreading 
and progressing in the shallow waters along the coasts of Japan. There have also 
been eutrophication and pollution due to outflows of wastes from areas of fish and 
shellfish culture, and various economic activities of human beings along the 
coastal area. Occurrence of blooms of various photosynthetic organisms has also 
been observed. From the above-mentioned facts, invasion of the environment and 
its destruction can be seen from the near shore shallow waters to the offing, 
and we need to take immediate conservation measures both locally and globally. 
The restoration and preservation of seaweed communities, such as a “Moba” as a 
foundation of the coastal ecosystem, are needed.

5.  Productivity of the Macroalgae Compared with Other Photosynthetic Organisms

The life cycles and major accumulation of  carbon in most macroalgae is 
relatively short, taking about 1 year, or a few years. It is very short compared 
with tens to hundreds of years it takes for a tree in a forest to reach maturity. 

Figure 1.  “Moba” of Sargassum macrocarpum at a depth of about 6 m, and the algal frond length 
reaching 10 m, at Toyoda port, Nakanoshima Island, Oki Islands, Shimane Prefecture, Japan.
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Therefore, macroalgae, in which a lot of CO2 accumulates in a short time with 
high productive capacity, are more effective as a recycling resource for fuel than 
wood, in which CO2 accumulation and holding takes a much longer time. On the 
other hand, it is considered that the global production by the phytoplankton of 
ocean and terrestrial plants is almost equivalent. And the natural production by 
the macroalgae does not compare to it at all. However, the macroalgal production 
is limited by only the narrow attached area on the coastal line.

Yearly net production of macroalgae from the coast of Japan was reported 
to be 1.3 kg/m2 for Laminaria angutata (Fuji and Kawamura, 1970), 8.3 kg/m2 
for Sargassum macrocarpum, 5.5 kg/m2 for Sargassum patensi (Taniguchi and 
Yamada, 1978), 3 kg/m2 for Ecklonia cava (Yokohama et al., 1987), and 1.9 kg/m2 
for Sargassum yezoensis (Okamura, 2003). It was estimated that the terrestrial crop 
plants of the average productivity was approximately 2.3–10 kg/m2. Therefore, the 
productivity of macroalgae and terrestrial crop plants is similar. If  it is possible to 
culture the macroalgae on the unused vast marine area for the biofuel resources, 
there is no bigger production of photosynthetic organisms of terrestrial crop 
plants or marine plants. On the other hand, with easy techniques and management 
of culture, the use of unicellular algae on land as a biofuel resource may also be 
considered. However, the filtration cost and cultivation area for the same amount 
of harvest of Laminaria or Sargassum are not comparatively equivalent. From the 
above-mentioned facts, since macroalgae (such as Laminaria spp. or Sargassum 
spp.) have high productivities and the growing periods are short (from 1 to few 
years), they should be considered as optimal resources for biofuel production.

6.  Sargassum spp. and Laminaria spp. Algae as Raw Materials of Biofuel

Sargassum spp. grows in the shape of a tree with the help of a holdfast, and since 
the branches float on air vesicles, solar energy can be used efficiently. Laminaria 
spp. is heavier than seawater, and the leaf-like frond grows downward, or lies on 
the water surface, and more information is needed to devise good culture techniques 
for their optimal growth. The floating fronds of the Sargassum spp. are convenient, 
as they could be harvested just by separating their holdfasts from the culture system, 
which is very easy compared with the Laminaria spp.

Most species of Sargassum are grown in regions that have comparatively 
warm currents. Large communities are built on coastal areas, thus allowing the 
growth of useful fish and shellfishes as well as maintenance and preservation of 
marine resources (i.e., “Moba” are formed). Moreover, a few of the branches are 
floated out and they grow, and many fronds are accumulated and move with 
the current as the “flowing algae.” It is well established that the “flowing algae” 
are used for spawning and as a habitat for various useful fish and shellfishes, such 
as yellowtail, Pacific saury, and rock fish, and also as a growing area for larval 
fish. Moreover, they are used as seeds for coastal fish farming. Therefore, artificial 
propagation and culture of  Sargassum spp. is effective for the increase and 
preservation of marine fish and shellfish resources. In addition, owing to the 
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macroalgae’s nutrient uptake during their growth in the growing area, they can 
also be used for the function of restoring the eutrophication at the coast.

Laminaria species grow along the coasts of Japan, in the regions of Tohoku 
and Hokkaido, and they produce big quantities of  fronds and form large 
community areas. Among the Laminariales, Ecklonia, Eisenia, and Undaria are 
grown on the warmer coasts of  Honshu, Shikoku, and Kyushu. These species 
are also part of “Moba” and are useful for important marine resources and for 
their preservation. Therefore, it is necessary to consider whether Sargassum 
spp. or Laminaria spp. should be used according to the environmental charac-
teristics of the coastal area.

Some years ago, the author considered and proposed the construction of an 
algal biofuel production system, which involved the cultivation of large amounts 
of macroalgae and the uptake and fixation of CO2 through solar energy in the 
vast unused offing ocean area. At the same time, various marine organisms of fish 
and shellfish would be attracted and preserved, and the marine ecosystem could 
be formed focusing on growing macroalgae, by which the production of marine 
resources would be greatly increased. This system is capable of using deep seawater, 
ocean power, wave power, wind power, and solar light energy. It will operate as a 
self-reliant energy production and consumption system, in which there are 
various self-reliant, zero-emission types of floating production that are complex, 
and can also be used for exploration, collection, and utilization of useful industrial 
raw materials contained in the sea and the seabed (Fig. 2).

General seaweed cultivation, such as Laminaria, Undaria, and Porphyra, has 
been performed in very calm regions of the inner bay. However, it is necessary to 
install a large-sized culture construction in the open sea for the production of 
biofuel resources. Therefore, new possibilities such as technology for large-sized 
culture construction and installation, production of seaworthiness facility, and 
harvesting technology for big amount of products will emerge. Then, the produc-
tion and harvesting of algal biofuel resources, which do not use a culture facility, 
may be considered. That is, it involves the development of “artificial flowing 
algae” of Sargassum spp., harvest of grown algae at the points of flow and reach, 
and their use in biofuel production (Fig. 3).

For example, in the case of the western coast in the Japan Sea, if  bits of 
Sargassum spp. branches are stocked in large quantities on the northern part of 
Kyushu, it can be “artificial flowing algae.” These algae are flow along with the 
Tsushima warm current, and they go north, accumulating and growing. It takes 
at least around 2 weeks to go from the northernmost end of Kyushu to the 
entrance of  Tsugaru Strait according to the reported movement of  Nomura’s 
jellyfish (Stomolophus nomurai). The northing route and attainment time of these 
algae change with the stock point and time. Although some algae drift along 
the shore in the direction of  the flow, each flock of  algae concentrates and 
reaches Tsugaru Strait or Soya Strait, and the “artificial flowing alga” does not 
disperse in the Japan Sea.
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In fact, as far as the route or attainment time is concerned, if  the highly 
precise simulation program developed by the group headed by Professor 
Yamagata of Tokyo University is used, it could also be said that it is possible to 
predict the correct position, which changes every moment, and the attainment 
time, and the course and time can also be specified arbitrarily.

Since all the culture facility and energy on the cultivation management of 
“artificial flowing alga” depends on natural ocean current and solar light, it is 
possible to produce low-cost resources for biofuel in large quantities.

In recent years, there have been global problems of the eutrophication and 
contamination of ocean water. We are also anxious about the same thing in the 
Japan Sea. Moreover, there are eutrophication problems by the loaded nutrients 
from the fish and shellfishes culture and from human activities on land, and its 
roads to blooming, such as red tide and green tide (Fig. 4) in coastal areas of each 
country.

To take up nutrients from large coastal or marine areas, it is important to 
cultivate or propagate useful macroalgae in large quantities in those areas, and 

Figure  2.  Image of  the synthesic construction of  a huge raft, self-reliant energy production and 
consumption, and zero-emission system on the ocean. The construction of  each facility for the 
production, processing, research, as well as management, circulation, and a segment of the economy 
have been arranged in the upper and lower parts of the float, respectively.
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Figure 3.  Images of the “artificial flowing alga” and “Moba” development for the macro-algal bio-fuel 
production with the preservation of global environment and marine resources.

Figure 4.  Green Tide blooming of Ulva spp. at Park of Sea in Yokohama, Kanagawa Prefecture, Japan.
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harvest and utilize them for our life. These macroalgae have also been used as 
foods since ancient times in some countries. Moreover, the substance is also 
used in various health foods and supplements, cosmetics, and fertilizers, and 
phycocolloid has been used as a food additive, recently. In addition, it is also 
used for integrated multitrophic aquaculture with fish and shellfishes. The author 
mentions that it is not proper to carry out burial or incineration disposal of  the 
propagated plant. The extensive growing algae on a coast should be effective 
when utilized as “natural recycled resources.” Therefore, these “artificial flowing 
alga” designs are multipurpose systems, such as a technology for sea water 
purification with the preservation of  useful marine resources and the production 
of  bioenergy resources.

7.  Production of Algal Bio-fuel and Use of the Exclusive Economic Zone

The author has already spent about 6–7 years examining the biofuel production 
from macroalgae, about which several scientific reports were published and various  
scientific meetings (XIXth International Seaweed Symposium, March 28, 2007,  
Kobe, Japan and “The Challenges of Seaweed Bio-fuel Production and Preservation 
of Environment and Fisheries Resources.”) were held.

Development of  biofuel production technology is fundamental and the 
preservation of the prospective global environment should be considered. 
Therefore, as mentioned earlier, biofuel resources and their production area 
should not be compared with food and the living regions of a human being. 
Destruction of the environment and its ecosystems should not occur with the 
process of biofuel production. Natural energy should be used as much as possible, 
and the resources should be used without futility, at the same time avoiding 
waste output. The above-mentioned points are required for biofuel production. 
The type of  development in the old capitalist profit-seeking system does not 
comply with the original meaning of biofuel production.

For that purpose, it may be necessary to establish a new field, for example, 
“biological energy,” which converts steam gasification and synthesises gas with 
the help of  an inorganic catalyst to directly produce useful and good-quality 
carbide from the fermentation system. As far as the biofuel production from 
the resources of  algal organic matter is concerned, in addition to the former 
technology of fermentation of methane, alcohol, hydrogen, etc., various synthetic 
production systems should be developed, such as synthesis of  gas by partial 
combustion. Effective technologies may also be developed using the analogy of 
pulp, refining of petroleum, or the production process of petrochemicals. About 
40% residual substance waste is removed through several types of  fermenta-
tion. These substances should also be used for the production of the high industrial 
commodity, ethanol, which is of added value for the substance of various cellu-
lose systems.
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In this design, the extensive stable supply of biomass materials is realized 
with a first premise. The way of  thinking and conditions at the unique location 
of  the vast exclusive economic zone of  Japan is suited for algal culture and 
subsequent biofuel production. Views of new, eco-friendly synthetic technology 
development in global and marine resource preservation will help in Japan’s 
global contribution.
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BIOFUEL FROM ALGAE: SALVATION FROM PEAK OIL?

CHRISTOPHER J. RHODES
Fresh-Lands, P.O. Box 2074, Reading, Berkshire, RG4 5ZQ,  
UK

1.  Introduction

There is practically nothing in the modern world that does not depend on the 
resource of plentiful, cheap oil. The majority of crude oil is refined into fuel for 
transportation, but it also provides a feedstock for a myriad of industries, produc-
ing products ranging from plastics to pharmaceuticals. In total, it is reckoned that 
worldwide some 86 million barrels of oil are consumed daily, which amounts to just 
over 31 billion barrels a year. Around one quarter of all oil is used in the USA, which 
was formerly the world’s main oil-producing nation. Now that accolade is with 
Saudi Arabia, which delivers an almost ten million barrel daily aliquot to the world 
oil markets, while Russia exhumes an almost equal quantity. In 1999, the price of a 
barrel of oil was $12, but reached almost $150 in the summer of 2008 preceding a 
world stock market crash and a fallback to $25 a barrel (Rhodes, 2008). The price 
rose during the following year and, writing in August 2009, it is now around $70 a 
barrel. There are many factors held culpable for such frenetic activity in the mar-
ketplace, including a seemingly inexorable demand for oil (and indeed all kinds of 
energy resources) from rising economies such as China and India, a weakening US 
dollar, and that oil is becoming harder to produce, as a general principle. Over all 
of this looms the specter of peak oil, which is the point at which production meets a 
geological maximum, and beyond which it must relentlessly fall. The combination 
of these factors must culminate in a gap between rising demand and ultimately fall-
ing supply. Within a decade or less, the world economies will no longer be able to 
depend on some limitless growth in oil output. For these reasons, attention is being 
turned toward “Alternatives,” which ideally are also “Renewables,” but the issue of 
biofuels is more complex than is generally realized, and it is at best a partial solu-
tion bearing its own attendant environmental costs (Rhodes, 2005).

In addition to the simple fact that growing fuel crops must inevitably 
compete eventually for limited arable land on which food-crops are to be grown, 
there are vital differences in the properties of biofuels, e.g., biodiesel and bioethanol, 
from conventional hydrocarbon fuels such as petrol and diesel, which will necessitate 
the adaptation of engine designs to use them; for example, in regard to viscosity 
at low temperatures, e.g., in planes flying in the frigidity of the troposphere. Raw 
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ethanol needs to be burned in a specially adapted engine to recover more of its 
energy in terms of tank to wheels miles, otherwise it could deliver only about 70% 
of the energy content of petrol, pound for pound in accordance with its lower 
enthalpy of combustion (29 MJ/kg) than is typical for an oil-based fuel like petrol 
(gasoline) or diesel (42 MJ/kg) (Rhodes, 2005).

Of the various means that are being considered, at least in terms of  grow-
ing our way out of  the oil crunch, is making biofuel from algae. There are many 
advantages claimed as we shall see, but in particular, the quoted yields of  oil 
that might be derived from algae per hectare are high, even when compared with 
those from high-oil-yielding plants such as jatropha and palm, which translate 
to around 6 t of  diesel per hectare (see Section 6). Most biofuel in Europe is 
biodiesel and is made, for example, from rapeseed oil, which yields perhaps 1 t 
of  diesel per hectare. In contrast, it is reckoned that some species of  high-oil-
yielding algae might furnish more than 100 t of  diesel per hectare – an attractive 
prognosis indeed, since an area, say the size of  the southern UK, could fuel the 
entire world (Rhodes, 2005). Algae offer further advantages that they can be 
used to absorb CO2 from smokestacks at fossil-fuel-fired power stations, they 
can be grown on saline waters or wastewaters (cleaning the latter in the process), 
and furthermore there is no necessity to use arable land for algae production 
since the tanks they are grown in can be placed anywhere, including brownfield 
land or on the open ocean. Thus, the competition between fuel and food pro-
duction is avoided.

The author attempts an overview of some specific aspects of a subject that 
is, however, not quite as straightforward as it first appears.

2.  The Peak Oil Problem

The prediction of  peak oil was made in 1956 by Marion King Hubbert (Hubbert, 
1956), a geophysicist working for the Shell Development Corporation. Hubbert pre-
dicted that the lower 48 states in the USA would peak (hit maximum production) 
during 1965–1970, depending on his estimate of the total volume of the reserve. 
At that time, the USA was awash with oil and his prediction was not taken seriously. 
Hubbert’s analysis is based on the logistic function, the first derivative of which 
gives a peak. Mathematically, this kind of curve can be represented by the logistic 
differential equation (1).

	 dQ/dt = P = k(1 – Q/Qt )Q	 (1)

In Eq. (1), P is the production rate, as shown by its equality to the rate of change 
of cumulative production Q (i.e., the sum quantity of oil recovered from a given 
source to date), Qt is the total amount of oil that will ever be recovered from it, 
and k is the logistic growth rate (a sort of % compound interest). In Hubbert’s 
original paper (Hubbert, 1956), he assumed two scenarios for the lower 48 states 
in the USA: (1) there were 150 billion barrels worth of oil and (2) there were 200 
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billion barrels as a total recoverable reserve, Qt. In those days before computers, 
he simply reckoned the amount of oil represented by each square on his sheet of 
graph paper, and drew a curve by hand that enclosed an area equal to the esti-
mated volume of the reserve. For case (1), he predicted that the peak in production 
would arrive in 1965 and for (2) around 1970. Thus, the method was not predictive 
of the volume of oil that would be recovered in total; this had to be reckoned first. 
In fact, US production peaked in 1971, so establishing both his fame and cred-
ibility in the basic method. In a later paper (Hubbert, 1982), Hubbert surveyed 
the mathematics behind all this, from which an alternative and predictive method 
coined the Hubbert Linearization (Deffeyes, 2005) was derived. The basis of this is 
that Eq. (1), which is a quadratic, can be rewritten in the form of Eq. (2), which is 
a linear equation of familiar form y = mx + c.

	 P/Q = k(1 – Q/Qt )	 (2)

By plotting annual production divided by cumulative production (i.e., P/Q) versus 
cumulative production alone (Q), a straight-line plot is obtained, with a y-axis 
intercept equal to k and a slope of −k/Qt. Thus, both essential parameters of the 
logistic peak, k and Qt, may be estimated without prior assumptions, an improvement 
on the original approach (Hubbert, 1956). The method is still used extensively in 
the oil industry, although now with modern PCs, it is easy to fit directly logistic 
and all other kinds of functions to oil production data using programs like Origin. 
Having established values for k and Qt, they can be used to construct the logistic 
curve with considerable accuracy. Because of the symmetry of the curve, when 
the peak is reached, half the reserve has been extracted, beyond which production 
falls inexorably. For the entire world, a value for Qt of  around two trillion barrels 
is estimated, of  which we have used close to half. It is expected that once the 
peak is reached, there will be a decline in world oil production by 3% per annum. 
This approach is not without its critics, however. Some maintain that it is an 
oversimplification, and does not allow for future discoveries of oil or the produc-
tion of unconventional oil and that it is more likely that the postpeak outcome 
will be a more steady plateau followed by a gradual depletion in supply rather 
than a mirror-fall of the growth phase. The oil industry actually uses a number of 
methods of geophysics, e.g., seismic measurements, to estimate the volume of a 
reserve, and their final predictions are often based on a combination of physical data 
and various kinds of mathematical and numerical modeling procedures, including 
“Hubbert.”

Various estimates have been given for the time of arrival of peak oil. If  all 
production, ignoring tar sands and natural gas liquids (NGL), is considered, the 
peak famously reckoned by Kenneth Deffeyes (2005) to arrive on November 24, 
2005 (thanksgiving day!), is predicted. If  all production including NGL is 
included, the peak shifts forward to mid-2006. All studies that place peak oil in 
2010 and beyond use other methods, but generally consider the rates of depletion 
of existing oil fields and projections about developing fields. Such studies are 
termed “bottom-up analysis.” Chris Skrebowski, a researcher for the Energy 
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Institute in Britain, told delegates at a recent oil conference that the world oil 
supply will peak in 2011 or 2012 at around 93 million barrels a day (it is presently 
84 million barrels a day), in line with a general consensus among industry experts 
there that the peak will arrive by 2012 (Low, 2007). Key pieces of evidence for this 
include the falling rate of discoveries of new oil fields; the age of the largest fields; 
geopolitical threats to future oil supplies; and the sustained high price of crude 
oil. Coincidentally, the CEO of Shell stated earlier this year that he expects to see 
a gap between supply and demand for oil sometime during 2010–2015. However, 
the truth is that we will only know retrospectively exactly when peak oil did occur: 
its effect being to pull down supply while demand continues to rise, thus enlarging 
the gap from both sides. There is much speculation as to how high oil prices will 
go. Goldman Sachs predicted in May that we may see the new psychological 
benchmark $200 barrel within 6–24 months (Rhodes, 2008). In the wake of the 
record $139 barrel, Morgan Stanley predicted $150 by the beginning of  July. 
This did not happen, in fact, and the price has fallen below $120 a barrel. More 
alarmingly, the CEO of the Russian Gazprom, Alexey Miller, is talking about a 
barrel of oil costing $250, which would mean an increase in fuel prices at the 
pump of 60 p/l and that is before fuel taxes are applied on top of this. Fuel would 
then cost in excess of £2.00/l (Rhodes, 2008).

3.  Conventional Biofuels

Most biofuels produced in Europe are made from plant oils (biodiesel) with a 
smaller amount of bioethanol that is produced from sugar beet (Duffield et al., 
2006). In the USA, the situation is reversed and huge amounts of corn are turned 
over to the production of “corn ethanol.” The ethanol industry in Brazil is mature, 
as it is made from sugarcane, which grows well there, with the USA as its major 
customer for exports. As it is not thought that the Brazilian ethanol industry 
compromises land on which food crops could be otherwise grown, there is a strong 
objection made with increasing volume to the diversion of corn grown in the 
USA from the world food markets to making ethanol. Indeed, part of the huge 
increases in the price of basic staple foods has been blamed on the use of arable 
land to produce biofuels rather than to grow food (Elgood and Eastham, 2008). 
There are consequently shortages of rice and wheat, and a significant reduction 
in the market stockpile of corn, all of which contribute to a potential food crisis 
particularly in developing nations, including China and India. The yields of biod-
iesel that can be produced from a hectare of land suitable for different “fuel crops” 
are shown in Table 2.

4.  Biofuel from Algae

There are some truly astounding figures about the amount of  biodiesel that might 
be obtained from farming algae, rather than from growing crops. For example, 
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whereas the yield of  biodiesel from soybean is 357 kg/ha/year and 1,000 kg/ha/
year from rapeseed, it is 79,832 kg/ha/year from algae, i.e., about 80 t/ha. There 
are some algae that yield around 50% of their own weight of  oil, and from one 
study it might be deduced that the yield is around 125 t/ha on the basis that 
200,000 ha of  land could produce 7.5 billion gallons (one quad) of  biodiesel 
(Maio and Wu 2006).

(Since there are 3.875 l to the US gallon, it equals 7.5 × 109 × 3.875 =  
2.91 × 1010 l. Since there are 159 l to the barrel and 7.3 barrels to the ton (accepted 
average), it amounts to 2.91 × 1010/(159 × 7.3) = 2.51 × 107 t of biodiesel produced 
from 200,000 ha, i.e., 2.51 × 107/200,000 = 125.5 t/ha).

Some rough calculations are presented to indicate some estimates of  scale. 
In the UK, around 57 million tons of  oil are used to run transport – cars, planes, 
and the whole lot. Another 16 million tons are used as a chemical feedstock for 
industries etc. However, only the fuel budget is described here. Diesel engines 
are more efficient in their tank-to-wheel use of  fuel than spark-ignition engines, 
which burn gasoline (petrol), meaning that we could reduce that total by 30%, 
i.e., to 40 million tons, by switching all forms of  transport to run on Diesel 
“compression” engines. If  we take the optimistic 125 t/ha figure for the yield 
of  biodiesel from algae, it implies a crop area of  40 × 106/125 = 320,000 ha, or 
3,200 km2.

Now this is only 1.3% of the area of the UK mainland, which does look 
feasible, especially in comparison with values of up to five times the entire area 
of arable land present that has been deduced, which would be necessary to pro-
vide sufficient biofuels derived from land-based crops.

There is no need to use arable land in any case, since the algae would be 
grown in ponds, and these could be installed essentially anywhere, even in off-
shore locations, i.e., growing the material on seawater, because salt concentration 
appears to assist the algal growth.

We can make some guess as to the thickness of the algae too. One hectare = 
100 × 100 m = 10,000 m2. Hence, 320,000 ha = 3.2 × 109 m2. The volume of 40 
million tons of biodiesel at a specific gravity of 0.84 (based on 79,832 kg = 95,000 
l; so, 80 t = 95 m3) = 4.76 × 107 m3. Hence, spread over 3.2 × 109 m2 gives a thickness 
of 4.76 × 107 m3/3.2 × 109 m2 = 0.015 m = 1.5 cm. So, assuming that 50% of it is 
“oil,” it gives a thickness of around 3 cm, which seems reasonable.

How much water would be needed to fill the tanks? Let us assume they are 
1-m deep (with the algae floating on top of that), i.e., 3.2 × 109 m2 × 1 m = 3.2 × 
109 m3. Since this amounts to 3.2 km3, it is a significant volume of water, and if  
freshwater would account for about 2% of the UK’s total. However, as it has been 
indicated, seawater can be used instead, or the “ponds” could be fashioned from 
floating “boon” structures offshore. Closed ponds might be better, since that 
would permit a much closer control of nutrient supply, and if  they were covered, 
it would restrict the potential for invasion by algae with a lower oil yield.

This might be the only way to provide significant amounts of  “oil” post 
peak-oil (other than by coal liquefaction), and large-scale production should be 
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attempted as soon as possible – well before the world’s supply of  naturally 
occurring petroleum begins to wane significantly, which gives us just a few 
years. The “crop” would take up CO2 from the atmosphere, thus reducing the 
burden of  greenhouse gas that many are worried about, and that amount of 
carbon would be re-emitted once the fuel was burned, but with a continual crop 
production working in symbiosis with the CO2 content of  the atmosphere, tak-
ing it up through photosynthesis. There would be no additional CO2 emitted, 
other than in the production of  an alcohol, methanol, or maybe ethanol, which 
is needed to transesterify the initial oil into the final biofuel. This would be in a 
proportion of  about 10% of  the oil yield, and could be provided from agricul-
tural waste, e.g., wheat grass, some minor compromise of  food crops, say to 
grow sugar beet to ferment into ethanol, and ultimately by hydrolysis and fer-
mentation of  cellulosic material once that technology is underway, thought to 
be by 2015.

What about costs? If  we assume a cost per hectare of $80,000, that would 
equate to $80,000 × 320,000 = $25.6 billion, or around £13 billion. Annual main-
tenance/operating costs have been estimated at $12,000 per hectare, which is 
about £2 billion. Assuming a price of $60 a barrel, that may be compared with an 
annual cost for 40 million tons of oil of $60 × 40 million × 7.3 (barrels/t) = $17.5 
billion or about £9 billion. This would mean money that is not going out of the 
country to unstable regions of the world, and it would break completely UK’s 
dependence on imported oil. It would also reduce the nation’s CO2 emissions by 
probably 30%. Biodiesel could even be used to substitute for coal in power sta-
tions and cut the UK’s dependence on coal imports, while reducing CO2 emissions 
still further.

5.  Chemical Composition of Algae

Algae are made up of eukaryotic cells. These are cells with nuclei and organelles. 
All algae have plastids, which are chlorophyll-containing species that can perform 
photosynthesis. However, different algal types have different combinations of 
chlorophyll molecules. Some have only Chlorophyll A, some A and B, whereas 
other lines have A and C.

All algae primarily contain proteins, carbohydrates, fats, and nucleic acids, 
but in varying proportions. As the percentages differ with the type of algae, some 
algae contain up to 40% of their overall weight in the form of fatty acids. It is this 
fatty acid component (oil) that can be extracted and converted into biodiesel 
(Table 1).

The interest in algal oil is not recent, though the widespread interest in 
making biodiesel from algal oil is. Algae oil is produced for the cosmetic industry, 
principally from macroalgae (larger-sized algae) such as oarleaf seaweed etc. Most 
current research on oil extraction from algae is, however, focused on microalgae.
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6.  Comparison of Average Oil Yields from Algae with That from Other Oilseeds

Table 2 presents indicative oil yields from various oilseeds and algae. Please note 
that there are significant variations in yields even within an individual oilseed 
depending on where it is grown, the specific variety/grade of the plant, etc. Simi-
larly, for algae there are significant variations between oil yields from different 
strains of algae. The data presented here are indicative in nature, primarily to 
highlight the order-of-magnitude differences present in the oil yields from algae 
when compared with other oilseeds (Becker, 1994).

Table 1.  Chemical composition of algae expressed on a dry matter basis (%) (Becker, 1994).

Strain Protein Carbohydrates Lipids Nucleic acid

Scenedesmus obliquus 50–56 10–17 12–14 3–6
Scenedesmus quadricauda 47 – 1.9 –
Scenedesmus dimorphus 8–18 21–52 16–40 –
Chlamydomonas rheinhardii 48 17 21 –
Chlorella vulgaris 51–58 12–17 14–22 4–5
Chlorella pyrenoidosa 57 26 2 –
Spirogyra sp. 6–20 33–64 11–21 –
Dunaliella bioculata 49 4 8 –
Dunaliella salina 57 32 6 –
Euglena gracilis 39–61 14–18 14–20 –
Prymnesium parvum 28–45 25–33 22–38 1–2
Tetraselmis maculata 52 15 3 –
Porphyridium cruentum 28–39 40–57 9–14 –
Spirulina platensis 46–63 8–14 4–9 2–5
Spirulina maxima 60–71 13–16 6–7 3–4.5
Synechoccus sp. 63 15 11 5
Anabaena cylindrica 43–56 25–30 4–7 –

Algal oil is very high in unsaturated fatty acids. Some UFAs found in different algal species include 
arachidonic acid, eicospentaenoic acid, docosahexenoic acid, gamma-linolenic acid, and linoleic acid.

Table 2.  Yield of various  
plant oils (http://oilgae.com).

Crop Oil (l/ha)

Castor 1,413
Sunflower 952
Safflower 779
Palm 5,950
Soy 446
Coconut 2,689
Algae 100,000
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7.  Oil Content of Fixed Oils

Cereals only contain about 2% by weight oil, compared with oilseeds that contain 
much higher levels. The oil content of oilseeds varies widely from one type to the 
other. It is about 20% in soybeans and as high as 50% in some new Australian 
varieties of canola (the oil content of canola seed varies from 35% to 50%, and is 
usually considered to be averaging 40%). Sunflower has one of the highest oil con-
tents among oilseeds – about 55%. Castor seeds have about 45–50% comprising 
oil. Safflower has about 40% of its contents as oil, and cottonseed has about 20% 
of its weight as oil. Hemp has 30–35% oil content. Copra, the dried coconut meat, 
has about 60% (sometimes close to 65%) oil content. Peanuts contain approxi-
mately 50% oil on a dry weight basis. Palm kernel has about 50% oil. Corn has 
only 5–10% of its dry weight as oil. The average oil content of mustard is about 
40% – yellow mustard have only about 27% whereas brown mustard have about 
36% oil; some oriental mustard have up to 50% oil. Flaxseed has about 45% oil 
content. For jatropha, the oil content is 35–40% in the seeds and 50–60% in the 
kernel (Becker 1994) (Table 3).

8.  Extraction of Oil from Algae (http://oilgae.com)

Oil extraction from algae is currently a hotly debated topic because this pro-
cess is one of the more costly features, which can determine the sustainability of 
algae-based biodiesel. In terms of the concept, the idea is quite simple: Extract 
the algae from its growth medium (using an appropriate separation process), and 
use the wet algae to extract the oil (Note: It is not necessary to dry the algae prior 
to extracting the oil from them). There are three well-known methods to extract 
the oil from oilseeds, and these methods should apply equally well for algae too: 

Soy 20

Canola/rapeseed 40
Sunflower 55
Castor 45
Safflower 40
Hemp 30
Copra (dry coconut) 60
Peanuts/groundnuts 50
Palm kernel 50
Corn 7
Mustard 40
Flaxseed 45
Jatropha seed 40
Jatropha kernel 55
Algae (for comparison) 15–40

Table 3.  Oil content (% of 
dry weight) – average values.
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Expeller/Press, Hexane solvent oil extraction, Supercritical Fluid extraction, along 
with some less familiar procedures which are summarized here.

8.1.  EXPELLER PRESS

When algae are dried, they retain the oil content, which then can be “pressed” out 
with an oil press. Many commercial manufacturers of vegetable oil use a combina-
tion of mechanical pressing and chemical solvents in extracting oil. Though more 
efficient processes are emerging, a simple process is to use a press to extract a large 
percentage (70–75%) of the oils out of algae.

8.2.  SOLVENT EXTRACTION

Algal oil can be extracted using organic solvents. Benzene and ether have been 
used, but a popular chemical for solvent extraction is hexane, which is relatively 
inexpensive. The downside to using solvents for oil extraction is the inherent dangers 
involved in working with particular chemical materials. Benzene is classified as 
a carcinogen. Chemical solvents also present the problem of causing a potential 
explosion hazard. Hexane solvent extraction can be used in isolation or it can be 
used along with the oil press/expeller method. After the oil has been extracted 
using an expeller, the remaining pulp can be mixed with cyclohexane to extract the 
remaining oil contents. The oil dissolves in the cyclohexane, and the pulp is filtered 
out from the solution. The oil and cyclohexane are separated by distillation. These 
two stages (cold press and hexane solvent) can yield in excess 95% of the total oil 
present in the algae.

8.3.  SUPERCRITICAL FLUID EXTRACTION

This can extract almost 100% of the oils. It does nonetheless require special 
equipment to contain the working fluid under pressure. When supercritical CO2 
is used, the gas is liquefied under pressure and heated to the point that it has the 
properties of both a liquid and gas. This liquefied fluid then acts as the solvent in 
extracting the oil.

8.4.  ENZYMATIC EXTRACTION

Enzymatic extraction uses enzymes to degrade the cell walls with water acting 
as the solvent; this makes fractionation of the oil much easier. The costs of this 
extraction process are estimated to be much greater than hexane extraction.
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8.5.  OSMOTIC SHOCK

Osmotic shock is a sudden reduction in osmotic pressure which can cause cells 
in a solution to rupture. Osmotic shock is sometimes used to release cellular 
components, in this case oil.

8.6.  ULTRASONIC-ASSISTED EXTRACTION

Ultrasonic extraction can greatly accelerate extraction processes. Using an 
ultrasonic reactor, ultrasonic waves are used to create cavitation bubbles in a 
solvent material: when these bubbles collapse near the cell walls, they create shock 
waves and liquid jets that cause the cell walls to break and release their contents 
into the solvent.

9.  Conversion of Algal Oil to Fuel

The underlying chemistry required to convert algal oil to biodiesel can be repre-
sented as in Eq. (3), which is a standard transesterification reaction, in which a 
triglyceride (a long-chain fatty acid ester of glycerol with three fatty acid groups) 
is reacted with an alcohol such as methanol in the presence of a catalyst to form 
the fatty acid methyl ester (biodiesel) and free glycerol:

	 + > +

CH OCOR CH OH2 2
| |

----CHOCOR CH O H 3RCOOCH CHOH3 3
| |

	 (3)

The same chemical process is involved in the conversion of plant oils, since they 
are also triglycerides, to biodiesel (Maio and Wu, 2006; Becker, 1994).

10.  Oil from Algae: Photosynthetic Efficiencies?

There is much communicated on the prospect of growing oil-rich algae to convert 
into diesel as a replacement for the inevitably declining supply from crude oil. 
Now, PetroSun Inc. has announced that their Rio Hondo algae farm in Texas will 
begin operations at its pilot commercial algae-to-biofuels facility (Fraser, 2008). 
The farm includes 1,100 acres of salt-water ponds from which it is thought that 
4.4 million US gallons of algal oil will be produced along with 110 million pounds 
of biomass, annually. Expansion of the farm is intended to provide fuel to run 
existing or putative biodiesel and bioethanol refineries, owned or part-owned by 
PetroSun. Such an open-pond design effectively consists of a nutrient-loaded/fed 
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aqueous culture medium, in which algae will grow close to the surface, absorbing 
CO2 from the atmosphere in the process through photosynthesis – hence the other 
vital ingredient is sunlight.

Of interest too is the likely photosynthetic efficiency (PSE) of such processes, 
and of crop-agriculture; therefore some illustrative sums regarding their PSE 
viability have been attempted:

4.4 × 106 gal (US) of oil = 4.4 × 106 gal × 3.875 l/gal = 1.7 × 107 l.
1.7 × 107 l × 0.84 kg/l = 1.43 × 107 kg = 1.43 × 104 t of oil.

If  110 million pounds of biomass is also produced, this amounts to 110 × 106 
lb/2,200 lb/t = 5 × 104 t. Hence, the oil is 22% of the total “mass” produced.

1,100 acres/2.5 ha/acre = 440 ha.

Therefore, the oil yield = 1.43 × 104 t/440 ha = 32.6 t/ha. To “grow” this amount 
of oil, it would take 7.19 × 108 t/32.6 t/ha = 2.21 × 107 ha.

If the total area of the US is 9.8 × 108 ha (that is land plus water), and the US 
fuel consumption may be estimated as 0.25 (one quarter of the world’s total) × 0.7 
(proportion of oil used for transport) × 30 × 109 barrels/7.3 barrels/t = 7.19 × 108 t; 
to grow enough algae to produce an equivalent amount of algal oil, it would take:

2.21 × 107 ha/9.8 × 108 ha = 2.3% of total US area.

For the entire world, the requisite land area is ×4 that equals 8.84 × 107 ha, to 
be compared with a total surface area of around 500 million square kilometers 
(about 147 million square kilometers being land), or <0.2% of it.

If  the UK switched all its transportation over to diesel engines, which are 
more efficient in terms of tank-to-wheel miles than spark-ignition engines that 
burn petrol (gasoline), we would need 40 million tons of oil (assuming oil = diesel, 
since the actual yields of diesel from oil are uncertain).

This amounts to 40 × 106 t /32.6 t/ha = 1.23 × 106 ha, which is about 5% of 
the total area of the UK mainland.

So, what about the photosynthetic efficiencies incurred?

1. A good mean of 5 kWh/m2/day is taken into consideration. Quite often, 
values of W/m2 are quoted over the whole year, which is a bit misleading, since 
the solar radiation hitting the Earth (insolation) varies from region to region and 
according to the time of  the day and the changing seasons. However, dividing 
5 kwh/m2/day by 24 h gives around 200 W/m2, to be compared with around 350 W/m2  
hitting the top of the atmosphere, as an annual mean. This would correspond to 
a sunny clime, e.g., Arizona, Australia, or central Africa; it is probably less than 
half  of this for northern Europe.

Expressing the insolation as kilowatt hour per day is more realistic, however. 
Hence,
5 × 103 Wh/day × 365 days × 3,600 s/h = 6.57 × 109 W/m2/year. Since W = J/s, 
we have:
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6.57 × 109 W/m2/year × 10,000 m2/ha = 6.57 × 1013 J/ha/year (i.e., the 
amount of solar energy falling on each hectare of land).

If  we assume that “diesel” uniformly contains 42 GJ/t of  energy, each 
hectare yields:

32.6 × 42 × 109 = 1.37 × 1012 J.

Thus, the PSE on oil is 1.37 × 1012/6.57 × 1013 = 2.1%.
But only 22% of the total is oil and the rest is (other) “biomass.” If  we 

assume that 1 t of  biomass contains 15 GJ of  energy (about the same as for 
glucose), we have:

32.6 t × 15 × 109 × (100–22/22) = 1.73 × 1012 J/ha, which gives a PSE of:

1.73 × 1012/6.57 × 1013 = 2.6%, and so the overall PSE for the PetroSun process 
is 2.1% + 2.6% = 4.7%.

2. Now this seems quite reasonable, and is in the 6% “ballpark” usually given 
for the amount of the total solar radiation that is used by plants in photosynthesis, 
as has been described previously. However, at 32.6 t of oil per hectare, the yield is 
rather less than the 5,000–20,000 gal/acre quoted in Wikipedia (2009a) for algal 
oil production.

5,000 gals/acre = 12,350 gals/acre = 12,350 × 3.875 = 47,856 l/ha, and 
assuming a density of 0.84 t/m2, this amounts to 40.2 t/ha, as the lower estimate.

(Assuming, again, a sunny 5 kWh/day or 6.57 × 1013 J/ha/year), if  50% of 
the algae is oil with an energy content of 42 GJ/t, it contains 40.2 × 42 × 109 =  
1.69 × 1012 J, which equates to a PSE of 1.69 × 1012/6.57 × 1013 = 2.6%.

Then there must be another 50% of “other” biomass, which at 15 GJ/t, 
amounts to:

40.2 × 15 × 109 = 6.03 × 1011 J (PSE = 0.9%), and so the total energy of this 
high-oil crop = 1.69 × 1012 + 6.03 × 1011 = 2.29 × 1012 J, giving a total PSE of 
3.5%, which is also reasonable.

However, the upper Wikipedia limit of “20,000 gal/acre” is worrisome. At 
×4 the above, this implies a PSE of 3.5% × 4 = 14%, which seems far too high, 
being above the theoretical PSE limit, at which around 12.7% of the entire insola-
tion is usefully absorbed by a photosynthetic entity. It is conceivable that special 
methods are employed to increase the yields, e.g., CO2-injection or forced-UV 
conditions to increase the PAR of the solar spectrum. At any rate, it could not be 
achieved in standard open-pond systems. If  someone can prove this conclusion 
wrong, it would be interesting to know the details.

11.  Large-Scale Biodiesel Production from Algae

Theoretically, biodiesel produced from algae appears to be the only feasible 
solution today for replacing petro-diesel entirely. No other feedstock has the oil 
yield high enough for it to be in a position to produce such large volumes of oil. 
To elaborate, it has been calculated that for a crop such as soybean or palm to 
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yield enough oil capable of replacing petro-diesel completely, a very large percentage 
of the current land available needs to be utilized only for biodiesel crop production, 
which is quite infeasible. For some small countries, in fact it implies that all land 
available in the country to be dedicated to biodiesel crop production. However, if  
the feedstock were to be algae, owing to its very high yield of oil per acre of cul-
tivation, it has been found that about ten million acres of land would need to be 
used for biodiesel cultivation in the USA to produce biodiesel to replace all the 
petro-diesel used currently in that country. This is just 1% of the total land used 
today for farming and grazing together in the US (about 1 billion acres). Clearly, 
algae are a superior alternative as a feedstock for large-scale biodiesel production 
(Rhodes, 2009).

In practice, however, biodiesel has not yet been produced on the very large 
scale from algae, though large-scale algae cultivation and biodiesel production 
appear likely in the near future (4–5 years). To produce biodiesel from algae on a 
large scale, the following conditions need to be met:

1.	 The sustainable growth of high-oil-yielding algae strains on a large scale
2.	 Extraction of the oil from the algae on a large scale
3.	 Large-scale conversion of algal oil into biodiesel

The first two aspects are specific to algae, whereas the third is a generic aspect 
for biodiesel production from all plant oils. On the basis of current research, it 
appears that the real concern would be the following condition: Capability to 
sustainably produce high-oil-yielding algae strains on a large scale. Though the 
other two conditions need to be addressed as well, those two are primarily 
engineering considerations over which we have more control than over the first 
condition. Hence, this needs to be given more focus.

The capability to sustainably produce high-oil-yielding algae strains on a 
large scale can again be thought to contain two distinct aspects: (1) Identifying 
the high-yielding algal strains and (2) optimizing methods to cultivate them. 
There is currently considerable research effort being made in both areas, and it is 
hoped that there will be significant developments in the near future.

11.1. � BIOFUEL FROM ALGAE USING HIGH-DENSITY VERTICAL 
REACTORS (HDVR)

The “High-Density Vertical Bioreactor,” or HDVB stands in contrast to open-pond 
systems. The HDVB system is marketed by Valcent Products, Inc. and consists of 
growing plants or algae in plastic pockets on clear vertical panels that move on a 
conveyor-belt arrangement. The strategy is designed to maximize the amount of 
sunlight and to provide an ideal balance of nutrients to achieve optimum growth. 
It is proposed that such vertical growth systems might provide a solution to the 
problem of feeding urban populations so that urban living becomes sustainable 
(Valcent, 2009; Global green Solutions, 2006).
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It might be argued that once transportation begins to fail as a consequence 
of cheap oil supplies waning in 5–10 years, humanity will relocalize into relatively 
small communities far less dependent on transport. The lack of urban growing 
space is counteracted by the very high efficiency of crop production in HDVBs. 
This form of agriculture is also soil-free, and uses perhaps 5% of the amount of 
water that is required to grow crops by conventional means, since the whole con-
stitutes a closed system with far less evaporation. Since these reactors can be 
placed anywhere (as can open ponds), there is no necessity to compromise arable 
land which can still be used for standard agriculture.

However, the HDVB offers the potential for producing fuel as well as food, 
since algae can be grown in these systems too, and a higher yield is claimed than 
that in open ponds. Thus, in principle, food is grown locally, thus eliminating 
much of the fuel costs borne in the carriage of crops from one part of the country 
to another or even across the world, by air or by ship, and also biodiesel can be 
made from oil extracted from algae grown using the technology, by transesterifi-
cation with methanol or ethanol, as is done with plant-derived oils. Growing food 
both efficiently and locally also averts much of the spoilage that occurs on long 
hauls, during which as much as 50% of it is thus rendered inedible.

It is claimed that 100,000 gal (US) of diesel can be produced per acre of 
HDVB area, which does seem very high. Regarding photosynthetic efficiencies, the 
figure of 20,000 gal/acre quoted in the wikipedia entry on “permaculture” seems 
well above the theoretical efficiency for a horizontal open-pond/algal system, but 
higher surface areas could be attained using vertical reactor arrangements; how-
ever, to install this paraphernalia on the very large scale is going to take a lot of 
plastic (derived from oil) and a lot of engineering, especially since the HDVB 
systems are more intricate than the basis that has been indicated. Irrespective of 
whether the algae are grown in open ponds or HDVB systems, there will also be 
need for a massive construction of transesterification plants and a source of 
methanol or ethanol must be found, in an amount equal to perhaps 10% of the 
diesel that is produced.

It sounds like a great idea and sits comfortably with most of  the values 
mentioned here and projections as to what precisely we need to achieve to form a 
stable, sustainable society. However, the scale-up will be a gargantuan task. If  we 
can cut our fuel use to say 25% in relocalized communities, we still need to produce 
around 700 million tons of biodiesel annually (15 million tons just for the UK 
and 175 million tons for the USA) and convert most vehicles to run on diesel 
engines; the question is: Can this be done quickly enough to breach the demand/
supply gap facing conventional oil production?

12.  Could Peak Phosphate be Algal Diesel’s Achilles’ Heel?

The depletion of world phosphate reserves will impact on the production of biofuels, 
including the potential wide-scale generation of diesel from algae. The world 
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population has risen to its present number of 6.7 billion in consequence of cheap 
fertilizers, pesticides, and energy sources, particularly oil. Almost all modern farm-
ing has been engineered to depend on phosphate fertilizers, and those made from 
natural gas, e.g., ammonium nitrate, and on oil to run tractors, etc. and to distrib-
ute the final produce. Worldwide production of phosphate has now peaked (in the 
USA, the peak came in the late 1980s), which lends fears as to how much food the 
world will be able to grow in the future, against a rising number of mouths to feed 
(Phillpott, 2008). Consensus of analytical opinion is that we are close to the peak 
in world oil production too.

The algae route sounds almost too good to be true. Having set up these ponds, 
albeit on a large scale, i.e., they would need an area of 3,200 km2 to produce 40 
million tons of diesel, which is enough to match the UK’s transportation demand 
for fuel, if all vehicles were run on diesel engines (the latter are more efficient in 
terms of tank-to-wheels miles by about 40% than petrol-fuelled spark-ignition 
engines), one could ideally leave them to absorb CO2 from the atmosphere (thus 
simultaneously solving another little problem) by photosynthesis, driven only by 
the flux of natural sunlight. The premise is basically true; however, for algae to 
grow, vital nutrients are also required, as a simple elemental analysis of dried algae 
will confirm. Phosphorus, though present in under 1% of that total mass, is one 
such vital ingredient, without which algal growth is negligible. Two different meth-
ods of calculation have been used here to estimate how much phosphate would be 
needed to grow enough algae, first to fuel the UK and then to fuel the world:

1. The analysis of dried Chlorella (Wikipedia, 2009b) has been taken as an 
illustration, which contains 895 mg of elemental phosphorus per 100 g of algae.

UK Case: To make 40 million tons of diesel, 80 million tons of algae would 
be required (assuming that 50% of it is oil and this can be converted 100% to 
diesel).

The amount of “phosphate” in the algae is 0.895 × (95/31) = 2.74 %. (MW 
PO4

3− is 95, that of P = 31).
Hence this amount algae would contain: 80 million × 0.0274 = 2.19 million 

tons of phosphate.
World case: The world gets through 30 billion barrels of oil a year, of which 

70% is used for transportation (assumed). Since 1 t of oil is contained in 7.3 barrels, 
this equals 30 × 109/7.3 = 4.1 × 109 t and 70% of that = 2.88 × 109 t of oil for trans-
portation.

So, this would need twice that mass of algae = 5.76 × 109 t of it, containing:
5.76 × 109 × 0.0274 = 158 million tons of phosphate.
2. To provide an independent estimate of these figures, it has been noted that 

growth of this algae is efficient in a medium containing a concentration of 0.03–
0.06% phosphorus; the lower part of the range, i.e., 0.03% P is used here. “Ponds” 
for growing algae vary in depth from around 0.6 to 1.5 m and so a depth of 1 m 
could be assumed for simplicity.

UK case: Previously, the author has worked out (Rhodes, 2009) that producing 
40 million tons of oil (assumed equal to the final amount of diesel, to simplify the 
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illustration) would need a pond/tank area of 3,200 km2. An area of 3,200 km2 is 
equal to 320,000 ha, and at a depth of 1 m, this amounts to a volume of: 320,000 × 
(1 × 104 m2/ha) × 1 m = 3.2 × 109 m3.

