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SUMMARY

Plants reduce CO> to molecular species of increasing energy content. These compounds are then moved by
heterotrophic organisms through decreasing energy levels as the organic matter is returned to inorganic form by
successive oxidations. Thus, CO2 and O are the ma jor substrates of biospheric reactions.

Oxygen is toxic for anaerobic and, in excess, for aerobic organisms. Its toxicity is overcome by aerobic
organisms by using it as an electron terminal acceptor in respiration and by developing biochemical defenses. It
still determines phenomena such as anaerobiosis, the depth limit of higher aquatic plants, or bioluminiscence, and
perhaps others like the diurnal vertical migration of zooplankton.

Low photosynthetic efficiency in light use, shape and color of vegetation may result from the peculiar
availability of light and COz. Therefore, slight changes in these factors would produce life shapes deeply alien to
the world we now perceive.

Atmospheric CO2 levels have increased by about 70 pmol mol ! over the past 240 years, as has been shown
by ice core studies and Mauna Loa data. Parallel to this increase, some plant changes have already been found:
an overall decrease from 121% to the present-day 100% level in stomatal density, and from 144 % to
present-day 100% leaf nitrogen content of 14 herbarium specimens of trees, shrubs and herbs collected over the
last 240 years in Catalonia, a Mediterreanean area. Similar declines have also been reported in experimental
studies on leaves of plants grown in enriched CO; environments. Consequently the C/N ratio has increased in
leaves which together with the decrease in the specific leaf area (SLA) may have consequences for herbivores,
decomposers and ecosystems.

Increases in oxygen-derived compounds, mainly ozone, have potentially large biospheric effects. Nowadays,
they seem to play an important role in forest decline and some decreased crop productions, as has been shown in
laboratory experiments. Increased photosynthetic rates are expected with increasing CO; levels in the decades to
come, but regional ozone increase is expected to decrease plant production. Responses of ecological systems are
however complex and difficult to predict.

Finally, a possible change in photosynthetic efficiency, plant shape and color is speculated to be expected
because of increasing CO2 levels, and the role of anthropospheric activities in the balance between reduction and
oxidation in the biosphere is emphasized.
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SOLAR RADIATION AND BIOGEO- that generates a gradient between reduced
CHEMICAL CYCLES and oxidised substances. Photosynthesis
takes advantage of solar radiation to

Life is riding on the dissipation of solar generate molecules of more negative redox
radiation to the outer space, a dissipation potential from which animals and bacteria
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then take the energy, transforming them
into molecules of progressively more
positive redox potential. The cycle of
matter closes when these molecules are
again used by plants thanks to the open
energy flux from sun to space.

On a global scale, life charges the
biospheric battery and afterwards, the
differences of potential are not abruptly
wasted in only one jump. Instead, there are
a lot of little jumps among different
components that have been multiplying and
becoming more complex during evolution,
generating viruses, bacteria, algae, trees,
animals, and finally, beings as complex as
humans. The reason for this complication
of organisms, their communities and of
their products must be sought in the action
of selection forces that have been retarding
the flux of solar energy in a non-uniform
manner. In this way we can understand the
existence of structures as complex as plants
and animals in a biosphere that could
otherwise be constituted only by procariota,
thanks to their enormous metabolic
versatility and capacity of adaptation to the
use of available energy. The organization of
living matter has been successful in
increasing the persistence of complex
structures, able to present stronger relations,
domination of space and time and capacity
of regulation. On one hand - in the
surrounding space - more entropy has been
generated, but on the other hand - the
biosphere - more memory, information and
organization have been stored.

With carbon, oxygen and hydrogen,
three other elements - nitrogen, sulfur and
phosphorus (with a chemical position quite
different from the other two) - are of
particular interest in the study of our
planet’s biosphere. They have been selected
because of their unique atomic qualities.
Through the active intervention of the
biosphere, each of these elements follows a
closed cycle, passing through molecular
species of increasing energy content as the
elements are incorporated into living tissue,
and then moving through decreasing energy

PENUELAS

levels as the organic matter is returned to
inorganic form. CO2? reduction and organic
matter oxidation are the major components
of this global process. It is expected then
that CO2 and O2 greatly influence the
characteristics of the biosphere: CO2
because of its scarcity and O2 because of its
toxicity for anaerobes and, in excess or
through its derived compounds, for aerobes.

The approximation I am going to use
here is to a certain extent taken from the
field of economics, in order to provide
insights into the selective pressures on
characteristics such as leaf reflectivity,
effective leaf size, stomatal conductance,
size of photosynthetic enzyme pools, plant
shape and color, nitrogen fixation, etc. This
is a cost-benefit approach that has been
criticized on a number of grounds (GOULD
& LEWONTIN, 1979; HARPER, 1982).
Principal among these criticisms are the
non-falsability of the assumption of
adaptation, the post hoc nature and
untestability of optimality models, failure to
consider nonselective factors shaping
evolution, particularly the nature of
available genetic variation and develop-
mental constraints, the inappropriateness of
an atomistic approach, and teleological and
Panglossian  assumptions.  Analyses of
different authors reviewed by GIVNISH
(1986) have effectively rebutted many of
these criticisms.

THE ROLE OF CO:z AND LIGHT.
PLANT  PRODUCTION, PHOTO-
SYNTHETIC EFFICIENCY, SHAPE
AND COLOR

From studying IBP  (International
Biological Program) data collected between
1964 and 1974, it can be seen that primary
production in terrestrial environments
follows a gradient from Poles to Equator
that is not found in oceans. This fact shows
that radiation, temperature, water and
nutrients are the determinant factors of
production in terrestrial ecosystems, and
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nutrients and radiation (and predators) are
the determinants in oceanic ecosystems
(BEGON et al., 1986). Globally, however,
a final limiting factor can be considered:
the low CO2 concentration in the Earth’s
atmosphere, specially compared with a
primitive atmosphere.

Radiation, although used inefficiently,
can be limiting during the day in the
interior of the canopy, in C4 plants, under
the shade of higher leaves, under the shade
of the chloroplasts of the same leaf, in deep
water, etc. Plants adapt to systematic
changes in light environment (diurnal and
seasonal) for example with senescence,
falling or movement of leaves, or with
special metabolic pathways and anatomies
for shade and sun conditions. At the canopy
level, they optimize LAI, leaf angle
inclination, and density distribution.

Linked to radiation, temperature is
another key factor. Apart from its effect on
respiration, it determines transpiration, and
therefore water availability.

Water is another of the most important
limiting factors of primary production, as a
carrier of necessary elements. It is also
responsible for many of the anatomical and
metabolic characteristics of plants.

Primary production also depends on a
well-formed soil and its mineral nutrients,
especially nitrates of mainly biological
origin.

These previous considerations are well
accepted by the scientific community, but
besides those, many of the most familiar
characteristics of plants - low photo-
synthetic efficiency, shape, disposition of
branches and leaves and color - may also
be consequences in the last instance of the
present low levels of CO2 in the Earth’s
atmosphere.

In optimal laboratory conditions, the
highest light use efficiency that has been
found is 20% under low light and 8% under
intense light. In the field it is usually
around |%. These low field values can be
explained by the loss of photons falling on
soil and moribund materials, or consumed
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in water evaporation. But even under
optimal laboratory conditions, efficiencies
as low as 8% are obtained under intense
light conditions. The explanation of this
low efficiency seems to be the existing high
amounts of photosynthetic pigments present
in plants, with which they can take
advantage of low light, the most usual
condition plants must face: mornings,
dawns, dusks, shady environments, shade
from other plants, leaves or chloroplasts.
Therefore, the excess of photons under
intense light cannot find a sufficiently high
number of production active centers. The
pigment composition of the photosynthetic
antennae is the result of an old decision.
Photosystem [ was originated under
reducing conditions, with different proton
suppliers. Later the capacity to split water
was acquired by adding a Photosystem II.
The high number of chlorophyll molecules
per antenna (200 to 900) makes each
reaction center act as a bottleneck, and thus
a limit is set to the production of the
biosphere. In ecology this important
limitation is rarely considered
(FALKOWSKY, 1983; MARGALEF, in
press). Only some mutants of Chlorella,
higher plants and the heterocysts of
cyanobacteria - specialist cells in the
avoidance of oxygen problems in their
nitrogen fixation - show lower pigment
ratios. They may represent the promise of a
substantial increase in efficiency of primary
producers.

But a more general explanation of the
low efficiency comes from considering the
very low concentration of CO2 on
present-day Earth. When photosynthesis
appeared, it had to adapt to the
availabilities of that time. Among them it
should be pointed out that CO2 was surely
much more abundant than now, radiation
was lower and the temperature was higher
(WALKER, 1986). Photorespiration could
be an added mechanism to get rid of
oxygen, when there was much more CO2
available. In relatively recent geological
ages, atmospheric CO2 concentration has
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been largely decreasing until this last
century, in which man’s activities are
increasing it again. Now, with much less
CO2 availability, under high temperatures,
photorespiration has been mainly reduced
in C4 and CAM plants, mostly in tropical
and dry environments. In temperate
environments, lower temperatures and
higher water availability make possible the
persistence of C3 plants with high levels of
photorespiration.