A concentration of 0.03 % P = 0.092% phosphate, and so each cubic meter 
(1 m3 weighs 1 t) of volume contains 0.092/100 = 9.2 × 10–4 t (920 g) of phosphate. 
Therefore, we need:

3.2 × 109 × 9.2 × 10–4 = 2.94 million tons of phosphate, which is in reason-
able accord with the amount of phosphate taken up by the algae (2.19 million 
tons), as deduced earlier.

World case: The whole world needs 2.88 × 109 t of oil, which would take an 
area of 2.88 × 109/125 t/ha = 2.30 × 107 ha of land to produce it.

2.3 × 107 ha × (104 m2/ha) = 2.3 × 1011 m2 and at a pond depth of 1 m they 
would occupy a volume = 2.30 × 1011 m3. Assuming a density of 1 t = 1 m3, and 
a concentration of PO4

3− = 0.092%, we need:
2.30 × 1011 × 0.092/100 = 2.13 × 108 t of phosphate, i.e., 213 million tons.
This is also in reasonable accordance with the figure deduced from the mass 

of algae accepting that not all of the P would be withdrawn from solution during 
the algal growth. Indeed, the ratio of algal phosphate to that present originally in 
the culture medium (i.e., 158/213) suggests that 74% of it is absorbed by the algae.

Now, world phosphate production amounts to around 140 million tons (noting 
that we need 213 million tons to grow all the algae), and food production is already 
being thought to be compromised by phosphate resource depletion. The USA pro-
duces less than 40 million tons of phosphate annually, but would require enough to 
produce around 25% of the world’s total algal diesel, in accord with its current 
“share” of world petroleum-based fuel, or 53 million tons of phosphate. Hence, for 
the USA, security of fuel supply could not be met by algae-to-diesel production 
using even all its indigenous phosphate rock output, and imports (of phosphate) are 
still needed. The world total of phosphate is reckoned at 8,000 million tons and that 
in the USA at 2,850 million tons (by a Hubbert Linearization analysis). However, as 
is true of all resources, what matters is the rate at which they can be produced.

13.  Conclusions

Some aspects of  the practicalities of  algae-to-fuel conversion, including field 
trials, have been discussed previously (Gao and McKinley, 1994; Miyamoto, 1997; 
Christi, 2007; Sheehan et al., 1998). The author remains optimistic over algal die-
sel, but clearly if  it is to be implemented on a serious scale, its phosphorus has to 
come from elsewhere than phosphate rock mineral. There are regions of the sea 
that are relatively high in phosphates and could in principle be concentrated to the 
desired amount to grow algae, especially as salinity is not necessarily a problem. 
Recycling phosphorus from manure and other kinds of plant and animal waste 
appears to be the only means to maintain agriculture at its present level, and cer-
tainly if  its activities will be increased to include growing algae. In principle too, the 
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phosphorus content of the algal waste left after the oil-extraction process could 
be recycled into growing the next batch of algae. These are all likely to be energy-
intensive processes, however, requiring “fuel” of some kind, in their own right.

It is salutary that there remains a competition between growing crops (algae) 
for fuel and those for food, even if not directly in terms of land, for the fertilizers 
that both depend on. This illustrates for me the complex and interconnected nature 
of, indeed Nature, and that like any stressed chain, will ultimately converge its 
forces onto the weakest link in the “it takes energy to extract energy” sequence.

A Hubbert analysis of human population growth indicates that rather than 
rising to the putative “9 billion by 2050” scenario quoted from WHO figures, it will 
instead peak around the year 2025 at 7.3 billion, and then fall (Phillpott, 2008). It is 
probably significant too that that population growth curve fits very closely both 
with that for world phosphate production and another for world oil production 
(Phillpott, 2008). It seems to be highly indicative that it is the decline in resources 
that will underpin our demise in numbers as is true of any species: from a colony 
of human beings growing on the Earth, to a colony of bacteria growing on agar 
nutrient in a petri dish.
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1.  Introduction

Global warming is of increasing concern worldwide. The question of how to 
mitigate the CO2 released into the atmosphere is the most topical issue, and 
sustainable solutions are constantly being sought. Aquaculture has been proposed 
as one method for the sequestration or immobilization of CO2 through filtration 
or mechanical/chemical processes for long-term storage (Carlsson et al., 2007). 
However, the development of new sustainable technologies are but in their infancy, 
as the aquaculture sector moves to becoming more efficient and sustainable.

In the above context, Chopin (2008) suggested that if  limitations to nutrient 
emission are to be put in place, extractive species such as seaweeds could be 
considered as suitable for nutrient credits (e.g. for the extraction of nitrogen, 
phosphorus, etc.), in a similar system to that of carbon credits, which are becoming 
increasingly acceptable to be traded in the global economy.

Kappaphycus alvarezii, commercially recognized as “cottoni,” is considered 
the main source of kappa carrageenan, while Eucheuma denticulatum, known as 
“spinosum,” is the main source of iota carrageenan. Both species are responsible for 
approximately 88% of raw material processed for carrageenan production, yielding 
about 120,000 dry tons year−1 mainly from the Philippines, Indonesia, and Tanzania 
(Zanzibar) (McHugh, 2003). Considered as two of the most commercially successful 
species, they could be potential candidates for carbon and nutrient credits, if  
research and technology are developed, since the farms have the potential to 
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increase the area occupied for seaweed cultivation, thus improving the carbon 
dioxide sequestration and acting as a nutrient sink when cocultivated with other 
organisms, thereby improving water quality to some extent.

A review of Kappaphycus (broadly including Eucheuma) farming is presented, 
including the current possibilities and challenges with the goal of contributing to 
sustainable mariculture management practices.

2.  Worldwide Trends of Kappaphycus Production

The world’s geographical area for the Kappaphycus farming lies within ±10° 
latitude (Fig. 1), notably from the Southeast Asian countries extending to East 
Africa and Brazil. However, the Southeast Asian region, primarily the Brunei–
Indonesia–Malaysia–Philippines (East Association of Southeast Asian Nations 
(ASEAN) Growth Area – BIMP-EAGA – integrated countries) has by far the 
greatest potential for expanded tropical seaweed cultivation, consisting 60% of 
the sites in the world. In particular, Indonesia, Malaysia, and the Philippines 
provide sheltered areas that are favorable for cultivation (IFC, 2003).

The current and estimated increase in Kappaphycus production in the 
BIMP-EAGA region is shown in Fig. 2. Although the production of the southern 
Philippines and Sabah combined is about 100,000 t dry weight year−1, with the 
potential to increase by approximately 50%, the shared projected capacity of 
West, Central, and East Indonesia is huge (approximately 450,000 t) (IFC, 2003). 
The high potential of Indonesia can be attributed to its extensive coastline, which 
fits 100% within the tenth parallel latitude, where tropical seaweeds grow abun-
dantly and robustly and, most importantly, where typhoons seldom occur. On the 
other hand, the single largest area of Kappaphycus production in the Philippines 
(Sitangkai, Tawi-Tawi) offers considerable potential for expansion since it has 
60,000 ha available for mariculture purposes, even though only an estimated 
10,000 ha are presently used for cultivating Kappaphycus (PDAP, 2007). Sabah 
(Malaysia) had a total production of 50,000 t fresh weight (around 6,250 t dry 
weight), which was grown on 1,000 ha (= 50 t ha−1 year−1) in 2005 (Neish, 2008). 
Projection for this area aims an expansion to 12,000 ha in 2010, with a target 
production of 250,000 t fresh weight.

Figure 1.  The world’s potential geographical area for the Kappaphycus farming.

256



A REVIEW OF KAPPAPHYCUS FARMING: PROSPECTS AND CONSTRAINTS

The Kappaphycus (cottonii) world production for commercial extraction of 
kappa carrageenan shows that the BIMP-EAGA region produces 96.5% of the 
total production, of which 55% comes from the Philippines, followed by Indonesia 
(38%) and Malaysia (2.5%). The rest of the producing areas contribute relatively 
very small volumes (Table 1).

3.  Cultivation Techniques and Post-harvest Management

Since the first successful farming of Kappaphycus in the Philippines in 1970, the 
cultivation technique has undergone many modifications. The main commercial 

Figure 2.  Major areas of Kappaphycus cultivation and potential dry weight production in the BIMP-
EAGA region (IFC, 2003).

Table 1.  World production of Kappaphycus (cottonii) in 2006 (Hurtado, 2007).

Country Volume (ton dry weight) Total (%)

Philippines   89,000   55.5
Indonesia   61,000   38.0
Malaysia     4,000     2.5
Cambodia/Vietnam     2,200     1.4
China        800     0.5
Kiribati     1,100     0.7
India        400     0.2
Tanzania/Madagascar     1,500     0.9
Brazil      500     0.3
Total 160,500 100
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varieties are presented in Fig. 3 (Hurtado et al., 2008a). The most traditional type 
of farming is the fixed off-bottom method usually practiced in shallow reef areas. 
Innovations in the deeper water cultivation areas include using the hanging long 
line (fixed and swing) and the multiple-raft long line. The fixed hanging long line 
technique has both ends tied to an anchor bar or block, while in the swing hanging 

Figure 3.  The main commercial varieties of Kappaphycus spp. cultivated worldwide (Photos retrieved 
from Hurtado et al., 2008a).
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long line, only one end is tied to an anchor bar or block, and the other end is 
allowed to swing freely with the current. Figure 4a–d shows examples of  the dif-
ferent farming methods commonly used.

Table 2 shows the summary of growth rates of Kappaphycus grown by dif-
ferent methods and in different areas. The growth rates varied widely depending 
on the cultivation system adopted but, in general, plants cultivated in the usual 
fixed off-bottom system or in rafts showed high values (between 0.2% and 5.3% 
day−1 in the first case and between 0.5% and 10.7% day−1 in the last case). When 
plants were co-cultivated with other organisms in tanks, acting as biofilters, the 
growth rates were notably lower (0.7–2.7% day−1).

Both the quantity and quality of carrageenan is influenced by the maturity 
of the thallus. The work of Mendonza et al. (2006) suggested that young (apical) 
segments of  K. striatum var. sacol yielded higher gel strength, cohesiveness, 
viscosity properties, and lower average molecular weight than old (basal) segments. 
However, the latter yielded greater amounts of carrageenan in total. Furthermore, 
they emphasized that as the thalli aged, the content of  iota (and precursor) 
carrageeenan decreased, which may be related to certain physiological and struc-
tural functions during the growth and structural maturation of the alga.

The work of Hurtado et  al. (2008b) on Kappaphycus striatum var. sacol 
showed that a lower stocking density (e.g. 500 g m−1) and a shorter period of 
culture (30 days) yielded a higher growth rate than a higher stocking density 
(1,000 g m−1) and longer period of culture (45 and 60 days) when grown vertically 
on rafts. Furthermore, the results revealed a higher yield in carrageenan at a lower 
stocking density (500 g m−1 line−1) than at 1,000 g m−1 line−1; and the molecular 
weight was greater in plants growing at 50–100 cm depth both for 30 and 45 days 
of cultivation, when compared with those that grow at 150–200 cm depth and 
60-day cultivation period. These results simply indicate that “sacol” prefers a 
shorter period of culture and at a lower depth to synthesize more carrageenan. It 
is surprising how little such relatively simple studies have been employed given the 
value of the seaweed biomass to national economies and the carrageenan yield 
and quality to the extraction/processors.

With regard to Kappaphycus alvarezii cultivated in Ubatuba, Brazil, Hayashi 
et al. (2007) observed that plants cultivated at high density (24 plants of 40 g each 
in 1 m2), in PVC pipe multiple raft, showed higher productivity when cultivated 
at surface for 44 and 59 days. Higher carrageenan yields were obtained from 
plants cultivated for 28 days; in fact, in this study, the iota carrageenan content 
was highest at 59 days of cultivation; and unlike the observations for K. striatum, 
the older tissues of K. alvarezii showed the higher molecular weight and gel 
strength. Clearly, there is a need for much greater site-specific studies on methods 
of  cultivation and duration of  the commonly practiced farming period.

The molecular weight has become an important criterion for the food regu-
latory authorities since the Scientific Committee on Food (SCF) of the European 
Commission endorsed in 2003 a molecular weight distribution limit on carra-
geenan as precautionary approach. This regulation was created based on some 
suspects that high consumption of  low molecular weight carrageenan could 
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Figure 4.  Culture techniques commonly used (a) fixed-type (Hurtado et al., 2008a); (b) hanging long 
line (fixed-type) (Hurtado et al., 2008a); (c) hanging long line (swing type) (Hurtado et al., 2008c);  
(d) multiple-raft long line (Hurtado and Agbayani, 2002).
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Table 2.  Reported daily growth of Kappaphycus alvarezii using different culture techniques and sites.

Culture technique Growth rate (% day−1) Reported by Country

Fixed off-bottom 5.7 Lim and Porse, 1981 Bohol, Philippines
3–4 Adnan and Porse, 1987 Indonesia
3.5–3.7 Luxton et al., 1987 Fiji
2.04 Samonte et al., 1993 Western Visayas, 

Philippines
0.2–3.2 Hurtado et al., 2001 Antique, Philippines
2.0–8.1 Muñoz et al., 2004 Yucatan, Mexico
4.2–4.3 Wakibia et al., 2006 Southern Kenya
1.6–4.6 Hung et al., 2009 Camranh Bay, Vietnam

Bamboo raft (single) 1.24 Samonte et al., 1993 Western Visayas, 
Philippines

0.5–5.6 (Unfertilized) Msuya and 
Kyewalyanga, 2006

Zanzibar, Tanzania

0.5–7.6 (Fertilized) Msuya and 
Kyewalyanga, 2006

4.4–8.9 Dawes et al., 1994 Zanzibar, Tanzania
6.5–10.7 Paula et al., 2002
4.5 Gerung and Ohno, 1997 Philippines
4–5 Bulboa and Paula, 2005 São Paulo, Brazil

Southern Japan
5.2–7.2 Hayashi et al., 2007 São Paulo, Brazil

PVC pipe raft (multiple) 0.8–1.3 Lombardi et al., 2006 São Paulo, Brazil
3.7–7.1 Hurtado-Ponce, 1992 São Paulo, Brazil

Cages 0.9–3.8 Hurtado-Ponce, 1995 Guimaras, Philippines
3.7 Hurtado-Ponce, 1994 Guimaras, Philippines

Cages: polyculture 3.8
vertical lines 5.3
cluster
horizontal 0.2–4.2 Hurtado et al., 2001 Antique, Philippines

Hanging long line (fixed) 2.8–3.0 Hurtado et al., 2008b Tawi-Tawi, Philippines

Hanging long line

(swing)

1.8–10.86 Wu et al., 1989 China

Vertical lines 1.9–6.3 Glenn and Doty, 1990 Hawaii

Pens (loose thalli) 9–11 Ohno et al., 1996 Vietnam

Lagoon 7–9 Ohno et al., 1996 Vietnam

Inlet 5–6 Ohno et al., 1996 Vietnam

Pond 2–2.7 Rodrigueza and 
Montaño, 2007

Philippines

Biofilter in tanks 0.7–0.8 Hayashi et al., 2008 São Paulo, Brazil
Polyculture with oyster 1.9–6.1 Qian et al., 1996 China
Polyculture with grouper 3.7–5.3 Hurtado-Ponce, 1994 Antique, Philippines
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provoke peptic ulcer. However, until nowadays, several animal studies have been 
made and supported the safety of carrageenan for use in foods; thus, regulatory 
authorities saw no reason to question the safety of carrageenan as long as the 
average molecular weight was 100,000 Da or higher (Watson, 2008).

4.  Moisture Content of Raw Dried Seaweed

Moisture content (MC) of the harvested seaweed biomass plays a major role in 
its market acceptance and commercial value. The more water content the seaweed 
has, the lower the farm gate price. Frequently, seaweed farmers have no capacity to 
determine the MC properly, so most of the time they are dependent on decisions 
of the traders. In turn, these traders rely on the final measurement by the proces-
sors, often after some considerable time of transportation. It would be prudent if  
one small testing laboratory could be installed at major producing areas in order 
to accurately determine MC of the seaweed, so that the farmers could be paid 
accordingly. MC is a critical factor along the value chain.

Generally, fresh seaweeds from far-flung islands of the Philippines are sun-
dried for 1–2 days only due to very limited availability of space for drying. These 
are sold immediately to collectors (first trader) with an estimated MC of 45–50% 
(given the local conditions and humidity; obtaining lower levels without mechani-
cal drying are not practical). The collector will in turn sell to a larger trader 
(second trader) who will sell either to local processors or to exporters of Raw 
Dried Seaweed (RDS) (Fig. 5). In other areas, e.g. Tanzania, MC varies from 15% 
to 20% after 2–3 days of sun drying.

There are advantages when the farmers are organized. The bargaining power 
of a farmers’ association is much stronger. The possibility of selling directly either 
to a local or off-shore processor is increased and bypasses two to three layers of 
traders, thus providing a higher profit margin to the association.

5.  Social and Economic Aspects of Kappaphycus Cultivation

Seaweed farming is an industry that can contribute significantly to the economy 
of the producing countries, bringing a foreign income and improving the socio-
economic situation of the coastal people involved. Apart from the govern-
ments of the respective countries taking a key role in helping their communities 
through seaweed farming, other institutions have also taken actions on such 
activities. In Tanzania, NGOs like the USAID-funded Agricultural Cooperative 
Development International and Volunteers in Overseas Cooperative Assistance 
(ACDI-VOCA) have implemented different programs on seaweed farming for the 
benefit of coastal communities. The successful cultivation practices have increased 
the economic purchasing power and social empowerment of women seaweed 
farmers (Pettersson-Löfquist, 1995; Bryceson, 2002; Msuya, 2006a). In this country, 
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the significance of the industry as a foreign income was documented in 2006 when 
it had contributed 14.7% and 27.3% of the Zanzibar’s marine resources exports 
between 1993 and 1994 (Msuya, 2006a). In Indonesia, it has been shown that 
7,350 families source their livelihood from seaweed farming (Watson, 2000), while 
in the Philippines it was shown that seaweed farming became the main source of 
income to village communities where seaweed was farmed (Quiñonez, 2000).

6.  Current Trends

While seaweed farming has contributed significantly to the economies of many 
countries, there have been recent changes that have significantly affected the industry 
and consequently farmers and countries at large. First of all, is the preference by the 
world market for one species Kappaphycus alvarezii over Eucheuma denticulatum 
because of its stronger gel (kappa carrageenan) compared with the latter’s iota 
carrageenan, which is a weaker gel? As a result, the price of K. alvarezii is higher 
than that of E. denticulatum. Examples are in Tanzania where the price of the for-
mer in 2008 was US$0.2 kg−1 of dry weight, almost double that of the latter, which 
is US$0.1. In 2002, the price was US$0.09 (Bryceson, 2002). In the Philippines, 
the current farm gate price (as of 30 March 2009) is US$0.67–0.73. This picture 
directly reflects the farmers payment, which can vary among the countries, e.g. 
US$49–91 month−1 in Pacific Islands (Bergschmidt, 1997), and US$2,000 in the 
Philippines (Murphy, 2002).

Seaweed sales can also be influenced by the distance from the farming sites 
to the export point and the farmer’s efforts. In Tanzania, for example, farmers are 

Figure 5.  Trade chain of Kappaphycus alvarezii crop.
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currently receiving US$50–500 month−1. Other aspects coupled with the market 
change is the proliferation of “diseases,” as ice-ice, and die-offs of the higher-priced 
K. alvarezii, experienced in a number of countries.

A recent study showed that while seaweed farming in Songosongo Island in 
the South of Tanzania had proved to be an alternative livelihood to the people, 
the farming is failing in many cultivation sites in the shallow intertidal areas 
where it used to grow. The main cause observed during a short survey by Msuya 
(2009) was the water temperature, which was higher than had been observed 
previously in seaweed farms in other areas and other years in Tanzania. Water 
temperatures had been less or equal to 33°C. In Msuya (2009), surface seawater 
temperature values taken between 11:00 and 13:00 h along the seaweed farming 
area showed values ranging from 33°C to 38°C. The seaweed showed signs of 
being burnt with bleached thalli; sometimes, the whole thallus was bleached. 
Farmers have abandoned these sites to concentrate in a smaller area. The number 
of farmers decreased by 60% between 2003 (seaweed production peak) and 2008. 
Production decreased by 94% during the same period (Msuya, 2009).

In Zanzibar, in an area where K. alvarezii used to be purchased for seed during 
experimental studies, farmers have stopped cultivating the species due to die-offs. 
Seed is now taken from either South or North of  the study site that has been 
used since 2005. In a continuing study in the area, highest temperatures in 
January–February 2008 were 36–37°C (Msuya, 2009). Further studies are 
required to ascertain if  the area in general is suitable for Kappaphycus and or 
Eucheuma spp.

In an effort to farm the higher-priced seaweed, farmers spend the growing 
seasons (up to 6 months) only to end up losing the seedlings during bad seasons. 
This has frustrated them who have been wasting their time, energy, and resources 
with no returns. In so doing, the production of even lower value Eucheuma species 
has decreased. Equally affected by the situation are the middlemen who buy and 
export the seaweeds as they cannot get enough materials for their business. Such 
events cause dismay and farmers stop the cultivation activity. Pollnac et al. (1997) 
observed several examples of other communities in North Sulawesi that had 
taken up and then abandoned seaweed farming in the past. A drop in seaweed 
prices in 2001 led to a reduction in seaweed farming in the Bentenan–Tumbak 
area of North Sulawesi (Unsrat, 2001).

7.  Kappaphycus alvarezii Diseases and Epiphytes

“Ice-ice disease” and epiphyte infection are two factors occurring as “outbreaks” 
that can be frequently observed in high-density commercial farming (Vairappan 
et al., 2008). “Ice-ice” is a symptom that Kappaphycus alvarezii presents after 
suffering stresses such as abrupt changes in temperature and/or salinity. The term 
“ice-ice” was coined by Philippine farmers using the English term “ice” to describe 
the senescent tissue devoid of pigments that causes healthy branches to break off  
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(Doty, 1987). The “ice-ice” problem was first reported in 1974 during the start of 
commercial seaweed farming in Tawi-Tawi, the Philippines (Barraca and Neish, 
1978, Uyengco et al., 1981) and severe instances have reportedly wiped out entire 
farms (Largo et al., 1995). According to Doty (1987), the onset is a sharp loss of 
thallus pigmentation until it becomes white; the segment may remain for a day 
or two before it dissolves away, separating the two adjacent parts of the thallus, 
which seem to be otherwise unaffected (Fig. 6).

Although most of the publications consider “ice-ice” as a disease, Doty 
(1987) and Ask (2006) affirmed that it is not a disease since there was little evidence 
that it was caused by pathogenic bacteria. However, Largo et al. (1995) presented 
convincing evidence that bacterial groups from the complex Cytophaga-
Flavobacterium and the Vibrio-Aeromonas could be the causative agents in the 
development of the symptom. The numbers of bacteria on and in “ice-ice”-
infected branches were 10–100 times greater than from normal, healthy plants. In 
other work, Largo et al. (1999) noted that the combined effect of stress and biotic 
agents, such as opportunistic pathogenic bacteria, were primary factors in the 
development of “ice-ice,” and that the different bacterial groups have different 
strategies of infection. Mendonza et  al. (2002) observed de-polymerization of 
carrageenan from “ice-ice”-infected portions of the K. striatum thallus as well as 
lowered levels of iota carrageenan and methyl-constituents, which consequently 
lowered the average molecular weight (30 kDa) of the colloid, which could be 
extracted. Appreciable decreases in carrageenan yield, gel strength, and viscosity, 
with a combined increase in the syneresis index were also noted. The authors 
recommended complete removal of the infected portions of thallus prior to sun 
drying to prevent contamination of yields by low molecular weight carrageenan.

Another problem more recently described is the occurrence of  epiphyte 
outbreaks in Kappaphycus alvarezii farms. Epiphytic and endophytic filamentous 
algae (EFA) are a serious threat to the health of the seaweeds and to overall farm 
productivity (Ask, 2006) (Fig. 7).

The development of problems caused by epiphytic algae has been described 
in the Philippines, Malaysia, Tanzania, and India (Hurtado et al., 2006, Msuya 
and Kyewalyanga, 2006; Muñoz and Sahoo, 2007, Vairappan, 2006). Hurtado 

Figure 6.  “Ice-ice” symptoms in some commercial Kappaphycus alvarezii samples (Photos retrieved 
from Hurtado et al., 2008a).
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and Critchley (2006) used the terminology of Kloareg, who studied epiphytes of 
Gracilaria, in which he classified epiphytes into five types: Type I – epiphytes 
weakly attached to the surface of the host and with no evidence of host tissue 
damage; Type II – epiphytes strongly attached to the surface of the host but host 
tissue damage still absent; Type III – epiphytes that penetrate the outer layer of 
host cell wall without damaging the cortical cells; Type IV – epiphytes that penetrate 
the outer layer of the host cell wall, associated with host’s cortical disorganization 
and Type V – epiphytes that invade the tissues of the host, growing intercellularly, 
and associate with destruction of  cortical and (in some cases) medullary cells 
(i.e. forming a parasitic relationship). Among these types, the most harmful 
is certainly the last one: the red filamentous alga first attributed to the genus 
Polysiphonia and subsequently described as Neosiphonia, which causes great 
losses in the crops (Fig. 8).

According to Hurtado and Critchley (2006), Neosiphonia (= Polysiphonia) 
infestations were first observed in a dense population by an American Peace Corp 
Volunteer, Jesse Shubert, in Calaguas Island, the Philippines, in 2000. He observed 
that there was widespread infestation of this epiphyte in this specific locality and 
this was brought to the attention of the international seaweed community through 
the internet. This epiphyte caused a distortion of the K. alvarezii thallus in the site 
of penetration, from the cortical to the medullary layers, and was named “goose 
bumps” by D. Largo (Hurtado et al., 2006) (Fig. 9).

Figure 8.  Neosiphonia infection on Kappaphycus alvarezii thallus (Courtesy of C. Vairappan).

Figure 7.  Examples of epiphytic and endophytic filamentous algae (EFA). From left to right, Ceramium, 
Boodlea composite, Neosiphonia, and Ulva (Photos retrieved from Hurtado and Critchley (2006) and 
courtesy of A. Hurtado).

266



A REVIEW OF KAPPAPHYCUS FARMING: PROSPECTS AND CONSTRAINTS

Hurtado et al. (2006) affirmed that the occurrence of Neosiphonia (= Polysiphonia) 
epiphytes in Calaguas Is. resulted in tremendously reduced biomass production of 
Kappaphycus in the formerly productive cultivation area. Even now, only a few people 
continue to farm the species in the area since the Neosiphonia (= Polysiphonia) 
outbreak. The infestation is persistent rather than periodic, unlike the observations 
of Msuya and Kyewalyanga (2006) in Jambiani, Zanzibar, where seasonal presence 
of reddish filaments on the thalli of almost all seaweed cultivated after 6 weeks was 
noted, besides some additional signs of “ice-ice.”

In Malaysia, Vairappan (2006) isolated a total of five epiphytic species from 
outbreaks: Neosiphonia savatieri, N. apiculata, Ceramium sp., Acanthophora sp., 
and Centroceras sp. The author observed the first emergence in late February 
2006, with the appearance of tiny black spots on surface epidermal layer, which 
then became rough and the vegetative epiphyte surfaced after 3–4 weeks. Epiphytes 
were observed as solitary plants growing on the algal surface with rhizoids 
penetrating into the tissue of the cortical cell layers.

In the peak season, the dominant epiphytes, N. savatieri, were seen to grow 
close to each other at a maximum density of 40–48 epiphytes cm−2 (Vairappan, 
2006). The emergence of epiphytes coincided with drastic changes in salinity and 
temperature; the author (op. cit.) suggests that there could be a possible correlation 
between the fluctuations in the abiotic factors and the emergence of  epiphytes. 
In fact, Hurtado et al. (2006) found a strong correlation between the percentage 
cover of “goose bumps”- Neosiphonia (= Polysiphonia), light intensity, and water 
movement. According to these last authors, if  these factors were limiting (leading 
to crop stress), then problems with epiphyte infestations increased. It seems that 
infestation by EFA in Kappaphycus alvarezii has a direct implication for careful 
selection of appropriate farm sites and selection of noninfected seedlings.

Other species of  epiphytes had been identified by Hurtado et al. (2008a), 
e.g., red macro-epiphytes (Actinotrichia fragilis, Acanthophora spicifera, A. muscoides, 
Amphiroa foliacea, A. dimorpha, A. fragilissima, Ceramium sp., Gracilaria arcuata, 

Figure 9.  “Goose bump” formation caused by Neosiphonia infections on Kappaphycus thalli: (a) at the 
end of epiphyte infection phase and (b) epiphyte infected “mounts” with the onset of secondary bacterial 
infection. Scale bar = 300 µm (Courtesy of C. Vairappan).
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Hydropuntia edulis, Hypnea musciformis, H. spinella, H.valentiae, H. pannosa, Champia 
sp., Chondrophycus papillosus), brown macro-epiphytes (Hydroclathrus clathratus, 
Dictyota divaricata, D. cervicornis, Padina australis, P. santae-crucis), and green macro-
epiphytes (Boodlea composita, Chaetomorpha crassa, Ulva clathrata,  
U. compressa, U. fasciata, U. media, U. pertusa, U. reticulata).

Vairappan et al. (2008) in a collaborative study including Filipino, Indonesian, 
Malaysian, and Tanzanian researchers identified the causative organism of epiphyte 
infestation in these countries, analyzed the infection density, the stages of infection, 
and observed the occurrence of secondary bacterial infection after the epiphytes 
dropped off. In all countries, the causative organism was identified as Neosiphonia 
apiculata, which presented on the host seaweed as follows: the Philippines (88.5 
epiphytes cm−2), Tanzania (69.0 epiphytes cm−2), Indonesia (56.5 epiphytes cm−2), 
and Malaysia (42.0 epiphytes cm−2). According to these authors (op. cit.), the 
“goose-bump” is a characteristic feature of the epiphyte infection, with a forma-
tion of a pit in the middle where the epiphyte’s basal primary rhizoid was loosely 
attached (Fig. 10a). After the drop off of the secondary rhizoids and their upper 
main thalli, tissue degradation began with the formation of tiny pores on the 
“goose-bumps” (Fig. 10b), followed by their disintegration and the establishment 
of secondary bacterial infection, mainly Alteromonas sp., Flavobacterium sp., and 
Vibrio sp. (Fig. 10c). C. Vairappan (2008, personal communication) observed in 
N. apiculata infected plants 25.6% lower carrageenan yield, 74.5% lower viscosity, 
54.2% lower gel strength, 22.4% higher syneresis than healthy plants from com-
mercial farms of  K. alvarezii in Sabah, Malaysia, and a reduction of  carrageenan 
size from 800 kDa in healthy specimens to 80 kDa in infected plants.

To try to minimize the occurrence of epiphytes, the use of uninfected, clean, 
and healthy “seedlings” of Kappaphycus is strongly recommended besides the care-
ful selection of a farming site with clean and moderate to fast water movement, 
which has less siltation (Hurtado and Critchley, 2006). However, if  a proliferation 
of Neosiphonia (= Polysiphonia) is noted, the cultivated seaweed must be totally 
harvested; attempts to select young branches of the infected plant for “seedling” 
purposes should not be made to prevent the transfer of epiphytes from one crop 

Figure 10.  Scanning electron microscopy (SEM) micrographs showing phases of cellular decomposition 
of the epiphyte-infected site. (a) Epiphytes rhizoids drop off  from the “goose-bump”; (b) tissue degra-
dation of the “goose-bumps”; and (c) secondary bacterial infection (Photos retrieved from Vairappan 
et al., 2008).
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to another. If possible, it is recommended not to use the same farming site for the 
next cropping season (for other details, consult Hurtado and Critchley, 2006).

The impact of increasing surface seawater temperatures and the noted stress 
on cultivated seaweeds remains largely unknown. However, it could be speculated 
that the cultivated seaweeds are stressed and their vigor compromised, which then 
leaves them susceptible to colonization by epiphytes.

Other contamination, still not identified, was observed in Brazil, in Kappaphycus 
alvarezii cultivated in vitro. Despite the “optimum” conditions of the laboratory, 
some strains developed black spots on the thallus (within the cortical tissue) where 
after some days signs of “ice-ice” began (Fig.  11) (L. Hayashi, 2008, personal 
communication). An unsubstantiated report also exists of a graying of cortical 
tissue of plants from the Philippines, which resulted in even the normally white, 
finished, refined carrageenan powder having a gray discoloration (A.T. Critchley, 
2008, personal communication). It would not be surprising if these signs are caused 
by fungal attack, especially given the history of the pathology of terrestrial crops. 
It is not “rocket science” to expect that carrageenophyte cultivars, asexually 
selected, and grown as monocrops will become increasingly the target of marine 
pathogens. The outcome needs to be seen, but much closer attention is required to 
the pathology of seaweed crops.

Considering all these problems that are possibly correlated with environmental 
change, and to avoid future problems with “ice-ice,” epiphytes and even the 
presence of undesirable pathogenic organisms (such as fungal infestation), it is 
essential, now more than ever, to choose the best cultivation areas. Moreover, only 
the very best management practices available should be employed since K. alvarezii 
is a crop with limited genetic variability, i.e., cultivated plants are propagated only 
vegetatively and have no sexual reproduction, so that the species is very vulner-
able to pathogenic agents. Vairappan et al. (2008) suggest that the outbreak of  
N. apiculata in Malaysian farms was caused by the negligent introduction of already 
“infected” K. alvarezii seedlings from the Philippines, without sufficient monitoring 

Figure  11.  Unknown infection observed in Kappaphycus alvarezii in  vitro cultivation in Brazil.  
(a) Three infected thalli. (b) Details of one infected part. Scale bar = 1 cm (Photos by L. Hayashi).
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and quarantine procedures, after the farms were badly infected by “ice-ice disease” 
and epiphytes.

Adequate quarantine protocols and strict adherence are very important to 
minimize the risk of importing associated species or any diseased plants (Sulu et al., 
2006). According to Ask et al. (2003), among all of the worldwide introductions of 
K. alvarezii, appreciative quarantine procedures were made only in the Solomon 
Islands and Brazil. In the first case (Solomon Islands), the seaweed was placed in 
raceways for 14 days, with the initial aim to remove invertebrates rather than to 
prevent the spread of infectious disease (and/or superficial algal epiphytes). In 
Brazil, a branch of 2.5 g was isolated and propagated in unialgal conditions in the 
laboratory, with seawater sterilized for 10 months (Paula et al., 1999). These proce-
dures are quite different from each other, the first too imprecise and other (perhaps) 
too stringent. Sulu et al. (2006) recommend washing the seaweeds with filtered sea-
water to remove macro- and microbiota and to reduce the incidence of organisms 
on the transplanted fragments over a 2-week quarantine period. In Brazil, succes-
sive washes with distilled water and sterilized seawater, and then drying with tissue 
towel has been effective; in addition, the K. alvarezii branches were kept in quaran-
tine for at least 2 months (L. Hayashi, 2008, personal communication).

8.  The Issue of Kappaphycus alvarezii as an Invasive Organism

According to Zemke-White and Smith (2006), the genus Kappaphycus was intro-
duced in 19 tropical countries versus Eucheuma into at least 13 tropical countries. 
Despite the polemics of the exotic species introduction, after more than 30 years 
from the beginning of Kappaphycus commercial cultivation in the Philippines, it is 
only in recent years that cases of bioinvasion have been reported. In the 19 tropical 
countries, two presented effective cases of invasion, causing serious environmental 
damage, mainly in coral reefs. Another good example of the edict is that just because 
a species will grow in a new environment is not a sufficient case for its introduction. 
Several people involved in seaweed cultivation (including Ask, 2008, personal com-
munication) have stated that Kappaphycus and Eucheuma (while eminently suitable 
for cultivation) should not be relocated outside their natural range of distribution.

The most studied case of the impacts of K. alvarezii cultivation in the tropics 
is from Hawaii. The first study conducted by Russell (1983) 2 years after the intro-
duction of the species (which he refers as Eucheuma striatum) in Kaneohe Bay, 
attested that Eucheuma did not establish over deep water or out of depressions, 
hollows, or channels, and was unable to colonize neighboring reefs without human 
help. He observed that the greatest accumulation of Eucheuma (23 t) occurred on 
the reef edge, but this was not a permanent or established population.

In 1996, Rodgers and Cox went back to the same bay and observed that 
Kappaphycus spp. (mentioned as K. alvarezii and K. striatum) had spread 6 km away 
from the initial site of introduction, at an average rate of 250 m year−1 (Rodgers and 
Cox, 1999).
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After a further 5 years, Smith et al. (2002) concluded that Kappaphycus spp. 
had still not spread outside of Kaneohe Bay but had continued to spread north-
ward in the bay since the Rodgers and Cox (1999) study.

Conklin and Smith (2005) found that in just 2 years, the alga had increased 
from less than 10% to over 50% cover on some patch and fringing reefs. According 
to this work and their account to Zemke-White and Smith (2006), in many cases 
the alga occupied over 80% cover of the benthos and generally grew in large 
three-dimensional mats in Kaneohe Bay, eventually overgrowing or interacting 
with reef-building coral (Fig. 12a and b). The removal of these plants has been 
made using a new weapon specially developed to this case, named “Super 
Sucker”: an underwater vacuum that sucks the algae right off  the reef (for more 
details, please consult: www.nature.org/wherewework/northamerica/states/hawaii/
projectprofiles/art22268.html).

Bioinvasion is just one of the major problems in places where Kappaphycus 
is introduced. However, a fundamental issue involves the identification of the 
problem genus: Kappaphycus or Eucheuma? Recently, the problem seems to receive 
a highlight. Molecular analyses indicated that plants introduced to Hawaii, pre-
sumably from the Philippines, are distinct from all other Kappaphycus world-
wide cultivated samples and their unique genotypes, as expressed in their unique 
haplotypes, may explain their invasive nature in Hawaii (Zuccarello et al., 2006).  
The work of  Conklin et  al. (2009) confirms that the species is Kappaphycus 
alvarezii, but the Hawaiian strain forms a separated grouping of the strains from 
Venezuela, Tanzania, and Madagascar.

Between 2007 and 2008, Kappaphycus bioinvasion problems received yet 
further, serious media attention. This time in India and as such received much 
attention even in journals as Nature and Science. Chandrasekaran et al. (2008) 
observed that K. alvarezii had successfully invaded and established on both dead 
and live corals in Kurusadai Island, India. The species had specifically invaded 

Figure  12.  Kappaphycus alvarezii (a) and Eucheuma denticulatum (b) overgrowing coral reefs in 
Kaneohe Bay, Hawaii (Photos from Zemke-White and Smith, 2006).
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the Acropora sp. and destroyed them by shadowing and smothering effects. 
The authors (op. cit.) noted an extraordinary phenotypic plasticity in terms of 
distinct variations in color and shape of the thallus, thickness of its major axis, 
morphological features, and frequency of primary and secondary branching 
(Fig. 13). The shadowing was due to smothering effect in which the major axis 
extends like an elastic rubber sheet and covers the maximum surface area of the 
corals. The invaded corals lost their skeletal integrity, stability, and rigidity and 
could be easily detached from the reef matrix.

The seaweed colonies could have been established from vegetative fragments 
of past and present trials of Kappaphycus cultivation. Many fragments can be 
generated and if  not recollected, can be dispersed through wave action and settle 
on coral substrata. According to Chandrasekaran et  al. (2008), other factors 
could include the relatively long duration (1 year) of  cultivation experiments 
conducted in 1997 at different depths, as well as ongoing cultivation and ideal 
environmental conditions such as water temperature and availability of nutrients. 
Detachment of the thalli from the open and raft cultures during rough weather 
conditions, especially during the southwest and northeast monsoon seasons and 
their dispersal to other areas, cannot be ruled out.

In a public response to the publications concerning the invasion in India, 
scientists of Central Salt and Marine Chemical Research Institute (CSMCRI) 
contested the fact, arguing that they surveyed the region from 2005 to 2008 and 
had not observed the occurrence of nonfarmed populations of Kappaphycus. 
Furthermore, they stated that there was little possibility of the original germplasm 
in Kurusadai be the source of the reported outcome. The activities were discon-
tinued in November 2003 due to inferior growth and heavy grazing (in this document 
however, they refer the plants as Eucheuma and not Kappaphycus – a common 
misrepresentation which has to be borne in mind when each genus is referred to, 
particularly in popular literature).

According to a review by Pickering et al. (2007), many Pacific Island countries 
attempted to cultivate Kappaphycus with no success. In some places, abandoned 
K. alvarezii aquaculture trials resulted in the thalli dying out, while in other places 
there were small residual populations. Zemke-White and Smith (2006), in their 
review, related the spread of Kappaphycus alvarezii and Eucheuma denticulatum 
from farms to neighboring reefs in Zanzibar, Fiji, and Venezuela, which had 

Figure  13.  Kappaphycus alvarezii overgrowing corals in Kurusadai Island, India (Photos from 
Chandrasekaran et al., 2008).
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proceeded without bioinvasion into their coral reef environments. According to 
Pickering et al. (op. cit.) in this oligotrophic reef environments, K. alvarezii may 
be said to “persist” but it is not “proliferating.”

It is clear that the invasive potential of the Kappaphycus or Eucheuma in envi-
ronments is a prevailing danger but remains unpredictable. Zemke-White and 
Smith (2006) presupposed that given enough time, Kappaphycus and Eucheuma 
used in commercial cultivation could have the ability to spread from farm sites and 
establish independent populations. However, both the extent of this spread and the 
effects on local species may differ between locations and species. The introduction 
of Eucheuma/Kappaphycus from the Phillipines into Hawaii, and later into the 
Pacific Islands, demonstrates the complexity of this subject. Confusion in identifi-
cations between the genera is also a point of contention; the original report of K. 
alvarezii is regarded as a serious pest at one location in Hawaii. However, the culti-
var K. alvarezii has in fact failed to establish in many localities in the Pacific Ocean 
where it was deliberately introduced for commercial cultivation (Pickering et al., 
2007). Eucheumatoids are normally cultivated in relatively oligotrophic conditions, 
and the impacts of anthropogenic eutrophication of the bays in Hawaii have not 
been fully investigated, given sufficient association to changes in environmental 
conditions that may have tipped the balance in favor of successful development of 
eucheumatoids as invasive species.

Craige (2007) affirmed that properties of the invaded community could 
determine the success of the invader. Shifts from coral to algal domination on 
reefs have been found to be associated with the loss of biodiversity, reduction in 
the numbers of fish, decrease in the intrinsic value of the reef, and ultimately the 
erosion of the physical structure of the reef (Cocklin and Smith, 2005).

According to Pickering et al. (2007), there are many cases of K. alvarezii hav-
ing been introduced, often without quarantine protocols for aquaculture projects 
that were underfinanced, or commercially, socio-economically or institutionally 
unsound, even without guaranteed markets. These ventures were essentially set up 
to fail from the outset. By so doing, these states expose themselves to the full 
extent of potential environmental risk, without capturing any of the anticipated 
socio-economic benefits against which they had balanced this risk.

Whether the bioinvasion is caused by Kappaphycus or Eucheuma is not the 
main concern. The main issue is what is the cause and how will the situation be 
controlled. Effective control options for current cultivations and establishment of 
quarantine protocols before any new introductions are even envisioned and would 
prevent similar problems in other reefs around the world.

9.  Integrated Multitrophic Aquaculture

Aquaculture is probably the fastest growing food-production sector worldwide, 
being responsible for almost 50% of the fish for food and with greatest potential 
for satisfying the growing demand for aquatic food (FAO, 2006). According to 
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FAO, in the last 50 years, production increased from 20 million tons in the early 
1950s to 157 million tons in 2005 (FishStat Plus – version 2.3). However, concerns 
over the impacts of these growing, intensive aquaculture activities has prompted 
the development of Integrated Multi-Trophic Aquaculture (IMTA) as one of the 
most sustainable alternative to minimize these impacts and increase the income of 
the organisms involved (Chopin et al., 2001).

According to Neori et al. (2007), the sustained expansion of intensive seafood 
production inescapably requires “trophic diversification” – an ecologically balanced, 
combined culture of organisms of high trophic levels (carnivores) with “service 
crops” from lower trophic levels (mainly seaweeds and filter feeders) to perform 
these tasks while adding income (Figs. 14 and 15). Based on this, the application 

Figure 15.  IMTA design in tanks and in Seaor Marine Enterprises in Israel (Photos retrieved from 
Neori and Shpigel, 2006).

Figure 14.  IMTA design in open sea and in Hainan Island cultivation (China) (Photos retrieved from 
Neori and Shpigel, 2006).
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of IMTA principles has been proposed as an eco-technological alternative to the 
optimization of productivity and utilization of energy, for removal and recycling 
toxic metabolites with the use of re-circulation systems. Adoption of such principles 
works towards the minimization and mitigation of the ecological impact of the 
activity (Folke and Kautsky, 1992; Buschmann et al., 2001; Chopin et al., 2001; 
Troell et al., 2003).

The best IMTA farms – whether intensive or extensive and whether in 
coastal waters, ponds, or tanks – are those in which there is a balance of waste 
production and extraction, thus becoming environmentally benign minibio-
spheres (Neori et al., 2007).

Seaweeds with commercial value were considered to be more advantageous, 
since they may offer high bioremediation efficiency and the nutrients absorbed are 
converted to biomass products (i.e. a nutrient sink), used for their growth. Apart 
from acting as agents for nutrient removal, seaweeds are promising sources of high-
value biochemicals (such as antibiotics, cosmetics, and nutritional additives), phyco-
colloids (agar, carrageenans, and alginates), and nutritious food for other cultivated 
marine animals (such as abalone), and serve as popular and healthy foods, particu-
larly in Southeast Asia. Together with shellfish, they are sources of healthy marine 
omega-3 fatty acids. With further research and development, and strain selection, 
many new uses could be found for various seaweeds, and they might even replace a 
significant proportion of the fishmeal employed to supply carnivorous fish diets 
with balanced proteins and oils (Neori et al., 2007). Ask and Azanza (2002) 
suggested that polyculture systems with commercial eucheumatoid species might 
improve the economic potential for cultivation if their production costs decreased 
and/or the production increased due to benefits derived from co-cultivation.

The potential for Kappaphycus alvarezii to remove N-compounds from 
seawater has been proven. Doty (1987) reported reductions of 24% in nitrate and 
nitrite concentrations, and a reduction of 6% in phosphate concentration by the 
commercial cultivation of Eucheuma (Kappaphycus) in the Philippines. Li et al. 
(1990) observed that plants fertilized for 1 h in 5–25 mM of ammonium had 
higher growth rates than plants without fertilization; however, plants fertilized 
with 35–50 mM of ammonium decreased their growth rates, probably because of 
the toxic effects of higher concentrations. These authors also observed that plants 
fertilized and transferred to open sea cultivation resulted in higher growth rates 
and carrageenan yield and quality than the control. According to them, the 
coloration of  plants changed from yellowish-brown to dark brown, possibly 
indicating N storage. Mairh et al. (1999) tested other species, i.e., K. striatum and 
observed that cultures supplied with 1–3 mg N L−1 from (NH4)2SO4 or 3–5 mg N 
L−1 NH4NO3 showed a significant increase in wet weight and bioaccumulation of 
total nitrogen content. The conclusions of this study proposed that the alga could 
accumulate NH4

+ ions from low concentrations to maintain its growth. Dy and 
Yap (2001) observed that a surge uptake of ammonium by K. alvarezii usually 
occurred within the first 30 min of fertilization and ranged from 15 to 35 mmol 
NH4

+ g−1 dry weight h−1. The authors forecast that surge uptake might be an 
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important strategy for the alga to survive in areas with low nitrogen concentra-
tions and take advantage of the naturally occurring nitrogen pulses in the field. 
Msuya and Salum (2007) observed higher carrageenan yield and gel strength in 
fertilized than unfertilized K. alvarezii, with TAN (total ammonia nitrogen) 
uptake efficiency of 81% after fertilization with 12:10:8 NPK in small natural 
pools that remained when the tide was out, in Zanzibar, Tanzania. However, in 
contrast, Msuya and Kyewalyanga (2006) working in a similar setup observed an 
average of 67 ± 15% TAN removal efficiency of K. alvarezii and no significant 
differences were observed in dry matter (p = 0.347), carrageenan yield (p = 0.059), 
iota content (p = 0.767), and gel viscosity (p = 0.968) between fertilized and unfer-
tilized treatments.

Taking all this evidence into account, the efficiency of K. alvarezii as a biofilter 
has been tested in IMTA with oyster, shrimp, and fish. Qian et al. (1996) observed 
that K. alvarezii fertilized for 1 h with pearl oyster (Pinctada martensi) wastes grew 
faster than those without fertilization in sea cultivation. Lombardi et al. (2006) 
estimated a production of 17.5 kg of fresh Kappaphycus m−2 year−1 co-cultivated 
with shrimps (Litopeneaus vannamei) in floating cages 1 × 1 × 1 m3. Despite the 
promising results, unfortunately, not one of  the previous authors quantified 
the nutrients removed by the species. They only verified the effects of nutrient 
pulses on K. alvarezii growth (in the first case) and the productivity of the species 
cultivated in cages with the shrimps (in the second case).