Plants have tended to take profit of CO2
for the maximum time possible and as light
is low most of time, they are adapted to do
their best at these most frequent low light
conditions. In fact, when the CO2 supply
increases, the photosynthesis rate rises too.
More support for this theory comes from
the existence of the mentioned metabolic
and anatomical structures (C4 and CAM)
specialized in the activation of CO2
absorption under drought and heat
conditions when the other important
element, water, is more difficult to obtain.
These mechanisms may also constitute an
adaptation to increasing O2 concentration.
Aquatic  plants have also acquired
equivalent capacities by using bicarbonate
as well as CO2 as a source of carbon

(PENUELAS, 1985; BOSTON et al.,
1989).
The fact that photosynthesis is not

continuous but has a 24 hour oscillation
has probably been important in building
internal stores of usable CO2, as an
adaptation to anticipate change. CAM
plants are to a certain extent like migratory
animals that go in search of spring. CAM
metabolism prepares them in the dark to
use the rising sun immediately.

The shape of plants can also be
undersiood as a result of the low efficiency
of photesynthesis under high light and the
low avaiiability of CO2 (COLINVAUX,
1986). Leaves and branches have
arrangements in trees, as well as in herbs,
that seem to be directed to diffuse the light
in such a way that the maximum
photosynthetic tissue receives light and
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CO2 in optimal conditions. In light
environments trees have small divided
leaves, arranged in depth in a multilayer
design, while those of shady environments
tend to have bigger leaves arranged in a
monolayer design to take advantage of all
the low light already in the first
interception. The same happens in herbs
where erect leaves receive light in an
inclined plane increasing the photosynthetic
area that absorbs CO2 under optimal
radiation.

There are also two energetic tradeoffs
that  underlie = many  photosynthetic
adaptations related to carbon source
availability. The first arises from the
inevitable association of carbon gain with
water loss. CO2 and water vapor diffuse in
and out of the same pathway with parallel
increases of photosynthesis and
transpiration. The second results from the
conflict between leaf photosynthetic
capacity and the energetic costs of
constructing and maintaining tissue capable
of high photosynthetic rates (nitrogen,
phosphorus, and so on; GIVNISH, 1984,
GULMON & CHU, 1981). Together these
tradeoffs link photosynthesis to the costs of
transpiration and needed nutrients.

Plants also appear to have decreased leaf
absorptance or increased leaf angle as a
means of reducing water loss, thus to
extend their period of activity into
prolonged drought periods and as a means
of reducing photon flux at irradiances
higher than those necessary to saturate the
photosynthesis process (EHLERINGER &
WERK, 1986). For instance, the PAR
incident on the vertical surfaces of
unshaded cacti or on both sides of the
leaves of unshaded agaves for various
latitudes and seasons averages only about
20 mol m? d' on clear days (NOBEL,
1986).

The variation in orientation of the leaves
of agaves, and many other plants from
almost erect near the central stem to almost
horizontal near the ground, helps to ensure
a relatively even distribution of PAR
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throughout the canopy, which in turn tends
to lead to a higher net productivity.
Furthermore, these plants also have hairs to
help.

At the other extreme, when light is low
and limiting, velvety leaf surfaces, red
undersurfaces, and blue iridiscence appear
to enhance the absorption of light by leaves
slightly and have thus been selected in
many taxonomically unrelated groups
ecologically restricted to extreme shade in
tropical rain forests (LEE, 1986).

In the aquatic environment, although the
most limiting factor does not seem to be
CO2 (PENUELAS, 1985) but light, the
existence of C4 like, sediment CO2 users,
CAM and HCO3 users plants shows that
CO2 is also an importing limiting factor. In
that medium, and relative to light
availability, pigments that make some algae
brown (Phaeophyceae) and red
(Rhodophyceae) absorb wavelengths that
terrestrial plants reflect. Green aquatic
plants solve the problem by adopting a
dense array of pigments (among them, also
carotenoids that absorb partially in the
green window).

The - photosynthetic use of visible
wavelengths in vegetation is the result of
molecular compromise between sensitivity
to destruction by energetic UV radiation,
and the response of chemical bonds to low
energy IR radiation. But, in fact, a possible
partial explanation of green color in plants,
with the luxury of not using that most
abundant radiation, resides in the low
availability of the other limiting factor of
photosyntesis, CO2, which means that light
is in excess most of the time.

If shape and color of vegetation are then
accepted to result from the peculiar
availability of light and CO2, then the
consequent abundance of animals is also
another result. Small changes in these
factors would be expected to produce a
selection of life shapes deeply alien to the
world we now perceive (COLINVAUX,
1986).
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THE ROLE OF OXYGEN AND ITS

DERIVED COMPOUNDS. RESPI-
RATION AND BIOCHEMICAL
DEFENSES

Oxygen was a kind of poison for
primitive organisms. The first aerobes had
to present or develop defenses and even
more than this, to take advantage of it as a
better respiratory electron terminal acceptor

via cytochrome oxidase or via other
alternative oxidases not sensitive to
cyanide, sulfide or other reduced

components of primitive Earth, when it first
became an oxidated planet. Nowadays both
respiratory  paths remain in  plants
(LAMBERS, 1985; PENUELAS er al.,
1988). Several functions for the alternative
oxidase have been proposed (AZCON-
BIETO & PENUELAS, 1987) but a general
physioiogical function is not accepted, and
the ecological implications of having
non-phosphorylating  electron  transport
pathways are not well understood. The
alternative oxidase of plant mitochondria
could be an evolutionary relic derived from
ancestral respiratory oxidases of primitive
aerobes; these oxidases could have evolved
as "safety valves" in the presence of
compounds that occasionally inhibit
cytochrome oxidase or the equivalent, or
they might even be previous to it. In all
cases, keeping electrons flowing within
membranes while high energy conserving
pathways are blocked increases the
"flexibility" of electron transport
(AZCON-BIETO & PENUELAS, 1989).
Currently, there are still relevant
environments where poisons of cytochrome
¢ oxidase are present. This is the case of
anoxic waters and sediments rich in sulfide.
Aquatic plants that root under such
conditions present an active alternative
oxidase (PENUELAS et al., 1988).
However, the presence of poisons of
cytochrome ¢ oxidase in the environment is
surely lower than in the early Earth, and
alternative oxidase in plants could have
developed secondary functions, such as
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thermogenesis in Aracea (DIAMOND,
1989) and others (LAMBERS, 1985),
taking advantage of the flexibility of
electron transport.

As far as respiration is concerned,
another interesting biological phenomenon
could have evolved: bioluminiscence,
which provides a way for oxygen
detoxification, through reactions that give
off a great deal of energy in the form of
light. It is difficult to find an alternative
hypothesis to explain the origin of
light-producing organisms although new
uses have appeared in the course of the
evolution (MARGALEF, in press).

Oxygen at concentrations higher than
normal is still a poison for aerobic
organisms as was already recognised by
BERT (1878). In plants, WARBURG
(1920) found that 100% O2 inhibits the
photosynthetic rate of Chlorella by 73%.
Oxygen 1is a substrate of the enzyme
Rubisco giving photorespiration waste, and
besides it is toxic due to mechanisms that
are still being discussed (SULLIVAN et al.,
1983). Because of spin restrictions,
molecular oxygen preferentially undergoes
univalent reductions, the products of which
are the reactive superoxide radical,
hydrogen peroxide, or the hydroxyl radical,
an extremely aggressive compound with a
high redox potential (1.8V) (ELSTNER,
1982). These are some of the most reactive
substances in biological systems; they are
linked to membrane lipid peroxidations,
nucleic acid oxidation, hyaluronate
depolymerization, and enzyme inactivation
(CADET & TEOULE, 1978). The targets
of active oxygen species are then
membranes, pigments, enzymes and nucleic
acids (CERUTTI, 1985). They also seem to
be basic factors in organism senescence.

In order to eliminate active oxygen
species, aerobic organisms have developed
cellular defenses: enzymes like
superoxidismutase, peroxidases and
catalases and small molecules such- as
glutathion, ascorbic acid, hydroquinones,
alpha-tocopherol, carotenoids, and
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unsaturated fatty acids. These defenses may
be overriden by oxygen levels higher than
atmospheric ones.

The oxygen biotoxicity determines
biospheric characteristics in several ways,
sometimes as clear as in the distinction
between aerobic and anaerobic worlds,
sometimes in a less expected way as, for
example, in the mechanisms by which
hydrostatic pressure acts on vascular plants
in fresh water. Their inhibited growth
below depths of 10-12 m is mainly related
to the increase of oxygen partial pressure in
their aerial spaces caused by the linear
increase of hydrostatic pressure with depth
(PENUELAS, 1987). The oxygen toxic
effect, the carboxylation resistance and the
CO2 compensation concentration increase
linearly with O partial pressure.

Another unexpected example of its
action which is still to be confirmed, is the
diurnal migration of zooplankton up to the
surface during night to eat phytoplankton
and down to deep waters during the day,
plausibly in order to avoid oxygen-derived
active compounds formed as a consequence
of chlorophyll receiving photons that
cannot be processed photosynthetically
(PENUELAS et al., in press a).

Thus, changes in concentration of
oxygen or its derived compounds, as well
as those of CO2, would make it very
difficult for the shape of the biosphere to
remain as it is now on Earth.

And, in fact, nowadays, concentrations
of CO2 and oxygen-derived compounds
such as ozone are clearly increasing in the
Earth’s atmosphere.