The first attempts to evaluate the biofilter potential were made by Rodrigueza 
and Montaño (2007) and Hayashi et al. (2008), with an IMTA project including 
K. alvarezii with fish (Chanos chanos and Trachinotus carolinus, respectively). 
Despite the low growth rates obtained in these studies, the removal of ammonium 
from fish effluents was similar (e.g. 66–70%), in both studies. Rodrigueza and 
Montaño (op. cit.) observed a considerable increase in carrageenan yield from the 
plants cultivated in effluents; the rheological properties and colloid quality did 
not vary. Hayashi et  al. (op. cit.) also observed maximal removal efficiency of 
18.2% nitrate, 50.8% nitrite, and 26.8% phosphate, but did not distinguish any 
differences in carrageenan yield between plants cultivated in effluent or in the 
open sea. They also noted that after the period nutrient preconditioning by tank 
cultivation (10 days), healthy seedlings transferred to the sea cultivation presented 
higher growth rates than seedlings without previous tank cultivation, suggesting 
the possibility of nutrient storage.

As Troell et al. (2003) suggested, for future research it is essential to consider 
some important points listed below:

Be familiar with biological/biochemical processes in closed recirculating and ··
open seaweed cultivation systems
Optimize the production of the extractive organisms as well as the fed organisms··
Try to establish the best water flow and circulation··
Conduct research into technologies at scales relevant to commercial implemen-··
tation or suitable extrapolation
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Attain a detailed understanding of  the temporal variability in seaweed-filtered ··
mariculture systems and study the influences of location-specific parameters, 
such as latitude, climate, and local seaweed strains/species on seaweed filter 
performance, among other things

For details, see Troell et al. (2003).
The first published results obtaining by Rodrigueza and Montaño (2007) 

and Hayashi et al. (2008) are promising and require further study, searching the 
best site-specific system(s) that optimize the biofilter potential of the species, the 
seaweed growth, and (importantly) improve the carrageenan yield and quality to 
increase the economic benefits of the operational efforts.

According to Neori et al. (2007), the introduction of a nutrient emission tax 
or its exemption through the implementation of biomitigative practices would 
make the economic validity of the IMTA approach even more obvious. Moreover, 
by adopting the IMTA approach, the mariculture industry could increase its 
social acceptability. Although it is very difficult to assign a monetary value to 
such a sociopolitical variable, gaining public acceptance is imperative for the 
development of the industry’s full potential. Also, reducing environmental and 
economic risk in the long term should make financing easier to obtain.

10.  Efforts Taken to Combat the Problems

Apart from the efforts to combat the “ice-ice” problem, only limited efforts have 
been made by stakeholders, especially scientists and processing companies, to 
combat the die-off  problem and increase seaweed production. One such effort was 
the development of the floating methods in contrast to the off-bottom method 
(Msuya, 2006b Msuya et al., 2007). Whereas the off-bottom method is used dur-
ing low tides only, the deep-water floating lines technique can be used all the time. 
However, boats or canoes are required to go into deep waters for the floating lines 
technique. This may be a challenge to the poor coastal communities, but with 
more effort, entrepreneurship training, and encouragement, the farmers are able 
to possess at least one boat/canoe per family or per group.

Another example of efforts applied is the use of natural fertilization with 
seaweeds extracts to mitigate the proliferation of epiphytes, reduce die-offs, and 
increase productivity. Experiments utilizing Acadian Marine Plant Extract 
Powder (AMPEP) have been published; viz. Loureiro et al. (2009) tested apical 
branches of Kappaphycus alvarezii cultivated in vitro in different concentrations 
of AMPEP normally used in horticultural or agricultural applications for land 
plants. These authors observed considerable reduction of epiphytes and an 
increase in Kappaphycus growth rates. Other experiments could be made to test 
the effects of the extracts in open sea farms.

The growth of the three color morphotypes of Kappaphycus alvarezii var. 
tambalang was also enhanced using AMPEP. Furthermore, there was no incidence 
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of Neosiphonia infestation during the 3-month culture period and there was a 
limited occurrence of  macro-epiphytes (A. Hurtado, 2008, personal communica-
tion). The presence of  filamentous green Ulva did not hamper the robust and 
healthy growth of the three color morphotypes of K. alvarezii var. tambalang. The 
results of the study indicate the capacity of AMPEP to reduce the incidence of 
epiphytes. In another study, the use of  AMPEP in tissue culture of  K. alvarezii 
var. tambalang was successful in the micropropagation of plantlets for outplant-
ing purposes (Hurtado et al., 2008).

Buyers of seaweeds who are also the exporters from producing countries have 
tried to solve the problem of die-off by introducing different varieties (or species) 
of Kappaphycus. In Tanzania, the buyers of the seaweed introduced a species of 
the seaweed, Kappaphycus striatum (locally known as “kikarafuu”) about 5 years 
ago. This was done in collaboration with the government due to import restric-
tions on introducing new species. The species got its local name from its fronds 
that look like the clove, which is locally called karafuu in Kiswahili, the local lan-
guage of Tanzania. The species is now farmed in a number of villages in the 
Zanzibar Islands. The buyers also introduced a species that is thought to be a 
variety of Kappaphycus alvarezii known locally as “kikorosho,” which has not 
been as successful as the “kikarafuu.” The additional species and variety had 
lower growth rates than the commonly farmed K. alvarezii (variety “cottonii”). 
However, they are not as prone to environmental problems as the cottonii, although 
K. striatum does get black spots (of unknown cause) during bad growth seasons.

Farmers have been practicing what we can call “shift cultivation.” When 
they find that the seaweed is failing, the farmers have moved the cultivation site 
to a different area within the shallow lagoons. In Tanzania, for example, farmers 
in the area of Bagamoyo, on the mainland, have been doing this for sometime and 
it is possible for them to tell which area they can farm at what time of the year, 
although the weather has been very unpredictable in the most recent 2–3 years. 
Having found it difficult, due to the unpredictable weather, the farmers are now 
also using the deepwater floating lines technique following the efforts of scientists 
in Tanzania (Msuya et al., 2007).

11.  Issues To Be Considered for the Future of Kappaphycus Farming

It has been shown that the farming of the genus has been failing in many cultivation 
sites where it used to grow well. It may well be that changes in environmental 
conditions over the cultivation periods have affected the seaweed negatively. 
Unfortunately, the actual causes of the die-offs are not studied extensively nor 
well documented, but possible causes such as abrupt changes in surface seawater 
temperature, salinity, pH, have been mentioned by several scientists as contribut-
ing factors, e.g. Bryceson (2002), Mmochi et al. (2005). Other negative impacts 
are suggested having anthropogenic causes, e.g. eutrophication from runoff, agro-
chemicals used in agriculture, etc. Whether these changes are related to global 
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climate change in surface seawater temperatures or direct anthropogenic causes 
must remain speculative until the issues are studied in much greater detail.

Floating cages are a good way of producing more Kappaphycus whether in 
polyculture or monoculture (Hurtado-Ponce, 1992). The fact that polyculture of 
the seaweed with animals such as shrimps (Lombardi et al., 2001, 2006) or fish 
(Rodrigueza and Montaño, 2007; Hayashi et al., 2008) leads to more production 
provides a bright future for production of the seaweed when demand for raw 
materials is high.

There is also need to further study the genetics of eucheumatoids and to 
cross-breed the Kappaphycus varieties currently cultivated to develop more resist-
ant strains that can be farmed in the areas where the current strains have failed. 
This is a challenge to scientists as well as other stakeholders worldwide. The 
genetic modification of eucheumatoids should be rejected outright, since there 
will be significantly reduced demand for the carrageenan products if  labeling (as 
practiced in EU countries) were required.

As seaweed farming has already been taken as a viable economic activity of 
many communities worldwide and as a tool for economic empowerment of 
coastal women in developing countries (Pettersson-Löfquist, 1995; Quiñonez, 
2000; Bryceson, 2002; van Ingen et al., 2002; Msuya, 2006a), there is need to take 
more action to sustain the activity. The world preference of K. alvarezii as a source 
of kappa carrageenan as opposed to E. denticulatum (as the dominant source of 
iota carrageenan) is a challenge that should be taken by all stakeholders to find 
ways of producing more of the higher-valued, but environmentally challenged, spe-
cies. Without concentrated, sustained additional efforts, the future of Kappaphycus 
monocrop cultivation could be at stake. All the stakeholders have a challenge of 
providing ways of solving the problem for the benefit of coastal communities, the 
producer countries, and the industry dependent on the reliable supply of high-quality, 
sustainably produced raw materials.
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1.  Introduction (Seaweed Recycling, Composting, and the Marine Environment)

With the increase in population and the development of industries, organic pollution 
has become a great problem of worldwide concern. N and P in organic wastes 
often enter into the water body and accumulate in the sea, especially in inland sea 
areas, in which the water body is often confined within an enclosed area. The high 
N and P contents in the water of inland seas may have great impact on the marine 
ecological system. For example, some species of microorganisms will grow rapidly 
and result in the occurrence of red tide. Decaying algal blooms may accumulate as 
a deposit and become a source of N and P pollutants in inland seas.

Removing the excess amounts of N and P in seawater is important to improve 
the seashore environment in inland areas. Seaweed planting is one of the options. 
Seaweed cultivation could be a possible solution to the problem of eutrophication 
since it reduces the nutrients in seawater, as cultivated seaweeds grow much better 
in those areas where N and P are abundant (Ohno and Critchley, 1993; Fei, 2004).  
For example, Porphyra yezoensis Ueda grows well in the regions where N 
concentrations (NO3-N + NH4-N) in seawater are above 100 mg/m3. N, P, and 
other pollutants in the water of inland seas can thus be accumulated into seaweed 
biomass and the seawater might be cleaned.

Table 1 shows the growth of  the seaweed Gracilaria lemaneiformis within 
about 1 year, using a rope cultivation technique. The weight of  the seaweed 
increased during this year 100 times, with a mean daily growth rate of  3.09%. 
As calculated by Fei (2004), the removal rate of  N resulted in 6,600 mgN/m3 in 
every cultivation season, 16.5 times higher than 400 mgN/m3, which is the indi-
cation level of  N eutrophication. Cultivation of  the brown seaweed Undaria 
pinnatifida (wakame) in Kobe University yields about 30–60 t/ha in every culti-
vation season, but the harvested seaweeds are wastes that are not suitable to be 
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consumed as food. On the other hand, drifting seaweeds are also collected to 
avoid in situ rotting and to reduce pollution that would interfere with the rec-
reational use of  the beach. For example, on the shores of  Puerto Madryn in 
northeastern Patagonia, Argentina, about 8,000 t of  seaweed have been col-
lected every year (Eyras et al., 1998). Recycling and disposal of  seaweeds has 
become a key problem that must be solved for the sustainable development of 
seawater and the marine environment.

Most seaweeds are edible, but harvested wakame may contain a variety of 
pollutants such as heavy metals, herbicides, etc., and cannot be used as a food 
source for human beings (Castlehouse et al., 2003). Taking the economy, technology, 
and environmental protection into consideration, composting is one of  the 
best choices to dispose seaweed wastes which contain high concentrations of salts 
(Eyras et al., 1998). Further, the compost produced from seaweed can be reused 
as fertilizer on farmland (Vendrame and Moore, 2005), which is important for the 
recycling of C, N, and P (Fig. 1).

Massive use of seaweed biomass – resulting from the eutrophication of 
coastal ecosystems – for composting purposes is now developed as a recycling 
strategy (Eyras et al., 1998). As seen from the chemical composition of wakame 
(U. pinnatifida) (Yamada, 2001) shown in Table  2, the content of proteins and 

Table 1.  Growth of Gracilaria lemaneiformis in transplantation experiment (Fei, 2004).

Culture rope length (m) Start (kg) Finish (kg) Increase (times) Growth (% day−1)

92 3.22 356.5 110.7 3.14
273 8.19 814.4 99.4 3.06
365 11.4 1,170.9 102.6 3.09

Marine pollution (N, P, etc.)

Seaweed planting (wakame)

Composting disposal

Drifting seaweedsSoil

Industry development

Figure 1.  Diagram of seaweed recycling for the preservation of the marine environment.
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carbohydrates is relatively high, indicating that there exist enough organic substrates 
for microbial growth. However, it seems to be difficult to decompose seaweeds 
with bacteria, since they contain both carbohydrates that are hard to degrade and 
high salt concentrations (1.5% and 16.8% in fresh and dried wakame, respectively). 
If  the water content is adjusted to 70% during wakame composting, the resulting 
salt concentration will be about 6%, which is about twice higher than seawater. 
Salts and alginate, which reach concentrations as high as 50% in dried wakame 
samples (Skriptsova et al., 2004), may act as the limiting factor for effective decom-
position of wakame. Until now, studies have been conducted on the decomposition 
of alginate by chemical (Matsushima et al., 2005) as well as biological methods 
(Moen et al., 1997; Moen and Ostgaard, 1997). To our knowledge, the decomposi-
tion of alginate during seaweed composting has not been studied. Alginate can be 
decomposed into oligosaccharides by microbial alginate lyase. The resulting oli-
gosaccharides have been proven to be effective in promoting the growth of plant 
roots (Iwasaki and Matsubara, 2000). Thus, the decomposition of alginate is 
important and is a key factor for the applicability of wakame compost products.

In this chapter, we introduce the application of Bacillus sp. HR6 isolated 
from soil (Mimura et al., 1999; Mimura and Nagata, 1999) for the disposal of 
wakame with high salinity (Tang et al., 2007). Since marine microorganisms iso-
lated from seaweed are, in general, more suitable to degrade wakame under high 
salinity than general bacteria (Tang et al., 2008), we attempted to search alginate-
degrading bacteria and to use them for wakame composting.

2.  Composting of Wakame Using Halotolerant Bacteria

2.1.  EFFECT OF SALINITY ON THE COMPOSTING BY HR6

In this experiment, sun-dried wakame was used. To obtain washed wakame, dried 
wakame was cleaned with fresh water and redried. The chemical composition of 
dried and washed wakame is shown in Table 3. Higher N and C contents were 
detected in the latter than in the former. For the degradation of wakame, we first 
used Bacillus sp. HR6 that can grow in a wide range of pH (5.7–8.5), temperature 
(20–50°C), and salinity (2–10% NaCl) (Mimura et al., 1999). The time necessary 
to reach the maximum temperature, through 19, 25, 35, and 40 h of incubation, 
is dependent on the salinity in wakame composting, which indicates that lower 
salinity brought about a shorter lag time (Fig. 2). Maximum temperatures were 

Table 2.  Chemical composition of marine algae Undaria pinnatifida (g/100 g) (Yamada, 2001).

Water Protein Lipid Carbohydrate Ash Food fiber Salt

Fresh 89.0 1.9 0.2 5.6 3.3 3.6 1.5
Dried 12.7 13.6 1.6 41.3 30.8 32.7 16.8
Refresh 90.2 2.0 0.3 5.9 1.6 5.8 0.7
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53–55°C at a salinity level of 28.2 mg/g NaCl at 15.2°C, 18.7°C, and 23.6°C, and 
48°C. The reduction of wet weight during 24–48 h of incubations was the highest in 
the presence of 15.2 mg/g NaCl (Table 4). In the samples containing 15.2–28.2 mg/g 
NaCl, there existed an insignificant difference in maximum temperature, which 
proved that composting can be conducted in salinity as high as 28.2 mg/g of 
NaCl with the inoculation of HR6, although a lower salinity is better for the 
initialization time and activity of the composting process. This is important for 
the field treatment of wakame when the salinity content is high. In addition, the 
salinity of 15.2 mg/g of NaCl is also relatively high compared with that of the 
common composting materials, suggesting that HR6 is superior to other bacte-
ria for the disposal of waste with high salinity. The presence of Na+ sometimes 
stimulates the decomposition of some components in wakame. For example,  
alginate is degraded in the form of Na-alginate (Moen et al., 1997) and a Ca-cross-
linked alginate matrix may present a limiting factor when microbes decompose 

Table 3.  Chemical composition of wakame used for the experiment.

Water (%) N (%) C (%) C/N NaCl (mg/g)a

Dried wakame 8.22 3.64 29.82 8.19 89.0
Washed wakame 13.72 4.14 36.95 8.92 46.2

aNaCl concentration was determined for aqueous layer after mixing of water and 
wakame with 10:1.
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Figure 2.  Effect of salinity on the temperature changes during wakame composting by strain HR6.
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brown algal tissue (Moen and Ostgaard, 1997). An appropriate level of salinity 
may therefore be required for the composting and disposal of wakame.

2.2. � ISOLATION AND CHARACTERIZATION OF HALOTOLERANT 
BACTERIA FOR SEAWEED COMPOSTING

An attempt was made to examine the screening of marine bacteria for the degra-
dation of wakame. As a result, an effective strain Halomonas sp. AW4 was isolated 
and selected for further work. Strain AW4 initiated the wakame composting process  
smoothly, showing a high decomposition rate within a short time. Dominant species in 
the agar plate (5 g polypeptone, 3 g yeast extract, 30 g NaCl, 15 g agar in 1,000 mL 
distilled water, pH 7.5) were further isolated and finally six predominant strains, 
AW1–AW6, were selected for the present study. The characteristics of these strains 
are shown together with those of HR6 for comparison (Table 5). The colonies 
of these bacteria showed different colors: light green (AW2), light brown (AW1), 
brown (AW5), light white (AW3, AW4), and white (AW5). All the strains grew 
well in the presence of 0.5–1 M NaCl, but strains AW1 and AW2 could not grow 
unless NaCl was supplemented. Morphologically, AW3 and AW6 were long rods 
with low motility and cocci, respectively, while other strains were ellipse-shaped. 
In small-scale composting, AW4 showed the highest decomposition rate when 
compared with other species and HR6. In addition, AW4 revealed an optimal 
growth rate in the presence of  0.5–1 M NaCl. Surprisingly, this strain still pro-
liferated at a high salinity of 3 M NaCl. Inoculation of AW4 resulted in a more 
rapid increase of the composting temperature than inoculation of HR6.

For 16S rDNA analysis, strain AW4 was first incubated in modified LB 
medium for 24 h. After extraction of DNA, we amplified 16S rDNA fragments 
using the primers EUB27F (5¢-AGAGTTTGATCCTGGCTCAG-3¢) and EUB 
533r (5¢-TTACCGCGGCKGCTGRC-AC-3). Partial 16S rDNA analysis sug-
gested that AW4 belongs to the genus Halomonas. The phylogenetic allocation and 
16S rRNA gene sequence similarities of AW4 and related bacterial strains are 
presented in Fig. 3. AW4 was most closely related to the strain Halomonas venusta, 
with 99.6% similarity in partial 16S rDNA analysis. Higher similarity with AW4 
was also found in H. hydrothermalis, H. variabilis, H. magadiensis, H. boliviensis, 

Table 4.  Relative changes of  wet weight during composting of  wakame with strain HR6 under 
different salinities.

Incubation time(h)

Wet weight (%)

15.2 mg/g NaCl 18.7 mg/g NaCl 23.6 mg/g NaCl 28.2 mg/g NaCl

0 100.0 100.0 100.0 100.0
24   98.7   99.2   99.2   99.6
48   97.2   97.4   97.6   98.5
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and H. alkantarctica with 98.7%, 98.5%, 97.4%, 97.2%, and 97.0%, respectively. 
The genus Halomonas mainly consists of halotolerant, halophilic, and haloalka-
liphilic species that were isolated from salterns, saline soil and lakes, and the Dead 
Sea (Ventosa et al., 1998). Some of these species have already proven to be effective 
bacteria for waste degradation at high salinity. H. campisalis showed a high capacity 
for degradation of  saline and alkaline wastes owing to denitrification, broad 
carbon utilization, and pH as well as salinity tolerance (Mormile et  al., 1999).  
H. muralis was isolated from alkaline two-phase olive mill wastes (Ntougias et al., 
2006) and H. marina was found to be one of the main microorganisms that 
degrade the brown alga Fucus evanescens (Ivanova et al., 2002).

2.3.  THE COMPOSTING PROCESS OF WAKAME BY AW4

The initial moisture content of  wakame, which was cut into pieces smaller than 
1 cm, was adjusted to about 70%. About 1.5 kg of wakame was composted in 
a 5-L container (Fig. 4) with an isolation film outside to keep the temperature 
constant. The container was aerated with an air pump at a flow rate of 0.5 L/min. 
Each bacterial strain was added as suspension. Changes of O2 and CO2 concentra-
tions in exhaust gas as well as the temperature inside the container were measured. 
Changes of the water content, pH, C, as well as N contents and viable cell num-
bers were also measured during composting. Figure 5 shows the changes of tem-
perature as well as of O2 and CO2 in exhaust gas during composting with strains 
HR6 or AW6. Temperature changes corresponded to changes of the O2 and CO2 

Figure 3.  Phylogenetic tree based on partial 16S rRNA gene of strain AW4. Evolutionary distances 
were calculated using the “neighbor-joining” method. The scale bar represents 1% sequence divergence.
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concentration in exhaust gas, although a lag time of  about 2 h was observed, 
which suggests that the microbial activity was not always stable but variable dur-
ing wakame composting. Higher temperatures and more O2 consumption and 
CO2 production, however, were found during wakame composting with AW4 
when compared with composting with HR6. The strain AW4 seems, therefore, to 
be more adapted to the compost environment of wakame than strain HR6.

Table  6 shows the changes of dry weight, pH, and chemical composition 
during the composting process of AW4 and HR6. Decomposition rates of dry 

Air in

O2, CO2 analyzer

Air pump

Thermo recorder
Air out

Wakame

Ice container

Sawdust

Figure 4.  Composting system of wakame in a 5-L container.
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Figure 5.  Changes of O2 and CO2 in exhaust gas and corresponding temperature during wakame 
composting with strains HR6 and AW4.
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weight wakame were 12.2% and 26.4% after 3 and 7 days in the experiment of 
AW4, respectively, which were much higher than that of HR6 under the same 
condition, 6.6% and 12.2%. pH values during the decomposition with AW4 
increased to 8.2 and 9.0 after 72 and 168 h of incubations, respectively, and high 
NH3 content, about 500 ppm, was detected in exhaust gas showing that an 
alkaline environment was caused by the production of NH3 in the exhaust gas. C 
and N contents decreased and increased slightly after 168 h, respectively, leading 
to a reduction of the C/N ratio, 9.2. Since the N content was relatively high com-
pared with other composts (Tang et al., 2003), the C/N ratio was lower than that 
of general compost, >15 (Bernal et al., 1998).

Changes of viable cell numbers of strain HR6, AW4, and total bacteria were 
observed during the incubation process (Table  7). The viability of strain HR6 
increased within 24 h of composting. Then it decreased gradually, although a sharp 
increase of total bacteria to 1.83 × 1010 CFU/g was observed at 55 h of incubation. 
After 3 days of composting, total viable cell numbers decreased to the level of 6.5 
× 108 CFU/g. On the other hand, the cell viability of AW4 increased during 24–72 
h of composting, which corresponded with temperature and respiratory changes. 
The cell viability remained at a high level until the end of composting, although the 
temperature and respiratory rates gradually decreased. The appearance of the 
wakame biomass showed great change after composting, that is, its color changed 
from brown-green to grey-black and the original shape of the wakame was gradu-
ally destroyed. It became fine granule as that of matured compost, which suggests 
that a diverse microbial community was induced by inoculating AW4, which was 
effective in decomposing wakame during composting.

Table 6.  Changes of dry weight, pH, and chemical composition during 
wakame composting with strains AW4 and HR6.

Time (h) Time (h) Dry weight (%) pH N (%) C (%) C/N

AW4 0 100.0 7.16 3.09 31.34 10.1
72 87.8 8.22 3.01 30.19 10.1

168 73.6 9.00 3.15 28.95 9.2
HR6 0 100.0 6.98 2.28 32.84 14.4

72 93.4 8.24 2.10 31.16 14.9
168 87.8 8.48 1.91 32.37 16.9

Values of C and N are average from two independent experiments.

Table 7.  Changes of cell viability in wakame composting with strains 
AW4 and HR6 (×108 CFU/g).

Time (h) 0 8 24 48 55 72 120 168

AW4 AW4 6 25.3 23.3 1.5 – 4.3 1.5 1.8
Total 6 25.3 23.3 12.7 – 26.3 22.5 35.0

HR6 HR6 1.1 2.8 1.2 0.4     0.1 0.0 0.0 0.0
Total 1.1 2.8 1.2 18.5 183.0 6.5 9.8 10.8
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3.  Role of Alginate-Degrading Bacteria in the Recycling of Wakame

Alginate is a linear copolymer of b-1,4-d-mannuronic acid and a-1,4-l-guluronic 
acid with the residues organized in blocks of not only polymannuronate and 
polyguluronate but of heteropolymeric sequences of both uronic acids (Moen 
and Ostgaard, 1997). Alginate can be degraded by radiation or thermal treatment 
(Nagasawa et al., 2000). Biological degradation, on the other hand, has been gen-
erally conducted by alginate lyase that acts on the 4-O-linked glycosidic linkage 
of alginate (Iwamoto et al., 2001). Alginate lyases have been isolated from a wide 
range of organisms such as algae, marine invertebrates, marine microorganisms, 
etc. (Wong et al., 2000). Since the degradation of alginate is not easily preceded 
by most microorganisms, which is mainly because of its complicated molecular 
structure, there has been no report on the isolation of alginate-degrading bacteria 
and their application in the decomposition of seaweed wastes. However, isolation 
of alginate-degrading bacteria and their use is interesting and indispensable for 
the effective degradation of these wastes.

3.1. � ISOLATION AND IDENTIFICATION OF ALGINATE-DEGRADING 
BACTERIA

In the primary screening, four strains from a total of 56 isolated microorganisms 
were selected based on the ability of alginate degradation. Four bacteria desig-
nated as A7, N7, N10, and N14 were Gram positive, long rods in shape, and of 
white color colony on agar plates. All these bacteria were unable to grow in the 
medium without alginate supplemented. Quantitative changes of reducing and 
unsaturated polysaccharides that were produced by each bacterium in a medium 
containing initially 5 g/L alginate are shown in Fig. 6. The reducing sugar was 
detected by 3,5-dinitrosalicylic acid (DNS) method (Miller, 1959). The supernant 
of culture medium was mixed with DNS solution and boiled for 5 min. Absor-
bance of the reaction solution was analyzed at 540 nm after dilution by distilled 
water at the rate of 1:10, and the result was expressed as mg glucose/mL culture. 
The production of unsaturated sugar through b-elimination reaction by alginate 
lyase was determined by measuring the absorbance at 235 nm (Iwamoto et al., 
2001). Both saccharides were lower than in the control after inoculation of the 
marine bacterium AW4, but alginate-degrading bacteria showed an increase of 
both saccharides after 48–96 h of incubations. An increase of OD235 at 48 h of 
incubation compared with that of reducing sugars might be caused by the exis-
tence of endo-alginate hydrolase, which was reported in fungi (Schaumann and 
Weide, 1990). Strain A7 showed the most rapid degradation of alginate among the 
strains that were examined.

A7 was long rod-shaped, 5–10 mm in size, and filamentous, and its colonies 
were of circular morphology and creamy white (data not shown). Partial 16S 
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rDNA analysis showed that A7 was most closely related to Gracilibacillus halotol-
erans, at a similarity of 99% (Waino et al., 1999). In the phylogenetic tree based 
on partial 16S rRNA genes (Fig.  7), some alginate-degrading bacteria such as 
Vibrio sp. O2 (Kawamoto et al., 2006) or Bacillus algicola (Ivanova et al., 2002) 
have been described, but this is the first time to report alginate-degrading bacteria 
within the genus Gracilibacillus.

3.2. � CHARACTERIZATION OF ALGINATE-DEGRADING  
BACTERIUM A7

The growth of strain A7 in the presence of low concentrations of nutrients, 0.1 g 
polypeptone and 0.06 g yeast extract in 1 L, was characterized under different pH, 
NaCl concentrations, temperature, and nutrient contents (Fig. 8). Rapid growth 
was observed at pH 8.5–9.5, suggesting that an alkaline environment is favorable 
for growth. The bacterium grew well in the presence of  0.5–2 M NaCl, whereas  
no growth was found in the absence of  NaCl. At a temperature of  30°C, the 
highest growth rate was observed after 48 h of incubation, although a sharp 
increase of growth within 24 h was observed at 45°C and a much slower rate was 
observed at 20°C. The optimal condition for growth of A7 was observed when the 
strain was incubated in the presence of 5 g/L of sodium alginate. Thus, the best 
overall condition for growth was as follows; pH 8.5–9.5, NaCl 0.5 M, temperature 
30°C, and nutrient content of 2–5 g/L of polypeptone.
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Figure 6.  Changes of reducing and unsaturated sugars by four alginate-degrading bacteria and marine 
bacterium AW4 as reference. Changes of reducing sugars (a) and unsaturated sugars (b) were followed for 
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3.3. � DECOMPOSITION OF SEAWEED ALGINATE BY THE STRAIN  
A7 AND COMPOSTING PROCESS

In medium containing 1% or 3% wakame, similar changes of reducing and unsat-
urated sugars were observed as those in the presence of 5 g/L of sodium alginate 
(Fig.  9). Three percent wakame resulted in lower reducing sugars at the initial 
stage of incubation, but they became much higher at later periods of incubation 
when compared with 1% wakame. A7 therefore appears as effective in degrading 
alginate constituents of wakame, and it might be possibly used for the disposal 
of  wakame waste. As shown in Fig.  10, alginate in wakame compost was 
about 32–36% initially and decreased to 14.3% after 72 h of composting with A7. 
A similar level of degradation was observed for AW4 after 168 h. On the basis of 
the present results, strain A7 might be more effective for alginate decomposition 
during wakame composting than others examined.

As an example, changes in the concentration of different alginate components 
during the composting process with AW4 are shown in Table  8 (TA, total 
alginate; WSA, water soluble alginate; WIA, water insoluble alginate). During 
composting, a decomposition rate of alginate of about 17% and 56% was reached 
after 72 and 168 h of composting, respectively. In contrast, dry weights were 
almost unchanged during the same period. The present experimental results 
indicate that easily available substances such as protein and other carbohydrates 
were degraded at the initial period of composting and decomposition of alginate 

Figure 7.  Phylogenetic tree based on partial 16S rRNA gene of strain A7 and other related species.
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was performed at the following stage, after 72–168 h of composting. The diverse 
microbial community that developed until the late period of composting was 
therefore more effective in degrading alginate in wakame than the initial 
community. In comparison with strain HR6, the marine bacterium AW4 showed 
better degradation ability for wakame, probably due to the fact that marine bacteria 
are suitable to induce the complex microbial community that is responsible for the 
decomposition of alginate.
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Figure 8.  Growth of strain A7 under different pHs (a: 0.5 M NaCl, 30°C, 0.1g/L polypeptone), salinities 
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4.  Effect of Seaweed Compost on Plant Growth and Its Potential Ecological Toxicity

The products of alginate degradation are polysaccharides with different carbon 
chain length, some of which have been proven to be effective in promoting the 
growth of plant roots (Iwasaki and Matsubara, 2000; Cao et al., 2007). Hence, they 
may possibly be used as fertilizers in the agriculture of plants. Application of 
alginate-degrading bacteria instead of alginate lyase is more preferable for degrada-
tion of seaweed wastes. A germination experiment was carried out by the method 
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Figure  9.  Changes of  reducing sugars (a: OD540) and unsaturated sugars (b: OD235) during the 
incubation of strain A7 in the presence of 0% (circles), 1% (diamonds), and 3% wakame (squares).
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introduced by Tiquia and Tam (1998) using Komatsuna (Brassica campestris). 
Fresh samples of wakame compost were extracted with distilled water at a com-
post to water ratio of 1:9 and then filtrated. Diluted extract was applied onto a 
filter paper in a Petri dish at 5 mL. Twenty seeds placed in the dish were incubated 
in the dark. All germination experiments were conducted in triplicates with dis-
tilled water as control. The root length was measured after 3 days and the relative 
root length (RRL) was calculated as follows:

	 ×
Root Length in extract

RRL (%)= 100
Root Length in control

	 (1)

Changes of RRL after the incubation with different bacterial strains are 
shown in Table 9. The medium was diluted 10–50 times with distilled water, since 
the salt present in the medium may reduce the germination of plants. RRL values 
with 1% wakame were 263.2% and 120.4% for strains A7 and AW4 after 25-fold 
dilution, respectively. Among different dilution rates, 25-fold resulted in the highest 
value of RRL, 194.5%. Higher RRL values for wakame and A7 culture medium 
suggest that oligosaccharides produced during incubation with A7 might enhance 
the elongation of plant roots, different from nonalginate-degrading bacteria like 
AW4. The products of A7 treatment of alginate or seaweeds containing alginate may 
therefore be used as a kind of fertilizer or enhancing material for phytoremediation.

The phytotoxicity of the compost samples after AW4 treatment was ana-
lyzed through a germination test in which the changes of RRL values of 
Komatsuna (B. campestris) during culture with wakame extracts collected after 
different composting times were monitored. Since salts inhibit plant growth, we 
tried to examine the germination using compost extracts under different dilution 
ratios. RRL values were lower than 50% under the dilution rate of 2 and increased 
to more than 60% and 80% at dilutions of 10 and 100, respectively. Increasing 
RRL values were caused by oligosaccharides that had been produced during 
alginate decomposition in wakame (Iwasaki and Matsubara, 2000; Xu et  al., 
2003). The present result demonstrates that the promotion effect of composted 
wakame stimulated the plant growth, which is substantially important for the 
application of the wakame compost.

Table 8.  Changes of alginate contents during composting process 
of wakame by the strain AW4.

Time (h) WSA (%) WIA (%) TA (%) WSA/WIA

0 3.18 ± 0.14 32.42 ± 0.14 35.60 0.10
24 3.88 ± 0.29 32.20 ± 0.58 36.08 0.12
72 2.61 ± 0.32 26.98 ± 0.74 29.60 0.10

120 5.31 ± 0.71 17.54 ± 0.80 22.85 0.30
168 4.83 ± 0.06 10.80 ± 1.26 15.63 0.45

Values of WSA and WIA are averages ± SD from two independent 
experiments.
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The ecological toxicity of seaweed compost was examined using a biolumi-
nescence assay as described by Nagata and Zhou (2006) and Zhou et al. (2006). 
A luminescent bacterium, V. fischeri DSM 7151, was grown in luminescence medium 
(LM) containing 3 g/L of glycerol for 18 h. The change of luminescence intensity 
after 30 min of incubation was monitored. INH% values (percentage of inhibition 
efficiency) were calculated according to the following equation:

	
  ×

= − ×  ×  
t 0

0 t

IT IC
INH% 1 100%

IT IC
	 (2)

where INH%: percentage of inhibition efficiency, ITt: bioluminescence of sample 
after contact time t, IT0: initial bioluminescence of sample, ICt: bioluminescence 
of control after contact time t, IC0: initial bioluminescence of control.

For all the samples collected at different composting time, INT% values were 
lower than 20. Especially, samples collected after 0, 1, and 3 days of composting 
showed 0% toxicity, suggesting that the compost extracts stimulate, in turn, the 
activity of V. fischeri. INT% values increased after 5–7 days of composting, that is, 
the toxicity increased, probably because of the decrease of nutrient amounts with 
composting time and intermediate metabolic substances with toxicity produced 
during this period. INT% values of toxicity obtained were different from those 
obtained with the germination assay, in which a decrease of phytotoxicity was 
found with the succession of composting. Multiple approaches and further 
related studies should be a prerequisite for a proper evaluation of ecological effect 
of composting products.
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1.  Introduction

The impact of the accelerating global warming on natural and human environments 
of arid and semi-arid zones is forecasted to be catastrophic. It is therefore doubtful 
whether adherence to the principles of Sustainable Development can avert the 
forthcoming catastrophes, especially in developing societies. The unavoidable 
conclusion is that a different policy of development has to be drawn up, which will 
ensure progress toward a safer way of  life and at the same time alleviate the 
consequences of environmental catastrophes.

The suggested name of this policy is “Progressive Development,” because it 
involves, first and foremost, profound and sweeping changes in the human and 
natural environmental resources of  arid and semi-arid zones. These changes 
will utilize (in contrast to some interpretations of  “sustainability”) the still 
undeveloped resources of human and natural environments (Issar, 2008).

In a nutshell, Progressive Development aims to pave a new road to the survival and 
well-being of future generations, especially in arid and semi-arid zones of the Third 
World, by giving priority to investment in the planning and development of new environ-
ments, while advancing the local populations in the dimension of knowledge by education.

2. � Reduced Nutrient Supply to the Sea due to the Suppression  
of Desert Dust Storms by Global Warming

Storms from the Sahara transport about 184 (Ginoux et al., 2001) to 259 (Tegen 
et al., 2004) million tons of dust annually to the North Atlantic. The dust sup-
plies the marine life with nitrogen, iron, phosphorus, and micronutrients – some 

A new policy is proposed for the mitigation of impacts of climate change on 
coastal regions, particularly in arid and semi-arid climates.
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of which are common on land but scarce in the open ocean. This fertilization 
stimulates oceanic primary production (Jickells et al., 2005). Since 1993, ten inter-
national research teams have completed relatively small-scale ocean trials demon-
strating this effect (Carbo et al., 2005).

Algae, in particular phytoplankton but also seaweed, as well as aquatic 
higher plants sequester carbon dioxide (CO2) from the atmosphere and the sea 
to supply the ocean’s food chain with organic carbon and oxygen. A part of 
the carbon taken up by the phytoplankton ends up on the bottom as dead 
organic matter or in the carbonaceous skeletons of  many organisms, including 
calcareous algae, zooplankton (such as foraminifera), shellfish, and corals. 
This process captures large quantities of  atmospheric carbon for long periods 
of  time.

Investigations into the Quaternary paleo-climatology on a global scale show 
that during cold periods, high-pressure systems over the Gobi and Sahara deserts 
caused heavy dust storms, which led to iron oxide-rich and phosphate-rich “red 
rains” in other regions (Issar, 2003a). Such rains are also documented from his-
torical cold periods, when cyclonic storms passed the Sahara on their way to 
southern Europe (Bücher, 1986). Once the global cooling process stopped, when 
its prime driving forces disappeared or diminished and, as the atmosphere and the 
oceans became warmer, carbon sequestration by phytoplankton dropped. These 
conditions, characterizing postglacial periods, changed in response to the warm-
ing of the atmosphere and oceans (Issar, 2003a).

Evidence for the enhancement of dust storms by global cooling, especially 
during the Last Glacial Period, has been found in both marine and continental 
sediments. Loess deposits some tens of meters thick over the Sinai and Negev 
(Issar and Bruins, 1983) and the clay component of the red soils in Jordan were 
brought by rainstorms associated with intensive cyclonic lows (Lucke, 2007). 
These storms moved into the Levant after crossing the Libyan and Egyptian 
deserts. In the coastal plain of Israel, the continental deposits during humid peri-
ods were characterized by reddish silt or clay, whereas deposition during arid 
periods was characterized by sand (Issar, 2001).

During cold periods, aeolian contribution from the Sahara to marine sedi-
ments in the SE Mediterranean reached 65%, while during warm periods about 
70% of the deposits were “Nile particulate matter” (Schilman et al., 2001). A well-
dated core from 200 km off the Atlantic African coast near Mauritania revealed 
a sudden reduction in velocity (or strength) of the trade winds above North 
Africa, synchronous with the onset of  global deglaciation and a decrease in 
primary plankton productivity (Koopmann, 1981).

In eastern Asia, loess formations arose from dust accumulated during the 
dry glacial periods, while during interglacial warm humid periods, soil layers were 
characterized by higher iron concentration and low loess accumulation. A corre-
lation was observed between the deposition of loess layers in continental China 
and greater accumulation of aeolian material in the adjacent deep sea. During the 
ice melt at the end of the Last Glacial Period, characterized by a reduction in 
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aeolian flux, ocean water also became lighter in its delta O18 composition because 
of water influx from the melting glaciers (Hovan et al., 1989).

It is now generally accepted that the leading factors responsible for the glacia-
tion and deglaciation processes during the Quaternary were the Milankovitch cycles, 
variations in solar output, changes in the chemical composition of the atmosphere 
and oceans, and volcanic activity (Issar, 2003b). Interactions of several of these fac-
tors compounded their influence on climate change. When a combination of these 
factors brought about a warm period, the glaciers melted, the ocean water became 
lighter, and there was a reduction in aeolian dust coming from the deserts. It is thus 
rather plausible that with the present warming of the climate due to, or amplified by 
the greenhouse effect, i.e., warming that is dependent on increased CO2, the number 
and intensity of the dust storms and with them, the supply of nutrient-rich dust to 
the oceans, will diminish. This is likely to start a vicious cycle, as the oceans’ rise in 
temperature will cause a decrease in the energy of the desert dust storms, thus reduc-
ing the supply of fertilizers to the oceans and with it marine primary production. The 
concomitant decrease in the marine food chain will reduce the marine sequestration 
of CO2. The inevitable increased rate of rise in atmospheric levels of CO2 will acceler-
ate global warming.

3. � Other Effects of Global Climate Change on Marine Environments – Negative  
and Positive

The global climate change can be anticipated to have negative, but also positive 
socio-economic and environmental–biological effects on the marine and coastal 
regions. Chief among them are enhancement of and interference with the function-
ing and population size of marine biota, rising sea level, rising sun radiation at the 
surface of land and sea, changes in hydrography and in marine-current regimes.

3.1. � DAMAGE TO MARINE LIFE AND FISHERIES – A NEGATIVE 
EFFECT

A drop in global primary production will inevitably lead to a proportional drop in 
the production of marine organisms, birds, and seafood, with its global implica-
tions in a highly populated dry world.

3.2.  RISE IN SEA LEVEL – A NEGATIVE EFFECT

A rise in sea level will harm if  not ruin the livelihood and economy of many 
coastal countries. This rise is a function of the fact that climate warming causes 
the gradual melting of land-based glaciers. Estimates of the predicted rise in sea 
level differ among scientists. According to the latest report (February 2007) of  the 
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Intergovernmental Panel on Climate Change (IPCC, 2007), a rise in sea level of 
0.2–0.6 m is predicted by the year 2100. However, this excludes the possibility of 
future rapid changes in the Greenland and West Antarctic glaciers. Melting of 
all of the Greenland glaciers would add 7 m to the level of the sea, but the tim-
ing of such a catastrophe remains controversial. Although no one expects com-
plete glacier disintegration in the twenty-first century, there are worrisome signs 
that the process has already begun. Eventual disintegration of the West Antarctic 
ice sheet also remains controversial; nevertheless, if  it does happen, it will add 
another 7 m to sea level (IPCC, 2007).

According to David Wheeler from the Center for Global Development, a rapid 
rise in sea level would threaten millions with inundation. A 3-m rise in sea level in this 
century is no longer beyond the bounds of informed discussion in the scientific litera-
ture. Such a rise threatens many low-lying countries: it would drown Egypt’s Nile 
Delta, and even a 1-m rise would inundate much of this delta’s fertile land. The 
Vietnamese high-risk “red zone,” less than 5 m above sea level, encompasses 38% of 
the country’s population, 36% of its GDP (gross domestic product), and 87% of its 
wetlands. As the level of the sea rises, progressive inundation, high tides, and storm 
surges will take an increasing toll (Wheeler, 2007).

3.3.  HIGH CO2 IN THE ATMOSPHERE CAN HAVE POSITIVE EFFECTS

A high content of CO2 in the atmosphere benefits photosynthesis (Griffin and 
Seemann, 1996). Algae and higher plants whose primary photosynthetic prod-
ucts have three carbon atoms per molecule (C3) respond positively to increases 
in CO2 levels. At the current atmospheric levels of CO2, up to half  of the photo-
synthate in C3 plants is returned to the atmosphere by photorespiration, which 
occurs simultaneously with photosynthesis in sunlight. High levels of CO2 in the 
air reduce photorespiration and thus increase net primary production. However, a 
rise in photosynthesis that is not matched by a balanced rise in the supply of other 
nutrients can lead to blooms of cyanobacteria, some of which are harmful.

3.4.  HIGHER SEA TEMPERATURES

A change in the pattern of sea currents may become an important factor in chang-
ing temperatures of oceans and inner seas, such as the Caribbean, the Baltic, and 
the Mediterranean, among others. Nevertheless, the character, potency, and impact 
of these changes are still under investigation. Higher temperatures and lower wind 
velocities, expected particularly at the equatorial and mid-latitudes, may initially 
promote the growth of phytoplankton and other aquatic plants; however, at the 
same time, the increased stability of the water column, owing to warming and 
reduced salinity in surface water, may reduce the vertical mixing and supply of 
nutrients from deeper waters and thus limit productivity or lead to changes in the 
structure of the entire aquatic biota.
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3.5.  LESS CLOUDS – MORE RADIATION

Another positive factor for phytoplankton in the mid-latitude zones, especially 
where precipitation regimes are governed by westerly rainstorms, is the decrease in 
cloud cover associated with global warming. Higher radiation rates are beneficial 
to plant growth and promote carbon sequestration, if  matched by a proportional 
increase in nutrient supply. However, at the same time, increased UV radiation can 
damage life on land and in the sea.

4. � Progressive Development: A Blueprint for Countering the Negative Impacts  
of Global Warming on the Marine Environment by Capitalizing on Its Positive 
Effects

As the continuation of climate warming is quite probable, a rise in sea level should 
be regarded as an impending catastrophe on a global scale. As already discussed, 
such a rise, thanks to the advancement of science, can be forecasted, though still 
not in detail. For some regions, engineering devices, for example dikes such as 
those of the Delta Works in the Netherlands, may be of help, while for others, 
such measures can provide only partial relief.

The Delta Works are an example of how the conceptual model of Progressive 
Development can be applied, using positive characteristics of global warming to 
mitigate its negative effects. The main approach is to create artificial lagoons 
behind dikes built against the rising sea level, and to use the new lagoons for 
intensive mariculture of seaweed, shellfish, and fish. The dike and lagoon protec-
tive infrastructure will thus sustain a new superstructure of food and energy 
production. The produced seaweed can serve as a commodity in the food, feed, 
chemical, and health product industries, and can also support aquaculture of 
herbivorous and omnivorous shellfish, fish, and shrimp using IMTA technologies 
(Chopin et al., 2001, 2008; Troell et al., 2003; Neori et al., 2004; Buschmann et al., 
2008). Recently, the use of seaweeds for biofuel has also been gaining interest 
(Anonymous – Royal Society, 2008). Moreover, while seaweed may benefit from 
the consequences of global warming, their growth can actually reduce several of 
its negative impacts by taking up CO2 and waste nutrients and oxygenating the 
water. The other major group of extractive species – shellfish, will consume 
microalgae that will grow in the lagoons and thus sequester much CO2 as 
carbonaceous shells and edible meat. Of course, such lagoons can support a cer-
tain quantity of cultured fish, balanced ecologically by seaweed and shellfish 
within the framework of IMTA (Tournay, 2006).

It is beyond the scope of the present chapter to discuss the building of dikes 
for the protection of low-lying coastal areas from flooding by the rising sea level. 
However, needless to say that such an activity demands huge investments in plan-
ning and construction, as well as in maintenance, not to speak of the need to 
develop novel engineering and coastal oceanographic know-how. The dikes and 
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polders of the Netherlands are the best pilot project for studying the many issues 
involved in the protection of regions threatened by future sea-level rises.

A choice that some countries may face is whether to follow the Dutch peo-
ple’s method of stopping the sea or to yield to the forces of nature, retreat before 
the rising sea, and pay the price in loss of land and habitat. In any case, avoiding 
a decision will mean loss of life, as well as of national and private assets on a 
tremendous scale.

Once a decision is made to follow the Dutch model and build a series of 
dikes, it becomes necessary to choose between placement of the dikes along the 
existing shorelines and reclamation of additional land that is presently under 
water. Reclamation of continental shelf  areas into diked lagoons opens up new 
prospects for the production of seafood, as well as new sources of income con-
nected to the production of biofuel; last but not the least, it will create new sinks 
for sequestering atmospheric carbon and waste nutrients.

4.1.  GROWING SEAWEED IN ARTIFICIAL LAGOONS BEHIND DIKES

Dikes constructed offshore, at a distance that depends on bathymetric and coastal 
oceanographic data, will create large shallow coastal lagoons, with relatively warm, 
quiet, highly lit, and clear water, loaded with CO2 and low in concentrations of 
other nutrients. In many cases, wastewater from household, industrial, and agri-
culture sources will be available from nearby urban and agricultural regions. Such 
wastewater, when spread prudently over the surface of the lagoons, can supple-
ment the level of nutrients and promote high rates of primary production per unit 
of water area (Ryther et al., 1975), with little impact on the natural ecosystems 
outside the dikes.

Primary production values from untended hypertrophic warm-water lagoons 
have been reported at over 12.5 t C ha−1 year−1 (Hung and Hung, 2003). Similar 
values have been reported from modern, warm-water coastal seaweed farms in 
China (Yang et al., 2004). Semi-intensive IMTA systems in Israel and elsewhere 
have reported yields of nearly 400 t ha−1 year−1 of Ulva sp. (fresh weight) compa-
rable with 20 t C ha−1 year−1 in two-species combination culture systems, while 
Ulva sp. monoculture production in tanks reached even higher values (Neori 
et al., 2004). Reported yields of Ulva sp. in commercial seaweed farms in South 
Africa lie between those two values (Bolton et al., 2008). It is anticipated that 
seaweed production values of 10–20 t C ha−1 year−1 can be achieved in any 
Mediterranean lagoon that will be enriched with wastewater and managed for 
maximal seaweed growth.