ACTUAL CHANGES IN CO2, OZONE
AND OTHER ATMOSPHERIC GASES
CONCENTRATION

CO2 has changed in the course of the
Earth’s history but the present increase is
fundamentally different from past changes
because now there is an increase at rates
and levels for which we have no historical
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or natural analogue back to the last two
interglacial events (FRIEDLI et al., 1986).
There is also increasing evidence that the
abundance of an  oxygen  derived
compound, tropospheric ozone, is
increasing over large regions, and that the
phenomenon of urban smog is no longer
confined to cities and developed countries
(PRINZ et al., 1984). Nowadays it is also
marked in Third World tropical countries
because of frequent burning of savanna

gramineae (GRAEDEL & CRUTZEN,
1989).
This has clear implications for

productivity in impacted areas and may be
expected to affect biogeochemical cycling
significantly over extensive regions. The
chemistry of tropospheric ozone assumes
additional importance in that the abundance
of the OH radical may be expected to
change in response to exchanges in lower
atmospheric ozone. The OH radical is the
ultimate cleansing agent for a wide range of
gases emitted to the atmosphere. It
regulates oxidation of nitrogen and sulfur
compounds, carbon  monoxide, and
hydrocarbons and is responsible for the
removal of a wide variety of industrial
halocarbons.

Together with  the increase in
concentration of these gases, the expected
derived climatic changes are also relevant
to terrestrial biogeochemistry, altering the
balance between carbon fixation and release
because photosynthesis responds differently
to temperature than to respiration, and
water availability strongly influences
carbon  storage and release.  The
atmospheric pollution changing the supply
of carbon, nitrogen, phosphorus or sulfur
can also change the storage and release of
all these elements.

Some effects of all these present
changes, especially of carbon dioxide and
ozone increases, have already been noticed
in vegetation.
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PRESENT CHANGES IN VEGETA-
TION BECAUSE OF CO; INCREASE,
AND BIOSPHERIC CONSEQUENCES

Estimates of historical concentrations of
atmospheric CO2 suggest that plants have
existed and evolved for at least 10 million
years at CO2 mole fractions in the range of
250 to 290 pmol mol'l (GAMMON et al.,
1985). Thus, important physiological and
anatomical changes are to be expected
nowadays, at 348 pmol mol’! CO2. A
decrease in stomatal density in herbarium
specimens of tree leaves collected over the
last 200 years (WOODW ARD, 1987), and
an increase in the growth rate of bristlecone
pines (LaMARCHE er al., 1984) have
already been reported and have been related
to the increase from 278 to 348 pumol mol
CO2 in the last 240 years. Now,
WOODWARD & BAZZAZ (1988) have
also found in controlled experiments at
different CO2 levels that stomatal density
and stomatal index increase markedly as
the CO2 mole fraction is reduced below
340 pmol mol .

Both stomatal parameters have also been
found to increase with altitude (KORNER
et al, 1979) and in simulated altitude
conditions (WOODWARD & BAZZAZ,
1988), under lower CO2 partial pressure
conditions. So this is what we would expect
to find in plants grown in previous
centuries under lower CO2 mole fractions.

Higher plant growth is also expected
with increasing CO2 so it would also
impose an increased demand upon
nutrients. Thus N, S or P could be among
the first limiting factors (LEMON, 1983

and the references cited therein). The
increased carbon gain associated with
higher atmospheric CO2 levels should

increase the amount of carbon relative to
other essential elements in plant tissue
because it is questionable  whether
additional optimum amounts of other
mineral nutrients will be obtained by all
plants unless there is increased symbiotic
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nitrogen fixation (NORBY & SIGAL,
1989).

To check plausible changes in stomatal
density, specific leaf area of plants and
nitrogen and sulfur leaf content in natural
environments along with the rising
atmospheric  CO2 levels, all these
parameters have been measured in the
leaves of 14 species of trees, shrubs and
herbs (Pinus uncinata, P. pinea, Betula
pendula, Juniperus communis, Ceratonia
siliqua, Buxus sempervirens, Pistacia
lentiscus, Helleborus foetidus,
Rhododendron  ferrugineum, Amaranthus
caudatus, Papaver alpinum, Cynodon
dactylon and Gentiana alpina) collected
over the last 240 years both from wet and
dry habitats of mountains and plains in
Catalonia and stored as dried herbarium
specimens (PENUELAS & MATAMALA,
1990). Present vegetation was also studied
for changes in response to the present day
higher levels of CO2 relative to the last
centuries.

Although some of the herbarium
specimens may well have been growing in
widely varying conditions before collection,
surely explaining part of the important
intraspecific variability that was found, and
although the relative changes along the
years were not the same in all the studied
species (PENUELAS & MATAMALA,
1990), the stomatal density and the specific
leaf area were found to decrease in most
species with a significant mean overall - all
species together - reduction. The linear
regression lines for overall relative changes
of leaves showed a 121-100% reduction in
the stomatal density, a 184-100% reduction
in the specific leaf areas, and a reduction
from 144 % to the present 100% in the N
leaf content. Consequently, the C/N ratio
has increased overall. The main changes
took place under the first slower increases
in concentration of CO2. During the last
years the change has been smaller. Sulfur
content presented its highest values mostly
in  1940s samples, when increased
quantities of sulfur rich carbon were burnt.
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The ice record data show that the CO2 in
the atmosphere has increased by about 70
umol mol™ or 25 % (FRIEDLI et al,
1986). This could well be one of the main
reasons for these changes in stomatal
density, SLA and C/N ratios of leaves.