Demand for seafood is on the rise. This trend is expected to continue accord-
ing to FAO Fisheries Reports (FAO, 2006). While global capture of fish in the 
oceans has leveled off  and many fish stocks have essentially collapsed, the demand 
for seafood has led to the rapid and sustained expansion of aquaculture. 
Moreover, an even greater demand for seafood may be anticipated if  the  
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desertification of agricultural land and exhaustion of freshwater reserves continues, 
because marine aquaculture, or mariculture, requires neither arable land nor fresh 
water. Intensive mariculture should advance according to the general outlines of 
the conceptual model of Progressive Development (Issar, 2008). Current high-
volume-feeding monospecies aquaculture, particularly of carnivorous fish in pens 
or shrimp and fish in ponds, receive high-protein fish-based diets, but part of this 
feed becomes waste. Constraints resulting from their environmental impact and 
rising feed costs hamper further growth of such farms (FAO, 2006). As in certain 
traditional polyculture schemes, plants can drastically reduce feed use and envi-
ronmental impact of industrialized mariculture, and at the same time add to its 
income. These nutrient-assimilating photoautotrophic plants, mostly seaweed and 
microalgae, use solar energy to turn nutrient-rich effluents into profitable 
resources. Plants counteract the environmental effects of the heterotrophic fish 
and shrimp and restore water. This is the basis of ecologically balanced IMTA 
farms, which are quite suitable for implementation in lagoons of the kind envis-
aged in the Progressive Development proposal.

The algal form that develops in a lagoon can be influenced by man to a large 
degree: maintaining a balanced supply of nutrients will promote eukaryotic algae 
over cyanobacteria (Anderson, 1995). Enrichment with silicates will promote 
diatom microalgae, which are a good food for bivalves (Lee et al., 2004). Shallow 
lagoons, where ample light reaches the bottom, and structures that are submerged 
at shallow depth, will promote seaweed growth (Sahoo and Ohno, 2000). Most of 
the world’s seaweed culture makes use of ropes or rafts, submerged at shallow 
depths in coastal waters and in shallow ponds (McHugh, 2003).

The main practical use for microalgae is the in situ feeding of bivalves, 
whose production quantitatively shares with seaweeds the top position in world 
mariculture (FAO, 2006). All other uses of marine microalgae involve expensive 
processes for separation of the cells from the water (Shumway et  al., 2003). 
Seaweeds, on the other hand, are marine algae that can be easily (and cheaply) 
harvested. Different species of seaweed can be produced and processed at rela-
tively low cost and have many uses in the food, natural gel, cosmetics, and 
medicinal industries, which is why seaweed culture has become a leading sector in 
mariculture (FAO, 2006). Thus, the envisaged lagoons can become a source of 
seaweed biomass, shellfish, and other seafood, while taking up CO2 and waste 
nutrients and producing oxygen.

A promising product of seaweed is biofuel. Albeit much research and development is 
still needed to determine which species are the most efficient in converting atmos-
pheric and marine sources of nutrition into biomass, and which can be converted 
into CO2-neutral biofuels; scientists claim that algae, grown in either artificial lakes 
or lagoons, may help in solving the problems of future supply of automobiles’ fuels 
(Sheenan et al., 1998). Research is now focusing on methods by which algae can 
thrive to a level which will allow the realization of these industrial and ecological 
possibilities. Auxiliary benefits will involve wastewater treatment and the reduction 
of CO2 emissions from fossil-fuel power plants, which contain about 10–30 times as 
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much CO2 as normal air (University of Virginia 2008). A 1,000 km2 area of seaweed 
culture lagoon (such as 10-km wide along 100 km of coastline) can sequester about 
one million ton CO2 year-1 and produce a biomass with a net combustion energy 
content equal to a couple percents of Israeli annual coal use.

Drawing some benefit from the negative impact of power plants that use 
fossil fuels – oil, gas, or coal, is within the framework of the general philosophy 
underlying the artificial lagoon idea. One must take into consideration that these 
conventional power plants will continue to be power sources, and thus will con-
tinue to emit their gases, especially CO2. In many countries, these plants are built 
near the sea, from which water is pumped for cooling and steam production. The 
warm water as well as the gas emitted after burning the fossil fuel can enhance the 
production of seaweed in nearby lagoons.

4.2.  ADDITIONAL BENEFITS FROM SEA DIKES BUILT OFFSHORE

As already mentioned, the main benefit from sea dikes is the prevention of coastal 
flooding by the rising sea. Prefeasibility studies will help determine whether to 
construct the dikes on or away from the shore, forming artificial lagoons. The 
benefit of linking the dikes to a series of artificial islands off-shore needs to be 
considered. A prefeasibility study on artificial islands off  the Mediterranean coast 
of Israel, carried out by a Dutch-Israeli team,1 has identified environmental, 
technological, and economical feasibilities, especially for airports: because of the 
ever-increasing population density in the coastal plain of Israel, airports impose 
restrictions on the surrounding environments and vice versa. Artificial islands off-
shore may prove inevitable for the facilitation of the anticipated increase in air 
traffic. Moreover, the construction of hotels and artificial beaches along these 
dikes may benefit the growing world tourist industry, particularly tourism geared 
toward the sunny beaches of the Mediterranean and other warm seas.

5.  Pilot Projects Along the Coastal Shelves

Progressive Development is aimed at the earliest possible implementation, so as 
to limit and check the catastrophic effects of climate change in the regions and 
environments most susceptible to inundation and a drop in marine production.  
It is therefore suggested that pilot projects be started that can evaluate and improve 
the capacity of the proposed infrastructures to fulfill their intended functions.

1 “Artificial Islands off  the Mediterranean Coast of Israel” Feasibility R&D study (Phase 1), 
Final Report by The Dutch/Israeli Steering Committee. Submitted to the Ministry of National 
Infrastructures, Jerusalem and The Ministry of Transportation, Public Works and Water Man-
agement. Den Haag. February 2000. The cooperation of  Dr. Michael Beyth, the Israeli 
co-chairman of the Steering Committee, is herewith acknowledged.
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An investigation of the technical feasibility of pilot experimental projects along 
the coasts of southern Israel, the Gaza Strip, and the Nile Delta is suggested as a 
first step for the following reasons:

1.	 The continental shelf  in these areas, in particular off  the Delta, is shallow.
2.	 The severe damage expected from a rise in sea level to these relatively low-lying 

and highly populated shorelines.
3.	 The availability of large quantities of fertilizer-rich water effluents produced in 

nearby countries.
4.	 The shorelines location of most fossil-fuel power stations in these countries.
5.	 The extensive know-how on seaweed and IMTA culture in Israel.

6.  Summary and Conclusions

Accelerating global warming is forecasted to have a negative impact on natural and 
human environments in arid and semi-arid zones. This includes damage to agri-
culture and flooding of the coastal plains. However, an important and often over-
looked anticipated impact of global warming is a significant decrease in aquatic 
productivity, because of an expected drop in nutrient transport by dust storms 
from deserts to the marine environment. Significantly lower oceanic production 
will lead to socioeconomic crises, which will be particularly devastating in devel-
oping countries. Adoption by policymakers of the proposed conceptual model 
“Progressive Development” can ameliorate the adverse impact of global climate 
change on already thirsty and hungry societies by combining the prevention of 
flooding with an increased supply of seafood and water resources. “Progressive 
Development” entails profound and sweeping changes in the management of the 
natural, environmental, and human resources of impacted regions. It recognizes 
the fact that our entire civilization has been based on modified ecosystems, both 
on land and in water, that flooding will have huge impacts on both land and sea 
sides of the coastline and that further modifications are required in view of the 
negative impacts of global climate change as well as the needs of the expanding 
human population. It questions the interpretation of the “sustainability principle,”  
which insists on preserving prairies, deserts, seas, and oceans in their present state, or 
on reverting them to their premodification status. Underutilized natural resources 
of native human societies – nondeveloped land and water (fresh, brackish, and sea-
water) – should be developed according to long-range planning. Seaweed culture 
and IMTA (integrated multitrophic aquaculture) can play fundamental roles in the 
application of Progressive Development to marine and coastal environments.
The following considerations justify setting up seaweed and IMTA farms according 
to the principles of Progressive Development of marine environments:

1.	 Dike construction along much of the world’s coastline is nearly inevitable to 
forestall catastrophic coastal flooding.
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2.	 By simply pushing the dikes several km offshore, the proposed lagoons and 
islands with their increased economic activities will recuperate at least some of 
the huge investment involved.

3.	 Proximity to coastal power stations allows easy enrichment of the lagoons by 
flue gas CO2.

4.	 Primary productivity can benefit from CO2-enriched lagoon water.
5.	 The mariculture products will capture large quantities of CO2. The produced crops 

have proven profitable large markets as food, chemicals, and even biofuel.
6.	 The lagoons can function as sinks for agricultural and urban wastewater and 

rain runoff.
7.	 The lagoons may function as a buffer zone between the open and high seas and 

the coastal population centers against dike breaches.
8.	 Artificial islands integrated with the dikes can serve as an infrastructure for 

airports and industry.
9.	 Hotels and tourist attractions on the dikes and on artificial islands built along 

them can benefit the tourist industry.
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Industrial Research (CSIR), Bhavnagar, 364002, India

1.  Introduction

The red algae are eukaryotic autotrophs, the majority of which are reported from the 
marine environment. The marine macroscopic red algae, commonly known as red 
seaweeds, are distantly related to two other groups, namely green and brown seaweeds. 
The independent evolutionary lineage of red algae is characterized by a combination 
of morpho-anatomical, metabolic, and physiological features that include complex 
life-history patterns (Hawkes, 1990; Coelho et al., 2007). About 5,800 distinct spe-
cies have been described in this class (Brodie and Zuccarello, 2007) with a few having 
immense commercial potential. Some red algal species are edible (Dippakore et al., 
2005; Wang et al., 2008), while others are used for the extraction of industrially impor-
tant phycocolloids such as agar and carrageenan (Zemke-White and Ohno, 1999; 
Meena et al., 2007). Although in most of the cases, naturally occurring biomass has 
been harvested for industrial use, the cultivation practice is considerably on the rise for 
the last couple of decades to meet the surging global market demand (Hanisak, 1998; 
Ganesan et al., 2006; Subba Rao and Mantri, 2006). In 2004, ca. 4 million wet tons of 
red seaweed have been cultivated worldwide valuing ca. US$1.9 billion (FAO, 2006).

The development of a new cultivation method for many types of seaweed 
relies on the effective control of their reproduction, and, therefore, the knowledge 
about their life-history patterns and reproductive processes is imminent. The 
world witnessed the tremendous benefits from the understanding of the reproduc-
tive process when Professor Drew discovered the “conchocelis-phase” in the life 
history of red alga Porphyra umbilicalis (Drew, 1949). The conchocelis has proven 
to be another stage in the life history of Bangiales rather than a new species as 
described earlier. Thus, based on the full illustration of the life history of this 
commercially important genus, the cultivation technique of Porphyra has been 
established. Considerable progress has been made in the cultivation of Porphyra 
since then and an average of 400,000 t (wet wt.) Porphyra per year is being pro-
duced with a market value of over US$1,500 million (Dippakore et  al., 2005). 
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Another example is van den Meer and Tood’s (1980) discovery of extremely small 
female gametophyte of the commercial red algal species Palmaria palmata (dulse). 
Field phycologists had found only males and tetrasporophytes, so the plant was 
believed to have no sexual reproduction (see Bold and Wynne, 1978). The discov-
ery of female gametophyte has helped in the development of a suitable cultivation 
procedure for this commercially utilized genus (Gall et  al., 2004). Apart from 
culture and cultivation aspects, the knowledge of reproductive patterns and proc-
esses has also been essential to understand the ecological process, such as early 
recruitment to determine the organization of the seaweed communities (Santelices 
and Aedo, 2006; Lamote and Johanson, 2008), dispersion (Norton, 1992), and 
resource management (Subbarangaiah, 1984).

The red algal genus Gracilaria that forms the raw material for the industrial 
production of agar recorded more than 110 species from the tropical shores 
(Rueness, 2005). The genus Gracilaria is characterized by the presence of tubular 
nutritive cells and nonsuperficial spermatia. The annual global harvest of 
Gracilaria has been in excess of 37,000 dry tons, of which about one third 
accounts for aquaculture (Ye et al., 2006). Despite increasing interest in agar as a 
commercial product, relatively little is known about the overall reproductive proc-
esses in genus Gracilaria. Generally, it is assumed that most of the species of 
Gracilaria are characterized by triphasic sexual life history with an alternation of 
generations. As in the case of most red algae, the life cycle is diplohaplontic, with 
haploid gametophytes alternating the diploid sporophytes. However, deviations to 
this have also been reported. The variation in reproductive success in relation to 
haploid and diploid stages has also been reported. Studies have also confirmed 
the differences in the dispersal abilities in haploid and diploid life-cycle stages. 
The different survival strategies under artificial environmental conditions have 
been reported by both haploid and diploid in Gracilaria. It has been shown by 
using microsatellite DNA markers that the variation in male fertilization success 
depends on the distance traveled by spermatia, male–male competition, and 
female choice. Thus, the fertilization is not sperm-limited as it was earlier thought. 
The knowledge about reproductive biology would be helpful not only for cultiva-
tion but also for resource management. This paper briefly appraises the informa-
tion on the different reproductive processes in the genus Gracilaria and the 
possible effects of the changing environment.

2.  Life-Cycle Patterns

The sexual life cycle in the seaweeds involves a cyclic alternation between diploid 
and haploid phases, with meiosis mediating the transition from the diploid to the 
haploid state, while syngamy reconstitutes a diploid genome. The typical life his-
tory of Gracilaria follows a basic pattern known as “Polysiphonia type,” which is 
triphasic in nature (Fig. 1). The gametophyte as well as the sporophyte is morpho-
logically identical and independent, while the gametophytes are dioecious. The 
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haploid male and female gametophytic plants in nature are presumed to be in 
equal number; however, their identity can be confirmed under the microscope only 
at maturity. The female gamete is fertilized in situ by the single fertilization event. 
The diploid zygote is then formed involving very complex cytological events. The 
zygote germinates within the mother tissue forming the distinct new phase called 
“carposporophyte.” This stage can easily be identified in the field with the naked 
eye, as hemispherical, protruding cystocarps are formed all over the surface of the 
female gametophyte. The formation of cystocarp is regarded as a separate phase 
that grows parasitically on the female gametophyte. The numerous carpospores 
are produced in the cystocarp by mitotic division, hence genetically identical and 
diploid. The carpospore production could be compared with that of polyembry-
ony, where the embryo derived from bi-parental fusion splits into many genetically 
identical embryos that are different from the mother (Engel et al., 2004). Each 
carpospore germinates into a new diploid tetrasporophyte that is morphologically 
indistinguishable from the gametophytic plants. The tetraspore mother cell upon 
maturity undergoes meiosis, resulting in genetically variable haploid tetraspores. 
Half  of the tetraspores would germinate and develop into male and the remain-
ing half  into female gametophytic plants, re-establishing the sequence of cyclic  
pattern. Numerous field as well as laboratory studies have confirmed the above-
mentioned life-cycle pattern in a majority of Gracilaria species (Ogata et al., 1972; 
Plastino and Oliveira, 1988; Engel et al., 2001, Mantri, 2010). This type of sexual 
life cycle has also been reported in other Florideophyceae members including 

Figure 1.  Life cycle of Gracilaria dura (C. Agardh) J. Agardh from Indian waters.
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economically important genera such as Gelidium, Chondrus, Eucheuma, and 
Kappaphycus (Coelho et  al., 2007). In the laboratory, the life history could be 
completed within 5–12 months of culture, depending on the species (Kain and 
Destombe, 1995; Oza and Gorasia, 2001).

However, deviations from the typical Polysiphonia type of life cycle in Gracilaria 
have also been reported. The in situ germination of  tetraspores has resulted in 
the formation of a very interesting feature called “mixed-phase” individuals, who 
exhibit both sporophyte and gametophyte characters in the same single generation. 
This type of variation has been reported in G. tikvahia, G debilis, and G. verrucosa 
(Bird et al., 1977; Oliveira and Plastino, 1984; Destombe et al., 1989). This variation 
effectively allows the population to skip the haploid microscopic phase of life cycle 
to some degree. Oliveira and Plastino (1984) reported the aberrant sequence of 
development in G. chilensis. The in  vitro culture of carpospore has produced 
spermatangia at maturity in few cultures instead of tetrasporangia. The authors 
have further reported the formation of only spermatangia in nonaerated culture of 
tetraspores; however, the aerated culture of tetraspores produced male and female 
gametophytes in normal 1:1 ratio. The study inferred that the development of 
spermatangia on putative female gametophytes, or on putative tetrasporophytes, 
could be due to the different culture conditions under which these have been grown. 
This study also postulates the environmentally controlled sex determination in red 
algae. The development of female gametophyte has been reported from the carpo-
spores in G. edulis (Krishnamurthy et al., 1969). Monocious condition bearing both 
male and female structures along with tetrasporangia has also been recorded (Kain 
and Destombe, 1995). The mitotic recombination and mutation involving male or 
female repression could be the genetic explanation for such a deviation (van der 
Meer, 1977, 1981; van der Meer and Todd, 1977).

Although reproduction is often linked with sex, this is not always the rule. 
The reproduction involving propagation through asexual spore, specialized 
vegetative structures, etc. can exist either instead of, or in addition to, a sexual cycle. 
Asexual cycles produce a succession of genetically identical individuals with the 
same level of ploidy. The vegetative multiplication is known to occur in many 
natural populations of Gracilaria species through fragmentation of the thalli, but 
only few instances have reported the formation of specialized vegetative struc-
tures called propagules in culture (Plastino and Oliveira, 1988; Xing-Hong and 
Wang, 1993). More recently, alternative life-cycle pattern has been reported in 
G. gracilis from north-eastern Italy (Polifrone et  al., 2006). The formation of 
spherical agglomerates of cells has been reported that upon release were able to 
proliferate and develop into new thalli. The propagules have been formed from 
the germinating carpospore and not from the modified branchlets of the tetras
porophytic plants as reported earlier in G. chilensis (Plastino and Oliveira, 1988). 
Such kind of asexual reproduction could help one to ensure the multiplication of 
species to recover the population growth when it faces sudden environmental 
changes such as elevated temperatures (Polifrone et al., 2006). Zhao et al. (2006) 
have also reported the development of filamentous structures during laboratory 
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culture of carpospore of G. asiatica. The development of filamentous fronds is in 
addition and independent of normal young sporelings. The single cell detached 
from the filament develops into a new filamentous frond. However, the formation 
of normal sporeling from filamentous frond is not reported. However, filament 
formation during carpospore germination could be considered as a new sexual 
pathway in G. asiatica. Recently, asexual propagules have also been observed in 
G. dura collected from north-western coast of Indian peninsula (Mantri, 2010). In 
old stock culture of tetrasporophyte (nearly 13–14 months old), many thin prolif-
erations arising from the common base have been formed all over the mother 
thallus. These structures have the capacity to produce the complete mature 
thallus, if  excised from the mother plant. This finding, however, is limited only 
for laboratory culture. If  these propagules are also present in the natural popu-
lation of  G. dura, they would represent a unique means of  propagation and 
distribution.

3.  Phenology and Differences in Life-History Stages

Phenology is the study of reproductive stages in the life cycle of an organism 
in accordance with the changes in climatic season. The phenology of species of 
Gracilaria has been studied widely from different geographical areas. At equiva-
lent latitudes, the phonologies are remarkably alike (Kain and Destombe, 1995). 
At higher latitudes, the peak growth has been reported in late summer or autumn 
(Destombe et al., 1988); however, at lower latitudes, it takes place in winter as it is 
controlled by the monsoon (Kaliaperumal et al., 1986). Only one growth season 
has been reported in G. cornea from Mexico. The biomass production has been 
significantly correlated with seawater temperature (Orduña-Rojas and Robledo, 
2002). The wet season recorded the peak biomass in G. cornea followed by cold 
and dry season with lesser production of plants. Similarly, the higher biomass 
values have been recorded in G. heteroclada during winter in Central Philippines 
(Luhan, 1996). The bimodal growth has been reported in G. edulis, G. arcuata 
var. arcuata, G. corticata var. cylindrica, G. verrucosa from India (Umamaheswara 
Rao, 1973; Kaliaperumal et al., 1986; Oza et al., 1989). Similarly, G. bursa-pastoris 
and G. gracilis from Mediterranean lagoon, Thau, France, have shown two peaks 
in the biomass production (Marinho-Soriano et al., 1998).

It is well evident from the literature that induction of reproduction in 
Gracilaria is environmentally controlled (Ye et al., 2006). Hay and Norris (1984) 
reported that reproduction in subtidal Gracilaria species has been associated with 
the onset of dry season along the Caribbean coast. They have further mentioned 
the dominance of gametophytic population over tetrasporophytes in three species 
and vice versa in two other species. In most of the perennial red alga, the sporo-
phytic phase in a population dominates the gametangial generation. The maximum 
occurrence of 65–33% has been reported for tetrasporophytic phase in G. cornea 
throughout the year from Mexico with only 21–17% carposporophytes and 12% 
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male gametophytes (Orduña-Rojas and Robledo, 2002). The highest proportion 
of tetrasporophytes in the natural population has also been reported in G. gracilis 
from north-eastern Italy (Polifrone et al., 2006). However, Destombe et al. (1989) 
reported equal proportion of diploid tetrasporophytes and haploid gametophytes 
in G. verrucosa from Northern France. Recently, the tetrasporophyte predominance 
in Gelidiales has been attributed to the ecophysiological differences in the phases 
(Carmona and Santos, 2006). It has also been shown that the diploid tetrasporo-
phytic fronds of species of Gelidium have efficient reattaching capacity with more 
rhizoidal cluster-forming ability than gametophytic fronds (Juanes and Puente, 
1993). Similar ecophysiological difference has been also reported in few species 
of  Gracilaria. The diploid tetrasporophytes of  G. verrucosa have been shown 
to be better in growth, survival, tolerance to heavy metal, and UV radiations 
(Destombe et al., 1993). The agar yield of diploid tetrasporophytes has been shown 
to be higher than haploid female gametophyte in G. bursa-pastoris (Marinho-
Soriano et al., 1999).

A few species of Gracilaria have been cultivated extensively; still very little is 
known about the relationship between the cultivated and natural propagation. 
Very little attention has been paid to the possible changes in life-history charac-
ters in relation to the culture practice, so also to the causes of using sexual verses 
asexual propagules for farming. Recently, such studies have been undertaken in 
G. chilensis, which has been cultivated extensively in the Chilean water for more 
than 25 years (Guillemin et al., 2008). The process of domestication has produced 
certain voluntary or involuntary selection for superior growth performance. 
The microsatellite DNA markers have been used to study the changes in genetic 
diversity and life-history traits associated with farming. The results suggested 
that genetic diversity has been reduced owing to continuous clonal propagation. 
The predominance of diploid individuals in farm suggested that farming practices 
had significantly modified the important life-history traits when compared with 
wild populations. The recruitment of individuals resulting from sexual reproduc-
tion is very infrequent in farmed individuals, which strongly supports the fact that 
the sexual life cycle is not competed under farmed conditions. The dominance of 
diploid individuals associated with farming practices may have important conse-
quences on the evolution of the haploid–diploid life cycle. The spread of selected 
genotype at local scale has been reported and attributed to the large scale and 
continuous farming of specific genotype.

4. � Distribution, Development of Reproductive Structures,  
and Sex- and Phase-Linked Molecular Markers

The reproductive structures in Gracilaria are distributed randomly throughout the 
surface. Few studies have shown that the basal portion of the main axis represents 
the highest number of both tetrasporangia and cystocarps (Garza-Sanchez et al., 
2000). In G. lemaneiformis, it has been observed that the distribution of tetraspores 
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on the first-generation branches was significantly higher than the subsequent-
generation branches. The first-generation branches possess 80% of the total tet-
raspores while the remaining 20% are produced on second- and third-generation 
branches (Ye et al., 2006). Similarly, the germination rate in terms of  percentage 
survival depends on from where they have been released. The spore death rate has 
been considerably lower (14%) for the tetraspores originated from first-genera-
tion branches than the subsequent order (54%) in G. lemaneiformis (Ye et  al., 
2006). Although such a study has not been carried out for the other species of 
Gracilaria, more research in this aspect is desirable to attribute the causes for 
such discrepancy.

The information related to the development of reproductive structures as a 
whole in genus Gracilaria is still fragmentary, but it has been worked out fairly well 
in few species (Greig-Smith, 1954; Oza, 1976; Ryan and Nelson, 1991; Bouzon 
et al., 2000). The female gametes in Gracilaria are stationary, called “carpogonia.” 
These are produced profusely all along the surface of female gametophyte at matu-
rity. The male gametes as in case of other red algae are nonmotile, called “sperma-
tia.” The spermatia are produced in specialized structure called spermatangial 
cavity. The arrangement of spermatangial cavity is one of the characteristics of 
paramount importance, as has been used for delineating the genera as well as spe-
cies of gracilariod alga. The carpogonium branch has been formed on the supporting 
cells and has cortical origin. The presence of true auxiliary cell in certain taxa is 
doubtful. The fusion of two to many vegetative cells to form a “fusion-cell” has 
been reported. The gonimoblast has been developed from the fusion cells. The 
spermatangia have been produced in sori and can be of two types: the simple or 
confluent cavity or patches in shallow depression. The five types of spermatangial 
cavities have been reported in Gracilaria, namely corda type, symmetrica type, tex-
torii type, verrucosa type, and henriquesiana type (Kain and Destombe, 1995). The 
location of spore mother cell has been reported in the outer cortex in G. corticata 
(Oza, 1976). The male gametogenesis has been studied in G. caudata and G. 
mammillaris (Bouzon et al., 2000). The electron microscopic examination revealed 
that the spermatangial mother cells differ from the surrounding vegetative cells by 
having poorly developed chloroplasts and numerous plastoglobuli. The endoplasmic 
reticulum has been concentrated at the cell periphery, contributing to the forma-
tion of the spermatangial vesicle. Each spermatium has two layers in its cell walls, 
but becomes necked upon its release. The tetraspore mother cell has been differen-
tiated in the cortical cell in G. corticata (Oza, 1976). Morphologically, this is the 
end cell of the lateral system. During the development, the cell accumulates, and the 
reserve food enlarges and becomes densely pigmented. The spermatium divides and 
forms four tetraspores, which are either cruciately or cunately arranged.

It is very difficult in Gracilaria to identify the sexuality before maturity owing 
to the isomorphic nature of  the life cycle. The phase- and sex-related genetic 
markers have been identified in G. lemaneiformis through amplification of genomic 
DNA by RAPD method (Xiang et al., 1998) and more recently by improved ISSR 
and AFLP analysis (Pang et al., 2010).
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5.  Spore and Gamete Production, Viability, and Fertilization

The population structure is determined by the vital rates of  spore mortality, 
recruitments, and reproduction associated with different stages of  life cycle. 
In Gracilaria, the recruitment and the relative frequencies of  the gametophyte 
stage depend on the vital rates of  the tetrasporophyte stage, and vice versa. 
However, the dominance of  one generation of  the life history in certain species 
could be explained by phase-specific differences in the above-mentioned factors. 
However, it has been discovered that in perennial red alga G. gracilis, the survival 
of  the gametophyte and tetrasporophyte stages is more important for popula-
tion persistence and growth than for the fertility aspects (Engel et al., 2004). 
This indicates that the survival of  adults is much more important for popula-
tion dynamics than is reproductive success. The large numbers of  studies have 
been carried out to estimate the spore output and the factors that control the 
spore release in Gracilaria (Kain and Destombe, 1995). A few studies have also 
dealt with the gamete production and their survival. The spore-shedding exper-
iments conducted in the laboratory have resulted in a very interesting finding 
pertaining to the reproductive strategies in Gracilaria. It is generally considered 
that the presence of  fertile plants in the natural population guarantee the spore 
release and their subsequent recruitment. The spore shedding can be more sea-
sonally confined as shown in many species of  Gracilaria (Kaliaperumal et al., 
1986; Mal and Subbaramaiah, 1990). However, some of  the species such as 
G. corticata from Mandapam coast, India, showed the spore shedding throughout 
the year (Umamaheswara Rao, 1976). The carpospores have advantage over 
tetraspores as released as a mass in mucilaginous sac, which ensures rapid and 
maximum spore settlement (Polifrone et al., 2006). The maximum spore shed-
ding has been reported within the first 3 days in many of  the Gracilaria species 
under laboratory conditions (Oza and Krishnamurthy, 1968; Chennubhotla 
et  al., 1986; Shyam Sundar et  al., 1991). Nevertheless, prolonged spore dis-
charge lasting for about 25 days has been reported in G. corticata (Joseph and 
Krishnamurthy, 1977) and for 30 days in G. edulis (Rama Rao and Thomas, 
1974) and G. verrucosa (Lefebvre et al., 1987). The marked diurnal variation 
has been reported in spore-shedding pattern of  different Gracilaria species with 
peak output at different times. G. corticata and G. sjoestedtii reported maxi-
mum carpospore as well as tetraspore production during night and the length-
ened darkness has enhanced the spore production (Umamaheswara Rao, 1976; 
Umamaheswara Rao and Subbarangaiah, 1981; Chennubhotla et al., 1986). In 
contrast, in G. textorii, peak spore shedding has been reported at the end of  the 
day (Subbarangaiah, 1984). Umamaheswara Rao and Subbarangaiah (1981) 
have further reported that the timing of  spore shedding has been affected by 
temperature alone but not irradiance, desiccation, and salinity. The difference 
in the carpospore and tetraspore size has been reported by many workers. It has 
been suggested that there is a positive correlation between spore size and their 
sedimentation rate. The spore dispersal depends primarily on their viability 
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and longevity in the suspended state. Destombe et  al. (1992) showed that in 
G. verrucosa the spore dispersal has not been affected by the size of  the spore. 
Further, they have reported that the haploid spores have better dispersal abilities 
than the diploid ones because of their higher longevity and buoyancy in the water 
column under in vitro conditions.

The stationary female gamete in Gracilaria fuses with spermatia. The gametic 
fusion involved complex chain of events described elsewhere in this chapter. The 
spermatia of G. verrucosa are effective for less than 5 h and have the dispersion range 
of  80 m (Destombe et al., 1990). The spermatia viability has been thus consid-
ered the prime cause of fertilization limitation in Gracilaria. The performance of 
nonmotile spermatia has been evaluated under the field conditions in G. gracils 
through microsatellite markers. Interestingly, the results showed that the cysto-
carp yield has not been sperm-limited. It has been further inferred from the 
observations that the variation in male fertilization success depends on various 
factors such as distance traveled by spermatia, male–male competition, and 
female choice (Engel et al., 1999).

The intrinsic factors such as life cycle and mating system are thought to be 
responsible for genetic structure within the population. Such factors also govern 
the abilities of dispersal between different populations. Engel et al. (2004) evalu-
ated the consequences of the haploid–diploid life history and intertidal rocky 
shore landscape on a fine-scale genetic structure in G. gracilis using seven polymor-
phic microsatellite loci. The reproduction in G. gracilis occurs in an allogamous 
manner. Within single population, no significant difference has been observed in 
allele frequencies, gene diversities, and mean number of  alleles between the 
haploids and diploids. Although within-population allele frequencies have been 
similar between haploid and diploid samples, the overall genetic difference among 
haploid samples has been more than twice that of diploid ones. The weak but 
significant population differentiation has been detected in both haploids and 
diploids that varied with landscape features and not with geographic distance.

6.  Spore Germination and Coalescence

The spores (both carpospores and tetraspores) in Gracilaria that have been 
attached to the substratum immediately undergo germination without any resting 
stage. The germination of spore follows the Dumontia-type of cell division (Oza 
and Krishnamurthy, 1967; Oza, 1975; Orduña-Rojas and Robledo, 1999; Polifrone 
et al., 2006; Mantri et al., 2009). In G. gracilis, G. corticata, and G. cornea, the first 
division of spore took place in transverse plane to form two-celled sporeling (Oza, 
1975; Orduña-Rojas and Robledo, 1999; Polifrone et al., 2006). In G. corticata,  
slightly oblique division took place in carpospore to form three-celled stage, 
whereas in tetraspore, two resultant cells underwent second division in an oblique 
plane with respect to the first to form four-celled germling. In G. gracilis, the first 
two divisions have taken place without expanding the cell volume (Polifrone et al., 
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2006). After the four-celled stage, each cell in G. corticata divides transversely to 
the first median plane forming an eight-celled primary disc. The cells of  the 
primary disc are arranged in two superimposed tiers of cells. Further, the peripheral 
cells of  the primary disc divide periclinally to form the arched shape dome form-
ing at the center. The establishment of the apical cell takes place at the summit, 
while the initiation of the rhizoids takes place in the lower half  of the sporeling 
from the outermost cells that are in direct contact of the substratum (Oza, 1975). 
Similar pattern of spore germination and development as disc, holdfast stage, and 
apical dome formation has also been reported in G. changii (Yeong et al., 2008).

The germinating spores that are in close proximity tend to fuse and form the 
irregular shaped tissue mass in natural as well as under laboratory conditions from 
which the chimeric plant develops. This phenomenon is termed as spore coalescence 
and has been first reported in G. verrucosa (Jones, 1956). The spore coalescence pro-
duces more and larger shoots developed than the isolated spore. The viability in 
terms of survival increases manyfold in coalescing spores. In the majority of cases, 
coalesced spore mass is a mosaic of spore derivatives and thus exhibits the signifi-
cant differences in growth and other phenotypic characters. In G. chilensis, bicolor 
individuals have been produced owing to spore coalescence (Santelices et al., 1996). 
The chimeric holdfast produced the red as well as green cells, so also the upright 
chimeric fronds. The random amplified polymorphic DNA analysis further con-
firmed the existence of two genetically different phenotypes combined because of 
coalescence of spores. The coalescence of spores under natural conditions forms 
the basal crust, which could withstand the adverse environmental conditions owing 
to its microscopic nature that is physiologically better adapted than the adult 
thallus. The coalescing macroalgae are thus ecologically important members of 
intertidal and shallow subtidal communities. Since the number of upright shoot 
formation is increased due to the spore coalescence, up to a certain extent it governs 
the population structure. In general, the spore coalescence increases the size of the 
sporelings, thereby reducing further probability of sporeling mortality.

7. � Global Climate Change and Its Predicted Effects on Reproductive  
Processes in Gracilaria

The human population has precipitated irreversible changes in the biosphere since 
the advent of the industrial era. The increasing deposition of pollutants and high 
levels of greenhouse gases have elevated the global temperature. In addition to 
these, the habitat disturbance by anthropogenic activities also caused substantial 
change in both the terrestrial and aquatic ecosystems. Thus, the climate change 
is ranking high in scientific and public agendas. The ecological processes in few 
groups of marine organisms have been alarmingly altered because of global change 
in the environmental parameters (Edwards and Richardson, 2004; Broitman  
et al., 2008; Wanless et al., 2008; Gibbons and Richardson, 2009). Certain seaweeds 
such as members of nongeniculate coralline algae provide excellent material to 
assess their response to the changing climatic conditions due to the intact fossil  
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deposits available for the study. However, there are too few data to allow any 
confident statements on the effects of global climate change on the different bio-
logical parameters in the seaweeds, including reproduction. It has been generally 
assumed that the global warming would cause a poleward shift in the distribu-
tional boundaries of species with an associated replacement of cold-water spe-
cies by warm-water species. There are interestingly no concise and confirmatory 
evidences in support of the above statement available for any of the groups of 
marine organisms. However, the critical role of temperature in determining algal 
species distributions has been evident on much smaller spatial scales. A recent 
such study has revealed that the rise in seawater temperature by 3.5°C, induced 
by the thermal outfall of a power-generating station, over 10 years along 2 km of 
rocky coastline in California has resulted in significant community-wide changes 
in 150 marine species including algae. The communities have been greatly altered 
in cascading responses to changes in abundance of several key taxa, particularly 
habitat-forming subtidal kelps and intertidal foliose red algae. The temperature-
sensitive algae have been decreased greatly in abundance (Schiel et al., 2004). The 
fragmentary information is also available to correlate the potential environment-
induced changes on the algal distribution, dispersal, and establishment (Sagarin 
et al., 1999; Edwards and Richardson, 2004; Smayda et al., 2004; Coleman et al., 
2008). The study has been conducted along the North Sea coast to understand 
the possible effects of predicted climate change in the seaweed flora. The results 
have demonstrated that G. verrucosa, which have been conspicuous members of 
the macro-algal flora of North Sea until the middle of the twentieth century, has 
completely disappeared along with few other seaweed species by 1997 (Ducrotoy, 
1999). The author has related this change to the altered environmental parameters 
such as increased levels of nutrients and oxygen depletion.

Having the tropical origin, genus Gracilaria would be capable of reproducing 
over a wide range of temperatures. The adult plants in Gracilaria have been found 
to be more sensitive to the elevated temperatures. The Mediterranean population 
of G. gracilis has shown the rapid decline in number of macroscopic thalli at the 
end of  May when the water temperature reaches its peak (25–28°C). Similarly, 
G. dura population from northwestern peninsular India vanishes at the end of June 
when the seawater temperature reaches its maximum (above 30°C) (Mantri, 2010). 
However, interestingly a fall in temperature (below 10°C) induces the reproduction 
in G. gracilis (Polifrone et al., 2006). However, the expected rise of average 2°C in 
global temperature may or may not induce the sporulation in G. gracilis. 
However, correlating reproductive phenology and temperature has been a difficult 
task because of our incomplete knowledge about how temperature influences 
reproductive maturity and at what stage of development. Temperature has been also 
the important factor that controls the spore shedding in many of the tropical species 
of  Gracilaria. It has been shown that higher and lower temperatures than the 
normal would either prepone or postpone the timings of diurnal periodicity of 
the spores in G. corticata, G. textorri, and G. sjoestedtii (Subbarangaiah, 1985). 
In G. edulis, about 3,180 carpospores cystocarp−1 day−1 have been produced at 
28.5°C in March; however, in May when the seawater temperature reaches 32.5°C 
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the carpospore yield has been only 1,696 spores cystocarp−1 day−1 at Gulf of Mannar, 
India (Mal and Subbaramaiah, 1990). The 4°C increase in seawater temperature 
has significantly reduced the carpospore output in this species by half of the aver-
age output. Garza-Sanchez et al. (2000) also reported that carpospore as well as 
tetraspore release and attachment in G. pacifica are temperature- and irradiance-
dependent. The maximum tetraspore release has been achieved at 24°C and 140 µM 
quanta m−2 s−1 in winter as well as autumn. However, the maximum carpospore 
release has been achieved at moderate temperature 20°C and 60 µM quanta m−2 s−1. 
The higher temperature of 24°C and higher irradiance of 140 µM quanta m−2 s−1 
has drastically reduced the spore output in G. pacifica.

The spore survival in G. pacifica has been studied in spring, summer, 
autumn, and winter. In all the seasons, the moderate temperature of 20°C and 
moderate irradiance of  60 µM quanta m−2 s−1 has shown higher percentage 
survival. In G. lemaneiformis, it has been observed that the tetraspore survival rate 
remains at the same level of about 85% with the temperature variance from 10°C 
to 30°C. However, the higher temperatures have resulted in significantly lower 
growth of the spore disc (Ye et al., 2006).

Ozone layer in the stratosphere provides the protection to all the living 
organisms on the Earth from harmful ultraviolet radiation (UVR). The human-
induced ozone loss has resulted in elevated levels of  UVR reaching the Earth’s 
surface in recent decades due to the thinning of  stratospheric ozone layer. In 
spite of  the fact that the worldwide production of  ozone-depleting chemicals 
has already been reduced by 95%, the environmental disturbances are expected 
to persist for about the next half  a century. Since UVR can penetrate water 
column, they can cause a range of  deleterious effects on aquatic organisms, 
with early life stages at particular risk (reviewed by Hader et al., 2007). UVR 
have been found to affect marine macroalgae by affecting key physiological 
processes including photosynthesis, enzyme metabolism DNA lesions, etc. 
(reviewed by Franklin and Forster, 1997; Xue et  al., 2005). However, the 
effect of  UVR on reproductive process in seaweeds is not frequent in literature. 
Roleda et al. (2004) have studied the effect of  PAR and UVBR on early life 
stages of  Mastocarpus stellatus and Chondrus crispus. The germination and 
photosynthesis of  the low light adapted carpospores of  both species has been 
inhibited with increase in PAR. The carpospore viability in C. crispus has been 
found to be sensitive to UVR. Similarly, the effect of  UVB radiation on early 
developmental stages, spore survival, and embryo growth has been studied in 
Mazzaella laminarioides, Gigartina skottsberdii, and Macrocystis pyrifera 
(Navarro et al., 2007). The survival and growth has been found to be affected 
in these seaweeds due to UVB. It has been observed that the percentage inhibition 
of  sporulation in cystocarpic plants of  G. corticata increased with increasing 
period of  exposure to UV radiation. The maximum inhibition of  sporulation 
of  about 55% has been observed when the cystocarpic plant has been subjected 
to 60-min exposure to UVB (CSMCRI, unpublished results). Therefore, it 
could be concluded that the UVR may affect the reproductive process and 
recruitment in Gracilaria species.
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The global climate change has increased the levels of atmospheric carbon 
dioxide in the last few decades. The abundant growth of Gracilaria has been 
reported in the intertidal area of some topical countries. The few species of 
Gracilaria with high growth rate could be also considered as the important CO2 
sink, although such studies have not yet been carried out. The genus Gracilaria has 
complex life history and varying reproductive strategies. The studies have proved 
beyond doubt that the differences do exist in different life-cycle stages at physiolog-
ical, ecological, as well as molecular level. The juvenile stages such as spores, germ-
ling disc, and early growth forms are of great importance, as such stages have an 
essential role to play in dispersal and subsequent recruitment. The survival of these 
transitional life-history stages is the most critical phase leading to the successful 
formation of a benthic population. The spermatia viability in Gracilaria is highly 
limited; this could be easily vulnerable to climatic changes. Considering the small 
size and simple cellular organization of these reproductive as well as early life-his-
tory stages, any kind of climatic change may exert stress, which ultimately would 
affect the biology of the species. However, the response of particular species toward 
change has been often very subtle and cannot be assessed simply from the results 
of few studies that subjected different life stages to a range of variable environmen-
tal conditions. Each species has its separate and unique strategy to combat the 
changing environmental conditions. Moreover, all the climatic changes are not sud-
den but take several years, and thus species might adjust to such changes up to a 
certain extent by altering the physiological needs. The G. salicornia populations col-
lected from Japan and Thailand have shown resilience against the changes in tem-
perature, salinity, and irradiance under in vitro conditions (Phooprong et al., 2007). 
The different responses in photosynthesis and respiration ability toward the short-
term change in irradiance, salinity, and temperature have been recorded. The popu-
lation from Thailand has shown the adaptability to high irradiance and temperature; 
however, the one from Japan has shown adaptability to the low submarine irradi-
ance under in vitro conditions. The same species has been intentionally introduced 
in Hawaii, in the 1970s for experimental aquaculture purpose (Smith et al., 2004). 
It took 30 years for this species to prove its invasive tendencies. This phenomenon 
has shown that the species might respond differently to the environmental change 
over the years by climatic adaptation. The overall understanding of the climatically 
driven environmental changes is much more complex and includes the species 
tolerance limit toward the particular change, alternative dispersal or reproductive 
strategy, physiological adaptation, biotic interactions, etc. The effect of varying 
environmental conditions on reproductive processes of genus Gracilaria is largely 
unpredicted since the information pertaining to the effects is limited.
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1.  The Genus Porphyra

The genus Porphyra belongs to the division Rhodophyta, Class Bangiophyceae, 
Order Bangiales and Family Bangiaceae. It has a global distribution. The genus 
consists of more than 140 species and is the most speciose genera in the red algae 
(Yoshida et al., 1997; Silva, 1999; Brodie and Zuccarello, 2007). Porphyra is also 
one of the oldest red algae known. Fossils that closely resemble this genus were 
found in the 570 million-year-old Doushantuo formation in southern China (Gra-
ham and Wilcox, 2000). Butterfield (2000) estimates the lineage of the Order Ban-
giales to be at least 1.2 billion years old.

Some of the characteristics used to identify species of Porphyra are: shape, 
thickness and color (in fresh and dry conditions) of the blades; distribution of the 
reproductive cells (monoecious or dioecious species); arrangement of the repro-
ductive cells; shape and size of the vegetative cells; shape of the margins and of the 
marginal cells; seasonality of  the gametophyte phase; position on shore (in 
relation to the tidal level); and number and size of the chromosomes (Hus, 1902; 
Coll and Oliveira Filho, 1976; Wilkes et al., 1999; Brodie and Irvine, 2003). Despite 
its simple morphology, it may have variable morphologies that may ultimately 
require molecular techniques for positive identification. Recent molecular evi-
dences suggest that the genus is polyphyletic (Nelson et al., 2006). More studies are 
using molecular techniques that include the sequencing of the SSU rRNA gene, 
ITS1-5.8s-ITS2 and rbcL subunits (Broom et al., 2002; Brodie et al., 1996, 2007; 
Klein et al., 2003; Neefus et al., 2008). There is a need to find genes capable of 
distinguishing species, without detecting differences between populations of the 
same species, which could lead to formation of many ‘new’ species. As Klein et al. 
(2003) pointed out, phylogenetic analysis of the Bangiophyceae have previously 
been conducted based on the sequences of a single or, at most, two examples of 
each species. This limited sampling is inadequate to assess intraspecific variation 
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or to reveal cryptic variation in morphologically similar taxa. Those authors 
developed molecular screens that can reliably and objectively sort specimens of 
northwest Atlantic Porphyra into taxa (Klein et al., 2003). It is a DNA-based sys-
tem that uses partial sequences of the nuclear small subunit ribosomal RNA gene 
(SSU) or the plastid ribulose-1,5-bisphosphate carboxylase-oxygenase large subu-
nit gene (rbcL). A similar study was carried out for Porphyra and Bangia species 
from the northeast Atlantic (Brodie et al., 1998). Nevertheless, morphological and 
life-history traits are still useful and are used to distinguish species.

The macroscopic phase of Porphyra consists of thalli with either one (monos-
tromatic) or two (distromatic) cell layers. This is usually considered a species-specific 
character, although Brodie et  al. (1998) proved that it has no taxonomic signifi-
cance. Molecular systematic studies suggest that the monostromatic type may be 
older and that the distromatic type may have arisen at least twice (Oliveira et al., 
1995). The blades of Porphyra grow by division of the marginal cells and attach to 
the substrate (rocks, shells or other algae) through numerous thin, colourless 
rhizoidal cells. The genus is typically divided into three groups, based on the number 
of cells and on the number of chloroplasts per cell. There are monostromatic spe-
cies with one chloroplast per cell, monostromatic species with two chloroplasts per 
cell and distromatic species with one chloroplast per cell (Brodie and Irvine, 2003).

With Porphyra being such a unique group of economic species, there has 
been interest in establishing it as a model organism for basic and applied studies 
in plant science (Sahoo et al., 2002). There are several advantages to study devel-
opment, physiology, cytology, genetics and genomics. For example, establishment 
of several pure lines, the small genome size (consisting of up to five chromo-
somes) and short generation time (1–3 months) are suitable for genetic analysis. 
To understand the whole genetic system in red algae, large-scale expressed 
sequence tag (EST) analysis of P. yezoensis has been initiated (Kitade et al., 2008). 
Of the several thousand EST sequences produced so far, approximately 40% have 
similarity to those of registered genes from various organisms, including higher 
plants, mammals, yeast and cyanobacteria. Porphyra is currently the focus of a 
very significant human genome-like study by the US Department of Energy’s 
Joint Genome Institute Community Sequencing Project and the US National 
Science Foundation (Gantt et al., 2009).

2.  Economic Importance of Porphyra

The genus Porphyra is the most valuable seaweed crop, considering the value per 
kilogram produced. According to the data made available by the Food and Agri-
culture Organization of the United Nations (FAO, 2009a), in 2007, more than 1.5 
million tons of Porphyra were produced valued at over US$1.5 billion (Table 1).

Porphyra, commercially known as nori (its Japanese name) or ‘laver’ is mainly 
used for human consumption as ingredient of  the Japanese delicacy ‘sushi’. 
The alga contains high levels of protein (25–50%), vitamins (higher vitamin C 
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than in oranges), trace minerals and dietary fibres (Noda, 1993). Nearly 17 types 
of free amino acids are found in the tissue of Porphyra, including taurine, which 
controls blood cholesterol levels (Tsujii et al., 1983). This alga has yet other bio-
logically active substances beneficial for human health. For instance, Zhang et al. 
(2003) showed that a sulphated polysaccharide fraction from P. haitanensis can be 
used to compensate for the decline in total antioxidant capacity and the activities 
of antioxidant enzymes. This suggests that it may be helpful in retarding the aging 
process. Other works with polysaccharides extracted from P. yezoensis showed 
anticoagulant (Zhou et al., 1990) and immune-stimulating activities (Yashizawa 
et al., 1995). Saito et al. (2002) showed that Porphyra peptides induced a signifi-
cant reduction of the blood pressure in hypertensive patients.

Porphyra is a preferred source of the red pigment r-phycoerythrin, which is 
utilised as a fluorescent marker in in situ hybridisation studies, in the medical diag-
nostic industry (Mumford and Miura, 1988). More recent applications of Porphyra 
are its use as source of mycosporines (Korbee et al., 2005a, b; Sampath-Wiley et al., 
2008), compounds with UV protection properties. It is also an ingredient in fish-feed 
as a partial substitute for fish meal because of its high protein content; however, it is 
now receiving widespread acceptance and is still not commercially available (Davies 
et al., 1997; Walker et al., 2009; Pereira et al., 2010).

3.  The Life Cycle of Porphyra

The life cycle of the genus was first described by Kathleen Drew (1949). She found 
that the microscopic, shell-inhabiting ‘Conchocelis rosea’ was in fact the sporo-
phytic phase of the genus Porphyra. The life cycle of Porphyra is, therefore, biphasic 
and heteromorphic, with a foliose haploid gametophyte and a filamentous diploid 
sporophyte (Fig.  1). The sporophyte phase is still commonly referred to as the 
conchocelis phase (Brodie and Irvine, 2003).

The conchocelis serves as a perennating stage in nature and it can also be 
maintained in laboratory cultures for long periods through vegetative propagation. 
Under the appropriate environmental conditions, the conchocelis produces con-
chosporangial filaments that produce diploid conchospores. The conchospores 

Table 1.  Main seaweed aquaculture production and value in 2007.

Genera Production (t)

Value

(US$1,000) US$ t−1

Laminaria 4,613,104 2,894,539 627
Eucheuma/Kappaphycus 3,164,064 550,934 174
Undaria 1,765,492 790,875 448
Porphyra 1,510,634 1,541,934 1,020
Gracilaria 1,066,700 522,159 490
Other 326,577 97,613 299
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are then released and, during the germination, the meiosis yields a four haploid 
celled germling, a chimera. However, confirmation of the position of meiosis is 
only available for four species: Porphyra yezoensis (Ma and Miura, 1984; Tseng 
and Sun, 1989), P. torta (Burzycki and Waaland, 1987), P. tenera (Tseng and Sun, 
1989) and P. purpurea (Mitman and van der Meer, 1994). Some authors suggest 
that meiosis may not be a fixed event, varying according to species or growing 
conditions (Burzycki and Waaland, 1987; Guiry, 1991).

The distribution of the reproductive cells in the gametophytes varies between 
species and can be used as a distinctive character. There are monoecious species 
and dioecious species. Within the monoecious species, there are also different 
distribution patterns of the reproductive cells. In some species, the blade presents 
a longitudinal division with male regions (with spermatangial cells) on one side 
and female regions (with carpogonial cells) on the other, i.e., sectored. In other 
species, there are patches of spermatangial and carpogonial cells throughout the 
blade without a particular order. In any case, after fertilisation, diploid zygot-
ospores are formed, liberated and germinate to form the conchocelis and thus 
closing the cycle.

In some species of Porphyra, alternative forms of reproduction can be 
found. The conchocelis can reproduce through formation of neutral conchos-
pores and conchocelis archeospores (sensu Nelson et al., 1999), in any case origi-
nating new conchocelis. As for the gametophytes, in some species these are able 
to form blade archeospores, a form of asexual spore that germinates to form a 
new blade (formerly referred to as monospores). Besides archeospores, other 
kinds of asexual spores (agamospores, neutral spores, endospores) have been 
described in Porphyra (Notoya, 1997; Gantt et al., 2009).

The lack of vegetative propagation capacity of the gametophytes constitutes 
a disadvantage to the expansion of Porphyra aquaculture, when compared with 
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Figure 1.  Schematic representation of the life cycle of Porphyra.
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other Rhodophyta. The need to obtain spores from conchocelis, for every crop, 
makes the process more complex and expensive. In fact, the few species of 
Porphyra cultivated in large scale are the ones that naturally produce arche-
ospores, an episode that allows an exponential increase in the production, leading 
to up to six to eight harvests per production net (1.8 × 18 m2).

The recognition of the difficulties in the cultivation of Porphyra has led 
researchers to look for techniques to overcome that limitation, either with new 
ways of cultivating the conchocelis (He and Yarish, 2006) or with artificial meth-
ods to obtain protoplasts and/or asexual spores from the gametophytes (Polne-
Fuller et al., 1984; Le Gall et al., 1993; Mizuta et al., 2003; Saito et al., 2008). The 
work by He and Yarish (2006) is particularly important in the sense that it pro-
vided an easier (less complex and less expensive) way of cultivating the conchoce-
lis phase of Porphyra, therefore facilitating the production of conchospores and 
new gametophytes. In terms of protoplast production, the cells obtained with 
enzyme cocktail not always developed into new gametophytes. In some cases, the 
protoplasts formed callus-like tissues or cell clumps (Le Gall et al., 1993). The 
works by Mizuta et al. (2003) and by Saito et al. (2008) are of particular interest 
because they use a simpler method to obtain protoplasts. In the work by Saito 
et al. (2008), the method was applied successfully to a species, Porphyra pseudo-
linearis, which does not produce archeospores naturally.

Recently, Pereira et al. (2006) reported on an unusual form of reproduction, 
or perennation, in Porphyra dioica. The individuals of this species are capable of 
producing ‘new’ blades from the basal parts of the primary blades obtained from 
conchospores. Although the importance of  this strategy in the perennation of 
the populations is still not clear, studies in the laboratory showed that regenera-
tion of ‘new’ blades, once the old ones were cut out, occurred for at least 3 months 
(Pereira et al., 2010).

4.  Physiological Characteristics of Porphyra

Environmental conditions such as temperature, salinity, photon flux density 
(PFD), photoperiod and nutrient availability, among others, are known to affect 
the physiological mechanisms of seaweed. Porphyra is not an exception, and being 
an economically important genus, its physiology has been the subject of many 
works in the past 40–50 years.

The genus Porphyra is distributed around the world and species of Porphyra 
can be found from cold to warm waters. Some species, like Porphyra moriensis 
(Notoya and Myashita, 1999), P. dioica (Pereira et al., 2006) can withstand a wide 
range of temperatures, although it is common for a species to have strict tem-
perature requirements for specific events in the life cycle. For instance, in Porphyra 
linearis, conchosporangia are formed at 5–20°C but release of conchospores 
occurs only at 13°C (Bird et al., 1972).
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Some species of Porphyra occur in the intertidal (e.g., P. dioica, P. umbilicalis, 
P. linearis) while others are found only in the low-intertidal (e.g., P. leucos-
ticta, P. purpurea) or the subtidal regions (e.g. P. amplissima). Intertidal species are 
naturally expected to survive salinity variations, but in reality not many studies 
have looked into the effects of salinity in Porphyra. Stekoll et al. (1999) investigated 
the effects of salinity on the growth of the conchocelis phase of P. abbottae, P. torta 
and P. pseudolinearis. Those authors found that salinity between 20% and 40‰ 
had little effect on growth, but there was virtually no growth at salinity 10‰ and 
below. Conitz et al. (2001), on the other hand, did not find significant effects of 
salinity on growth of juvenile gametophytes of P. torta, from 30‰ to 7.5‰.

The effects of photon flux density (PFD) and photoperiod have been studied 
for many species, especially due to their influence in the life cycle of virtually all 
species. The gametophytes and sporophytes of Porphyra dioica, for instance, grow 
in short-day, neutral-day and long-day photoperiods. However, formation of 
conchosporangia and release of conchospores in the laboratory occurred only in 
short days (Pereira et al., 2006).

In terms of nutrient removal, the works by Chopin et al. (1999), Carmona 
et al. (2006) and Pereira et al. (2008), among others, showed that some species of 
Porphyra perform well in that function. Chopin et al. (1999) showed that tissue 
nitrogen (N) and phosphorus (P) of Porphyra increased in specimens grown near 
salmon cages. Of the several species studied, these authors concluded that 
Porphyra yezoensis and Porphyra purpurea respond to high nutrient loading in 
coastal waters resulting from anthropogenic activities (salmon aquaculture and 
intense scallop dragging).

Studies in the laboratory have also shown that Porphyra responds to high 
concentrations of ammonium (NH4

+), a common form of N in water enriched by 
anthropogenic activities. Wu et  al. (1984) studied the utilisation of NH4

+ by 
Porphyra yezoensis and obtained higher growth rates (11.6% day−1) and tissue nitro-
gen content (4.72% dry weight [dw]) with NH4

+ concentration ranging from 5 to 10 
ppm (approx. 350–700 µM). For the same species, Amano and Noda (1987) 
reported that the optimal fertilising effect was obtained using 20 ppm NH4

+ during 
48 h. More recently, Carmona et al. (2006) assessed the bioremediation potential of 
several native northeast American species of Porphyra and compared those with 
well-known Asian species. In that study, growth and tissue N reached maximal 
levels at inorganic N concentrations of 150–300 µM. Maximum growth rates 
ranged from 10 to 25% day−1. Pereira et al. (2008) studying a North Atlantic species, 
Porphyra dioica, also reported an interesting capacity to uptake equally well NO3

− 
or NH4

+, in concentrations ranging from 25 to 300 µM, when only one of these N 
forms is present. If both forms were present, the preference was for NH4

+ even if  
available at a much lower concentration than NO3

−.
Still in terms of nutrient physiology, considerably fewer studies have focused on 

aspects related to phosphorus (P) and carbon (C). Carmona et al. (2006) showed that 
P biofiltering efficiency was higher when NH4

+ was supplied in P. amplissima, 
P. purpurea, P. umbilicalis and P. yezoensis, but not in P. katadai and P. haitanensis. 
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These authors also determined that P uptake was not saturated up to 30 µM P in 
P. umbilicalis and P. haitanensis, while uptake rate by P. purpurea was saturated at 
15 mM P, regardless of the N source, and at even lower P concentrations in the 
other species. Pereira et al. (2008) showed that, for P. dioica, P enrichment up to 
400 µM P did not translate into higher P uptake. In fact, despite the increasing P 
concentration, the total amount of P removed from the medium was the same. 
Both studies confirm what was first pointed out by Hafting (1999) for P. yezoensis, 
a lack of capacity to store P. Interestingly, Chopin et al. (2004) described the pres-
ence of polyphosphate granules in the cells of P. purpurea. Polyphosphate gran-
ules are a form of P storage in yeast, microalgae and some macroalgae Sommer 
and Both, 1938; Lundberg et al., 1989; Chopin et al., 1997). Chopin et al. (2004), 
however, also point out that these granules do not seem to have the same storage 
function in P. purpurea.

In terms of C metabolism, there are seaweed species capable of using only 
CO2 and others that can use CO2 or HCO3

−. Bicarbonate utilisation has been sug-
gested for P. leucosticta (Mercado et al., 1997), P. umbilicalis (Maberly, 1990) and, 
although with a limited capacity, for P. linearis (Israel et al., 1999). For P. leucos-
ticta and P. linearis, those authors detected the activity of intra- and extracellular 
carbonic anhydrase (CA). In P. yezoensis, on the other hand, Gao et al. (1992) 
found evidences for active HCO3

− transport, in that CO2 uptake was extremely 
slow compared with the photosynthesis, and that external CA was never found in 
that species.

5.  Porphyra in IMTA

According to the FAO (2009b), in 2006, 47% of the world’s fish food supply 
was produced in aquaculture. This activity continues to grow more rapidly than 
all other animal food-producing sectors and in 2006 accounted for 36% of the 
world total aquatic animal production by weight. In turn, in 2007, aquatic plants 
aquaculture represents nearly 23% of the world aquaculture production, based 
principally in Asian countries. The seaweeds that are produced are for human 
consumption or for extraction of hydrocolloids (agar, alginates or carrageenan).

There are two main biological techniques for treatment of animal aquaculture 
waters: bacterial dissimilation into gases and plant assimilation into biomass. 
Bacterial biofilters allow effective and significant aquaculture water recirculation 
(van Rijn, 1996), but the technology is not simple and such systems usually accu-
mulate nitrate and sludge that need to be disposed, and are expensive to operate. 
Biofiltration by algae is assimilative (Krom et al., 1989) and they use excess nutri-
ents (particularly C, N, and P) to produce new biomass that can easily be removed 
from the water and that can have an economic value. In China, the annual pro-
duction of over 7.4 Mt of  seaweed (FAO, 2009a) may be responsible for removal 
of  more than 40,000 t of nitrogen (N) from coastal waters. It is clear that seaweed 
production can help mitigate the potential environmental impacts of  animal 
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production and contribute to the development of  an environmentally and 
economically sustainable aquaculture.

The principle of Integrated Multi-trophic Aquaculture (IMTA) systems is to 
build a simplified ecosystem where the resources provided, mainly feed and water, 
will be used by two to three other extractive aquaculture organisms: molluscs and 
seaweeds. This allows a system to virtually use much of the nutrients minimising 
the production of  wastes. The best examples of  IMTA systems operating in 
different parts of the world were described by Chopin et al. (2008).

Because of its morphological characteristics, high surface area to volume 
ratio (SA/V), Porphyra is one of the most promising species to be used as biofilter 
in IMTA. The thallus of Porphyra is a thin blade with one or two layers of cells, 
all potentially involved in nutrient absorption. It can be argued that a thallus with 
high surface area to volume ratio does not allow storage of nutrients in reserve 
tissues like those of brown algae (e.g. Laminariales and Fucales). The advantage 
of Porphyra is its rapid growth, over 25% day−1 (Pereira et al., 2006; Carmona 
et al., 2006), which can allow repeated harvests and continuous removal of nutri-
ents from the water. There are yet other factors supporting the use of Porphyra in 
IMTA. When compared with most other seaweeds, besides its rapid growth rate, 
Porphyra has high nutrient uptake rates, is capable of coping with high NH4

+ 
concentrations and is able to store N in its tissue up to 6% dry weight (dw). 
Furthermore, the biomass produced has several valuable applications.

The best growth rates and nutrient removal capacities are usually found in 
species with high surface area to volume ratios as explained by the functional-
form model (Hanisak et al., 1990; Littler and Littler, 1980). For that reason, a lot 
of work has been done using thin blade-like species of Ulva (Chlorophyta). 
Martínez-Aragón et al. (2002) compared phosphate removal, from sea bass culti-
vation effluents, by Ulva rotundata, Ulva intestinalis (formerly Enteromorpha 
intestinalis) and Gracilaria gracilis. The maximum P uptake rate (2.86 mmol PO4

−3 
g−1 dw h−1) was found in U. rotundata. In a follow-up study with the same species 
(Hernández et al., 2002), U. rotundata also showed the highest NH4

+ uptake rate, 
89.0 mmol g−1 dw h−1. Chung et al. (2002) recorded an uptake rate of 114.6 mmol 
NH4

+ g−1 dw h−1 for U. pertusa. Fujita (1985) obtained, for U. lactuca, uptake rates 
between 2 × 103 and 3.6 × 103 mg N g−1 dw h−1. The same author obtained, for 
U. intestinalis, a maximal uptake of 14 × 103 mg N g−1 dw h−1. Mata et al. (2006) 
reported what is likely to be the highest N uptake rate for a seaweed in integrated 
aquaculture environment. In that work, the authors report a total ammonia nitrogen 
(TAN) uptake rate of 90 µmol l−1 h−1 at a TAN flux of about 500 µmol l−1 h−1 and 
with 5 g fresh weight (fw) l−1 stocking density. This is the equivalent to approximately 
4.5 mg N day−1 g−1 fw of the alga.

The results of N uptake by Porphyra, although lower than those reported for 
A. armata, are very interesting and promising. In laboratory conditions, Pereira 
et al. (2006) obtained an N uptake rate of 1.5 mg N day−1 g fw of P. dioica. Also 
in the laboratory, Carmona et al. (2006) obtained a maximum removal of 1.75 mg 
N day−1 g−1 fw of P. purpurea and P. haitanensis. In both cases, tissue N recorded 
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was over 6% dw. As mentioned earlier, Porphyra has other characteristics that 
constitute important advantages when choosing a biofilter. Particularly relevant, 
in terms of the potential role of Porphyra in ecosystem sustainability, is the ability 
of some species to uptake N equally well in the form of NH4

+ or NO3
− as shown 

by Pereira et al. (2006) and Carmona et al. (2006).
The results obtained so far show that Porphyra has an important role in the 

nutrient balance in the ecosystems. If  we consider a 10:1 dw:fw ratio and average 
values of 5.5% N, 0.7% P and 38% C in tissue dw, we realise that the aquaculture 
of Porphyra removes, annually, a significant amount of these nutrients from water. 
In fact, considering FAO last production figures (FAO, 2009a), approximately 
1.51 Mt of  Porphyra were produced in 2007. This may equal to a removal of 
9,063 t of N, 1,057 t of P and 57,404 t of C, every year.

These results are not just theoretical but supported by field studies of  pro-
duction of Porphyra and its nutrient removal capacity (e.g. Chopin et al., 1999; He 
et al., 2008). In the most recent paper, He et al. (2008) showed the bioremediation 
capability and efficiency of large-scale Porphyra cultivation in the removal of inor-
ganic nitrogen and phosphorus from open sea area. The study took place in 
2002–2004, in a 300 ha nori farm along the Lusi coast, Qidong County, Jiangsu 
Province, China. Nutrient concentrations were significantly reduced by the sea-
weed cultivation. Compared with a control area, Porphyra farming resulted in the 
reduction of NH4–N, NO2–N, NO3–N and PO4–P by 50–94%, 42–91%, 21–38% 
and 42–67%, respectively. Nitrogen and phosphorus contents in dry Porphyra 
thalli harvested from the Lusi coast averaged 6.3% and 1.0%, respectively. The 
authors concluded that the annual biomass production of P. yezoensis (about 800 
kg dw ha−1 from a 300 ha cultivation) equaled to an average of 14,708 kg of tissue 
N and 2,373 kg of tissue P harvested. These results indicate clearly that Porphyra 
can efficiently remove excess nutrient from nearshore eutrophic coastal areas.

The nutrient uptake capacity of Porphyra can also be useful in inland IMTA 
systems, providing biofiltration for intensive fish aquacultures. The effluents from 
these systems can reach high concentrations of both NH4–N and NO3–N. 
Porphyra is capable of coping with high concentrations N in either form whether 
for uptake or growth.

The main constraint in the case of land-based tank cultivation is the area of 
cultivation needed to significantly reduce the nutrient loads of  the effluents. 
For instance, for an effluent with 143 µM N and 10 µM P at a flux of 190 l min−1, 
Carmona et al. (2006) calculates that 282 m2 of Porphyra amplissima cultivation 
are needed to remove 90% of the N. Pereira et  al. (2006), for Porphyra dioica, 
calculated that 179 m2 of culture area would be needed to remove 50% of the N. 
This is considering that approximately 600 g of N are released per day by ton of 
fish (data from a 50 fish pond, 36 m3 each, turbot and sea bass farm, as described 
by Matos et al., 2006). Those authors refer, however, that in an IMTA system, the 
performance of P. dioica is likely to improve. Under those tank cultivation condi-
tions, the algae would have more nutrients and CO2 available, owing to the constant 
water flux. This would also allow to experiment with higher stocking densities, 
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possibly increasing nutrient removal. Ultimately, the best nutrient removal 
performance would be the result of the conditions that could yield the optimal 
combination of growth and tissue N content, for a given stocking density (Fig. 2).

It is clear that Porphyra can play an important role in the sustainable devel-
opment of intensive aquaculture. Species of Porphyra have high ammonia uptake 
rates, high ammonia uptake efficiencies, high yields and high protein contents 
(N content). Detailed economic studies are now needed to confirm the feasibility 
of such systems.

In conclusion, we think Porphyra is a very promising marine organism for 
biotechnological exploitation, one of the best seaweed for application in sustain-
able aquaculture (IMTA) and an interesting organism to be used as a model in 
biological studies.
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1.  Introduction

On the basis of current understanding of the relationship between climate change 
and energy policy, development of an effective and multistructured renewable energy 
sector is crucial, as acknowledged in the United Nations Framework Convention on 
Climate Change (UNFCCC) and the fourteenth Conference of  the Parties (COP-
14), held in December 2008 in Ponzan, Poland. The worldwide energy demand is 
increasing rapidly as many industries and populations are rapidly expanding. Since 
fossil fuels are finite resources and their combustion leads to a further increase of 
greenhouse gases, such as CO2, SO2, and NOx, their continued use is not sustainable. 
Today, renewable energy sources supply 14% of the total global energy demand. 
Some expect that in 2040, 50% of the world energy supply will come from renewable 
sources (Demirbas, 2008). Additional efforts and further research and development 
on biofuels, toward environmentally and economically sustainable processes, are 
essential for the full exploitation of this given market opportunity.

The substitution of conventional fuels by biofuels can reduce pollution and 
support sustainability. First-generation biofuels, such as biodiesel and bioethanol 
derived from biomass, have their environmental benefits related to carbon-neutral 
energy. However, increasing biofuel production from land crops strains the global 
food supply. Owing to these limitations, second-generation (bio) fuels – from 
biomasses that generate carbon neutral energy without competing with food pro-
duction – have been developed. These can be produced from the residual nonfood 
parts of current crops, as well as novel energy crops, such as seaweeds.

The culture of seaweeds has unique characteristics, which make it different 
and in many ways attractive in comparison with other biofuel sources. Seaweeds, 
also known as “marine macroalgae,” “aquatic plants,” or “sea vegetables,” are 
autotrophic organisms that produce biomass using sunlight and extracting from 
the water-dissolved inorganic nutrients, including carbon. Several seaweed species 
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are perhaps the most attractive of all CO2 removal and biofuel aquatic crops, 
thanks to high yields and low cost of production. Therefore, efficient production 
of biodiesel and bioethanol from seaweeds has been considered (Hanisak and 
Ryther, 1986; Bird and Benson, 1987; Flowers and Bird, 1987; Morand et  al., 
1991; Gao and Mckinley, 1994; Kelly and Dworjanyn, 2008). Seaweeds can be 
viewed as miniature biochemical factories, photosynthetically efficient, and effec-
tive CO2 fixers. Many species of seaweed are rich in oil or sugars that can be 
converted into biofuels; as a result, the biofuel productivity of seaweeds per unit 
area can be much higher than the conventional farm crops, such as wheat and 
maize. Producing a ton of dry algal biomass utilizes approximately 360 kg car-
bon, 63 kg nitrogen, and 8.6 kg phosphorus (Sinha et al., 2001). Utilization of 
anthropogenic CO2 as an industrial by-product for seaweed production holds great 
promise not only as a carbon sink, but also as a source of food, fodder, fuel, and 
pharmaceutics. The recent Algal Biomass Summit (Seattle, October 2008) stressed 
the importance of algae to deliver such a mix of energy, feed, and industrial prod-
ucts. From an ecological point of view, generation of biomass should not aim to 
a single application, treating the remainder as a “waste,” but toward a comprehen-
sive solution to several challenges, including biofuel, carbon sequestration, waste 
remediation, and natural production of food and biochemicals. The goal there-
fore should be the integration of the processes. Mass balance and energy balance, 
complemented by energy analysis, can guide the optimization of the technologies 
and economics of using seaweeds, regarding carbon sequestration, waste reme-
diation, biofuel production, and generation of seaweed products. Additional 
attractive characteristics of seaweed-based biofuels include the following: (a) 
some seaweeds are rich in oil, others in processable carbohydrates and proteins, 
(b) seaweeds of different species can be grown anywhere, in marine, brackish, and 
freshwater and in most climates, (c) seaweed can grow well on liquid domestic and 
industrial wastewaters and on streams polluted by agriculture, reducing pollu-
tion as they grow, and (d) seaweed biomass is desirable and valuable for a diverse 
array of commercial purposes, depending on species, quality, and quantity.

This chapter analyzes the current production of both commercially grown 
and wild-grown seaweeds, as well as their capacity for photosynthetically driven 
CO2 assimilation and growth. It is suggested that CO2 uptake by seaweeds can rep-
resent a considerable sink for anthropogenic CO2 emissions and that harvesting and 
appropriate use of seaweed primary production is a commercially viable approach 
for the amelioration of greenhouse gas emissions and biofuel production.

2.  Seaweed Culture Utilization

Seaweeds form a large group of amazing aquatic plants, widely used for human 
food in China, Japan, and Korea. It is also an ingredient in animal feeds, cosmet-
ics, and fertilizers (Critchley and Ohno, 1997, 1998, 2001; Critchley et al., 2006; 
FAO, 2003; McHugh, 2003). Various seaweeds are also used to produce the 
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hydrocolloids (or phycocolloids) alginate, agar, and carrageenan as thickening 
and gelling agents in the food and biomedical industries. Seaweed extracts are to 
be found in a wide range of common products we use daily such as toothpaste, 
shaving foam, ice cream, cheeses, candy, beer, shower gels, bacteriological agar, 
and paper. Increasingly, seaweeds are being investigated for the biological activity 
of their extracts, which are finding applications in pharmaceuticals, biotechnol-
ogy, and food preservatives (Schuenhoff et al., 2006). In addition, seaweed prod-
ucts are used in textiles and printing to achieve the desired consistency in dyes, 
paint, and ink. Several companies produce a range of seaweed-based therapy 
(Thalassotherapy) products, which include seaweed bath salts, bubble bath, sham-
poos, shower gels, soaps, facial scrubs, body masks, moisturizers, and foot bath 
salts (De Roeck-Holtzhauer, 1991; Turan and Cirik, 2008). Developments in the 
paper pulp industry have made seaweeds practical alternatives to the use of wood 
(De Poli et al., 1994; You, 2008).

In recent decades, several studies have investigated the possible use of sea-
weeds as a source of biofuel (Hanisak and Ryther, 1986; Bird and Benson, 1987; 
Flowers and Bird, 1987; Morand et al., 1991; Gao and Mckinley, 1994; Kelly and 
Dworjanyn, 2008). Potential uses for seaweeds in wastewater treatment due to 
their ability to absorb nutrients, heavy metal ions such as zinc and cadmium from 
polluted water have also been developed (Ryther et al., 1975; Schramm, 1991a). 
The effluent water from fish farms usually contains high levels of nutrients that 
can cause problems to other aquatic life in adjacent waters. Use of seaweeds as 
biofilters for mariculture effluents has been developed (Krom and Neori, 1989; 
Neori et al., 1989, 1996, 2004; Cohen and Neori, 1991; Neori and Shpigel, 1999; 
Nunes et al., 2003; Fei, 2004; Kang et al., 2008; Xu et al., 2008).

Seaweeds are now being advanced in polyculture systems as an integral com-
ponent of integrated multitrophic aquaculture (IMTA) (Shpigel et  al., 1993; 
Buschmann et al., 1994, 2001, 2008; Neori et al., 1996, 2000, 2004; Shpigel and 
Neori, 1996; Troell et al., 1997, 1999, 2003, 2006; Chopin et al., 1999, 2001, 2008; 
Neori and Shpigel, 1999; Schuenhoff et al., 2003, 2006; Yang et al., 2004; Chopin, 
2006; Cirik et  al., 2006; Turan et  al., 2006, 2007a,b,c; Whitmarsh et  al., 2006; 
Neori, 2007, 2008). The IMTA approach, besides being a form of ecologically 
balanced aquaculture management, diminishes possible environmental impacts 
from aquaculture (Edwards, 2004; Fei, 2004; Yang et al., 2006).

3.  Intensive Seaweed Aquaculture

Seaweed aquaculture already represents about a quarter of the world’s aquaculture 
production, but its potential is far from being fully exploited. Seaweed cultiva-
tion techniques are standardized, routine, and economical. Despite the variety of 
life forms and the thousands of seaweed species described, seaweed aquaculture 
currently uses only about 100 taxa. The genera Laminaria, Undaria, Porphyra, 
Eucheuma/Kappaphycus, and Gracilaria account for about 98% of global production 
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(Sahoo and Yarish, 2005; Yarish and Pereira, 2008). However, cultivation of the 
commercially important species Asparagopsis/Falkenbergia, Caulerpa, Chondrus, 
Cystoseira, Ecklonia, Gelidium Gigartina, Hypnea, Macrocystis, Palmaria, 
Monostroma, Pterocladia, Sargassum, and Ulva takes place in many different places 
(Kain-Jones, 1991; Schramm, 1991b; Critchley and Ohno, 1997, 1998, 2001; Cirik 
and Cirik, 1999; FAO, 2003; McHugh, 2003; Critchley et al., 2006; Troell et al., 
2006). The world seaweed industry produces over 15 million tons (fresh weight) 
annually with a total value of over US$7 billion (FAO, 2006b). Value of food prod-
ucts for human consumption contribute US$4–5 billion of this, with the single 
most valuable crop being Porphyra (“Nori” and “Laver”), worth over US$1.3 
billion. Substances that are extracted from seaweeds – hydrocolloids – account for 
a large part of the remaining value. Smaller, miscellaneous uses, such as fertilizers 
and animal feed additives, make up the rest. The farming of seaweed has expanded 
rapidly as demand has outstripped the supply available from natural resources. 
Over 90% of the market is supplied by cultivation.

China is the largest producer of seaweeds with 10.9 million tons (wet weight) 
followed by the Philippines (1.5 million tons), Indonesia (0.91 million tons), the 
Republic of Korea (0.77 million tons), and Japan (0.49 million tons) (FAO, 2009). 
While the bulk of China’s contribution comes from the cultivation of Laminaria 
japonica, 50% of Korea production is contributed by Undaria pinnatifida and 75% 
of Japan’s contribution comes from the cultivation of Porphyra sp. The Philippines 
and Indonesia are involved mainly in the cultivation of Kappaphycus alvarezii and 
Eucheuma denticulatum (carragenophytes) as well as Gracilaria species (agarophytes) 
(Table 1).

Seaweed growth rate and yield depend on species, the site of cultivation, the 
season, and the cultivation methodology. For example, the daily growth rate 

Table 1.  World seaweed aquaculture production in 2006 (FAO, 2006a).

Country
Seaweed  
production (ton) Species Utilization

Value  
(US$’000)

China 10,867,410 Laminaria japonica  
(more than 70% contribution)

Alginates, food,  
and other industries

5,240,817

Phillippines   1,468,905 Kappaphycus alvarezii Carrageenan    173,953
Eucheuma denticulatum

Korea   1,209,895 Undaria pinnatifida  
(nearly 50% contribution)

Food    514,022

Indonesia    910,636 Kappaphycus alvarezii Carrageenan    127,489
Eucheuma denticulatum

Japan      490,052 Porphyra yezoensis Food 1,051,361
P. tenera (75% of total  
production)

World total 15,075,612 Laminaria, Undaria, 
Kappaphycus, Eucheuma, 
Porphyra, Gracilaria

Phycocolloid  
(agar–agar, alginate, 
carrageenan), food, 
and other industries

7,187,125
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(DGR) of Kappaphycus alvarezii usually varies between 2% and 3% and that of 
Gracilaria spp. between 3.3% and 8.4%, depending on factors such as CO2 level 
of surrounding seawater (Chung et  al., 2007). Temperature increase may also 
affect the ability of seaweeds to perform in particular geographic areas (Breeman, 
1990), whereas both increased storm events and runoff from land are likely to 
impact seaweed growth (Dayton and Tegner, 1984; Nielsen, 2003).

Large-scale seaweed culture is attractive because of low-cost technologies 
that have been in operation for decades, and the multiple uses of the product. 
Yields of seaweeds can be as high as 80 mt dw ha−1 year−1 in modern intensive 
pond farms, whereas extensive low technology coastal farms regularly get yields 
above 20 mt dw ha−1 year−1 (Neori et al., 2004). Seaweeds can take up 29 mt car-
bon ha−1 year−1 in modern intensive farms and 7.3 mt carbon ha−1 year−1 in low 
technology farms (Sinha et al., 2001). Possibilities also exist for promoting inten-
sive growth of seaweeds in integrated aquaculture (IMTA).

IMTA seaweed farming provides exciting new opportunities for valuable 
crops of seaweeds with higher production. IMTA practice combines the cultivation 
of fed finfish with extractive shellfish and seaweeds for an ecologically balanced 
aquaculture. IMTA can increase the long-term and overall sustainability and prof-
itability per cultivation unit as the wastes of the main cultured species are biomiti-
gated through conversion into fertilizer, food, and energy through additional 
commercially valuable species. In this way, otherwise costly waste mitigation proc-
esses become revenue-generating cultivation components, which, by their harvest, 
export nutrients outside of the coastal ecosystem. It is important to note that 830 
tons of CO2 year−1 can be thus exported by an IMTA farm that produces 1,000 mt 
fish, 2,000 mt shellfish, and 500 mt seaweed. An IMTA farm that produces 1,000 
mt fish and 7,000 mt seaweed can export 1,230 tons of CO2 year−1 (Neori, 2008).

The seaweed IMTA component may include species of Gracilaria, Porphyra, 
Eucheuma/Kappaphycus, Laminaria, Undaria, Ecklonia, Macrocystis, Ulva, and 
Caulerpa. However, other commercially important species, such as Palmaria, 
Chondrus, Gigartina, Hypnea, Sargassum, Cystoseira, Asparagopsis/Falkenbergia, 
etc. have also high potential in IMTA systems. Today, several IMTA projects are 
being conducted in different parts of the world. The goal is to develop profitable 
modern IMTA seaweed farming components for different aquaculture environ-
ments. IMTA technologies with seaweed culture are bound to play a major role 
worldwide in sustainable expansions of the aquaculture operations within bal-
anced ecosystem (Neori, 2007). Similarly, seaweeds culture is ready to respond to 
the worldwide increasing demands for renewable fuel and efficient CO2 removal.

4.  CO2 Utilization by Seaweeds

Marine photosynthesis accounts for 50% of the total primary productivity of 
the planet (54–59 Pg (a petagram = 1015 g) C year−1 from a total of 111–117 Pg 
C year−1). Of this, marine macrophytes (seaweeds and seagrasses) in the coastal 
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regions account for ~1 Pg C year−1. However, natural beds of seaweeds, such as 
the kelps genera Macrocystis and Laminaria are capable of very high rates of pho-
tosynthesis and productivity of ³3,000 gC m−2 year−1 (Gao and McKinley, 1994; 
Muraoka, 2004). A range of other seaweed species have high productivities and 
can contribute significantly to the annual biological drawdown of CO2 and the 
global C cycle (Ritschard, 1992; Gao and McKinley, 1994; Muraoka, 2004).

Seaweeds utilize CO2 that diffuses in through cellular membranes from the 
surrounding seawater. Increased CO2 concentration can increase the rate of diffu-
sion and through it the rate of photosynthesis. High CO2 concentrations increased 
growth of the macroalga Porphyra yezoensis (Gao et al., 1991). Other species are 
essentially CO2 saturated under present-day CO2 levels in the sea and are not 
expected to show increased performance in the future (Beardall et al., 1998). 
In their natural habitats, photosynthesis and growth of Gracilaria species are likely 
to be CO2-limited, especially when the population density is high and water move-
ment is slow. When the CO2 content continues to rise, these marine seaweeds are 
expected to grow better (Surif and Raven, 1989; Maberly, 1990; Gao et al., 1991; 
Levavasseur et al., 1991). In culture studies of the red macroalgae Gracilaria sp. 
and G. chilensis in vessels continuously aerated with normal air containing 350 
ppm CO2, air enriched with additional 650 ppm CO2, and air enriched with addi-
tional 1,250 ppm CO2 for a period of 19 days, the relative growth enhancements in 
the +650-ppm and +1,250-ppm CO2 treatments were 20% and 60%, respectively, 
in G. chilensis, and 130% and 190%, respectively, in the Gracilaria sp. (Gao et al., 
1993). In another study, the red seaweed Lomentaria articulata was grown for 3 
weeks in hydroponic culture vessels, where various atmospheric CO2 and O2 con-
centrations were applied. Oxygen concentrations ranging from 10% to 200% of 
ambient had no significant effect on either the seaweed’s daily net carbon gain or 
its total wet biomass production rate. However, CO2 concentrations ranging from 
67% to 500% of ambient had highly significant effects on these parameters (Kubler 
et al., 1999). When the brown seaweed Hizikia fusiforme was grown in aquaria in 
a wide range of substrate nitrate concentrations, continuous aeration with air 
enriched with 700 ppm CO2 enhanced growth, nitrogen assimilation rate, and 
nitrate reductase activity. The CO2 enrichment increased the seaweed’s growth rate 
by 50%, nitrate uptake rate during the light periods by 200%, and nitrate reductase 
activity by approximately 20% (Zou, 2005).

Among 15 seaweed species examined, the red alga Pachymeniopsis lanceolata 
showed the highest carbon removal rate on an areal basis, 2,500–6,000 g C m−2 year−1, 
which is five times higher than that in tropical forests. Undaria pinnatifida, Porphyra 
seriata, Laminaria japonica, Ulva pertusa, Ecklonia stolonifera, and Grateloupia 
lanceolata were also found to be highly efficient in removing aquatic inorganic 
carbon. The uptake process depends on seasonal variations. For example, the highest 
carbon uptake rate on fresh-weight basis occured in Ulva pertusa collected in autumn, 
but the carbon uptake rate on area basis was the highest in Grateloupia lanceolata 
in winter, and twice the value in tropical rainforest (Chung, 2008).
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5.  Global Contribution of Seaweed Culture to the Carbon Cycle

Today, the world uses 15 million tons of fresh (2.3 million tons dry) seaweeds 
(Table 1). Seaweed dw contains above 30% carbon. Reported carbon content in 
Porphyra is 39%, and in Undaria and Laminaria 30% (Chung, 2008). Thus, the 
data in Table 1 imply that nearly 0.7 million tons C year−1 are removed from the 
sea in commercially harvested seaweeds. Consideration of the scale of seaweed 
production in some selected countries (Table 2) indicates the extent to which their 
current production might contribute to any offset against their CO2 emissions. 
With current levels of production, this represents, for most countries, only a small 
proportion of C emissions. However, it should be noticed that most countries 
produce little seaweed given the length and character of their coastline. China 
produces ~116 tons dry seaweed year−1 km−1. If  other countries were to match this 
level, then at least some of  them would be in a position where seaweed utiliza-
tion could offset significant fractions of  their C emissions (Table 3). Of course, 
culture of seaweeds on huge rafts in the open ocean (Notoya, 2010, this volume) 
can dwarf even this estimate.

Seaweed carbon could make an important contribution to the global pro-
duction of biofuel. The lipid content of most seaweed species is less than 7%. 
However, the contents of soluble and structural carbohydrates often surpass 30% 

Table 2.  A comparison between CO2 emissions of selected countries, their current seaweed production 
from aquaculture and wild harvest, and C sequestration in relation to national C emissions. Harvest data 
from FAO, 2006a; emission data from GHG (greenhause gas) data from UNFCCC (http://unfccc.int).

Country

Seaweed  
culture  
(t fw year−1)

Seaweed  
capture  
(t fw year−1)

Total  
production  
(t dw  
year−1)

C in  
production  
(t year−1)

C emissions  
(103 t  
year−1)

C in  
production/C 
in emissions 
(%)

China 10,867,410 308,380 1,676,369 502,911 947,347 0.053086
Phillipines 1,468,905 298 220,381 66,114 20,536 0.321940
Korea 1,209,895 15,212 183,767 55,130 45,905 0.120095
Indonesia 910,636 7,730 137,755 41,327 78,007 0.052978
Japan 490,052 104,893 89,242 26,773 334,020 0.008015
Chile 33,586 409,851 66,516 19,955 14,942 0.133543
Norway – 153,906 23,086 6,926 9,630 0.071917
France 45 76,633 11,502 3,451 99,132 0.003481
Russia 818 50,262 7,662 2,299 420,098 0.000547
USA – 35,922 5,388 1,617 1,571,471 0.000103
Ireland – 29,500 4,425 1,328 11,676 0.011373
Canada – 20,756 3,110 933 142,201 0.002187
Australia – 14,167 2,125 638 90,648 0.000704
Italy – 1,600 240 72 121,799 0.000069
Turkey – 45 6.75 2 61,053 0.000003
World Total 15,075,612 1,305,803 2,457,212 737,163 6,226,228 0.011840
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(Renaud and Luong-Van, 2006). Seaweed lipid can be directly converted to biodie-
sel with basically the same technology as other biomass feedstocks. Seaweed 
carbohydrates and proteins can also be processed to useful fuels and chemical 
feedstocks (Petrus and Noordermeer, 2006).

Seaweed oil is an interesting sustainable feedstock for biofuel/biodiesel manu-
facturing. It is a next-generation alternative to land-based biodiesel sources, like 
soybean, canola, and palm. Seaweed oil can be extracted, processed, and refined 
for various uses, including transportation, using currently available technology. 
Other benefits of seaweeds as a potential feedstock are their availability. Seaweeds 
can be grown nearly everywhere. One of the technical challenges for algae-based 
biodiesel is the matching of seaweed growth requirements, performance, and 
chemistry to each potential cultivation site and industrial use. Developing cost-
effective engineering of very large-scale farms and their operation are additional 
keys to success in seaweed-based biofuel.

Seaweed farms are expected to locate mainly in two environments, one being 
on the high seas (see Notoya, 2010) and in low value coastal lands and waters 

Table 3.  A comparison between current and potential (see text) seaweed production from aquaculture 
and seaweed wild harvest and cultivation in relation to the coastline in selected countries.

Country
Coastline 
(km)

Production  
(t dw year−1)/
coastline km

Potential  
production  
if increased to  
match China  
dw year−1)/ 
coastline km

Production 
increase 
(factor)

% of C  
emissions  
captured by 
biomass at 
the increased 
coastline 
usage

potential C 
sequestration 
(t year−1) by 
seaweed  
production

China 14,500 115, 612 1,676,369 1 0.05 502,910.7
Phillipines 36,289 6,073 4,195,444 19 6.12 1,258,633.2
Korea 2,413 76,157 278,972 1.5 0.18 83,682.6
Indonesia 54,716 2,518 6,325,826 28.6 1.52 1,897,747.8
Japan 29,751 3,000 3,439,573 38.5 0.31 1,031,871.9
Chile 6,435 10,337 743,963 11.2 1.50 223,188.9
Norway 25,148 918 2,907,411 125.9 9.05 872,223.3
France 3,427 3,356 396,202 34.5 0.12 118,860.6
Russia 37,653 204 4,353,139 568.2 0.31 1,305,941.7
USA 19,924 270 2,303,454 427.5 0.05 691,036.2
Ireland 1,448 3,056 167,406 37.8 0.43 50,221.8
Canada 202,080 15 23,362,873 7,512.2 16.43 7,008,861.9
Australia 25,760 8 2,978,165 13.5 0.01 893,449.5
Italy 7,600 3 878,651 3,661.5 0.25 263,595.3
Turkey 8,333 0.09 963,395 142,725.2 0.43 289,018.5
World Total 356,000 6,902 41,157,873 16.8 0.20 12,347,361
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close to CO2-emitting industrial centers and power plants. Typical coal-fired power 
plants emit flue gas with up to 13% CO2. This high concentration of CO2 can 
enhance uptake of CO2 by some seaweeds. Therefore, where the necessary low-
value area is available, the concept of coupling a coal-fired power plant with an 
algae farm provides an elegant approach to the immediate recycling of CO2 from 
coal combustion into a useable liquid fuel.

6.  Summary and Conclusions

The characteristics of the seaweed industry that make it suitable to contribute to 
the abatement of climatic change and supply of biofuel are their widespread avail-
ability, diversity of species, high content of practical fuel biochemicals, indepen-
dence from competition with food agriculture, high yields and CO2 uptake rates, 
and low-cost technologies for large-scale production.

Seaweed aquaculture is expected to increase dramatically, both in mono-
culture and in IMTA. Seaweed coastal CO2 removal belts can be anticipated to 
be developed in coastal waters together with sustainable seafood production 
(see in Issar and Neori and in Notoya, 2010, this volume). Seaweeds can be a 
considerable sink for anthropogenic CO2 emissions and excess nutrients in the 
coastal waters of  some countries. Increasing seaweed production to its full 
potential, and appropriate use of  the biomass could thus play a significant role 
in the amelioration of  greenhouse gas emissions and ocean nutrification and 
the production of  C-neutral fuels. The produced biomass can contribute to 
some extent in meeting the global food, fodder, and pharmaceuticals require-
ments. It is clear that seaweed fuels will be produced. The timely transition to 
renewable fuel from seaweed critically depends on scientific progress in three 
areas, which are:

·· Seaweed biology and biotechnology: identification and development of seaweed 
varieties that maximize the production of biodiesel and other fuels

·· Engineering: development of  culture technologies and farm designs that 
sustainably produce large quantities of seaweed feedstock at low cost

·· Social sciences: communication to the relevant parties of the social, socioeco-
nomic, and environmental benefits that large-scale seaweed fuel production can 
have; overcoming opposition to innovation, gaining of socio-political support, 
and public involvement

Critical to this and other innovative developments is the acceptance by the public 
financial system of its obligation to support long-term research and innovation 
programs, ensuring that emerging ideas that are explored consider overall societal 
needs. Only the public financial systems, e.g., governments and the World Bank, 
have the resources and time to fund the required investments. Such efforts need a 
strong political will for their active steering in the right direction.
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Preconditions for an accelerated development for industrial applications will be:

·· Government regulations: shaping a competitive environment for the private sector
·· Public–private partnerships: prototyping new processes by collaborations 

between research and industry
·· An educational infrastructure: drawing together the best possible human resources

When vigorously pursued, direct conversion of seaweed into fuel represents one of 
the very few major options that humankind has to provide socially, economically, 
and environmentally robust and resilient renewable fuel, whose production answers 
additional major human necessities rather than creating them, and with energy 
security that is guaranteed in a humanitarian instead of confrontational manner. 
With scalable seaweed-fuel conversion technology, nations can become sustainable 
producers and exporters at the level of regions, cities, communities, and individual 
citizens. This may well give rise to a paradigm shift, from the current model where 
fuel is provided at the lowest possible direct cost by large-scale industries, with 
a considerable disregard for environmental and societal concerns, to an energy 
system where fuel is a sustainable source of economic growth for the public that 
principally owns its source of energy and the benefits that come with it.
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of Leipzig, D – 04103, Leipzig, Germany

1.  Introduction

There are two main players that form the basis of nearly all global ecosystems in 
converting solar energy to biomass: algae and plants. While plants are omnipresent  
in public discussions dealing with such topics as climate change, bioreactors, biofuels 
and green biotechnology, the role and potential of algae is usually known only 
to experts. However, algae are present as primary producers in nearly all types of 
ecosystems, their versatile physiology allowing them an impressive range of adaption 
to aerial, terrestrial as well as aquatic habitats. As to its ecological impact, the 
most important group of algae is the phytoplankton, especially the nano- and 
picoplankton, which forms the basis of marine ecosystems. The phytoplankton 
produces about the same amount of oxygen as all land plants and is also involved 
in climatic processes by the production of volatile compounds and condensation 
nuclei for the formation of clouds.

Tapping the biotechnological potential of algae has a long tradition in 
human history (Spolaore et al., 2006). Algae, mainly kelps, are used as moisteners 
in soil and as fertilisers for human or animal food production. The ability of algae 
to absorb metals is used in biotreatment of contaminated soil. Microalgae are also 
working in self-supporting life systems as they are used in space travel. A plethora 
of algal products is on the market (Gantar and Svircev, 2008) obtained mainly 
from cyanobacterian genera Aphanizomenon and Arthrospira (Spirulina) and from 
chlorophycean genera Chlorella, Dunaliella and Scenedesmus. Algal products can 
be found in ice cream, puddings, dietary products and cosmetics. From algal cul-
tures, polyunsaturated fatty acids are obtained along with antioxidants, suppres-
sors of hypertension, vitamins and natural pigments such as carotenoids and 
phycobiliproteids. Microalgae also serve as food additives and are incorporated 
into the feed for aquacultures, farm animals and pets. Nonetheless, in comparison 
with plants, algae have played only a minor role in public awareness.

This may change now dramatically. The ever-increasing energy demand of 
world economy is recognised as a threat to the world climate owing to an increase 

375



WERNER REISSER

in atmospheric CO2 (greenhouse gas) released by burning of fossil fuels (coal, oil, 
natural gas). Therefore, there is a growing request for renewable energy sources 
that do not release CO2 or – at least – do not emit additional CO2 (Schiermeier 
et al., 2008). These are the classical sources of wind, water, solar, geothermal and 
nuclear energy, but also the hopeful newcomers, hydrogen technology and fusion 
power. However, although a lot of money has been and will be spent to exploit 
those alternative energy sources, it is obvious that in the near future they can 
cover only a small part of the world energy demand, either because they are more 
or less exploited (e.g., hydropower in Europe), their public acceptance is limited 
(e.g., nuclear fission power, wind plants) or financial resources are not as substan-
tial as necessary (fusion power, hydrogen technology). What is more, it is obvious 
that in the near future most energy needed for transportation purposes will be 
used in combustion engines that require liquid fuels or gas. Therefore, it is desir-
able to try to replace fossil fuels by biofuels.