The higher stomatal density can be
understood because the lower CO2 levels of
the pre-industrial era made the uptake of
CO2 more expensive in terms of water loss
than at present. The photosynthetic rate of
plants from the last centuries may have
been lower, indicating the likelihood of
lower water use eficiencies than the present
(WOODW ARD, 1987).

The increase in CO2 levels and the
consequent decrease in leaf nitrogen
concentration found in plants nowadays
(PENUELAS & MATAMALA, 1990) have
also been found experimentally to produce
a decrease in SLA (LARIGAUDERIE et
al., 1988), as was found in those herbarium
specimens. Although it might well be an
artifact of studied material with more
decomposition in elder specimens, it has
been found that the growing leaf, which
preferentially uses its own photosynthate
(DICKSON & SHIVES, 1982), is a very
efficient system for the use of extra
assimilates ~ from CO2  enrichment
(GAUDILLERE & MOUSSEAU, 1989).
The higher rate of photosynthesis under
present-day higher CO2 levels would have
increased the amount of carbohydrate
available for plant growth. In some
experiments, a decrease in SLA even nearly
proportional  to  the increases in
photosynthetic rate have also been found
under artificially increased CO2 levels
(ACOCK et al., 1982). The decrease in
SLA could also be an indirect result of
increased levels of COz through higher
temperatures and higher vapor pressure
deficits.

Decreases in N leaf content have also
been found experimentally. In effect, cotton
(WONG, 1979) and soybean seedlings
(WILLIAMS et al., 1986) have been found
to present much lower percent N values
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associated with starch accumulation under
increased CO». Data relating N availability
to plant growth and carbohydrate content
indicate that under N-limiting conditions
stored carbohydrates accumulate
(WILLIAMS et al., 1986). Several other
authors have also reported decreases in leaf
nitrogen  concentration under CO2
enrichment during vegetative growth
(LARIGAUDERIE et al., 1988 and
references therein) in spite of increases in
root/shoot ratio and in both, favorable and
low level N availability (LARIGAUDERIE
et al., 1988). Because raising the COp
decreases the nitrogen requirements for
maintaining a given level of leaf
photosynthesis (PEARCY & BJORKMAN,
1983), the C:N ratio can increase. However,
the reasons for this N decline are not yet
clear. Several mechanisms such as the
increase in starch and structural compound
content or reduced N uptake as a result of
stomatal closure at high CO2 (MADSEN,
1975) have been proposed. An N
availability limitation or N redistribution in
higher leaf areas could also be added. The
well demonstrated N deficiencies in many
unfertilised plant communities show that
nutrient uptake often cannot be increased in
response to plant demand.

If these results were confirmed, as
atmospheric CO2 rises the areas of
moderately infertile soils could become
strongly nutrient-limited, and areas where
moderate nutrient deficiencies occur would
expand. The increase in CO2 interacting
with N, S and P would make many
terrestrial communities progressively more
oligotrophic and could also lead to nutrient
deficiencies and acidification of susceptible
soils and freshwater (SKIBA & CRESSER,
1988). And in agricultural lands, it would
almost certainly be necessary to add more
N fertilizer to crops or to develop new
nitrogen fixing technologies in order to take
advantage of the increased CO2 (BAKER
& LAMBERT, 1979). However, it is also
true that nowadays there is already an
excess of nitrogen compounds in man-ruled
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ecosystems. N and S content in
precipitation has also increased, although
not uniformly, and the natural plant
nitrogen fixation is increased under higher
CO2 supplies (NORBY & SIGAL, 1989).

Changes in carbon supply can then
simultaneously  affect the costs of
transpiration, nutrient uptake, mechanical
support, and/or herbivory. Similarly, shifts
in leaf nitrogen content would affect
photosynthetic capacity, cost of nutrient
absorption, and exposure to herbivory
(MOONEY & GULMON, 1982).

At the biospheric level, such effects of
increased CO2 might then be important.
The decrease in SLA together with the
increase of C/N ratios (PENUELAS &
MATAMALA, 1990) and possible increase
in starch or structural and phenolic
compounds (WULFF & STRAIN, 1982)
could have substantial effects on feeding
efficiency of herbivory (LINCOLN et al.,
1986; FAJER et al., 1989). Polyphenols
may reduce grazing because of toxicity or
reduced digestibility. Increased C/N ratio
and increased structural and phenolic
compound production could also have
important effects on decomposers and
consequently profound effects on nutrient
cycling and plant growth (OECHEL &
STRAIN, 1985). It would also produce the
accumulation of hard structures that make it
easy for the plant to obtain new nitrogen
and phosphorus resources. However, recent
results (LARIGAUDERIE et al, 1988)
have shown that finally, at the end of the
vegetative growth, leaf nitrogen contents do
not differ as a consequence of higher CO2
levels, so litter quality would probably be
the same with respect to C/N ratio.