2.  Biofuels

Biofuels (biogas, bioalcohol, biodiesel) are made from plant biomass, and are more 
or less carbon neutral, since in burning they do not increase the overall CO2 con-
tent of the atmosphere but set free just the amount of CO2 that was fixed before 
in photosynthesis of the plant (Schiermeier et al., 2008). Thus, in recent years, 
plant biomass has gained growing importance as an alternative energy source. 
Main current sources of bioalcohol (mostly bioethanol) are sugars of sugarcane 
and starch of corn and wheat. Today, about 20% of the US corn harvest is used 
to make bioethanol. This covers about 2% of the US demand for transportation 
fuels (Chisti, 2007).

Biodiesel is made from plant oil, mainly from rapeseed, palm oil and jatropha. 
Biogas is produced from different kinds of biomass. However, a serious flaw in the 
ecobalance of traditional biofuels becomes obvious when the complete CO2 balance 
is calculated, i.e., when CO2 costs for seed, fertilisers, herbicides, irrigation, harvest 
and processing are taken into account. There is also growing concern in public discus-
sion about the fact that the use of edible plants as energy sources may raise the prices 
of food. It is also rather questionable to cut down tropical rainforests for planting oil 
palms or jatropha when the plant oil is not processed locally but transported a long 
way to the industrial countries. Therefore, for making biofuels it is desirable to use 
plants (energy plants) with the modest requirements in soil quality and water supply 
and that grow under conditions and at places not suitable for crop plants. Ideally, the 
whole plant biomass can be used for fuel production and not just the special parts of 
plants such as oil-containing fruits as in rapeseed or oil palm (‘first-generation energy 
plants’). ‘Second-generation energy plants’ are already available, such as many prairie 
grasses and microalgae.
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3.  Microalgae as Second-Generation Energy Plants

The use of microalgae for the production of biofuels has many ecological and 
economical advantages. First of all, microalgae show a much higher efficiency in con-
verting solar energy to biomass. From the biomass of corn grown on one hectare, 
about 2,000 m3 biogas (methane) can be obtained; however, biomass of microalgae 
grown on the equivalent area produces about 200,000 m3 (Solarbiofuels 2008). In 
microalgal biomass, the percentage of  compounds suitable for the production of 
biofuels (e.g., starch, oil) is much higher than in crop plants, because there is no 
need to divert energy to the synthesis of  fibre material, vascular and absorption 
tissues, etc. Microalgal cultures can be grown on a relatively small area that may 
not be appropriate for agriculture and – at least in the case of  ‘indoor systems’ – 
they do not need irrigation and produce a high constant yield irrespective of out-
side environmental conditions such as temperature and draught. For producing a 
given amount of biomass, indoor cultures need about 1,000 times less water than 
crops. Preliminary data show that – on the same area – (Chisti, 2007) microalgal 
cultures produce about 15× more oil for biodiesel production than rapeseed does. 
To cover 25% of the US demand for transportation fuels by corn (Table 1), an area 
of about 4.6× the area that is currently used for US agriculture is needed. When oil 
from oil palms is used, about 12% of the agricultural area is required; however, 
when microalgal cultures are used only 2–5% of that area would be sufficient.

3.1.  CULTURE SYSTEMS FOR MICROALGAE

For a large-scale culture of microalgae, two systems are used, the so-called ‘indoor’ 
and ‘outdoor’ systems (Figs. 1 and 2). Outdoor systems are sometimes also called 
‘open raceway ponds’ and have a long tradition that can be traced back in history 

Table 1.  Crop efficiencies for the production of biodiesel. (Modified after Chisti, 2007.)

Crop Yield of biodiesel (L × ha−1 × a−1)
Land area required (percentage of area covered  
currently (ha × 106) by crops in the USA)a

Corn 157 843 463
Soybean 451 294 162
Rapeseed 1,206 110 60
Jatropha 1,892 70 38
Oil Palm 5,991 22 12
Microalgaea 58,700 9 5
Microalgaec 136,900 4 2

a To cover about 25% of all transportation fuels needed in the USA per year.
b Oil content in algal biomass (by weight): 30%.
c Oil content in algal biomass (by weight): 70%.
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for centuries and were used already by the Mayas. Microalgae, usually cyanobacte-
ria as, e.g., Spirulina spp., were grown in small lakes, ponds and ditches, harvested 
and spread nearby for drying and subsequently used as animal food. Modern sys-
tems consist of pools of different shapes, in which microalgae are grown in a shal-
low layer (20–40 cm) that is permanently agitated to guarantee optimal growth 
conditions. Most outdoor systems are run today in countries providing optimal 
natural conditions concerning temperature and sunshine such as Hawaii, Austra-
lia and Japan. The largest outdoor facilities spread on an area of about 440,000 
m2 (Spolaore et al., 2006) and produce about 8–12 g dryweight of algal biomass 
per m2 and day (Ackermann, 2007).

Indoor systems are closed bioreactors, in which algae are grown under 
defined conditions of temperature, light, nutrient supply, etc. (Pulz, 2001). The 
largest commercially used indoor system has a volume of about 600 m3 that is 
contained in glass tubes 500 km in length (Ackermann, 2007). Production of algal 
biomass amounts to 32 g m−2 and day (sunlight only).

Figure 2.  Indoor system for 
the cultivation of microalgae: 
Photobioreactor IGV (Germany) 
by permission.

Figure 1.  Outdoor system for the cultivation of microalgae: ‘open raceway pond’ Seambiotic (Israel) 
by permission.
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3.2.  COSTS

A comparison of pros and cons of both systems shows that open systems are more 
cost-efficient than closed systems when optimal and constant climatic conditions 
are given, e.g., optimum temperature and sufficient sunshine. However, it is also 
obvious that open systems are generally more prone to changes in environmental 
conditions, as to the input of spores, germs and particulate matter from the atmo-
sphere and to extreme weather conditions such as thunderstorms, hurricanes, etc. 
Continuous production of algal biomass is easier to achieve by closed systems 
that, however, require higher financial investments. Various tests have shown that 
in closed systems, the maximum cell density that can be obtained under optimum 
conditions is about 30 times higher than that in open systems. Taking into account 
the economic advantage of a constant and predictable production of high-quality 
indoor systems presumably is more cost-efficient than in open systems. Estimates 
(Chisti, 2007) calculate the costs for the production of 1 kg of algal biomass to 
US$2.85 in closed systems, whereas in open systems it is about US$3.89. When 
algae are used for the production of biodiesel (30% of algal biomass is process-
able), costs of 1 L of biodiesel obtained from open systems would amount to 
US$1.81, from closed systems to US$1.40. The same author calculates for 1 L 
biodiesel made from palm oil US$0.66 and made from petroleum about US$0.49. 
However, it should be mentioned that calculations are a matter of discussion 
depending not only on the oil content of algal biomass but also on general operating 
costs of the facility that in part may be effected by environmental conditions such 
as ambient temperature and duration of  sunshine. Other authors calculate for 
1 L biodiesel made from microalgae costs ranging from about US$5.35 (Dimitov, 
2007) to US$0.16 (Günzburg, 1993). At any rate, most calculations show that 
costs of biofuels made from microalgae are still higher than costs of petrofuels.  
However, in recent times, the market price of petrofuel is steadily pointing upwards 
and the break-even point may be reached sooner than anticipated.

3.3.  HIGH-VALUE PRODUCTS

It is not astonishing at all that up to now any economic success of indoor and 
outdoor systems was achieved by the production of high-value products such as 
pharmaceuticals, cosmetics, products for healthcare, natural colours, unsaturated 
fatty acids, essential amino acids, etc. Those high-value substances allow a realis-
tic competition of microalgal cultures with classical production methods such as 
isolation of linolic acids from herbs, etc. They allow microalgae cultures to bring 
in their specific advantages such as production under reliable sterile conditions, no 
risk of contamination with human viruses, prions, etc. Thus, it is conceivable to use 
microalgal cultures also for genetic engineering techniques to obtain, for example, 
specially designed antibodies, recombinant proteins, etc. Appropriate techniques 
are available for microalgae, e.g., in Chlamydomonas sp. (green algae) genetic 

379



WERNER REISSER

manipulation has been successful (Patel-Predd, 2007). An interesting advantage of 
microalgae over crop plants concerning genetic manipulation might be that there 
should be no public concern about bringing ‘manipulated’ organisms into the eco-
system, because algal systems are not in contact with the environment.

4.  Chances

4.1.  INCREASE IN EFFICIENCY

As to the future role of microalgae as an alternative energy source, the key question 
is whether the production of biofuels by microalgal cultures will ever be able to 
compete on a large scale with petrofuels. The answer to this question is not easy. 
It depends on how its economical, ecological and political aspects are measured.

There are good reasons to assume that petrofuel will remain the most important 
energy source for transportation in the near future and that its price will keep going 
up. Therefore, it is a realistic goal to raise the efficiency of microalgal culture systems, 
mainly of indoor systems, in order to be able to compete with the price of petrofuels. 
Efficiency may be augmented by a lot of measures. The exploitation of light energy 
has to be made more efficient, e.g., by keeping algae in small layers as are tested in 
new types of bioreactors and by constructing fibre-optic devices that might increase 
the capacity of daylight. It is also important to avoid clumping of algae, adhesion to 
reactor walls, for example, by special coating techniques of inner tube surfaces and to 
establish an automatic control and harvesting system that guarantees a continuous 
operating. It will also be desirable to have nearby a cheap source of CO2, such as 
power and cement plants, although it should also be made clear that by algal cultures 
their output of CO2 never can be reduced to zero.

From the viewpoint of biology, it will be certainly promising to screen for 
further microalgal candidates since until now only a rather small part of natures 
fundus of about 30,000–40,000 algal species is used, mainly cyanobacteria (e.g. 
Spirulina) and green (chlorophycean) algae, such as coccoid (Chlorella, Scenedemus) 
and flagellate specimen (Dunaliella, Chlamydomonas). Other microalgal taxa are 
represented by a few xanthophycean ( e.g., Botryococcus), eustigmatophycean 
(e.g., Nannochloropsis), prasinophycean (e.g., Tetraselmis) and bacillariophycean 
(diatom) taxa such as Nitzschia and Phaeodactylum.

Efforts should be aimed at finding species that do not clump, show a lower 
photosynthetic compensation point to increase yield at less input of light energy and 
perform optimum growth at elevated temperatures to reduce costs of cooling. It will 
also be desirable to obtain a higher output of ‘interesting substances’ under standard 
conditions. If, for example, the content of processable oil in the algal biomass could 
be raised from 30% to 50% of the dryweight, the price of biodiesel would become 
competitive. However, this requires much better understanding of the physiological 
mechanisms in microalgae responsible for the synthesis of value products such as 
lipids and oil. Most algae produce substantial amounts of triacylglycerols such as the 
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production of components of storage lipids only under stress conditions, e.g., nutrient 
limitation and photooxidative stress (Hu et al., 2008). Thus, the challenge will be to 
find culture conditions that combine both optimum growth of microalgae, i.e., high 
yield of biomass and high lipid content in cells.

As to the production of bioethanol from algal biomass, it will be recom-
mendable to look by screening or by genetic engineering for algae producing 
carbohydrates that are more suitable to fermentation than the standard starch 
basis is. The same consideration holds also for other cell parts, such as the cell 
wall. Ideally, it consists of material that can also be easily fermented or alterna-
tively used, for example by the BTE-technique, to produce energy.

It could also be promising to think about the problem whether the end product 
of fermentation has to be ethanol. Ethanol shows a high solubility in water and there-
fore is not easy to separate from it; it is poisonous to cells and has relatively relatively 
low energy content. Butanol could be a good candidate for ersatz.

A further yet speculative energy source produced by microalgae is H2. The 
photoproduction of  H2 is mainly studied in Chlamydomonas sp. and represents a 
rather promising field of  microalgal technology (Patel-Predd, 2007). One of  the 
current problems to tackle is that H2 production is inhibited by oxygen. Various 
strategies to meet this obstacle are under study, for example, the insertion of 
leghemoglobin genes into algae. It still requires a lot of  basic research and is far 
from being exploitable in practice.

4.2.  BIOREFINERY

In general, the leitmotiv should be to raise the efficiency of biomass processing. 
This means to increase the output of energy from algal biomass, either as biofuels 
(biodiesel, bioethanol, biogas) or directly in the form of heat energy that may be 
used in power plants. Each form of energy has to deal with a different and already 
successful competitor in the market. Therefore, it will be important to increase 
the current revenue from biomass by combining energy yield with the production 
of additional high-value products. Every component of the biomass should be 
exploited to add value (‘biorefinery’, Chisti, 2007).

An economic advantage of biomass production by microalgae in closed systems 
in comparison with other energy plants is doubtless the fact that production is 
constant, predictable and not dependent on such hazards as drought, diseases, and 
hurricanes.

5.  Outlook

Under ecological aspects, advantages of microalgal cultures in closed systems are 
obvious and have been already discussed here. They neither take up arable land 
nor potable water resources; they can be located on marginal land as well as in 
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buildings downtown used for vertical farming. This means an additional unforeseen 
advantage of closed systems since they help avoiding the ‘palmoil-paradoxon’, i.e., 
tropical deforestation in the name of climate protection.

As second-generation energy plants, microalgae represent an alternative 
energy source not producing netto CO2. However, this is not a unique qualifica-
tion. The culture of other second-generation energy plants such as Miscanthus 
also does not produce netto CO2 provided that cultivation is done without fertilis-
ers and mechanical processing is limited. Nonetheless, assessment of hazards of 
continuous culture such as plant diseases and exhaustion of nutrients in soil is 
still unsatisfactory.

On the political level, a decision has to be made to what extent we want to 
stay dependent on petrofuels that are neither available at a constant price nor 
accessible to everyone. For some countries, the return to mining coal could be an 
alternative. As to experts, coal reservoirs exceed by far oil and gas supplies, but it 
will need a lot of money to (re)activate mining industry and also to establish 
effective methods not only to catch the CO2 but also to store it away from the 
biogeochemical cycle.

Another problem that has to be decided by politics is how long we want to 
keep on using combustion engines for transportation. Is there a realistic chance 
to replace them by motors driven by electric power, for example? Power plants do 
not necessarily need petrofuels or biofuels. They can also be driven by biomass. 
In the context of microalgal cultures, this could mean that production of combus-
tible biomass becomes more important and more demanded by the market than 
special components in algae. It is also conceivable that microalgal cultures will 
become part of the trade of CO2 certificates.

The amount of public funding often depends on the number of jobs created 
and on the influence of pressure groups. Since in most countries, farmers associa-
tions are much more influential than the lobby of people growing microalgae, cur-
rently public money is primarily spent to support farmers who grow energy plants 
such as rapeseed or Miscanthus. This has also psychological reasons, because most 
people are more familiar with flowering plants than with ‘slimy’ algae. As to the 
acquisition of venture capital, the situation may be somewhat different.

The plain fact remains that microalgae culture facilities will become a success 
story only when they deliver their products – be it energy or chemicals – at a com-
petitive price. However, it should also be kept in mind that current major players in 
alternative energy production such as solar and wind energy are still not competitive 
and supported by public money. Microalgal technology merits the same chance.

6.  Summary

Microalgae provide a lot of value products for human nutrition and health care. 
In recent times, they have been propagated as second-generation energy plants 
producing biofuels, such as ethanol, biogas and hydrogen, in particular, biodiesel 
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of oil-containing specimen. Cultivation of algae under controlled conditions in 
photobioreactors guarantees a high and constant yield of biomass independent 
from ambient climatic conditions, quality of soil and water supply. For producing 
a given amount of biomass, microalgal cultures need about 1,000 times less water 
than crops and produce on the same area about 15 times more oil for biodiesel 
than, for example, rapeseed. Costs of biodiesel from microalgal cultures mainly 
depend on oil content of algae and on algal by-products such as cellulose that can 
also be exploited. A breakthrough of algal biodiesel on the market will depend on 
both the price of petrodiesel and the political will to support a promising source 
of alternative energy.
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1.  Introduction

The genus Caulerpa belonging to the Bryopsidophyceae consists of about 75 species, 
which are distributed worldwide in tropical and temperate regions (Fama et al., 2002). 
Caulerpa spp. are siphonous green algae with a unique cellular organisation. Despite 
the fact that members of this genus can reach several meters in length, the organisms 
are unicellular with giant differentiated cells (Menzel, 1988).

In recent years, this genus has attracted much attention because of Caulerpa 
taxifolia, which was termed ‘killer alga’ because of its invasive potential (Meinesz 
and Simberloff, 1999; Meinesz et al., 1995). C. taxifolia was introduced into the 
Mediterranean Sea in the late 1980s and, within a few years, it spread rapidly and 
started to affect coasts of at least six Mediterranean countries (Thibaut et al., 2001; 
Jousson et al., 1998). In the invaded areas, dense patches of C. taxifolia cover the sea 
floors, which affects massively the local flora and fauna. Invasive specimens from the 
same clone were also reported from California and Australia (Jousson et al., 2000; 
Anderson, 2005). Many eradication methods such as covering C. taxifolia meadows 
with dark-coloured plastic foils, treatment with algicides, heavy metals, dry ice or chlo-
rine bleach have been applied so far (Williams and Schroeder, 2004; Uchimura et al., 
2000). But these methods were only successful if  small local patches of C. taxifolia 
were treated. However, large-scale applications of  any technical solution in the 
Mediterranean Sea seem not to be feasible owing to the massive coverage of 
C. taxifolia. The specialised sea slug, Lobiger serradifalci, was considered to be 
used in the biological war against C. taxifolia. However, it was understood from 
laboratory experiments that L. serradifalci can divide C. taxifolia into small viable 
fragments that can re-grow, thereby even supporting the rapid proliferation of the 
alga (Zuljevic et al., 2001).

Another widely recognised member of the genus Caulerpa is Caulerpa race-
mosa var. cylindracea. This species was first observed in 1926 in the Mediterranean 
Sea at Sousse harbour of Tunisia (Hamel, 1926). At that time, it was considered as 
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a lessepsien migrant. C. racemosa did not show any invasive properties up to 1991. 
However, thereafter this species spread with massive growth rates and now it has 
been observed at the coastlines of 13 Mediterranean countries (Albania, Algeria, 
Croatia, Cyprus, France, Greece, Italy, Libya, Malta, Monaco, Spain, Tunisia, 
Turkey) (Verlaque et al., 2003, M. Verlaque, 2003).

It is evident that an eradication of invasive Caulerpa spp. in the Mediterranean 
Sea or Australia is impossible, since large areas all along the coasts are affected. 
Nevertheless, Caulerpa spp. contain unique natural products and are sources for 
crude algal preparations, extracts and secondary metabolites with interesting 
activities. We believe that a commercially motivated harvesting paired with polit-
ical management of this new resource might offer a chance to control these algae. 
In this chapter, we introduce the dominant secondary metabolites from the algae 
and highlight potential biotechnological and pharmaceutical applications of 
products derived from Caulerpa spp., thereby providing an outline of potential 
commercially interesting applications.

2.  The Dominant Secondary Metabolite of Caulerpa Genus: Caulerpenyne (CYN)

Caulerpa spp. contain several linear terpenoid secondary metabolites and especially 
caulerpenyne (CYN, Fig. 1) has been associated with anti-cancer, anti-proliferative, 
anti-microbial, anti-herpetic and anti-viral properties in many reports. Both invasive 
Caulerpa spp. contain the dominant sesquiterpenoid metabolite CYN, which can 
be found in high concentrations up to 1.3% of the dry weight of the alga (Amade 
and Lemée, 1998; Dumay et al., 2002). CYN contents of invasive and non-invasive 
Caulerpa species of the Mediterranean are similar, suggesting that this molecule is 
not the key for the success of rapidly spreading species but rather a wider distributed 
metabolite of Caulerpa spp. in general (Jung et al., 2002).

Purified CYN is a feeding inhibitor against sea urchins (Erickson et al., 
2006). But in the natural context, this compound might be considered to be 
rather a storage form for more reactive metabolites, which are formed enzy-
matically after wounding the giant algal cells (Weissflog et al., 2008). CYN con-
tains an unusual bis-enoyl acetoxy functionalisation that is transformed rapidly 
by esterases once the algal cells are disrupted. This enzymatic transformation 
results in the formation of  the highly reactive 1,4-bis-aldehyde oxytoxin-2 (Jung 
and Pohnert, 2001). The transformation is relevant for the activated chemical 

AcO

OAc
OAc

Figure 1.  Caulerpenyne, the major terpenoid 
metabolite produced by C. taxifolia and C. 
racemosa.
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defence and the survival of  the unicellular macroalga after mechanical wound-
ing (Adolph et al., 2005). Oxytoxin-2 is central for the rapid sealing of  the giant 
cells after wounding, which enables survival and reproduction of  Caulerpa spp. 
(Adolph et al., 2005). Once a cell is injured, a plug is formed around the wound 
by protein cross-linking with this activated secondary metabolite. The polymer 
material seals the cells and prevents leakage of  the cytoplasm into the surround-
ing sea water (Dreher et al., 1982).

In general, terpenes from Caulerpales are known for their icthytoxic, anti-
bacterial, anti-fungal and anti-proliferative properties (Paul and Fenical, 1986, 
1987). Nevertheless, some specialised herbivores such as the sea slugs Lobiger 
serradifalci and Oxynoe olivacea have adapted to this defensive reaction and do 
not only consume Caulerpa spp. but also exploit their chemistry for their own 
chemical defence by sequestration (Gavagnin et al., 1994; Cimino et al., 1999).

3.  Anti-cancer/Anti-tumour Effects

The first anti-cancer study using purified CYN was carried out by Fischell et al. 
(1995). They reported growth-inhibitory effects of CYN against eight cancer cell 
lines of human origin. Barbier et al. (2001) reported on the anti-proliferative activ-
ity of CYN on the tumour cell line SK-N-SH. They observed a loss of neuritis 
and a compaction of the microtubule network in response to low doses of CYN. 
IC50 values of CYN were similar to those of the well-established anti-cancer drug 
cisplatinum.

Anti-proliferative and apoptotic effects of both purified CYN and meth-
anolic extracts of C. racemosa on the chemosensitive SH-SY-5Y and chemoresistant 
Kelly cell lines were reported by Cavas et al. (2006). IC50 values were obtained for 
SHSY5Y and Kelly cell lines as 0.59 ± 0.06, 1.06 ± 0.23 g wet weight alga/mL 
methanol and 5.64 ± 0.09, 6.02 ± 0.09 mM CYN, respectively.

Cytotoxic effect of a crude acetone extract of C. racemosa on a human 
melanoma cancer cell line was reported by Rocha et al. (2007). Ji et al. (2008) 
isolated polysaccharides from C. racemosa and showed their anti-tumour activity 
both in vivo and in vitro on K562 cells.

4.  Enzyme Inhibition Studies

Kanagewa et al. (2000) reported telomerase inhibition by a methanolic extract of 
C. sertularioides on a MOLT-4 cell culture at a level of 1.25% (v/v).

A comprehensive screening for phospholipase A2 (PLA2) inhibitors from 
marine seaweeds revealed that CYN and structurally related metabolites from 
C. prolifera, C. bikinensis and C. racemosa are highly active (Mayer et al., 1993). 
CYN isolated from C. prolifera in 4.2 mM concentration lead to a 92% inhibition 
of PLA2 activity. An esterase-based cleavage product (CYN lacking one acetyl group) 
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isolated from C. racemosa showed 26% inhibition at 3.9 mM concentration for 
PLA2. 12-Lipoxygenase inhibitory activity of C. taxifolia extracts was reported 
by Nimoniya et al. (1998).

Bitou et al. (1999) showed complete inhibition of  lipase by purified CYN. 
According to their research, 50% inhibition was observed against triolein and 
4-methylumbelliferyl oleate hydrolysis in 2 mM and 13 mM concentrations, respec-
tively. Ben Rebah et al. (2008) showed that C. prolifera extract significantly decreased 
both dog gastric and human pancreatic lipase activities. Therefore, they proposed 
C. prolifera extract for the development of anti-obesity drugs.

Mao et al. (2006) discovered the two novel sesquiterpenoids, caulerpal 
A and B, from C. taxifolia. These two compounds have inhibitory property on the 
human protein tyrosine kinase. This enzyme is a target enzyme in the treatments 
of type-2 diabetes and obesity.

Inhibition of  a-amylase by acetone extract of  C. racemosa with an IC50 
0.09 mg/mL value has been shown by Teixeira et al. (2007).

5.  Anti-viral/Anti-microbial Studies

A considerable inhibitory effect of acetone and ethanol extracts of C. taxifolia against 
the bacterium Bacillus subtilis and the yeast Candida albicans were observed by 
Crasta et  al. (1997). Anti-bacterial activity in marine algae from the coast of 
Yucatan, Mexico, was investigated by Freile-Pelegrin and Morales (2004). After 
dissection of Caulerpa spp. in apical, basal and stolon regions and extraction, 
they observed that stolons of Caulerpa spp. exhibit the highest anti-bacterial  
activity. In vitro anti-bacterial activities of C. racemosa extracts were shown against 
both Gram-negative and Gram-positive pathogenic bacteria by Kandhasamy and 
Arunachalam (2008).

Anti-viral properties of a chloroform-methanolic extract of C. taxifolia were 
studied by Nicoletti et  al. (1999). The inhibition of viral transcriptase enzyme 
activity and reduction of  viral capsid protein p24 expression of  feline immuno-
deficiency virus by the extracts were observed.

Potent anti-HSV-1 activities from Caulerpa spp. were reported by Lee et al. 
(2004). Ghosh et al. (2004) exhibited in vitro anti-herpetic activity of sulphated 
polysaccharide fractions from C. racemosa on TK- acyclovir-resistant strains of 
herpes simplex virus type I (HSV-1) and type 2 (HSV-2) in Vero cells without any 
cytotoxic effects. They also observed no anti-coagulant properties at the concen-
tration of the IC50 value.

Anti-leishmanial activity in the crude extract of C. racemosa and Caulerpa 
faridii was reported by Sabina et al. (2005).

According to Wang et al. (2007), hot water extracts and the n-butanol frac-
tion from C. racemosa exhibit strong inhibition against herpes simplex virus type 1 
(HSV-1) and Coxsackie virus B3 (Cox B3). A sulphoquinovosyldiacylglycerol 
(SQDG) could be made responsible for this activity.



391THE POTENTIAL OF CAULERPA SPP. FOR BIOTECHNOLOGICAL

6.  Caulerpa Species as Adsorbents for Pollutants

The high adsorption properties of preparations from Caulerpa species on dyes 
and heavy metals have recently attracted increasing interest. Caulerpa species are 
proposed as low-cost adsorbents in these studies. Several physicochemical char-
acterisations such as determination of adsorption kinetics, equilibrium constants 
and thermodynamics of the adsorption process have been reported. Generally, 
pseudo-first-order and pseudo-second-order kinetic models are used to express 
adsorption kinetics. Langmuir, Freundlich and Dubinin–Radushkevich models 
are the most used isotherm models.

The first study on adsorptive properties of powdered Caulerpa lentillifera 
was carried out by Marungrueng and Pavasant (2006). The basic dye astrazon 
blue FGRL was adsorbed according to a pseudo-second-order model. The 
chemisorption occurs with a positive enthalpy value (Marungrueng and Pavasant, 
2006). In a comparative investigation of adsorption properties of C. lentillifera 
and activated carbon, Marungrueng and Pavasant (2007) showed that the algal 
powder has about 1.75-fold higher adsorption capacity (417.19 mg/g) for methylene 
blue compared to activated carbon (238.12 mg/g).

Pavasant et  al. (2006) investigated the affinity of  dried and powdered  
C. lentillifera on metal ions such as Cu2+, Cd2+, Pb2+ and Zn2+. FT-IR analysis 
allowed the identification of  the functional groups which are associated with 
the metal adsorption (O–H bending, N–H bending, N–H stretching, C–N 
stretching, C–O stretching, S=O stretching and S–O stretching). A low equilib-
rium time of  10–20 min was required for the adsorption of  Cu2+, Cd2+, Pb2+ 
and Zn2+ onto C. lentillifera. The adsorption process obeyed the Langmuir 
isotherm; the maximum sorption capacities were confirmed in the order Pb2+ > 
Cu2+ > Cd2+ > Zn2+.

Sorption of copper, cadmium and lead ions in a binary component system 
prepared from the same macroalga was studied by Apiratikul and Pavasant 
(2006). The presence of a second ion reduces the adsorption capacity of the algal 
preparations. Pb2+ was the best sorbed species, followed by Cu2+ and Cd2+.

Apiratikul and Pavasant (2008) investigated the batch and column biosorp-
tion of the above-mentioned heavy metals by using preparations of the same 
macroalga C. lentillifera. The authors gave column properties and performances 
(effects of flow rate and bed depth) related to metal ions biosorption. The release 
of Ca(II), Mg(II) and Mn(II) from algal residue during the sorption was observed 
and it was proposed that column systems could be employed for the remediation 
of wastewaters.

Aravindhan et  al. (2007a) studied biosorption of  basic blue (Sandocryl 
blue C-RL), which is used in leather industry, onto Caulerpa scalpelliformis. 
They developed a two-stage treatment with this seaweed to obtain complete 
decolorisation. Aravindhan et al. (2007b) in another study investigated the factors 
that affected sorption of  yellow dye (Sandocryl golden yellow C-2G) onto  
C. scalpelliformis. They reported a maximum uptake of 27 mg of dye/g seaweed.
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Cengiz and Cavas (2008) studied methylene blue adsorption onto invasive 
C. racemosa and proposed an alternative use of biomass of this alga after possible 
eradication efforts that could be based on manual uprooting.

Punjongharn et al. (2008) studied the influence of particle size and salinity 
on the biosorption of basic dyes by C. lentillifera. The authors prepared three 
powders from C. lentillifera with average grain sizes of S (0.1–0.84 mm), M 
(0.84–2.0 mm) and L (larger than 2.0 mm). They found that S- algal powder had 
the highest adsorption capacity and increased salinity caused the decreased 
adsorption capacity.

C. racemosa powder was also used to remove malachite green from aqueous 
solutions by a physisorption process (Bekci et  al., 2009). In another study, the 
same group showed the affinity of C. racemosa powder on boron in the form of 
borate. They proposed the removal of  boron with dried and powdered biomass 
of C. racemosa (Ant-Bursali et al., 2009).

7.  Other Activities of Caulerpa Preparations

The non-specific agglutination of human red blood cells (haemagglutinating 
activity) was reported in extracts of Caulerpa cupressoides by Ainouz and Sam-
paio (1991). Thangam and Kathiresan (1991a) reported the mosquito larvicidal 
effect of C. scalpelliformis extracts against Aedes aegypti with an LC50 value of 
54 mg/L. The same researchers also reported the synergetic effect of  C. scalpel-
liformis extract with the synthetic insecticide 1,2,3,4,5,6-hexachlorocyclohexane 
(BHC) (Thangam and Kathiresan, 1991b).

Shen et al. (2008) investigated the immunomodulatory activity of a modified 
polysaccharide (obtained from C. racemosa var. peltata) called CrvpPS-nano-Se 
complex. After intragastric administration, it has been shown that CrvpPS-
nano-Se induced the percentage of CD3+, CD3+CD4+, NK cells and the CD4+/
CD8+ value.

Purification and partial characterisation of a lectin from C. cupressoides was 
pursued by Benevides et al. (2001). This lectin agglutinated trypsin-treated eryth-
rocytes from humans and various animals. The haemagglutination activity was 
more effective for human blood group A erythrocytes compared with B and 0 
erythrocytes and rabbit erythrocytes.

Sixteen species of Indian marine green algae were screened for their hepari-
noid-active sulphated polysaccharides by Shanmugam et  al. (2001). Caulerpa 
species showed the highest activity, which is comparable with heparin. According 
to this report, Caulerpales contained 93–151 heparin units/mg.

Ara et  al. (2002) showed that ethanolic extracts of C. racemosa exhibited 
hypolipidaemic activity and significantly decreased the serum total cholesterol 
and triglyceride levels in rats. Santoso et al. (2004) investigated the anti-oxidant 
activity of methanol extracts from Indonesian seaweeds. Among these seaweeds, 
it is reported that the extract from Caulerpa sertularioides had the strongest 
anti-oxidant activity.
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Chemopreventive effect of C. prolifera extract against aflatoxin B1-initiated 
hepatotoxicity in female rats was investigated by Abdel-Wahhab et al. (2006).

Sivasankari et al. (2006) proposed Caulerpa chemnitzia as a seaweed liquid 
fertiliser, since its positive effects on growth and biochemical constituents of Vigna 
sinensis were observed. Cavas et al. (2007) confirmed that C. racemosa could also 
be used as a biostimulator for the growth of Phaselus vulgaris seedlings. It might 
be speculated that this effect is due to the pigment caulerpin, which has been previ-
ously identified from Caulerpa spp. (Maiti et al., 1978). Root growth assays with 
pure caulerpin gave essentially the same results as assays with the known plant 
growth promotor indole-3-acetic acid (IAA). The pigment resembles structurally 
this plant hormone and might thus mimic its activity (Raub et al., 1987).

In vitro nematicidal activities from C. racemosa, C. scalpelliformis and 
C. taxifolia were reported by Rizvi and Shameel (2006).

Paul and de Nys (2008) studied the possible use of Caulerpa species bioreme-
diation in an integrated plant−animal tropical aquaculture. Marine macroalgae with 
high growth rates can effectively strip nutrients from marine aquaculture effluent. 
Because Caulerpa spp., as bloom-forming green tide algae, have high growth rates 
and are free floating, these seaweeds offer to be an excellent option for culture 
in settlement ponds, the most common bioremediation infrastructure in tropical 
aquaculture. Especially, since certain isolates of C. racemosa are consumed by 
humans as ‘sea grape’, it can be speculated that one aquaculture might provide two 
commercially interesting products – fish and edible algae. This would maximise 
profit and simultaneously reduce pollutants (Paul and de Nys, 2008).

The radical-scavenging and reducing ability of C. lentillifera and C. racemosa 
extracts were showed by Matanjun et al. (2008).

According to a recent study (Cengiz et al., 2008), a dried and powdered form of 
C. racemosa was proposed to be used as a low-cost immobilisation agent for bovine 
serum albumin, which is a model protein for protein immobilisation studies.

8.  Patents

Several patents on Caulerpa preparations, extracts and purified metabolites have 
been approved, illustrating the high potential of these green seaweeds as resources 
for commercially attractive products. These include patents on cosmetics like hair 
treatment agents, plant growth regulators or medicinal applications. Here, for 
example, treatments of inflammation, diabetes or retardation of cardiovascular 
disorders based on Caulerpa spp.-derived products have been claimed.

9.  Conclusion

Exotic Caulerpa species, C. taxifolia and C. racemosa, have spread rapidly in the 
Mediterranean Sea. So far, no valid eradication method has been developed and 
the amount of biomass currently found in the Mediterranean suggests that a 
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mechanical eradication is out of reach. The extensive body of literature reviewed 
here makes it evident that these species could be exploited in many biotechno-
logical and medical purposes. Exploitation of this resource might be interesting 
owing to the apparent nearly unlimited supply. A targeted economic development 
of these Caulerpa species from the Mediterranean might thus lead to a control of 
the spread.

10.  Summary

The genus Caulerpa contains over 75 marine green algal species found in temperate 
and tropical waters. This genus has recently attracted much attention because of 
two invasive members, Caulerpa taxifolia and C. racemosa var. cylindracea, which 
occur in the Mediterranean Sea. These species have covered the sub-littoral habi-
tats along vast coastal stretches of the Mediterranean Sea. Several often costly  
and unsuccessful efforts have been undertaken to control this invasion by mechanical 
or chemical eradication. In parallel, scientists have focused on exploitable traits 
that can be derived from these algae. Commercial products from these algae might 
motivate a control of the invasion by harvesting efforts. In this chapter, we focus 
on the properties of  crude extracts as well as purified metabolites of  Caulerpa sp. 
and their potential for commercial exploitation.
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1.  Religious Roots of the Ecological Crisis?

No less an authority than world historian Arnold J. Toynbee identified in a paper in 
the International Journal of Environmental Studies “monotheism” as the root cause 
of our environmental crisis. Referring specifically to Genesis I, 28 [“Be fruitful, mul-
tiply, fill the earth and conquer it. Be masters of the fish in the sea, the bird of 
heaven and all living animals on earth” (The Jerusalem Bible, p. 6)]. Toynbee not 
only questioned the right of humans to use and abuse the earth but also challenged 
the authority of the one who supposedly had given this command, asking: “Has 
nature no rights against this autocratic creator and against man, God’s aggressive 
licensee?” Recalling ancient European traditions of nature worship, he concluded: 
“Monotheism, as enunciated in the Book of Genesis, has removed the age-old 
restraint that was once placed on man’s greed by his awe. This primitive inhibition 
has been removed by the rise and spread of monotheism.” Eastern religions, like the 
pre-Christian European, “counsel man even when he is applying his human science 
to coax nature into bestowing her bounty on man” (Toynbee, 1971, p. 141).

Toynbee’s charge expanded and sharpened a thesis proposed in 1967 by Lynn 
White Jr., a historian of  mediaeval technology. White had called Christianity 
“the most anthropocentric religion the world has ever seen,” through whose influ-
ence “the old inhibitions to the exploitation of nature crumbled” and suggested – 
paradoxically – to name Francis of Assisi the patron saint of environmentalists 
(White, 1967).

In response to accusations like these, a great number of monographs and 
learned papers were published, not only defending “monotheism” by offering 
alternative interpretations of Genesis I, 28, but also highlighting the ecological 
potential of the world’s religions. A series of major conferences were convened at 
Harvard University in the 1990s, whose proceedings appeared in a series of ten 
impressive volumes published by Harvard University Press under the title 
Religions of the World and Ecology, covering virtually every living religion from 
tribal traditions to Buddhism, Hinduism, Jainism, Taoism, Shinto, Confucianism, 
Judaism, Christianity, and Islam. Out of these conferences developed the 
International Forum on Religion and Ecology, co-chaired by John Grim and Mary 
Evelyn Tucker, editors of several of the volumes in the series.



404 KLAUS K. KLOSTERMAIER

Harold Coward, Director of the Center for Studies in Religion and Society 
at Victoria University, B.C., arranged in 1993 a high-powered workshop at 
Chateau Whistler, B.C., where religion scholars interacted with specialists from 
various sciences and economists to address questions of (over-)population, 
resource consumption, and the environment (Coward, 1995).

The environment was also a central topic at the 1993 meeting of the World 
Parliament of Religions in 1993, where Hans Küng tabled a document on Global 
Ethic and Responsibility (Küng, 1991).

As far as literature is concerned, the Internet offers numerous bibliographies 
on Religion and Ecology in general as well as more specific ones, such as Hinduism 
and the Environment (Noyce, 2002). The Oxford Handbook of Religion and 
Ecology (Gottlieb, 2006) is a useful one-volume reference work for the field.

If  Toynbee and White had identified the Abrahamic religions as the root of 
the world’s ecological crisis, Anil Agarwal, an Indian engineer turned journalist 
and ecological activist, made Hinduism, India’s majority tradition, responsible 
for India’s ecological malaise. “Hinduism,” he says, “is a highly individualistic 
religion: the primary concern is to do one’s own dharma for the sake of one’s own 
well-being. Under the onslaught of modern-day secularism this has brought out 
the worst type of individualism in Hinduism” (Agarwal, 2000, p. 165).

Going one step further, W. Ophuls sees the ecological crisis as “primarily a 
moral crisis in which the ugliness and destruction outside in our environment 
simply mirror the spiritual wasteland within.” And “the sickness of the earth 
reflects the sickness of the soul in modern industrial man, whose life is given over 
to gain, to the disease of endless getting and spending” (Ophuls, 1992).

2.  The Ambiguity of Religions

David Kinsley’s Ecology and Religion – a widely used text for university 
courses – juxtaposes chapters on “Christianity as Ecologically Harmful” and 
“Christianity as Ecologically Responsible,” illustrating the ambiguous record 
of  Christianity with regard to its attitude toward nature: on the one side extolling 
the greatness of nature as God’s handiwork and on the other condemning nature 
as the source of  humankind’s downfall. A similar ambiguity can also be found in 
all other major traditions. None of the ancient religions directly addressed eco-
logical issues or the need to protect the natural environment from human interfer-
ence: all of them were built around other core concerns.

The “Abrahamic religions” are focused on God and salvation, sin and atone-
ment. The Decalogue, the source of all Judeo–Christian ethics, is concerned with 
the majesty of God and interhuman relations: it does not contain any “ecological 
commandment.” The Hebrew Bible condemns the worship of nature deities prac-
ticed by the people of Canaan. Paul, the most influential voice in early Christianity, 
held the whole of nature mortally afflicted with Adam’s “original sin,” and “groan-
ing to be redeemed” by Christ. The writers of the Gospels saw the proof of Jesus’ 
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divinity in the performance of miracles that violated the general laws of nature. 
The Koran teaches the absolute Lordship of the Creator who has installed humans 
as “vice-gerents” of His creation.

Numerous historic examples can be found where followers of these religions 
tried to prove the superiority of their faith over that of “nonbelievers” through vio-
lent acts against nature, such as felling the sacred trees of “heathens” or by devastat-
ing the natural habitats of their spirits with impunity. Agere contra naturam became 
one of the principles of Christian moral teaching: obedience toward authorities was 
regarded as the highest virtue, proved through such tests as executing the commands 
of a religious superior to stick vegetable seedlings head first into the earth.

Eastern religions aim at the emancipation of the human spirit from bodily 
existence. To achieve this, the Jains developed a veritable science of ahimsa, a 
multitude of precepts for not injuring life in any form, down to minerals and met-
als, to liberate the spirit–soul from its burden of karma–matter. The Buddha 
discovered the chain of the conditions of co-origination that ties human con-
sciousness to the world of nature, and taught his followers how to break it. The 
Upanishads emphasize the unreality of all things visible and tangible and urge to 
realize brahman, the transcendent all-embracing spirit that alone can be called 
real. Yogis become famous by defying the laws of nature: surviving for days bur-
ied underground, walking on water or sticking swords through their bodies with-
out bleeding. If  any of the teachings of the mainstream major religions had the 
added benefit of protecting nature, it was a side effect, not their main intention.

3.  Discovering Ecological Wisdom in Ancient Texts

Stung by White’s and Toynbee’s criticism, the “monotheists” began to reread and 
reinterpret their scriptures from an ecological perspective. They discovered a great 
many texts that appear to provide support for contemporary ecological thinking. 
A recent edition of a popular English Bible translation marks all texts that refer 
to nature in green – all in all about a thousand.

Rabbi Sharon Joseph Levi sees an “ecological command” in the Talmud text: 
“God created Adam and led Adam through the trees in the garden. ‘See my works, 
how fine and excellent they are. Know that all I have created is for your benefit. 
Reflect upon this and do not destroy my work, for if  you do, no one will fix it after 
you’” (Levi, 1995, p. 94).

Walter Lowdermilk, a hydrologist with a Christian background, alarmed by 
the soil erosion that he had observed in China and in Mediterranean countries, 
suggested to add an 11th commandment to the Biblical Decalogue: “Thou shalt 
inherit the holy earth as a faithful steward, conserving its resources and produc-
tivity from generation to generation. Thou shalt safeguard thy fields from soil 
erosion, they living waters from drying up, they forests from desolation, and pro-
tect the hills from overgrazing by the herds, that they descendants may have 
abundance forever. If  any shall fail in this stewardship of the land, they fruitful 
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fields shall become sterile stony ground and wasting gullies, and thy descendants 
shall decrease and live in poverty or perish from off the face of the earth” (Quoted 
in Nash, 1989, p. 202).

Howard T. Odum, a professional ecologist, drew up “Ten Commandments of 
the Energy Ethic for Survival of Man in Nature” whose first rule is: “Thou shall not 
waste potential energy” ending with “Thou must find in thy religion, stability over 
growth, organization over competition, diversity over uniformity, system over self, 
and survival process over individual peace” (Odum, 1971, p. 244).

Christian theologians had for centuries left nature out from their considera-
tions, concentrating instead on the “super-natural” as the proper field of their study. 
They too had to recognize the seriousness of the issue and began to reflect on how 
to “save the earth.” The Catholic Hans Kung and the Protestant Wolfgang 
Pannenberg could be mentioned as pioneers in this field. Pope John-Paul’s II 1990 
message for the World Day of Peace calls the ecological crisis a moral crisis that 
demands the cooperation of all (Gottlieb, 1996, pp. 230–237). His successor, Benedict 
XVI, chose care for the environment as the focus of his address to the World Youth 
Festival in Sydney (Australia) in Summer 2008, and included “sins against nature” 
in a new catalogue of the traditional “seven deadly sins” – listed by TIME magazine 
among “The 50 Best Inventions of the Year” (TIME, November 10, 2008).

Conservative Protestants in general and Evangelicals in particular were for 
a long time leery of connecting their interpretation of Christianity with an inter-
est in nature – they considered ecology-enthusiasts as pagans and rejected them 
together with Wiccas and similar new religions. However, a recent “Statement of 
the Evangelical Climate Initiative” includes “An Evangelical Call to Action” and 
an apology for past in-action in that field (http://www.christiansandclimate.org/
statement).

Mawil Y. Izzi Deen, a Muslim scholar, interprets a Koran text that speaks of 
human vice-regency as divine entrustment of creation to humankind with the 
command to protect the earth: “The Prophet Muhammed (peace be upon him) 
considered all living creatures worthy of protection and kind treatment. He was 
once asked whether there will be a reward from God for charity towards animals. 
His reply was very explicit: ‘For [charity shown to] each creature which has a wet 
heart there is a reward’” (Deen, 1990, p. 165).

Hindus, encouraged by Toynbee’s praise, cite ancient Vedic prayers to Earth 
and Sun, Wind and Water as testimony to their tradition’s ecological awareness. 
O. P. Dwivedi (1990), a Hindu scholar who has published extensively on this sub-
ject, quotes the ancient Laws of Manu prohibiting the pollution of lakes and rivers 
and threatening severe punishment to offenders. The planting of trees is commended 
as a religiously meritorious act in the Puranas, the “Bibles” of popular Hinduism. 
Krishishastra, India’s traditional agricultural science contains practical advice on 
agriculture within a religious framework, linking sowing and harvesting with moon-
phases and planetary movements as well as the popular Hindu festivals.

Buddhists refer to the Jatakas, stories about earlier incarnations of the Buddha 
in various animals, as evidence for the ecological sensitivity of their tradition.  
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L. G. Hewage, a prominent Buddhist scholar, criticized contemporary Western 
ecological thinking as too superficial. Ecology has also to address the “psycho-
sphere” in which the roots of the ecological crisis are located: greed, hatred, and 
delusion: “The teachings of the Buddha contain adequate and appropriate infor-
mation about the nature of this psycho-sphere and suggest empirically tested ways 
and means of understanding it and having full control over it at the final stage, by 
each individual who wishes to do so” (Hewage, 1982, p. 105).

Jains claim to be the oldest ecologists on record: their religion prescribes 
protection of all life. Ahimsa, not harming life, is their first and highest command-
ment. The Jain scholar Nathmal Tatia cites vegetarianism, practiced by all Jains, 
as a major contribution to the conservation of resources. Jains also established 
animal hospitals and shelters. Tatia’s “Jain Guidelines to Meet the Ecological 
Crisis” include warnings against making the accumulation of wealth the aim of 
one’s life (Tatia, 2002, p. 15).

While the majority of those for whom the Bible is scripture read Genesis I, 
28, now as an entrustment of “stewardship” of the earth to humankind, there are 
still some who continue to see in it a license for large-scale human interference 
with nature. W. E. Fudpucker, an American Jesuit, sees in it a “technological 
imperative” to develop “technological Christianity” (Fudpucker, 1984). A former 
US interior secretary defended the destruction of large tracts of wilderness are as 
“Preparation for the Second Coming of Jesus.” And an Editorial in The Christian 
Century reaffirmed a belief  in the Biblical “Dominion Over Nature” by pleading 
for “Accepting the Risk” of further industrial development.

4.  Scientific Roots of the Ecological Crisis?

Disagreement with Toynbee and White has not only been voiced by defenders of 
the “monotheisms” but also by respectable scientists from a variety of backgrounds. 
Far from blaming religion for everything from climate change to soil erosion, they 
point their fingers at modern Western science that, in their opinion, took a wrong 
direction somewhere between the seventeenth and the twentieth centuries.

Erwin Chargaff, one of the most successful biochemists of his generation, in 
later life considered modern science an “enemy of nature” and charged that 
today’s science was “no longer searching for truth in nature but waging colonial 
warfare against nature” (Chargaff, 1979). When Hiroshima and Nagasaki were 
incinerated by atomic bombs, he felt “nauseating terror at the direction in which 
the natural sciences were going.” And: “I saw the end of the essence of mankind, 
an end brought nearer, or even made possible, by the profession to which 
I belonged” (Chargaff, 1978, p. 40). Asked about alternatives to modern science, 
he suggested “to renounce it completely because of its devastating consequences” 
(Chargaff, 1989).