Together  with  previous  studies
(WOODWARD, 1987, LaMARCHE et al.,
1984; PENUELAS & MATAMALA, 1990)
the results presented here emphasize that
the overall rise in CO2 is already having
important effects on the biosphere. It can
thus be added to the other important
impacts of man on the biosphere.
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PRESENT EFFECTS OF TROPO-
SPHERIC OZONE INCREASE ON
VEGETATION

Ozone is considered to be the main air
pollutant in the USA and its importance is
increasing as much in Europe and even in
tropical countries. It could have a persistent
and long-lasting effect on plants. Besides
the well known high concentrations in
summer, monitoring of ozone has also
shown potential phytotoxic concentrations
under certain circumstances in autumn and
even in winter (FRICKE, 1983; PRINZ et
al., 1984).

The widespread decline of conifers,
hardwoods and field crops in Europe and
USA is believed to be caused by a
combination of stresses. The decline shows
a clear gradient of increasing severity with
higher elevation (JOHNSON & SICCAMA,
1983; PRINZ et al., 1982; BLANK, 1985).
This is consistent with a natural increase in
environmental stress, altitudinal gradients in
ozone  concentration (McLAUGHLIN,
1985) and deposition rates of acidic cloud
moisture (FRIEDLAND et al., 1984).
Ozone formation and distribution in the
atmosphere correlate with this spatial and
temporal development of forest decline
(PRINZ et al., 1982; ARNDT et al., 1982).
The levels may be high enough to cause

acute injury to sensitive plant species
(ROBERTS, 1984; SKARBY &
SELLDEN, 1984; PENUELAS et al., in
press b).

Some decrease in the productivity of
certain crops, especially summer ones, can
also be understood as a consequence of
elevated summer ozone concentrations.
This may well be the case in crop fields of
ozone rich areas such as the Ebro Delta or
Maresme (Catalonia).

Research concerned with the effects of
ozone on Norway spruce and Sitka spruce,
of special interest to an understanding of
European forest decline, including Pyrenean
spruces, has been carried out in our
laboratory and at Lancaster University Field
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Station (PENUELAS et al., in press b).
Three-year-old saplings of the spruces
Picea abies (L.) Karst and P. sitchensis
(Bong.) Carr. were exposed in solar domes
to 70 ppb O3 - a fairly usual concentration
in summer - for all the summer, seven
hours a day, under approximately natural
conditions, and in cabinets at the same
ozone concentrations under 14 h 250 pE
m? s at 20 °C day/ 15 °C night. No
visible injury nor different growth rates
were found in ozone fumigated trees.
However, old needles presented a slight
increase in the fluorescence stress index
and an increased cyanide resistant
respiration, and both young and old needles
of fumigated trees presented more negative
water potentials, higher dry weight/fresh
weight ratios, lower chlorophyll
concentrations, lower nitrogen and sulfur
percentages, higher C/N and C/S ratios,
surprisingly lower needle electrolyte
leakage, and lower respiration rates.

Apparently, older leaves were more
damaged by ozone, and this is consistent
with symptoms of forest decline affecting
high-altitude forests in acid soils, as is the
case in the high Pyrenees mountains.
Crown thinning and premature shedding of
older needles are observed in damaged
forests at high altitude (PRINZ er al.,
1982). The restriction of damage to
previous year’s needles may be due to the
inability of older tissues to repair damaged
membranes (LEVITT, 1980) or to the lower
ability of older tissues to detoxify
pollutants.

The changes in water potential, fresh
weight loss, fresh weight / dry weight ratio
and cuticle width strongly suggest that the
leaves of spruces exposed to ozone are less
efficient in their use of water. Ozone
decreases photosynthetic pigment concen-
tration, so it may be suggested that it
contributes to chlorosis shown by declining
forest trees and crop plants like watermelon
in the Ebro Delta. A clear decrease was
also found in the carbon, nitrogen and
sulfur content of fumigated trees. In many
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investigations, decreases in total protein
content due to exposure to pollution have
also been reported (ROWLAND et al.,
1988). Such changes could either be the
result of a decrease in the rate of protein
synthesis and/or an increase in the rate of
protein degradation. The question remains
as to whether these changes indicate
damage to the balanced metabolism or a
plant response to mitigate any potential
damage.

Currently it is believed that ozone causes
deterioration of cell membranes and
cuticular ~ waxes, and other cellular
membranes, such as the envelopes of the
mitochondria or chloroplasts, which are
similarly damaged but to a lesser extent as
the effect of ozone and its toxic radicals are
progressively diluted and absorbed from the
outside inwards. This partially explains the
disturbance of ultrastructure within both
these organelles and inhibition of both
photosynthesis and respiration caused by
high doses of ozone (WELLBURN, 1988)
that were found incipient under normal
doses (higher values of fluorescence stress
indexes - indicative of wasted light energy -
and lower oxygen uptake) especially in old
needles. These disturbed functions within
spruces are also supported by the observed
losses of chlorophyll in ozone fumigated
spruces.