Rupert Sheldrake, a noted biologist, bemoaning the desacralization of 
nature in the Western world, puts the major blame on Francis Bacon, the prophet 
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of a “new scientific priesthood,” whose aim it was “to establish the power and 
dominion of the human race itself  over the universe.” Sheldrake holds that “the 
current devastation of the Amazon forests [was] made possible by technology and 
a Baconian faith in man’s right to master nature.” In his Atlantis, he continues, 
“[Bacon] describes a technocratic utopia in which a scientific priesthood made 
decisions for the good of the state as a whole and also decided which secrets of 
nature were to be kept secret.” Vivisection and all kinds of experiments with ani-
mals were recommended. Bacon wanted nature to be “bound into service,” “made 
a slave,” and “put into constraint.” Nature was to be “put on the rack” and “dis-
sected,” “forced out of her natural state and squeezed and molded.” Bacon, after 
all, coined the slogan “knowledge is power,” recommending the “mining of 
nature” for human profit. Nature, considered a living organism by premodern 
humanity, became for the moderns a machine to be manipulated (Sheldrake, 
1991, pp. 41 ff).

Sayyed Hussein Nasr, a physicist by training and a renowned historian of 
science, holds “that although science is legitimate in itself, the role and function of 
science and its application have become illegitimate and even dangerous because 
of the lack of a higher form of knowledge into which science could be integrated 
and the destruction of the sacred and spiritual value of nature” (Nasr, 1976, p. 14). 
In his opinion, “man cannot save the natural environment except by rediscovering 
the nexus between Spirit and nature and becoming once again aware of the sacred 
quality of the works of the Supreme Artisan. And man cannot gain an awareness 
of the sacred aspect of nature without discovering the sacred within himself and 
ultimately the Sacred as such. The solution of the environmental crisis cannot 
come but from the cure of the spiritual malaise of modern man and the rediscov-
ery of the world of the Spirit, which being compassionate always gives of Itself  to 
those open and receptive to Its vivifying rays. ” Nasr evokes a vision of the cosmos 
as theophany, connecting with the symbolism of medieval philosophers of nature: 
“The cosmos reveals its meaning as a vast book whose pages are replete with the 
words of its author and possesses multiple levels of meaning like the revealed book 
of religion” (Nasr, 1982, p. 152).

5.  The Greening of Science and of God

Sheldrake, even as spreading the blame for our present ecological crisis equally 
between religion and science, also sees signs for hope in both. He notices a 
“reanimation of  the physical world” in recent science, which recognizes that 
nature is not tied down by external mechanical laws but is self-organizing from 
within: “Indeterminism, spontaneity and creativity have reemerged throughout 
the natural world. Immanent purposes or ends are now modeled in terms of 
attractors. And beneath everything, like a cosmic underworld, is the inscruta-
ble realm of  dark matter. All nature is evolutionary. The cosmos is like a great 
developing organism, and evolutionary creativity is inherent in nature herself” 
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(Sheldrake, 1991, pp. 41f). Some of  today’s physicists do not hesitate to ascribe 
consciousness to the universe (Kafatos and Nadeau, 1990). Ervin Laszlo’s “Inte-
gral Theory of  Everything” is based on the assumption that a cosmic conscious-
ness informs everything, keeping an unbroken record of  all that ever happened 
(Laszlo, 2006).

The discovery of an ecological dimension of religion has refocused the 
attention of  the adherents of  the various religious traditions on issues beyond 
the rumination over definitions of arcane elements of their creeds or the desire to 
narrowly demarcate their boundaries over against the “others.” Reminding the 
world of the sacredness of nature, religious thinkers inject a personal dimension 
into a depersonalized science: reality is not exhausted by a description of its mate-
rial components.

Seeing in the degradation of the environment not only the destruction of the 
basis of our physical lives but also an assault on the human spirit and the desecra-
tion of something inherently sacred, some are developing an ecology that includes 
science but that goes beyond quick technological fixes. David Suzuki, Canada’s 
most prominent environmentalist, looking back on his own early career as a 
geneticist in the 1960s, remarked: “It is amazing, how much we accomplished and 
how little we understood” (Suzuki, 2002, Part I). Suzuki began to “understand” 
after coming into contact with the native Haida community, finding that the old 
creation myths had a better grasp of the “big picture” than modern science. James 
Lovelock, a biochemist by profession, struck by the interdependence of all com-
ponents of our biosystem – the earth in conjunction with its creatures is actively 
creating and maintaining the conditions for the emergence and continuance of 
life – revived the ancient myth of the Greek Goddess Gaia to give a name to the 
“super-organism” that is earth.

Awe and wonderment, for Aristotle the source of philosophy, are returning 
to a science that believed that it had done away with all mysteries. Ernst Mayr, the 
great biologist-scholar confessed: “Virtually all biologists are religious in the 
deeper sense of the word, even though it may be a religion without revelation, as 
it was called by Julian Huxley. The unknown, and perhaps the unknowable, 
instills in us a sense of humility and awe” (Mayr, 1982, p. 81). Science is moving 
away from the mechanistic, materialistic, reductionist ideology that was adopted 
by nineteenth century theorists. Quantum Physics’ principle of indeterminacy has 
overturned the old deterministic philosophy. Matter, once so confidently identi-
fied with reality as such, is dissolving into an ever-growing particle-zoo exhibiting 
short-lived bizarre phenomena. Though much more is known today about the 
chemistry of biological processes than a century ago, the belief  in having solved 
the mystery of life by describing the physical–chemical processes in cells has been 
abandoned.

There is a new readiness among scientists and religionists to make common 
cause in the face of major challenges to the well-being of humankind: what could 
be a greater challenge that the impending climate-change? By providing a spiritual 
motivation to efforts to “save the earth,” religious leaders can give a new dimension 
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to the common endeavor and enlist a far greater number of people in the effort. 
Seeing something sacred in nature also widens the scope of environmentalism.

Increasingly, ecologists realize that our attitude to nature has much to do with 
our relationship to fellow-humans: living in peace with nature and maintaining 
peace among humans are strongly correlated! One of the documents that spells that 
out most clearly is the Club of Budapest’s “Manifesto on Planetary Consciousness” 
that covers not only ecology in the more technical sense, but also world peace and 
the further evolution of humankind (Laszlo, 2008, pp. 133–139).

6.  Eco-activism: Ecology as Religion?

Greenpeace is probably the world’s best-known association of eco-activists. What 
is less known is its religious background: Robert Hunter, its founder intended his 
movement to represent “ecology as religion,” describing its ethics as one of “personal 
responsibility and confrontation.” Hunter also believed that whales are the highest 
developed living beings on earth – higher than humans: this is the background to 
the highly publicized “Save the Whales” campaigns. The members of Greenpeace 
also believe that they are fulfilling a prophecy made by a Cree woman, “Eyes of 
Fire,” who predicted that at a time of universal ecological devastation “Warriors 
of the Rainbow” would arise to end the desecration of the earth (Hunter, 1979, 
p. 28). Importantly, Greenpeace also draws an essential connection between care 
for the environment and peace among humans: the two are intertwined! Though 
they consider confrontation an indispensable part of their strategy, they advocate 
nonviolence in its execution.

Another eco-activist group –“Earth First” – founded in 1980 by Dave 
Foreman, is openly resorting to violence and illegal activities like the spiking of 
trees, to ruin the chainsaws of the lumberjacks. It also considers itself  a religion 
at whose center is Mother Earth: “All the Earth is Sacred” (Kinsley, 1995, p. 201). 
Earth-First holds that nonviolence is unnatural and that violence is necessary to 
defend Mother Earth against her enemies.

“People for the Ethical Treatment of  Animals” (PETA) claim – rather 
boldly – that Jesus was a vegetarian and that meat-eaters commit a “holocaust 
on their plate” (http://www.peta.org/). Their spectacular “events” to persuade 
people from wearing animal furs often enlist pop-stars and society persons. 
Supporting at least some of  their ideas, the Anglican Society for the Welfare of 
Animals issues information, composes prayers, and organizes animal blessings 
in churches on the feast of  St. Francis of  Assisi. A generation ago, Albert 
Schweitzer developed his theology of  nonviolence on the foundation of  the 
holiness of  all forms of  life.

Many of the over 800 contemporary grassroots ecological movements in 
India are religion-inspired, such as the Chipko, engaged in saving forests, the 
Mitti Bachao Abhiyan, a save-the-soil movement, the Vana Mahotsava, a tree 
planting organization, or the Braja Raksha Dal, engaged in protecting the hills 
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connected with Krishna’ early life from being mined for building materials – to 
mention only a few.

Interestingly, the religious movement that has done most for the Indian 
environment, Swadhyaya (literally “self-study”), founded by Pandurang Shastri 
Athavale in the 1940s, refuses to call itself  an ecological movement and insists 
that whatever ecological benefits may follow from its activities, these are secondary. 
The primary aim had been from the very beginning a socioreligious reform of 
entire village communities: people have to learn to see their daily work as seva 
(religious service) and to regard nature as manifestation of the divine. Its, by now, 
several million members, living mainly in the states of Madhya Pradesh, Gujarat, 
and Maharashtra, have planted orchards and forests on hundreds of thousands 
of hectares of land earlier considered useless. They have transformed vast 
stretches of barren countryside into gardens that produce vegetables for home 
consumption and market, and they have performed wonders in the areas of 
water-preservation and village sanitation. Above all, they have given an example 
of voluntary cooperation on a large scale, overcoming divisions of village against 
village and religion against religion. All these “ecological successes” are consid-
ered “by-products” of the teaching that God is appearing to humans in and 
through nature: The earth is their Holy Mother, to be thanked for her gifts and to 
be cherished. Vriksha mandiras, tree-temples are the focal points for their worship. 
Athavale cited many ancient Hindu texts to support his “nature dharma” and 
taught people to practice “devotional farming” (Jain, 2008, pp. 10–63).

Athavale followed in some ways the example of the Bishnois, disciples of a 
fifteenth-century saint Jambeshvara, living in the forbidding Rajasthan desert. 
Among the 29 rules that the guru laid down, eight have to do with the protection 
of animals and trees. Jambheshavara also got several large tanks dug as water res-
ervoirs for the dry season, still in existence today. Deepening these reservoirs is 
considered a meritorious act that still continues to be practiced. Planting and con-
serving trees was another of his commandments. Jambheshvara is even credited 
with having revived a dead tree. He taught people not to cut off branches from trees 
to feed their animals, as they had been doing during the dry hot summers, but to 
care for the trees. Soon, pockets of lush forests developed in the desert. An eight-
eenth-century Maharaja of Jodhpur, desirous of building a new palace, sent out his 
officers to scout for timber: they located a source in Khedajali, a nearby village. 
When they came to cut down the trees, Amrita Devi, a resident of the village, tried 
to stop them. The workmen, however, killed her and 362 other Bishnois who 
opposed the cutting of their trees. The Raja, on hearing about it, immediately 
stopped the killing and the cutting of trees. Today, a monument in Khedajali com-
memorates the 363 villagers who became martyrs for their trees. Recent instances 
have been documented where Bishnois sacrificed their lives protecting animals from 
being hunted. They also maintain nursing homes for cattle and consider it reli-
giously meritorious to provide fodder and medical assistance to them.

Indian eco-activists also take inspiration from Mahatma Gandhi, who 
taught and practiced ecology long before it became fashionable in the West 
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(Torchia, 1997). India’s traditions that never knew a hard and fast division 
between human life and other forms of lives make it easier for contemporary 
ecological movements to win adherents for their campaigns to save wildlife and 
protect the natural environment.

Among Thai Buddhists, a movement developed that performs the robing of 
trees to protect them from being felled: being robed, the trees become members 
of the Buddhist Sangha and thus inviolate.

Some Neo-Buddhist and Neo-Hindu communities in the West, such as the 
Green Gulch Farm and the Spirit Rock Meditation Centre in California, or 
ISKCON, present in many countries, also have a decidedly ecological agenda: 
they practice organic farming, take care to recycle as much as possible, and make 
reduction of consumption part of their religious routine.

There are also elements in the teachings and practices of older religions that 
are of ecological relevance: moderation in consumption, care in the use of 
resources, and sharing of possessions surely would help the environment if  people 
followed these recommendations. Vegetarianism, enjoined by several of the major 
Asian religions, if  worldwide adopted, would certainly be of immense environ-
mental benefit. So would be the cultivation of charity, especially when extended 
to animals: it would result in a fairer distribution of resources, and also prevent 
wars, the source of much ecological devastation. Religions, by sensitizing people 
for dimensions of reality other than the grossly material, encourage “reverent 
thinking”: teaching respect for nature rather than encourage its senseless exploita-
tion (Skolimowski, 1989).

7.  Deep Ecology, Eco-feminism, Eco-philosophy

Already the early nineteenth-century ecologists – such as Henry David Thoreau, 
John Muir, and Aldo Leopold – realized that “protecting nature” entailed much 
more than fencing in a parcel of land and preventing humans from exploiting its 
fauna and flora. They quite understood that the then incipient ecological crisis was 
at its heart a cultural and a moral crisis: the result of the cultivation of a modern 
Western ideal of human existence that saw its fulfillment in the amassing of material 
possessions and the reckless exploitation of the earth, praised as “progress.” “Con-
spicuous consumption” conferred social status. A person’s “net-worth” became 
expressed in dollar figures. Humans were identified as “consumers” – their main 
role being to keep the economy growing.

In contrast to this, traditional Asian religions saw the embodiment of the 
highest human ideal in the sage: the person who had gained a state of tranquil 
self-contentment. Enlightenment and wisdom went hand in hand with the restric-
tion of wants and desires. Empathy with everything and everybody and sensitivity 
toward nature as well as toward fellow-humans were highly valued. Virtually all 
Asian traditions accept rebirth as a universal fact of life: Humans do not occupy 
a unique position and their fate, both present and future, depends on their rela-
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tionships with all other forms of life. Everybody’s life has gone through many 
transformations. Life as such deserves respect: not harming living beings was 
considered the highest moral principle.

Terms like (Chinese) tao and (Indian) dharma refer to a universal natural law 
that has humanistic as well as transcendental dimensions. Tao/dharma encom-
passes all reality: it is the “nature” of things as well as the “inborn law” of which 
humans become aware, when awakened. Implied in this notion is the idea that the 
universe is a meaningful, purposeful reality, within which humans find their per-
sonal fulfillment. The articulation of tao/dharma includes societal and historic 
aspects: it has to be rearticulated in every age and for each culture. The ecological 
crisis manifests a severe violation of tao/dharma: the only way to resolve it is to 
return to the principles of tao/dharma. Typically, Chinese and Indian cosmologies 
correlate material elements with socio-cultural and emotive-intellectual catego-
ries. In their view, the universe is not fully circumscribed by an inventory of its 
material content: it also contains life, feeling, and consciousness.

Influenced by the study of  Eastern religious classics Arne Naess, a 
Norwegian philosopher, developed what he called “deep ecology.” Abandoning 
the anthropo-centrism of Western ethic, he adopted the Eastern view that all life 
has intrinsic value and that the purpose of all life is self-realization. His “principle 
of identification” – reminiscent of the “exchange of the self  and the other” rec-
ommended in the eighth century Buddhist classic Bodhicaryavatara − says that we 
humans, individually and collectively, are part of a whole that sustains us and that 
we, in turn, have a duty to sustain. Naess’ ideas were taken up and partly trans-
formed by other philosophers, such as J. Baird Callicott (1994) and Michael E. 
Zimmerman (1994).

“Eco-feminism” is a special branch of “deep ecology” (Adams, 1994). 
Feminists attribute much of the ecological crisis to the suppression of women in 
patriarchal culture, responsible for ‘The Death of Nature’ (Merchant, 1980). From 
its Western origins, critical of the male-dominated Christian churches, it has 
branched out also to Asia (Shiva, 1989). By empowering women, it expects to com-
bat violence – including violence against nature – seen as a typical male attitude.

Henryk Skolimowski, a contemporary philosopher, thought that “deep ecology” 
was not deep enough because it was lacking ultimate ends. His own eco-philosophy, 
later expanded into “Ecological Humanism,” has strong religious overtones: 
“There are aspects of traditional religions, which add something significant to 
man’s substance, and if  rejected or neglected seem to produce a crippling effect 
on man’s life. Without worship, man shrinks. If  you worship nothing, you are 
nothing.” And: “The new theology underlying Ecological Humanism is that we 
are God-in-the-process-of-becoming. We are fragments of grace and spirituality 
in statu nascendi. We give testimony to our extraordinary (divine) potential by 
actualizing these fragments in us. By creating ourselves into radiant and spiritual 
beings, we are helping to create God-in-the-process-of-becoming. God and our 
divinity are the end of the road, at the end of time, at the end of mankind, in the 
finale. Our task is to become fully aware that, as the result of certain propensities 
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of unfolding evolution, we possess the potential for making ourselves into spir-
itual beings, and thereby bring to fruition some of the seeds of God in the process 
of self-making. This ecological theology provides not only a new cosmological 
scheme; it also has an existential import: it brings into sharp focus the meaning 
of our individual life, which is redeemed insofar as we elicit from ourselves our 
potential godliness. This theology also justifies the emerging myth of the unity of 
the human family: we are all striving towards the actualization of something 
much greater than our individual selves, something that transcends the bounda-
ries of all states and cultures” (Skolimowski, 1981, p. 115).

One of the most passionate voices crying in the ecological wilderness is that 
of Father Thomas Berry, whose The Dream of the Earth presents a program of 
spirituality based on ecology. It is not without significance that the book was first 
published by the Sierra Club, founded in 1892 by John Muir, one of the early 
American environmentalists.

8.  A New Ecology for a Postnatural World?

Ecological theory reflects the reality picture that the sciences project. Physics, the 
basic natural science, has always exerted great influence on shaping the popular 
view of the natural world. Radical changes in physical world-views have a deep 
impact on the perception of nature by the general public. Newton’s conception of 
the universe as mechanical clockwork, regulated by a few fairly simple mathemati-
cal laws, became the world-model also of the philosophy and theology of his age, 
as well as the backdrop to its literature and architecture. Planck’s Quantum Theory 
and Einstein’s Theory of Relativity had a similar effect. Today, it is Chaos Theory 
that is finding application in a wide range of areas, including ecology. A “new ecol-
ogy” is emerging, that sees “flux” and “chaos” as the determinants of nature over 
against the traditional notion of “balance” (Lodge and Hamlin, 2006).

Flux is, no doubt, a universal fact. Evolution, too, is recognized as a general 
characteristic of our world. However, today’s physics acknowledges unpredictabil-
ity and indeterminacy at the subatomic level that does not translate directly into the 
macrocosmic world. In the “human-sized world,” physical bodies obey statistically 
deterministic laws, and complex organisms develop in a largely predictable way. 
How else could we build houses to live in and dare to cross bridges, or why would 
we train doctors and engineers?

Order and spontaneous self-organization do not exclude each other and the 
“balance of nature” does not contradict flux and change: all of nature exists and 
evolves in time. Time is the key factor that must enter into all our reflection on 
nature. On the macro level, nature presents itself  to us in a delicate but real 
balance: even relatively minor changes in the composition of the air we breathe or 
in the temperature of our atmosphere would make life impossible. Proponents of 
the “Anthropic Principle” point to the fine-tuning of the cosmic constants – within 
ratios of one to a billion! – making it possible for life and humanity to exist in a 
universe full of contingencies. Even minimal deviations from the existing balance 
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of matter and anti-matter would have made the coming into existence of our world 
and of life impossible.

“Natural Balance” and “Flux” play out on two different levels of reality and 
coexist in the same real world: life-giving air is a finely balanced mix of oxygen 
and nitrogen and it is constantly in flux. A change in this “balance” would kill 
most of life – a cessation of “flux” would have the same effect.

When taking over scientific terminology into everyday language, we have to 
consider that scientists are often coining technical terms by giving a very specific 
meaning to commonly used words. “Relativity” in the physicists’ vocabulary does 
not mean that “everything is relative,” as some may think. Similarly, the word 
“chaos,” as used by scientists, does not refer to the condition of a room strewn with 
all manner of objects, but it denotes the mathematically as yet undefined condition 
of a large number of elements before they are reaching a mathematically describ-
able order. In an unforeseen and as yet unforeseeable way, from what seems a 
“chaotic” jumble of disparate elements, order, and symmetry arise. Not insignifi-
cantly, the book that has inspired much of the popular “chaos” discussion bears 
the title Order Out of Chaos: the nature in which we live and have our being is not 
“chaos” but is constituted by the order that arose from it! (Prigogine and Stengers, 
1984) In the language of today’s physics, nature is in a “dynamic equilibrium,” i.e., 
the interaction of a number of factors generates a condition of existence that is 
self-supporting under certain given conditions. If the ratio of the components is 
changed beyond a calculable amount, the whole dynamic equilibrium collapses.

If  the “new ecologists” state that “the balance of nature … does not exist” 
(Lodge and Hamlin 2006, p. 306), we have to say that this is simply not true. There 
is a genuine and scientifically verifiable “balance of nature” without whose func-
tioning we would not be here and without whose continued working we could not 
live: it is this really existing “balance of nature” that we have to preserve. It is 
again this “balance of nature” that tells us how far we can go in using/abusing our 
environment: in and through this “balance” nature “speaks to us.” If  we continue 
to disturb this “Sacred Balance” in a major way, the very existence of humankind 
and of a great many other forms of life will be in peril.

In its presumed 4.5 billion years of existence, the earth has gone through dra-
matic changes: from a lifeless mass of cosmic dust and a fiery ball of magma to a 
planet with oceans and continents teeming with life. Life itself underwent major 
catastrophes and cataclysmic changes. There was, there is, and there will be change 
and flux. The earth as a planet would continue to exist also without humanity, 
probably even without any life. However, the point of our “ecology” is precisely to 
make sure that humanity – together with other forms of life – can survive on our 
earth. For this purpose, we have to preserve the “balance of nature.”

9.  Reinventing Nature

The New Ecologists support their (false) claim of the nonexistence of the “bal-
ance of nature” not only by referring to a (misunderstood) contemporary branch 
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of physics but also by the philosophical argument that “nature” is always “inter-
preted nature.” That is: we do not know nature in and by itself, but we can speak 
of nature only as variously understood by humans, who always perceive nature 
through the medium of their specific cultural lenses. They argue that we reached 
“the end of nature” (Vogel, 2002) and that we now need a foundation outside 
nature to develop an environmental ethics “for a post-natural world” (Lodge and 
Hamlin, 2006).

The more secular minded “new ecologists” reach back to Kant’s “autonomous 
self” as the source of such an ethics, or to some Heideggerian “authenticity.” Apart 
from the difficulty, to communicate Kant’s or Heidegger’s thinking to ordinary 
people, it really does not address our problems. The more religious-minded “new 
ecologists” look to revealed religion, specifically to Christianity that is to offer the 
essential guidelines for a postmodern environmental ethic (Lodge and Hamlin, 
2006, pp. 279–309). Contemporary Christianity, however, still has to learn how to 
deal with nature and it has to make amends for the many crimes against nature and 
humanity, committed in its name. There is further the fact that Christians are 
divided into so many different branches that hardly agree on anything at all, least 
of all on the interpretation of the Scripture to which they refer. And since the 
majority of humankind is not Christian, their scripture-based ecological ethic 
would hardly be universally acceptable, apart from its intrinsic shortcomings.

We need to work out an ethic from nature: from “nature interpreted” to be 
sure, even from “nature re-invented,” but not unrelated to the reality that had been 
called nature throughout the ages. Nature is the source not only of science but also 
of religion. If we can legitimately connect meaning with ancient texts that can be 
interpreted in different ways, we can also accept a variety of interpretations of 
nature as the basis for a meaningful ecological ethic. Though there is always some 
latitude in interpretations, there are definite limits to it, both in literature and 
nature. As we must not interpret the text itself  away if  we try to understand a piece 
of literature, so we must not dispense with the reality of nature, when we attempt 
to understand it conceptually. As long as we live in a “natural” body, we depend 
on the realities of air and water, on plants and animals, and the rest of what we 
call nature. People in different parts of the world have different words for all that 
is included in “nature,” but they do agree in their existence and the need for them. 
Nature and reality – one could make a strong case for their identity – are certainly 
widely overlapping terms: we neither can have individual existence nor culture – 
including ethics and religion – without nature.

The scientific interpretation of nature has changed dramatically in the last 
100 years or so. The materialistic–mechanistic world-picture that had dominated 
an earlier atheistic and scientistic age has all but been given up, except for a few 
“hardliners” like Jacques Monod or Richard Dawkins (Klostermaier, 2008). Over 
against the earlier reduction of nature to “atoms and the void,” today we are 
convinced that everything in nature is interconnected at a very profound level. 
Rejecting the hubris of an age that believed to have uncovered everything there 
was to know, today’s scientists admit that nature is unfathomable and mysterious 
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– some even ascribe consciousness to the cosmos as a whole (Kafatos and Nadeau, 
1990). Most importantly of all, we begin to learn that we have to rejoin the sub-
ject (mind) to the object (nature): we have to learn to see ourselves as part of 
nature and nature as our larger self  (Schroedinger, 1946). As Konrad Lorenz 
(Nobel Prize 1973 for Physiology and Medicine) said: “Since all moral responsi-
bility of  humans is determined by their value perceptions we must reject the 
endemically wrong belief  that only what can be counted and measured is real. 
We must convincingly state that our subjective processes possess the same degree 
of reality as anything that can be expressed in the terminology of the exact natural 
sciences” (Lorenz, 1973).

Suggestions, that humankind has reached a point where it could “de-link” 
itself  from nature, that cultural evolution has now replaced natural evolution, are 
becoming the less acceptable, the more we feel the effects of the humanly caused 
ecological crisis: we better try to “re-link” and “re-integrate” our species with 
nature! In our reinterpretation of nature, we must replace “dead matter” as central 
category by “consciousness.” We must realize that it is not the vision and theory 
of a nature observed “through a dead man’s eye” but “the vision and theory of 
value” that is “the starting point of understanding” (Kohak, 1987).

Nature is greater than science: all great scientists are agreed on that. 
“Physics,” as Nobel Prize winning physicist Niels Bohr said, “is not telling us 
what nature is, but only what we can say about nature.” Nature is not identical 
with an inventory of all the material objects that can be studied by the natural 
sciences. And pace Kepler: neither are quantities the only archetypes of nature, 
nor is mathematics – a useful tool for our present sciences – the only language of 
nature. Nature has real qualities that everybody can experience and that have 
been further explored by poets and seers. If  we accept the anthropomorphism of 
a “language of nature,” we can go one step further and say that nature – like 
humankind – speaks in many languages. Nature does indeed speak in several 
languages to those who know how to listen.

Bhikkhu Buddhadasa, a prominent twentieth-century Thai Buddhist, 
expressed it thus: “Trees, rocks, sand, even dirt and insects can speak. This does 
not mean, as some people believe, that they are spirits. Rather, if  we reside in 
nature near trees and rocks we will discover feelings and thoughts arising that are 
truly out of the ordinary. … The lessons nature teaches us lead us to a new birth 
beyond the suffering that results from attachment to self” (Swearer, 1979, p. 34). 
Buddhadasa has also learnt another lesson from nature: “The entire cosmos is 
co-operative. The sun, the moon, and the stars live together as cooperative. The 
same is true of humans, animals, trees and the earth. Our bodily parts function 
as a cooperative. When we realize that the world is a mutual, cooperative enter-
prise, that human beings are all mutual friends in the process of birth, old age, 
suffering and death, then we can build a noble, even a heavenly environment. If  
our lives are not based on this truth, then we’ll all perish” (Swearer, 1997, p. 35).

The Bhagavata Purana, a popular Hindu scripture, tells a story about a 
young man by name of Dattatreya, who had chosen nature as his spiritual guide: 
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24 representatives of nature offer the equivalent of the guidance of an inspired 
guru. Nature teaches in metaphors. Thus, the earth teaches steadfastness and the 
wisdom to realize that all things, while apparently pursuing their own aims, follow 
the universal divine law. It also teaches that human existence is a being-for-others 
to be lived out in forbearance and humility. A tree teaches forbearance and 
patience. The story goes on and suggests that nature has a moral lesson to teach 
to those who look to it for guidance (Klostermaier, 2007, pp. 476–489).

The Swadhyaya movement, mentioned earlier, shows that the language of 
nature can still be understood today by people in intimate touch with nature who 
can see in nature a revelation of Reality. Vaishnavas see the world as the body of 
God, going so far as to identify mountain ranges as his bones and rivers as his 
veins. The sacredness of holy places is connected with nature itself, and does not 
depend on religion-specific beliefs that may be connected with them.

Nature is also greater than historic, man-made religions: by reestablishing 
an in-depth contact with nature organized religions must regenerate and reorient 
themselves in the service of humankind: all too often they appear as self-serving 
and tyrannical institutions that violate their own lofty principles. By reorienting 
themselves on the generosity and unity of nature, religions can overcome their 
endemic sectarianism and intolerance and their pettiness and arrogance.

There is genuine wisdom as well as true science in many old traditions that 
convey practical knowledge as well as provide spiritual satisfaction. David 
Suzuki’s The Sacred Balance offers some striking contemporary evidence: For 
perhaps 2,000 years, the Balinese had cultivated rice in an area that was watered 
by springs from a mountain ridge, considered sacred. The rhythm of work was 
determined by the local water temple, where people congregated for worship as 
well as for discussion of practical matters. In the 1970s, the government of 
Indonesia, pushing the Green Revolution, forced the Balinese to adopt new vari-
eties of rice that yielded three crops per year instead of the two traditional ones. 
This upset the entire traditional agricultural cycle. After a few years, pests 
destroyed much of the crops, rats became a major menace, and the use of increas-
ing amounts of pesticides made people and animals sick. When the Balinese 
reverted to the old practice, governed by the traditional rules of the water temple, 
everything worked fine again: ducks took care of the pests, the simultaneous 
flooding of  all fields, as determined by the water-temple, drove the rats away, 
the old varieties of rice yielded sufficient good-quality food and people took up 
their traditional rhythm of work and festivals, not forgetting to offer a share of their 
bounty to the gods at the water temple. Not only the economy but also the 
happiness of the people was restored.

There is no alternative to nature in our search for a basis for an ecological 
ethics: a nature that speaks to us in many ways and whose languages we have to 
learn if  we wish to survive. It is clear, that neither the Baconian technological 
enslavement of nature nor post-modern cynicism nor the fundamentalist fideism 
of a “new ecology” is working. Nature is warning us today by various signs that 
it may no longer tolerate human abuse. She also let us know that so far we have 
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not really understood her. Through its wiser offspring nature, she tells us what to 
do to save her and ourselves. But we must learn to listen!

10.  Conclusions

Our world is facing simultaneously a multitude of crises: a worldwide financial 
and economic crisis “of historic proportions,” a severe food crisis in many parts 
of Africa, wars and insurrections, corrupt and incompetent governments, not to 
speak of the multitudinous natural catastrophes of the past few years: tsunamis, 
hurricanes, floods, droughts, and earthquakes.

There are predictions of even more worldwide disaster impending: wars 
fought over scarce resources wiping out the majority of the world’s population in 
the process; calculations, that the economic fallout from global warming would 
surpass the effect of all other crisis put together. No single person and no single 
government can solve these crises once for all: they will be with us forever, or – as 
long as humankind exists.

One good could arise from this predicament: the willingness of people to 
come together to address this global crisis globally. Instead of competing with 
each other, claiming superiority of race or religion, playing out ideological games 
or trying to trick each other out on world-markets, people may realize that it 
makes more sense to work together. The scientific acumen of the human race that 
has caused so much of our predicament could be employed to also solve the 
problems it has created. The religious emphasis on the sacredness of nature and 
the interdependence of all life could help to create an intellectual climate in which 
care for nature will be regarded a universal duty. Once a large enough part of 
humanity has undergone the necessary mind-change and has begun to act on 
these insights, a healing process will begin in nature for the benefit of all.

This essay has tried to show that adherents of many religions have become 
ecologically aware and active and that religiously motivated eco-activism is making 
a difference. It also made a case for a “return to nature” in the development of a 
viable theory of ecology, articulating features of a “re-invented nature” as the basis 
of an interpretation of nature as source of an ecological morality, finally suggesting 
that “peace with nature” is inseparably linked to “peace among people.”
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1.  Introduction

The protection of natural resources results from rational hindsights. But which 
resources are indispensable? Coal, oil, or uranium? Presently, the preferences are 
being decided based on nonscientific criteria. The goals of natural and environ-
mental conservation are not scientifically justifiable. They are being formulated 
according to ideological approaches. Politicians and decision-makers make use of 
economists and technicians without scientific fact repertoires for argumentation 
and implementation.

A concrete example (AWH, 1989) serves to illustrate the point: they argued in 
support of an expansion of the Cologne–Bonn airport citing a lack of capacity, 
related security problems, economic requirements, and provision of work. Nature 
conservationists protested vehemently claiming that the new take-off and landing 
runways would destroy the habitats of “Red List Species” (endangered flora and 
fauna) or would cause the disappearance of rare vegetation areas. Furthermore, the 
increased air traffic would increase the environmental damage. However, many of 
them did not express an understanding for the concern to protect nature. Some 
were attracted by the lure of new jobs. But it is basically accepted that in nature, 
creation and destruction are one-time events. After all, the dinosaurs went extinct.

What stirs the emotions here is not justified by the facts. There are basic 
differences between natural extinctions and those caused by human activities. 
The contrary position is equally weak: botanists or ornithologists, apart from citing 
the rareness of a species or biome, have no basis for species conservation. At least 
this controversy helped to hinder some contradictions and spurious arguments 
from entering the discourse. Hence, biologists and conservationists have abandoned 
the formerly popular but groundless difference between “useful” and “harmful.”

The modern study of ecology focusing on the interdependence between organ-
isms and the environment – justified by method as in other sciences – restricts itself  
to trying to rationally and objectively describe the world and its functional connec-
tions. Though this increases our knowledge, it does not relieve our conscience.
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2.  Foundations

The chapters in this book offer full historical, natural scientific, and other sci-
entific data that, in total, offer an extensive picture of “The role of seaweeds in 
future global environments.” The improved knowledge of scientific facts, how-
ever, will by no means lead to an avowal to one specific method of examination. 
Depending on the conflicting views of the interested parties, one of many options 
may be employed. The decisions are not based solely on science, but not without 
it either.

Ecology has played an important role in the refining of the scientific method. 
Along with other disciplines, it has sharpened the awareness of the interconnections 
of processes and their factors in nature, without minimizing the individual cause-
and-effect analyses. It can and does clarify how each apparently insignificant distur-
bance affects the balance of the biome, and it also shows how it counter-reacts to 
the spread neglect of the unclear consequences of the apparent disturbances. 
Because ecology researches and clarifies the basic efficient principles of nature, it 
offers findings on which ethics (deontology) can also base its concepts.

Additionally, other sciences (i.e., social science) must account for facts and 
so ecological insights are brought into accord with recognizable human needs. 
In the long term, ecological action will only be possible when humans see them-
selves as a part of  nature and recognize that ecological findings are also vital for 
their existence.

3.  Ethical Aspects

Ethics begins fundamentally when one has determined to take rational findings 
into account. Everyone knows that smoking is dangerous, yet many still smoke.

Even environmental politicians and nature conservation workers take short 
flights from the Cologne–Bonn airport although there are available comfortable 
railways. Whosoever decides to base his own behavior according to ecological 
perspectives makes a considerable commitment in that moment of choice – as 
long as that person’s determination holds. This means that for that person, for 
example, his actions are no longer determined solely by his own needs but the 
needs of the entire ecosystem are taken into account. The use of nature remains 
understood but keeps itself  within reasonable bounds. The use becomes taboo 
when the bounds exceed reasonable exploitation or bring irretrievable destruction. 
An individual’s orientation is easily hindered if  his interests become unfortunately 
identical to those of the society.

Scientific insight alone then is disabled as a long-term basis and motivation for 
ethical behavior. We live and make decisions as much from the soul as from reason.

The story could begin differently as it did for Lynn White in 1926 in Ceylon 
(Krolzik and Knöpfel, 1986): Singhalese were building a new road under British 
rule. In the planning, they consistently omitted several sites. There were snake 
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nests. The local people were not afraid of the animals but held the opinion that 
the animals had a right to live there as long as they wanted. As Buddhists, they 
were convinced that souls were reincarnated in snakes. The British Christians 
yielded to the people, as the building activity would certainly have dislodged the 
animals. The English did not value the snakes, but the Buddhists certainly did.

Animal conservation without environmental laws and “Red Lists” only holds 
meaning for those who find value from other sources. Two thousand years ago, the 
Rabbi from Nazareth referred to the Samaritans, and even barely today do we find 
reason to look over the fence of our Western tradition to find a few fleeting impres-
sions of how others relate to nature. Perhaps this will help in providing motivation 
to study our own behavior. Finally, the impulse for an “ecological ecumenism” 
may result.

4.  Environmental Thought in Different World Religions

4.1.  BUDDHISM

The previous example provides more information about Buddhist sensibilities than 
any quote can. Each of  the many ways of  thinking within Buddhism has a very 
different understanding of reality and therefore each weighs the environmental 
problem differently. Many know of reincarnation as a Bodhisattva, one who remains 
on the last step before entering Nirvana out of compassion for creatures and denies 
himself  entry to pave the way for others to reach enlightenment by teaching 
Buddhism. From there comes the belief: the necessity “to bring all of creation with 
us to enlightenment,” to be able “to not leave them to their fate”, or: “Grass, trees, 
earth – everything becomes Buddha” (Klöcker and Tworuschka, 1986). Respect is 
not only for nature in general, but for every individual life-form. An Indian doctrine 
(Ahimsa), not limited to Buddhism but also found in Hinduism (i.e., Mahatma 
Gandhi), prohibits any harm or killing of life. The parallel to Indian Jainism, which 
also arose at the same time as Buddhism, will also be clarified here.

4.2.  HINDUISM

Hinduism (similar to Buddhism), the religion in India, where the monsoon and 
drought starkly present the changes of existence and disappearance, is more a 
way of life than a theory. Man experiences himself  as part of the world. Between 
him and the rest of life there is no perceived basic difference as between animate 
and inanimate nature. The environment means “the entire surroundings consist-
ing of the relationships among spiritual, small and large materials” (Klöcker 
and Tworuschka, 1986). Each and every thing is spun into the order of the world 
(Dharma), which on its part ensures itself  through ritual acts, which also signify 
Dharma. Everything in nature then has multiple values: trees represent the power 
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of vegetation and are worshipped and rivers are not only experienced as a water 
supply but also as holy, especially the Mother Ganges (mata ganga).

Traditional asceticism has brought man closer to the ideal self-restraint. 
Many have tried to occasionally learn from the ecology movement and practice 
frugality within certain lifestyles.

4.3.  CHINESE RELIGION

Chinese religion has anticipated many of the ecological ideas of our time with 
its varieties of universal thinking that sense the dynamics of interdependence 
and aspires to balance and harmony. In Taoism, the self-worth of the world and 
nature are qualified if  a rigorous asceticism is applied at the same time.

4.4.  SHINTOISM

In modern Japanese Shintoism, as in Hinduism, there are traits of ancient nature 
religions. To experience a small piece of this mindset nearby, one can visit the parts 
of the Japanese Gardens in Leverkusen or the architecture exhibit in the East 
Asian Museum in Cologne. The intuition of how important nature can be as a 
religious symbol emerges. Only because of the proximity of these examples, which 
show us an otherwise strange religion, can this information be confirmed.

4.5.  NATIVE AMERICAN RELIGIONS

Recently, the Native American tribal religions have gained popularity among the 
nature religions. The speech attributed to the Chief Seattle (1855) has become 
a cult text of the alternative, although it appears not to be authentic. He also 
used nature and hunted the buffalo, but only “to stay alive.” And Archie Fire 
Lame Deer professed: “We never took more than we needed.” Every time that 
man harvested plants or animals, the Native Americans begged forgiveness of the 
sacrificed life form and thanked Mother Earth who bestows all life (Klöcker and 
Tworuschka, 1986).

4.6.  MIDDLE EASTERN (BIBLICAL) RELIGIONS

In strong contrast to all of those just mentioned are the “Biblical Religions” Judaism, 
Christianity, and Islam. But as these above-mentioned belief  systems weakened 
their ideals throughout history and negated their principles, this historical change 
has also affected our culture. Century-long language difficulties and ideological 
intentions have brought about the misinterpretation of  the (Hebrew) Bible 
and disseminated the translations, which sometimes were totally contrary to the 
original ideas.
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Not only maintenance is implied, but also active management. The ecologi-
cally meaningful use of  the earth for livelihood remained implicit, but the 
mandate was increased. For example, the Bible promotes preventative action 
against drought and erosion. Moreover, Jewish law (Torah) promotes many 
specific actions (Mitzvot), which have retained great significance until now and 
include steps relating to ecology (Num 2; Ex 22, 4), animals (Ex 23, 5; Lev 19, 26, 
and 22, 24; Dtn 25, 4), and nature conservation (Dtn 20, 19 and 22, 7), even as far 
as the modern topic of genetic modification (Lev 19, 19), in that it forbids the 
inappropriate use of animals and plants.

The Koran has clearly adopted the esteem for nature created by Allah. 
Man must never forget the power of  control over creation bestowed upon him, 
that his authority is limited, and that he is constantly accountable to Allah. 
Islam is typical in that it clearly emphasizes man’s responsibility. The appropri-
ate behavior toward nature is not determined by one’s own will but out of  defer-
ence to Allah as the lord of  heaven and earth. As in biblical thought, in Islam 
too “man is the decisive problem for existence, form, and use of  Creation” 
(Steck, 1978). Both religions recognize the right to life of  nonhuman life forms. 
One should ask at this point: Can nature conservation be more strongly justified 
than by God’s ownership of  nature?

Christianity goes one step further in the recognition that “in Jesus Christ, 
the creator himself  becomes the created and goes into his creation” (Klöcker and 
Tworuschka, 1986). In so doing, the creator sanctified his work with his presence. 
It is tragic that the contradictory history of Christianity provokes critics to speak 
of its “merciless consequences.” The author of this wording (Amery, 1973) 
blames Christianity in assisting the over-exploitation of nature and assigns it 
decisive culpability for the ecology crisis.

The eastern churches have remained especially true to the approach of early 
theologians. That approach tries to overcome the Greek creation myth in that it 
interprets the creature as God’s self-revelation and as proof of his love for man. 
The function of the creature “consists of its usefulness to man’s salvation. Because 
the creature is contained in man, it shares his identification to take part in holy life 
and may be deified through the same grace as man” (Panagopulos, 1987).

It was brought up earlier that life and doctrine often diverge in historical 
reality (and not only in Christianity). This led to the creation of doctrines that 
included contradictory ideas about the behavior toward nature. It is how deism 
clarified the absence of a relationship between god and the world. Straight mate-
rialism was, at times, able to fascinate, but apparently not satisfy, minds. 
Marxism–Leninism, among others, asked as a basic tenet of its philosophy the 
question about the relationship between awareness and nature and matter. Man 
is part of nature but puts himself  above it by means of work. Through it he real-
izes his goals, changes nature, and molds it to his ends. He must not separate 
himself  from nature, even as its master, but must help people practice “an ever-
deeper understanding and application of its laws for his goals” (Klaus and Buhr, 
1972).
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5.  Similarities

From the many ways of  thought, several profound similarities are apparent. 
As a preliminary result of our cursory observation, perhaps we can establish here 
principally:

1.	 The esteem for nonhuman nature was and has been required at all times 
and in almost all cultures by individuals and groups and has also fre-
quently been lived.

2.	 Nature is awarded its own right on multiple different grounds. In the mono-
theistic religions (Judaism, Christianity, Islam), the weight is easily shifted in 
favor of man for whom an extraordinarily special position is awarded.

3.	 Man’s entitlement to use is considered self-evident, but is limited by nature’s 
intrinsic organizing principles. Ecologically it must be formulated as fol-
lows: the limit lies where natural resources are depleted and are threatened to 
become irretrievable. However, as a basis, all environment-oriented thought 
and behavior should be determined with responsibility and care.

6.  Practice

Sweeping consequences for nature and resource conservation based on traditional 
religious beliefs in today’s world cannot be expected, especially regarding the 
sea. Protection of wells and other bodies of water in dry areas and deserts was 
a practice of survival. Not without reason does the bible directly or indirectly 
mention their value (Ps. 73, 15; Js 41, 18; Jac 3, 11, Rev 21, 6). The population 
increase in central Europe in the Christian Middle Ages (Leguay, 1999) forced 
more careful behavior toward water supplies. Indeed, all references point to – at 
least in the relatively well-supplied area of Central Europe – wells, rivers, and 
seas inland precisely in the area of settlement. Marine ecosystems shifted simply 
in connection to coastal protection and the foundation of port cities like Venice 
or those in the Netherlands (Radkau, 2000). The sea was regarded as mysterious 
and contradictorily valued as both dangerous and beneficent (Bechtold-Stäubli 
and Hoffmann-Krayer, 1935, 1987). In the “Book of Nature” (1547–1550) by 
Konrad von Megenberg, sea life was portrayed more fantastically than realisti-
cally (translated by Sollbach, 1990). Still, he acknowledged in support that the sea 
was the “Father of waters” and supplied the inland water (Bechtold-Stäubli and 
Hoffmann-Krayer, 1935, 1987).

Accordingly, water as a natural element enjoyed a special value and its use was 
always bound by moral responsibilities. In spite of scientific advances, the attentive-
ness of churchly moral teachings and practices of care are concentrated on areas of 
settlement. Therefore, the present-day concrete concerns for acute water scarcity is 
decisive in poor countries. This is showed by the organization of a conference of 



431NATURE AND RESOURCE CONSERVATION AS VALUE-ASSESSMENT

“Ecumenical Water Networks” (EWN). As an initiative of churches, organizations, 
and movements, it pursues the goal of  “protecting and guaranteeing of  water 
supply for all people in the world, promoting community initiatives and projects to 
overcome the water crisis, and ensuring that the collective Christian voice will be 
heard in the debate on water problems.”

The Pope sent a message on March 27, 2007, to the Director of the Food 
and Agriculture Organization (FAO), Jacques Diouf, that may be able to illustrate 
the way of thinking that comes from a religiously based ethic. It states among 
other things (quoted by the official announcement of the roman-catholic church 
in Germany):

Water is an essential commodity for human life. The management of this valuable 
resource must be administered so that all people, especially the poor, have access and 
that both people living today and future generations are guaranteed a life on this 
planet fit for humans.

Access to water belongs to the inalienable rights of every human and it is a pre-
condition for the realization of many other human rights like the rights to life, 
food, and health. Therefore, water can “not be treated as any other resource and 
its use must be rational and solidary. (...) The right to water is based on the dignity 
of man and not on a simply quantitative value, which regards water as an eco-
nomic commodity. Without water life is endangered. Therefore, the right to water 
is an inalienable and universal right (…)

Towards this goal, the behavior towards water must be regarded as a socio-
economic, ethical, and environmental challenge that concerns not only institu-
tions but also the society as a whole. It is a challenge that must be faced with the 
principle of subsidiarity, namely by the participation by the private sector and 
mostly too, by local communities;

•	 With the principle of solidarity, the cornerstone of international cooperation, 
that bestows special attention to the poor

•	 With the principle of responsibility for both present and future generations that 
calls for the necessary revision of ... consumption and production models

This responsibility must be widely shared and become a moral and political 
imperative in a world that has access to extensive knowledge and technology (...) 
in order to achieve dramatic consequences. However, where a mutual hydrologi-
cal dependence ground in a far-sighted attitude reigns that binds the users (...) in 
neighboring countries to a common system, then this responsibility can become 
the basis for inter-regional cooperation …

We are all called upon to create a new way of living to restore value and care 
to this common resource of man that we must have for our society.”

All of these reputable objectives should be discharged into the ambitions, 
which are aimed for in the different perspectives in this book.
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7.  Summary

Water and its natural resources stand at the center of the articles in this anthology. 
Water (Hock et al., 2001) is equally a material and spiritual element of religions 
and doctrines of salvation. Teachings and rituals of all religions mirror the basic 
importance of the commodity for man, animal, and plant. This view is prevalent 
in an immense number of liturgies, rituals, and uses. It is promulgated in typical 
fashions in a multitude of myths, mythologies, epics, legends, tales of miracles, or 
it is rationally explained in epistles and theological accounts. It is heard as well in 
hymns, mantras, psalms, litanies, and prayers of all kinds. Washing (Bowker, 1999) 
constitutes basic ceremony in many religions. “Water – Source of Life” was the 
motto of the United Nations International Decade. “Water is life” wrote Antoine 
de Saint-Exupéry. Water is practically “a culturally universal symbol.” It stands 
not only for biological but also for spiritual existence.

It will be remembered in the “Year of Darwin” that the conception of the 
development of life belongs to age-old traditions of man. It took the “minority 
theory” of  Anaximandros of  Milet (first half  of  the sixth century BC) 
(Mayerhöfer, 1959–1970) a long time before it became a common belief. He 
believed that present oceans were the rest of an ancient ocean and speculated that 
modern land creatures had aquatic ancestors. Thus the basic assumptions of 
modern science were anticipated by an ancient philosopher.

Mythic-religious thought is mixed with real knowledge, particularly regarding 
water. Rivers and sources, therefore, have been and continue to be seen as holy 
places. Water is most frequently related in connection to the beginning of the world. 
In the Indian “Bhavishyotara-purana” (31,14), water is described as the source of 
all existence. According to the Babylonian “Enuma Elisch,” the earth came from 
chaotic waters. Accordingly in the bible, Yahweh floats “above the waters” (Roth, 
2008) before water and land were separated from one another.

This brings to mind, likewise, sources regarded as holy places (i.e., Lourdes) and 
holy rivers like the Ganges, the Jordan, and the Euphrates as one of the four paradise 
rivers of the bible (Gen 2, 14) and the four ruin-bringing angels (Rev. 9, 14).

Water is a basic element of liturgies and ceremonies. Baptismal water is used 
in all Christian denominations. Easter vigil is celebrated with water sanctification. 
On the twelfth night after morning mass, water of the three kings is accepted. 
There are similarities to other religions. Holy water is also a significant part of the 
Yasna ceremony of a Gahambar in Zoroastrianism (Arbeitspapier, 2008).
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1.  Introduction

Judaism’s literary sources are roughly divided into two main categories: Halakha 
and Aggadah. The Halakha consists of a system of practical rules and instruc-
tions, on two main levels: commandments between man and God, and between 
man and his fellow man. The Halakha, originating in biblical directives, was edited 
and formulated into a comprehensive codex around the year 200 CE, and called 
the Mishnah. The discussions on the Mishnah continued to branch out, and in 
500 CE the Babylonian Talmud was compiled. The Halakhic body of literature 
continued to develop, and besides the Halakhic sources, one can mention – beyond 
the Talmudic commentative literature – also the codification literature of Jewish 
law, such as Maimonides’ Mishne Torah (twelfth century) and Rabbi Yosef Karo’s 
Shulchan Aruch (sixteenth century), as well as the responsa literature.

The Agaddah, which also originates in the study of biblical texts, is found 
within the Babylonian and Jerusalem Talmuds and collections of Midrashim,1 
and constitutes the primary basis for Jewish philosophy and theology. Books of 
diverse styles were written based on the Aggadah, to name a few: philosophical 
literature such as “Faiths and Beliefs” by Rabbi Saadia Gaon (ninth century), or 
Maimonides’ “Guide of the Perplexed” (twelfth century); Mystical literature 
(Kabbalah) such as the “Zohar” attributed to Rabbi Shimon Bar Yochai (discovered 
in the thirteenth century), or Rabbi Haim Vital’s Etz Haim, “Tree of  Life” 
(sixteenth century); Hassidic literature such as Toldot Yaakov Yosef, “The History 
of Yaakov Yosef,” by Rabbi Yaakov Yosef Katz of Polnoye (eighteenth century), or 
the Tanya by Rabbi Shneur Zalman of Liadi, the founder of Chabad (eighteenth 
to nineteenth century).

The issue of the attitude to nature and the environment is given wide expres-
sion in the above-mentioned sources. This survey will first bring a general description 
of the attitude toward the environment found in sources of Jewish thought, and 

1 Midrashim – Rabbinical commentary on the scriptures and oral law.



438 SHLOMO E. GLICKSBERG

will then focus on the practical sources of Halakha, Jewish law. The aim here is 
to illustrate the ways in which the religious scholars from the first centuries of the 
first millennia dealt with environmental hazards of their time, and, in so doing, 
laid the Halakhic-legal foundations for later-day Halakhic scholars, when they 
came to address the issue of more modern hazards.

2. � Three Different Approaches to Man–Environment Relations  
in Sources of Jewish Thought

Theoreticians and environmentalists generally refer to two contrasting percep-
tions of man’s place in relation to the world surrounding him: the anthropocentric 
perception, which places man at the center, and perceives him as having steward-
ship or mastery of world resources2; and the contrasting biocentric perception, 
which places nature at the center, and views man as one of the species whose 
importance is no greater than those of other species in the world, as arises from 
the following description:

The word anthropocentrism, whose roots are anthropo, or “human”, and centrism, 
or “center”, is a buzzword in environmental thinking. It expresses the notion that 
the world was made expressly for humanity. Many think that as long as we see 
ourselves as center (and master) of  the universe, there will be no end to the envi-
ronmental crisis. In today’s environmental debate, the strongest arguments against 
the anthropocentrism come from the Deep Ecologists, who call for a “biocentric” 
world view.3

In forming an opinion on the issue of man’s status in the world, one would assume that 
surely man is of central importance, since he was given the task to preserve nature, 
“to work it and guard it.”4 And yet, a review of various sources shows that besides 

2 Within the anthropocentric approach, two different approaches should be 
discerned: stewardship versus mastery. On this, see: Schwatz E Response (2002). 
Mastery and stewardship, wonder and connectedness: a typology of relations to 
nature in Jewish text and tradition. Judaism Ecol 93–108, Cambridge, MA.
3 Bernstein E (ed) (1998) Ecology and the Jewish spirit. Jewish Lights Publishers, 
Woodstock, VT, pp. 230.
4 Genesis 2:15. Notably, even this anthropocentric approach, which shows concern 
for man and his needs, could be viewed as having not only man’s immediate needs 
in mind, but also the needs of mankind in generations to come. It seems that 
several sources illustrate this concern. One example for this is the discourse in the 
Babylonian Talmud in Taanit, 23a, which illustrates the importance of planting a 
carob tree, whose fruit a person might not enjoy himself, but which will provide 
fruit for future generations.
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the anthropocentric approach in Judaism, the biocentric approach also exists.5 
See, for example, in the book of Job, when God addresses Job from out of a storm, 
His concern also included places uninhabited by people.6 Later, too, God enumerates 
different species for which He is concerned, even though man has no need for them. 
Thus, God’s concern for the world is direct, and is not necessarily related to man’s 
welfare.7 This also seems to be the understanding of Maimonides, that man, or human-
ity, is only one species of Creation amongst many.8

Of course, to these sources one must add many other sources of Jewish 
thought which express the biocentric approach. One should especially mention 
the perception of Beshtian Hassidism (pertaining to the Baal Shem Tov), which 
provides in its sources a clear illustration of this approach.9

However, for a more accurate understanding of some of the sources, one 
must refer to a third approach, one not mentioned so far: the theocentric 
approach, in which neither nature nor man is at the center, but rather God, or at 
least the consciousness of the presence of God.

The belief  in the connection between the world and God, and in God’s inter-
vention in world events, consequently making demands on humanity in return, is 
one of Judaism’s foundations, and can therefore determine man’s attitude toward 
God’s world.

This principle also constitutes Halakhic norms, the clearest example of which is 
found in the bible as explanation for the commandment on the jubilee year: “The land 
must not be sold permanently, because the land is mine.”10 The explanation accom-
panying the commandment expresses a clear theocentric perception, according to 
which the fact and acceptance of God’s ownership of the land has practical conse-
quences, and according to the famous Midrash, although “All I have created, I cre-
ated for you,” nevertheless, “Take care not to corrupt and destroy my world.”11

5 See expansion in Fink D Between dust and divinity: Maimonides and Jewish envi-
ronmental ethics. In: Bernstein E (ed) (1998) Ecology and the Jewish spirit. Jewish 
Lights Publishers, Woodstock, VT, pp. 230–239.
6 See, Job, 38: 1, 26–27.
7 See, Ibid, 40:15–32.
8 Maimonides, Guide for the perplexed, Part III, Ch. 13 as well as in Ch. 12.
9 Studies have already been written on the subject, to mention just one: Manfred 
Gerstenfeld and Netanel Lederberg, “Nature and the Environment in Hasidic 
Sources”, Jewish environmental perspectives, 5 (October 2002), pp. 1–11.
10 Leviticus 25:23. Rashi’s comments on this verse, that man should not be selfish 
about the land, since it does not belong to him.
11 Ecclesiastes Rabbah (Vilna edition) 7:13. Yet, the main emphasis in the literature of 
the Sages and the diverse commentative literature is undoubtedly anthropocentric, 
placing man and his education at the center of importance, besides the emphasis 
on the responsibility of mankind toward nature and toward other generations 
who also deserve to enjoy that nature.
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And yet, despite the existence of several biocentric sources, it seems that 
their main significance lies in their ability to create a spiritual climate that edu-
cates to viability and to an enhanced sensitivity toward the environment. However, 
these sources cannot serve as the infrastructure for an applicable legal doctrine 
containing clear instructions on what is allowed and forbidden, and how a society 
committed to these codes could apply and enforce their implementation.12 For this, 
we must turn to the Halakhic sources and their analysis:

3.  Man–Environment Relations in Halakhic Sources: Three Circles

Unlike the sources of Jewish thought, Jewish civil law, which contains the laws 
concerning nuisances, is fundamentally anthropocentric: The Halakha seeks to 
protect the individual and society from various hazards.

Generally, the Halakhic discussions can be described according to three 
circles of reference: local, public, and global. Regarding the first two circles, 
Halakha offers an organized legal doctrine. Indeed, in the absence of updated 
scientific knowledge available to the religious scholars of the relevant period in 
which this genre was created, no clear guidelines were formulated on the manage-
ment of modern environmental issues, including global ones. However, within the 
framework of reference to the local and public circles, in the reality addressed by 
scholars of the Mishnah and Talmud periods, Halakhic foundations were laid, 
not only concerning modern hazards, but even the third circle of reference.

The Halakhic approach does not speak in terms of rules (conceptualization) 
but of cases (casuistics).13 However, the modern posek (decisor) is accustomed in 
many instances to analyze situations referred to by earlier sources, to convert the 
cases to principles, which then could be applied to a changing reality.

The main corpus of these discussions is found in the Mishnah, in the second 
chapter of Bava Batra Tractate, which actually consists of the last section of the 
original Nezikin (damages) Tractate. As nuisances are the main focus of this chapter, 
consisting of 14 verses, or Mishnayot, its central principles will therefore be the 
focus of discussion here.

The novelty of this chapter, even prior to going into its details, is the very 
fact that it prohibits not only acts that harm another’s body or property, but also 

12 Although, as we have shown elsewhere, it seems that the sources of Jewish 
thought did in fact influence Halakhic rulings, even if  indirectly, by establishing a 
stricter norm, demanding a higher measure of piety and going beyond the letter 
of the law. See Glicksberg S (2005) Ecology in Jewish law: preventing personal 
environmental damage. Ph.D. Dissertation, Bar-Ilan University, Ramat Gan, pp. 
273–276, 312–313, 315–317 (Hebrew).
13 L., Moscovits, Talmudic reasoning: from casuistics to conceptualization, 
Tubingen 2000.
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ones that detract from ones’ quality of life or tranquility. Nuisance laws, therefore, 
introduce the concept that quality of life is also a “protected interest,” which is 
legally protectable.

Here, we will first describe the two first circles and will then describe in brief  
some principles derived from them, and which could serve as a platform for an 
applicable Halakhic doctrine for the management of modern environmental hazards, 
including global ones, which go beyond the responsibility of the individual or the 
local public, and relate to the world at large.

3.1.  THE LOCAL CIRCLE

Some examples: The Mishnah requires the distancing of hazardous materials from 
the neighbor’s property: “A man should keep olive refuse, dung, salt, lime, and flint 
stones at least three handbreadths from his neighbor’s wall or plaster it over.”14 The 
Mishnah makes similar demands on ones’ conduct toward his upstairs neighbor: 
“An oven should not be fixed in a room unless there is above it an empty space of at 
least 4 cubits. If it is fixed in an upper chamber, there must be under it paved flooring 
at least three handbreadths thick, or for a small stove one handbreadth.”15

And so also in the following Mishnah: “A man should not open a bakery or 
a dyer’s workshop under his neighbor’s storehouse, nor a cowshed. In point of 
fact the rabbis permitted [a bakery or dyer’s workshop to be opened] under wine, 
but not a cowshed.”16 The Mishnah also requires the protection against noise: 
“One may protest against the opening of a shop within the courtyard and claim, 
‘I cannot sleep due to the noise of those entering and exiting’.17

3.2.  THE PUBLIC CIRCLE

The Mishnah protects not only the individual’s property and quality of life but also 
the public and its property. For reasons of protection from air pollution, the Mish-
nah requires the distancing of various hazards from inhabited settlements: “Animal 
carcasses, graves and tanneries must be distanced 50 cubits from a town. A tannery 
may be set up only to the east of  a town. Rabbi Akiva says it may be set up on any 
side save the west, and it must be distanced 50 cubits [from the town].”18 The Mishnah 
also prohibits air pollution caused by waste, and thus prohibits threshing grain 

14 Mishnah, Bava Batra, 2:1.
15 Ibid., 2:2.
16 Ibid., 2:3.
17 Ibid.
18 Ibid., 2:9.
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close to town: “A permanent threshing floor may not be made within 50 cubits of 
the town. One may not make a permanent threshing floor within his own domain 
unless his ground extends 50 cubits in every direction, and he must distance it from 
his fellow’s plants and ploughed land so that it will not cause damage.”19

A further Mishnah prohibits the planting of a tree near an inhabited area, and 
even requires its uprooting once planted: “A tree may not be grown within a distance 
of 25 cubits from the town, or 50 cubits if it is a carob tree or a sycamore tree.”20 
The Mishnah does not explain the measures taken or the nature of the nuisance. 
However, the discussion in the Babylonian Talmud on this issue quotes the Amora 
(Talmudic Sage) Ullah on this, that the preservation of the town’s aesthetic beauty 
is the reason for distancing the trees, so that they will not obscure the view seen from 
the town, which would detract from the town’s beauty. Later, poskim concluded 
from these sources that the town’s aesthetic appearance should be nurtured, and 
that legal recourse could be pursued to remove any hindrance to this.21

According to the Braita22 quoted in Bava Kama Tractate, on a town with a 
public standing such as Jerusalem, even stricter demands were made concerning 
quality of life and the environment: “Ten special regulations were applied to 
Jerusalem:… that neither beams nor balconies should be allowed to project there; 
that no dunghills should be made there; that no kilns should be kept there; that 
neither gardens nor orchards should be cultivated there.”23

Why is the planting of gardens and orchards in Jerusalem forbidden? The 
Talmudic reason, due to “sircha,” is explained by the commentator Rashi as nox-
ious odors, which originate either in the weeds thrown out from the gardens or in 
fertilizer. Thus, the cultivating of gardens and orchards is forbidden to prevent 
ecological nuisances. However, the modern-day Talmudist Jacob Nahum Epstein 
used philological comparisons to explain that the Talmudic term actually referred 
to a “Sandfliege” (sand fly) – a small fly found especially in gardens.24

The discussion in the Babylonian Talmud also explains the prohibition to 
light kilns, which is due to the smoke rising from them.25

In the Tosefta26 to Bava Batra Tractate, a general rule was formulated by 
Rabbi Nathan stating that kilns must be kept 50 cubits from any town.27

19 Ibid., 2:8.
20 Bava Batra 2:7.
21 On this Halakha and its evolvement, see, S. E. Glicksberg, “The tree as a 
nuisance, the evolvement of a Halacha”, Mo’ed 18 (2008), pp. 1–11.
22 Braita – Tanaic teachings external to the Mishnah.
23 Bava Kama 82:2.
24 J.N. Epstein, “Talmudic Lexicon”, Tarbitz 1 (1930), p. 124 (Hebrew).
25Bava Kama 82b. Rashi explains that the smoke would blacken the walls, which 
would disgrace the city.
26 Tosefta – A collection of Braitas, constituting a supplement to the Mishnah.
27 Tosefta, Bava Batra Tractate, 1:10.
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3.3.  THE GLOBAL CIRCLE

As stated, in the absence of updated scientific knowledge on the capability of 
mankind to cause real damage to the world and its resources,28 the Sages did not 
provide precise guidelines as to what is allowed and forbidden. Nevertheless, anal-
ysis of the sources, part of which we brought here, raises several principles for 
implementing a Halakhic nuisance doctrine in modern times. These principles, 
defined and formulated by Halakhic scholars over centuries, referred originally 
to the two circles mentioned. However, it seems that they could be implemented 
also in cases of modern nuisances, even regarding those nuisances which harm not 
only a neighbor or residential area, but the whole world.

4.  Principles for Removing Modern Nuisances

Following are several applicable principles:

4.1.  URBAN ENVIRONMENTAL PLANNING29

Serious ecological nuisances will be removed from the town up to a distance from 
which they will no longer cause harm. Town planning should include the alloca-
tion of industrial areas located at a distance from town, to ensure that industrially 
related activities will not take place within city bounds.30 Cottage industry can 

28 Nachmanides (Spain, thirteenth century), in his commentary on Deuteronomy 
22:6, acknowledged the possibility that man could bring about significant changes 
to Creation: “This too is a commandment prohibiting the killing of an animal and 
its young on the same day. Alternatively, the text prohibits the extinction of an 
entire species, even if  it permits slaughter of animals within a given species. One 
who kills the mother and her young on the same day or captivates them when they 
are free is considered as if  he had eliminated an entire species.” In this statement, 
Nachmanides undoubtedly was ahead of his time, since in the Middle Ages there 
was no technical scientific ability to foresee how mankind’s actions could indeed 
harm nature. Many suppose that the notion that human activity could affect 
nature was first conceived of in the nineteenth century, with the publication of 
the essay by George Perkins Marsh, “Man and Nature,” in 1864. See Botkin DB 
(1990) Discordant harmonies: a new ecology for the twenty-first century. Oxford 
University Press, Oxford, p. 32.
29 Glicksberg S (2001) The attitude of Jewish law to public nuisances. M.A Thesis, Touro 
College, Jerusalem, pp. 9–52; Zichel M (ed) (1990) Ecology in Jewish sources, Bar 
Ilan University, Ramat Gan (Hebrew), pp. 87–104.
30 Bava Batra, 2:7–9.
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take place within town, but adequate distance must be maintained from residential 
homes.31 These distances will be determined by experts, who will set regulations 
on this matter.

The aesthetic appearance of the town should be strictly kept,32 including 
open spaces surrounding the town. Even stricter regulations will be maintained 
concerning towns with a public standing like Jerusalem.

However, prevention of existing nuisances is not enough. One should also 
plan the prevention of potential nuisances which could evolve in the future into 
serious hazards.33

4.2.  SCIENTIFIC CRITERIA IN IDENTIFYING AND LOCATING A NUISANCE

The process of identification and assessment of hazards and their damage is a 
Halakhic-legal process, which can be learned from studying the various Mish-
nayot, the commentators on them and the decisors following them. This process 
can be incorporated into the management of modern-day hazards, including some 
“global” hazards.

A number of stages can determine whether the removal or prevention of a 
certain nuisance is effective or not. The process is as follows34: First, the nuisance 
must be identified as one that the Sages or Poskim would have acted upon to 
prevent. Even when it comes to modern nuisances which are not specifically men-
tioned in the texts, experts (using scientific criteria) can possibly characterize 
them as such.35 Activity deemed by expert opinion as hazardous will be distanced 
or prohibited altogether.

A subsequent stage consists of the assessment of the severity and extent of 
damage, since not all activity levels or dosages are actually hazardous. This 
examination will also be made according to expert opinion.36 The next stage will 
be to determine the distance to which the nuisance will be distanced, if  at all, also 
according to expert opinion.37

31 Ibid., 2:3.
32 The definition of aesthetics will change according to time and place. See, Glicks-
berg, Moed, pp. 1–11.
33 Bava Batra 17b; Maimonides, Mishneh Torah, Laws of Neighbors, Chapter 9, 
Halakha 10.
34  For detailed discussion, See, Glicksberg, Ph.D. Dissertation, pp. 222–246. (n. 11).
35 Thus, for e.g., in Responsa Tziz Eliezer, 15:39, which prohibits cigarette smoking, 
following his review of scientific findings, from which he learned that cigarette 
smoking indeed was a health hazard.
36 Responsa Ribash (Rabbi Isaac bar Sheshet Barfat), 196; Responsa Tashbetz 
(Shimon Ben Tsemah Duran), 4:57.
37 The Rama (Rabbi Moshe Isserles), Choshen Mishpat 155:20.
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Occasionally, legal obstacles could be placed before the removal of a nuisance, 
as when its owners have legal rights due to precedence (Chazaka: legal presumption). 
However, when the nuisance is declared intolerable according to scientific criteria 
and norms, the owner could be forced to remove the nuisance, even in cases of 
lengthy possession, since in cases of severe damage, Chazaka does not apply.38

4.3.  DISTANCING, MINIMIZING, OR PREVENTING A NUISANCE

A principle common to all the mishnah verses we reviewed was the obligation to 
distance the nuisance to a place where it is no longer harmful. As clarified in the 
previous section, the distances set by the sages in the Mishnah are not dogmatic, 
and can alter according to time and place, as determined by professionals.

The above refer to modern-day local and public nuisances. However, when 
referring to global hazards, expert assessment can determine that the hazard shall 
not only be distanced, but occasionally also have its activity minimized39 and even 
prohibited altogether. This is due to the nature of a global perspective, which would 
naturally claim that the mere distancing of a nuisance is ineffective, since the issue 
is not damage to a local population but to world population and the world at large. 
Certain hazards cause the same degree of harm to the entire population. Therefore, 
the activity’s damage versus its necessity should be weighed, and a decision made 
on the action needed, whether the activity should be removed, minimized, or 
prohibited entirely.

4.4. � INDIRECT NUISANCES AND THE ABILITY TO ENFORCE  
THE MEASURE OF PIETY

The Babylonian Talmud discusses indirect nuisances, which although damaged a 
person’s body or property, but in an indirect manner. The Talmudic discourse brings 
the opinion of Rabbi Yosef, that while one does not have to compensate another for 

38 The discussion in the Babylonian Talmud states that in cases of serious hazards 
such as the stench from lavatories or smoke, Chazaka does not hold.
39 The style in the Mishnayot, which lay down not only prohibitions but also a 
proactive suggestion for a way of life for both sides by ways of distancing hazards, 
rather than prohibiting them entirely, can be understood as aiming at minimiz-
ing, but not preventing, damage. However, there are also cases where the sages 
totally and unequivocally prohibited the existence of hazards. Thus, for example, 
the Mishnah forbids the grazing of sheep and did not suffice with the distancing of 
the grazing areas from places of inhabitance or by allocating areas for this purpose. 
“It is not right to breed small cattle in the land of Israel” (Bava Kama 7:7).
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creating a nuisance, it is prohibited to indirectly cause damage (gerama),40 and one 
should prevent the creation even of an indirect nuisance.

Elsewhere, this author claimed that quite possibly some modern-day nuisances 
would be too indirect to be included even under Rabbi Yosef’s prohibition of indi-
rect damages. However, there exists an additional halakhic level, which is referred 
to as “beyond the letter of the law” (lifnim mishurat hadin), or the “measure of 
piety” (midat chassidut), and at times, the Sages applied to the nuisance owner to be 
more stringent with himself than required, and the decisors of each generation were 
even given the authority to impose such measures.41

4.5.  LEGISLATION

The Sages of each generation made halakhic decisions on issues brought before them, 
but also had legislative authority. In many cases, the decisors did not suffice with 
analyzing and interpreting Halakhic sources to reach decisions, but also applied the 
decisions’ spirit to create independent, new directives (Takanot). A similar author-
ity was given to the public and its representatives. Over the generations, halakhic 
scholars and community leaders legislated many takanot for the protection of the 
environment from various hazards.42 This course enables us to determine that even 
hazards which have not been proven to be scientifically harmful, if they were feared 
by the public, could be forced to be removed,43 minimized, or prohibited.

4.6.  REMOVING ONESELF FROM DAMAGE

Notwithstanding the unequivocal position of the mishnayot surveyed above, pro-
hibiting the existence of hazards, the Halakhic ruling has been set according to the 
more lenient method of Tanaic (Mishnaic sage) Rabbi Yossi, who established that it 
is incumbent on the one who suffers the damage to distance himself from it.44

However, this approach was qualified by later-day Talmudic sages, who 
stated that in clear cases of hazards, as direct as a hit of an arrow, Rabbi Yossi 
concedes that the onus is on the perpetrator of the nuisance rather than the one 
subjected to it.45

40 Bava Batra 22:2.
41 See Glicksberg, Ph.D. Dissertation (n. 11).
42 For a list of such Takanot (legislation), see Glicksberg, Ph.D. Dissertation, pp. 
348–366 (n. 11).
43 Formulators of Takanot could also update the precise distances, as determined 
by experts and as explained above.
44 As is clarified by the discourse in the Babylonian Talmud on Bava Batra 18b.
45 Bava Batra 25b.
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In a parallel discussion regarding the distancing of a tree from a neighbor’s 
pit, Rabbi Yossi’s opinion, which stood in contradiction to the other sages, did not 
require the removal of the tree. The reason for this was given in a Tosefta: that 
“the sole purpose of having fields is for planting.”46 A similar tone is found in the 
Jerusalem Talmud: “The world is settled with trees”.47 Indeed, these sources 
reveal the position of the “nuisance owner,” whose viewpoint was not considered 
by the Sages disagreeing with Rabbi Yossi.

Rabbi Yossi’s point of reference, on which the Halakhic ruling is based, is that 
generally speaking, the legislation aims at striking a balance between different vital 
interests. On the one hand, the protection of the property of the one suffering from 
the damage, and on the other, the rights of the “owner of the nuisance,” as long as the 
nuisances considered are not unreasonable. However, at a stage where one identifies 
and assesses serious hazards, the injured party is to be given legal recourse, and the 
authorities should enforce the removal or prevention of the nuisance.

5.  Conclusion

This survey brought the environmentalist approach according to the sources of 
Jewish thought and Halakhic sources. Halakha and Agaddah are generally viewed 
as two distinct but mutually influential fields. It seems that on environmental 
issues too, the Agaddah and subsequent Jewish thought should be seen as provid-
ing the spiritual climate educating toward strict maintenance of the environment, 
while the Halakha provides the guidelines and tools. As shown, the literature of 
the Sages provides only a basis for the principles rather than particular guidelines 
on the management of modern hazards. And yet, it seems that modern environ-
mentalist decisors and legislators could draw inspiration and motivation for their 
activity, both from the sources of Jewish thought, which provide guidelines for a 
positive connection with the environment, and from the Halakhic sources, which 
can illuminate how much the Sages’ strived to nurture a local environment that 
was protected from hazards, aesthetic, and imbued with quality of life.

46 Tosefta, Bava Batra Tractate (Lieberman Publishers), Chapter 1, Halakha 12.
47 Jerusalem Talmud, Bava Batra, Ch. 2, Halakha 13, p 13:3.
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Jerusalem, 91102, Israel

1.  Introduction

For anyone conversant with the world of modern Judaism, it is almost pointless to 
emphasize the steadily rising preoccupation with questions regarding global ecology. 
If, in the recent past, the issue focused on the doctrines of a broad-minded few who 
realized the potential for a significant environmental theory that is rooted in various  
forms of Jewish sources over the generations, today, we may find environmental  
ideology in thematic literature and commentaries, as well as in popular literature, 
oral sermons, lectures, educational, didactic and pedagogical material, and other 
kinds of religious matter. This is true also for conferences on these subjects, insti-
tutions dedicated to them, and much more. The bibliography of materials that 
combine Jewish matters with environmental ones is thus expanding at a rapid pace, 
which means that herein, we will not be able to devote ourselves to the matter except 
in the most cursory manner. Nevertheless, one point bares clarification: Judaism has 
raised upon its banner the Halacha as its guiding element, and the question of ecol-
ogy is beginning to take root even here. There are many Halachic anthologies and 
even entire sections devoted to the subject and its implications. Even if it is still dif-
ficult to talk about an abundance of material that enables the organization of Jewish 
life based on an ecological agenda, there are already nascent signs of this.1

1 Determining this matter is not simple. There are problems in defining which 
groups in the religious world we are dealing with, and which form of socioreli-
gious segmentation to adopt. For example, Tehumin is an important journal on 
Halachic matters that devotes much of its space to religion and science. In its first 
20 volumes, only two papers were found on the topic: (1) Rabbi Yehuda Shaviv: 
Beauty and Eternity – Chapters on Jewish Ecology, in vol. 12, 5751; (2) Rabbi 
Yossef Gabriel Bekhoffer: Recycling and the Halacha, in vol. 16, 5756, pp. 302–296. 
Beginning 5760, the number of papers grew somewhat; (3) Rabbi Mordechai 
RALBAG: Neighborly Damage – Noise, Visual Damage and Humidity, in vol. 23, 
5763, pp. 434–442; (4) Rabbi Shmuel David: Cutting Down Fruit Trees to Settle 
Disputes Between Neighbors, in vol. 26, 5766, pp. 286–292; (5) Prof. Gideon Sinai 
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The specific topic of concern in this chapter is Global Warming that is due 
to unbridled human activity and which does not take natural values into consid-
eration. For our purpose, among the wealth of ecological problems that present 
themselves, global warming encapsulates a unique challenge, primarily because 
– in terms of topics that may be raised within the Jewish-ecological discourse – it 
is the most distant. What do we mean? First of all, we should state that it is the 
most distant from traditional subjects; awareness of the problem is recent, and 
only now is its entire import being realized. It is not surprising, therefore, that 
aside from Jewish-ecological slogans and utterances, there is very little material 
that delves into this matter.

A fundamental observation should be made on this matter. When dealing 
with new issues of environment based on earlier sources, the time barrier is a hin-
drance. Indeed, when dealing with ecology, there is little resemblance between our 
era and that of the Bible and the Mishnah, even if  now and then we may recognize 
some similarities. Dealing with persistent problems that directly concerned our 
forefathers as they concern us is not like dealing with problems that have only 
recently arisen. Clearly, even if  our topic of concern is not completely uniform, a 
matter that is not purely and simply technical has changed over the years, and the 
problems with which it challenged people living in earlier times are not the same 
as the problems that arise today. Stated more succinctly, dealing with a putrid pile 
of garbage outside one’s front door can lean directly on earlier sources, even if  
yesterday’s garbage is today’s waste-material – although the latter admittedly con-
tains a higher level of plastics than the former. On the other hand, when that waste 
resides in the atmosphere, different as it is in its form from traditional waste, dealing 
with it using traditional tools of thought becomes much more difficult.

To what do we refer when we use the term “to deal with”? Moral, philo-
sophical and – to a certain extent – practical conclusions based on ancient texts in 
relation to new problems are of course possible, but these require hermeneutic 
insights and an intellectual approach that differs from that used when dealing with 
direct Halachic rulings. At the root of the matter lies the need to derive extremely 
general principles and only then the ability to examine the application of a princi-
ple to a new reality. To elucidate these relationships, the discourse encompasses 
several basic sources. For the following proposed analysis, a compilation of 
Mishnaic paragraphs in the Baba Batra tract is of special interest. These deal with 
concrete hazards and damage that threaten relatively small congregations – cities etc. 
Alternatively, it is no less important to examine those same Biblical sections that 
are wider in scope and which examine the world on a wider level. Indeed, at 

and Avner Hazut: Using Sewage Water – Halachic Thoughts, in vol. 28, 5768, 
pp. 129–134; (6) Rabbi Moshe Shefter: The Usage of Treated Water – a Reaction, 
pp. 132–135. For the purpose of this paper, we may define these as environmental 
topics, but not really concerned with global matters. (The bibliographical material 
mentioned herein and in the annotations following is in Hebrew. Excerpts have 
been translated to indicate the scope and nature of subjects at hand.)
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present, there is widespread interest in both kinds of sources, and this expresses 
itself  extensively in religious literature,2 especially since the matter at hand has not 
been independently and significantly dealt with.

Here is an attempt to derive conclusions from Mishnaic tracts whose essence 
deals with local ecology and to jump-start a sort of extrapolative process, to stretch 
some ecological qualities beyond the original intent of the texts. Concurrently, we 
will focus on that Biblical section dealing with what, to many readers, seems to 
deal with the globe as a complex of sorts – the Garden of Eden – and initiate an 
interpretation that will extract those conclusions from their localized context, 
adapting these to a global and universal viewpoint. Our fundamental claim is that 
dealing with these two forms of sources is directly pertinent to a more comprehensive 
and inclusive position.

2.  Baba Batra: A Comment on the Order of the Tract

We will present a specific Mishnaic doctrine from the Baba Batra tract, which we feel 
may be considered a source for the discourse on preventing atmospheric pollution. 
Prior to this, however, we should delineate some guidelines for a simple and funda-
mental idea that arises from the organizing method of the tract in general. As we 
know, Baba Batra deals with the prevention of damages. The specific doctrine that 
will be presented here is part of a wider construct that has a basic value. Here is a 
brief presentation of this structure.

2.1.  CHAPTER 1

Chapter 1 deals with partnership; the first word in the tract is “ha-shutafin”  
(lit: the partnership). The subject is the ability of  a society’s – relatively small 
though it may be – to perpetuate relationships of  partnership and mutual 
responsibility. An important doctrine that relates indirectly to our topic in 
this chapter is: “Partners of  a courtyard must share in the expense of  building a 
gate or a door to it. … An inhabitant of a city has to share in the building of a wall 
around the city, with the doors and the bolts.” (Baba Batra I, 5). Theoretically, what 
is described here is a process that contradicts accepted environmental procedures, 

2 Two essays are significant, we believe: The third chapter in Nahum Rakover: The 
Environment – Ideological and Legal Aspects in Jewish Sources, Jerusalem, 5754 
(pp. 47–76), deals with environmental pollution, and contains a sub-heading on 
air pollution (pp. 65–70), where the Halachic approach is clearly expressed. In 
Mansfred Gerstenfeld’s book, The Environment in Jewish Tradition – a Sustain-
able World, Jerusalem, 2002, the emphasis is directly ideological, a development 
of ideas that may be relevant through maximal use of the Bible (one interesting 
example is the discussion of the Manna – the perfect food, pp. 81–82). The author 
also has tried to take the same approach in his essay, Y. Rozenson: And It Was 
Very Good, Jerusalem 5762.
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the fortification of a society within its own defined and limiting boundary – those 
of  the land within the land and those of the city within the city – alongside the 
demarcation (“a gate or a door,” “a wall around the city, with the doors and the  
bolts”) that protects them from the threatening exterior. Simplistically read, the 
exterior represents flesh-and-blood enemies; taken on a more symbolic level, it 
represents the opposite of  civilization, which threatens to intrude upon and 
disrupt the daily life of an urban setting. In fact, there is no intention of being 
involved in this exterior or to change it, but rather to protect one’s self  from it in 
the manner in which a civilization normally protects itself. We should reiterate that 
protecting civilization from its outside enemies is a task undertaken by force of 
mutual responsibility. A society’s self-organization, which is based on the model 
of  protection and partnership to the point where the means of  protection 
may be enforced upon the individual (him), may serve as the foundation for 
protection against a new enemy of  society – the ecological hazard. The walls 
that are erected by this protective organization will, of  course, be of  a totally 
different kind, as we will clarify here.

2.2.  CHAPTERS 2 and 3

The tract deals with substantial hazards – one of which will be the topic of our 
next section – and the general collaboration for their prevention. In dealing with 
the general structure of these chapters, one should stress that the issue of Hazaka 
(lit: occupancy), that is, the determination of private ownership over assets, only 
arises later on, in Chapter 3: “The law of hazakah is, if  one has occupied any 
property for three years from date to date … and this applies to houses, pits, exca-
vations, caves, pigeon-coops, bath-houses, press-houses, dry land, slaves, and the 
same is with all other articles which bring fruit frequently.” (Baba Batra III, 1) 
Thus, the structure is as follows: (1) partnership and its expression in an area; (2) 
partnership as a way of dealing with various hazards; (3) occupancy.

We will not deal herein with the actual law, but with the implications of the 
arrangement, and we assume – of course – that the literary order of the tract is 
manifest and meaningful. The tract is not a coincidental conglomeration of doc-
trines! And we attach great ideological importance to the precedence of rules of 
partnership to those of occupancy – a form of purchase, the formation of private 
ownership: first comes the ability to generate a relationship based on responsibil-
ity toward one’s fellow man and society, and only then the means of private pur-
chase. Through methodical study of the tract from beginning to end, one 
internalizes first the idea of partnership as a prerequisite for ownership; within 
this framework and on its basis, communal ability to mobilize for the prevention of 
hazards is incorporated; the latter derives from partnership and precedes ownership, 
since responsibility precedes ownership.

These simple ideas, entrenched in the tracts formulation, do not directly bear 
upon the problems of atmospheric hazards; but they offer a wide ideological basis 
for discussing the topic.
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3.  The “Barn” Doctrine

The principles that may guide an educational discussion on the problem of global 
warming can be derived from specific doctrines. Here, we will deal with one of 
them “A barn must not be placed within 50 ells of the town; the same is the case 
if  one wishes to make a barn on his own property – he may do so, provided he has 
50 ells of space on each side of it. One must also remove a barn from the plants 
and from the newly ploughed field of his neighbor … to prevent any harm to the 
plants or the field” (Baba Batra II 8).

This doctrine allows for the following association. On the left, we have 
disassembled the doctrine to its elements, and on the right we provide a basic 
ecological interpretation to the elements: Thus, the city, which in the previous 
chapter – by force of partnership – was enclosed by a protective wall (Baba Batra 
I 5), is now protected through entirely different means: not using a physical wall 
that may prevent manifestations of external violence, but through the legislative 
prevention of a trivial hazard deriving from simple activities – a hazard that is 
theoretically unpreventable: who could imagine life without a barn?!3 A barn, 
indeed, bears little relationship to global warming; but it presents us with an 
ideological basis for comparison, if  only thanks to the atmospheric association, 
but mainly because the heat is a result of  essential circumstances that are 
basic benefits to humans, and which – however – need to be distanced from 
others (Table 1).

Table 1.  Old terms and their meanings.

A barn A sustainable hazard related to the air
must not be placed An acceptable ecological reality is created
within fifty ells of Quantification/explanation of that reality
the town An inhabited area/civilization
If one wishes to make a barn on his own property, 
he may do so,

Creating an acceptable ecological reality is 
the responsibility of the individual

provided he has fifty ells of space on each side The terms
One must also remove a barn from the … field of 
his neighbor

The responsibility is on the individual

to prevent any harm to the plants or the field The rationale

3A similar interpretation may also be widely applied to the following doctrine:  
“Carcasses, cemeteries, and tanneries must be removed to a distance of fifty ells. 
A tannery must not be established except on the east side of the city; R. Akiva, 
however, maintains that it may be established on every side except the west, and a 
space of fifty ells is to be left” (Baba Batra II 9). However, this is beyond the scope 
of this discussion.
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The structure of this specific doctrine is also noteworthy: in brief, the use of 
indicative expressions – “must not be placed,” “if  one wishes,” “he has (left) 50 
ells of space.” There is a movement from the general to the specific. At first, refer-
ence is to the general (public): it “must be placed.” Then, moving on to the private 
individual: “if  one wishes.” Finally, symmetrically, we return to the distancing, 
but in singular: “he has left.” The kernel of the structure is the limitation: “must 
not be place;” but this is enveloped in the distancing that indicates the individual’s 
ability to restrain and concede.

The movement in the doctrine from the general to the individual (“it must 
be” – “he has”) is the same movement that reflects the situation of the individual 
within a communal society. Here, we have, not only the obligation that falls upon 
some form of communal authority, but also – and perhaps primarily – upon each 
of the community members to avoid harming a neighbor or a friend. This is an 
individual task and not just a public duty. The structure is conditional upon limiting 
personal attributes and psychologically fostering a structure that generates feelings 
of closeness and empathy. Under these circumstances, a technical ecological ruling 
becomes a means of augmenting membership and communal fraternity.

It is possible to consider the ramifications of the above on global warming. On 
the basis of the presentation of the above doctrine, we can imagine a metaphorical 
development from a small example to a greater one. The barn is a super-structure that 
represents damage to space and air – the atmosphere. But it is also important to 
demonstrate that this is a personal problem: each one of us is instructed to distance – 
not merely the collective or the central authority. We shall now take a sample 
hazard/nuisance and – based on this example – examine the wider implications.

Theoretically, a clearly utilitarian approach is being demonstrated – ecology 
for humans, the need to rally around the ecological banner; otherwise human 
benefit within the community will not be achieved. We must demonstrate restraint 
through partnership, relinquish rights so that others – and consequently ourselves – 
will be able to continue existing. Can we, through the power of such ecology, 
protect the planet in general? Can the barn represent a different kind of hazard 
than that in which its activities are traditionally rooted? This may be the case and 
– as in the barn whose basic danger (the chaff) is inherent – the basic fear of 
global warming may be raised. Indeed, the inherent danger can be presented as 
greater than that of the barn itself. Nevertheless, such greater problems may 
require another kind of argumentation.

Here, therefore, we have presented a utilitarian ecology,4 but it is of greater 
educational import. It may even be said to have added educational value: through 
maintaining the ecological dimension in reality, one may strengthen values of 

4 Regarding related questions, see Shwartz E Response (2002), mastery and stew-
ardship, wonder and connectedness: a typology to nature in the Jewish texts and 
tradition. Judaism Ecol 93–108, Cambridge, MA.
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partnership; upon the ecological platform, communal unity is strengthened. However, 
this simplistic relationship between education and ecology is insufficient and it lacks 
another moral dimension, one which is presented in the story of the Garden of Eden, 
and which may serve as a lever for making the world an entirely better place.

4.  The Garden of Eden

The primal goal of the edict – “to cultivate it and keep it” (Genesis II 15) – has 
become a symbol for any discussion on Jewish ecology.5 This goal is defined in 
relationship to an environment whose delineated borders are quite clear. This is 
a Garden of Eden that was quite prevalent in the castles of kings, and its literary 
representations appear in various mythologies. Needless to say, such gardens were 
inaccessible to regular people; nor were they permitted to be present therein. In 
Genesis, on the other hand, even if  a tree or trees within were divinely forbidden 
as a food source, this specific Garden of Eden was not holy; it is not the exclusive 
abode of a god or a king, but – rather – an effective habitat that offers harmonious 
coexistence with nature. This basic situation may lead to varying commentaries 
and different educational conclusions. Here, we will adopt the approach that sees 
the Garden of Eden as a model for fostering global responsibility, global since – 
according to the borders of the Garden as delineated in Genesis by “great rivers” 
– it was huge, in a sense covering the entire known world. And thus, a garden that 
in earlier traditions was considered holy or royal, bordered off  and differentiated 
from regular mortals, in Exodus becomes a human habitat.

In reference to this, we should mention that the Garden is clearly defined 
botanically as one that contains trees. As stated, the Garden may be presented as 
an allegory – not merely as the location of the first human couple, but as an actual 
habitat. Nevertheless, in this allegory, the emphasis is on trees, which represent 
the environment, in spite of the fact that, ostensibly, one could have referred to 
other natural phenomena. For our purpose, the crucial verses are, “The LORD 
God planted a garden toward the east, in Eden; and there He placed the man 
whom He had formed. Out of the ground the LORD God caused to grow every 
tree that is pleasing to the sight and good for food” (Exodus II 8–9). Consider: 
“The LORD God planted” stresses God’s action, nature. God creates a natural 
environment. And yet, the chosen verb, planted refers specifically to trees. “There 
He placed the man”: nature, which God has planted, is a habitat. “The LORD 
God caused to grow” is an additional emphasis on the natural disposition. “Every 
tree” once again emphasizes trees. Why is it so important to highlight as a 
protagonist in the Garden of  Eden parable? It seems that there is a cultural 

5 As mentioned in previous notes, we cannot expand here; but any perusal of this 
expression in any search engine easily demonstrates the extent to which this has 
become a motto for nature preservation in the spirit of Judaism.
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convention at play. The parable is saturated with the premise that is apparent 
at every stage of the Bible – the realization that man and trees are comparable. 
The presumption that “man is a tree in the field,” which has so many expressions 
in early Biblical culture, guides this parable, and from an environmental aspect, 
the conclusion is clear. Man and the environment are very close to one another: 
man is as a tree, and the tree is likened to a man; harming the tree is akin to harming 
man; an impressive harmony spreads between the natural habitat and those that 
inhabit it. True, this basic idea can be developed in different directions, especially 
providing it with a psychologistic explanation; however, here too, the idea of 
harmony with one’s environment holds true.6

In regard to preservation, this is a fundamental matter, not just applying to 
basic hazards7; it also includes the idea of preservation of the species. Man lives in 
the Garden and maintains it; thus, consequentially, man-the-guard may also uti-
lize nature to manufacture clothes from fig leaves: “and they sewed fig leaves 
together and made themselves loin coverings” (Genesis III 7) – to make, but not 
to damage the fig tree itself. This represents proportional usage in accordance 
with need and no more; it is somewhat reminiscent of the aforementioned barn, 
which is required for maintaining life. Moreover, since the topic is trees, one must 
surmise that not only that specific tree must be preserved, but the complex in its 
entirety; i.e., to preserve the specific species and avoid the formation of circum-
stances that will harm it. Anyone who desires to consider the Garden as a symbol 
can identify here the warning against harming plants, which are a basis for life; 
since the garden is not related to the local community, but rather represents the 
global environment, what may harm it is a change in atmospheric conditions or 
other global conditions. Each plant requires specific conditions that are related to 
specific atmospheric and ground characteristics; any change in these may harm 
specific plants no less than direct activities, such as uprooting or fires.8 The simple 
conclusion is that maintaining the Garden is equal to maintaining global condi-
tions on all their elements and types.

6See also Rozenson (2002b).
7Ibn Ezra is often quoted: “to guard – against all animals and prevent them from 
entering there and polluting.” The idea is an attractive one of battling pollution 
and aspiring to aesthetics, but the separation between plants and animals is not 
consistent with profound environmental notions.
8Although we are dealing here with Genesis, the Book of Ezekiel and certainly 
other early cultures recognize the cedar as a central element the Garden of Eden: 
“The cedars in God’s garden could not match it; the cypresses could not compare 
with its boughs, And the plane trees could not match its branches. No tree in 
God’s garden could compare with it in its beauty.” (Ezekiel XXXI 8) It is noteworthy 
that the Cedar’s sensitivity to climatic changes, a tree that is primarily endemic to 
the Lebanese mountains, is widely resonant throughout our sources.
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But the most fundamental point, to our mind, is the destiny of the Garden; 
after all, the Garden no longer serves as a concrete environment. At this point, a 
different sort of interpretational step must be taken. The banishment was osten-
sibly decreed because of the Tree of Life: “and now, he might stretch out his 
hand, and take also from the tree of life, and eat, and live forever; therefore, the 
LORD God sent him out from the Garden of Eden, to cultivate the ground from 
which he was taken. So He drove the man out; and at the east of the Garden of 
Eden. He stationed the cherubim and the flaming sword which turned every direc-
tion to guard the way to the tree of life” (Genesis III 22–24). A psychologistic 
interpretation would present this as a symbol for the need to mature, meaning to 
understand that death cannot be beaten, and that God must not be forced to 
provide everlasting life; in accordance, human life must be planned to contain 
meaning. For our purpose, however, it is noteworthy that, not only man’s access to 
that specific tree has been blocked, but also his admission to the entire complex. 
The Garden is inaccessible; a strip of land is withheld from mankind; he cannot 
cultivate it because he has been directed toward another – the soil. The situation 
is reversed: God guards this piece of land from man. There is a portion that is 
inaccessible to us because God, who created the world, is not only concerned with 
man’s welfare; the world exists independently. Apparently, the fear that is 
expressed here is of man, who in his pursuit of the Tree of Life will destroy any-
thing, including God’s Garden. Indeed, the Garden has a double meaning: on the 
one hand, it was dedicated to human life, and on the other hand, it is inaccessible. 
He who reads the story in a superficial manner may settle this contradiction 
within the context of time – first the Garden was accessible, then it was not. Even 
those who read it as an allegory may do this, though in a different manner: the 
Garden was expropriated from man, who resided within, for the sake of the 
Garden’s protection. This is not the literal meaning; but an idea seems to be pre-
sented, that the desire for the Tree of Life involves pride and a broadened heart, 
which are – after all – the motivating force behind man’s continual destruction of 
God’s earth and not only his Tree of Life. Man, who aspires to eternal life, is not 
a danger to God but to his world.

5.  Two Forms of Preservation

The motto that derives from the above is preservation. The preservation motif  is 
fundamental in the organization of a society and a community. These first “guard 
themselves from,” and only then “act for.” In a wider sense, a community will 
guard itself  from the outside, but also the garden within must be maintained. 
Both forms of preservation have an environmental significance: guarding the 
community includes guarding in the face of various ecological hazards; the barn – 
important as it may be – threatens the community. Maintaining the garden has a 
totally different meaning: God guards nature; man was extracted from it; it must 
be guarded from man, who cannot be trusted and needs to be made aware of this. 
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More importantly, man needs to join with God to help guard the garden from 
mankind. The first concept of preservation – the urban/communal – is important 
because it places the idea of partnership before private ownership, a basic tenet 
for any environmental organization. However, if  there is an educational aspect to 
this, it is especially salient in its utilitarian aspect. On the other hand, the Garden, 
which is protected from man, provides a challenge of an entirely different sort: it 
is not merely the guarding but the avoidance of entry, which is important – man’s 
self-restraint in the face of the temptation to divert energy toward battling God’s 
guardianship.

The topic of global warming provides a challenge quite simply, because it deals 
with something distant. Indeed, it may draw inspiration from sources that deal with 
more proximate matters; nevertheless, thanks to its distance that it directly impinges 
upon those same ancient matters that involve Man in the Garden of Eden.
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