Little is known of interactions among
environmental stresses involving ozone.
Several authors have suggested that the
decline, although involving air pollution,
may be triggered by frost or drought or
other stresses (REHFUESS, 1986). The
circumstancial evidence in support of this

view is compelling because of the
temporal and spatial correlations with
elevation, temperature inversions, low

temperature minimum frequencies, drought
years, frost episodes (reviewed in
DAVISON et al., 1987) but there is little
experimental evidence. Spruces exposed to
ozone in summer might show indirect
effects many weeks later, for example
reduced frost resistance (BROWN et al.,
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1987).

In  our laboratories, three-year-old
saplings of the Sitka spruce Picea sitchensis
were exposed in solar domes to 70 ppb O3
for all the summer, seven hours a day, and
afterwards they were hardened for 10 days
at 20 °C, 10 hours light / 4 °C, 14 hours
darkness and for further 10 days at 18 °C, 9
hours light / 2 °C, 15 hours darkness.
Finally they were submitted to night
temperatures of -2 °C after an accidental 32
°C maximum day temperature which lasted
a few minutes. Both ozone fumigated and
control trees were visibly damaged, but the
damage was clearly greater in fumigated
trees. They presented lower chlorophyll
concentration, higher respiration, and lower
N and S percentages, but no difference in
electrolite leakage nor in dry weight / fresh
weight ratio. These results indicated that
present ozone levels may affect spruces,
predisposing them to posterior stresses like
drought, winter desiccation, freezing injury
or parasites. Interaction among these factors
may be an important element contributing
to the decline of sub-alpine stands of
spruces throughout Europe. New studies
should be carried out in the direction of
interaction between environmental stresses.

FORESEEABLE FUTURE CHANGES
BECAUSE OF INCREASING LEVELS
OF CO», OZONE AND OTHER GASES.
FROM PLANTS TO ECOSYSTEMS

New gradual increases in CO2
concentration are expected during the next
decades. Current global circulation models
differ in their projections of global mean

temperature  and  precipitation  with
increasing COj. However, even with
precise climate scenarios for the next

century, accurate biological predictions still
cannot be made because of the poor
knowledge about the response  of
ecosystems to increasing CO».

There are powerful techniques to predict
responses such as modelling (PASTOR &
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POST, 1988) and historical reconstruction
(DAVIS & ZABINSKI, in press,
PENUELAS & MATAMALA, 1990), but
they need to be supplemented by
experimentation. Besides other ecological
and climatic consequences, these increases
are supposed to raise photosynthesis and
plant growth in the case of a good supply
of other limiting factors. Thus, changes in
anatomical and physiological characteristics
of vegetation (LEMON, 1983) like those
cited up to now with consequent reduced
water loss and changes in plant phenology
(CARLSON & BAZZAZ, 1980) are also
expected. In fact, most studies carried out
with agricultural crops and species from
natural communities indicate  that
productivity and yield increase with
elevated CO2 levels (STRAIN & CURE,
1985). There are also differences in
response to elevated CO2 among species
and among genotypes within species, but
the differences have not been fully
investigated (BAZZAZ et al., 1985,
PENUELAS & MATAMALA, 1990).
What is currently known is that at the
leaf level, net assimilation rates are
increased instantaneously and, to a lesser
degree, over time, that photosynthesis and
respiration may be reduced or increased
after prolonged exposure to elevated CO2
(ACOCK & ALLEN, 1985; DRAKE et al.,
1988; OECHEL & STRAIN, 1985); that
the effect of CO7 enhancing photosynthesis
increases with temperature, and is greater
for C3 plants (PEARCY & BJORKMAN,
1983); that the conductance is decreased
and water use efficiency increased,
preferentially in C3 plants (PEARCY &
BJORKMAN, 1983); that whole plant
water use may, however, increase because
of the increase in leaf area (ACOCK &
ALLEN, 1985); that water stressed plants
may have enhanced productivities (IDSO,
1988); that root-shoot ratio response,
although variable, often increases (CURE,
1985; OECHEL & STRAIN, 1985); that
leaf area increases although proportionally
less than leaf specific weight (ACOCK &
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ALLEN, 1985); that C/N ratios of tissues
increase (STRAIN & BAZZAZ, 1983); that
nutrient deficiencies reduce CO2
enhancement effects (CONROY et al,
1988), even though nutrient use efficiencies
increase; that the herbivore feeding rate on
tissues may increase (LINCOLN er al.,
1986), competitive relations are altered in
most instances (CURTIS et al., 1989), and
that phenological development may be
accelerated, although there are examples of
delayed senescence (OECHEL & STRAIN,
1985).

High CO; concentrations may change
the pattern of carbon allocation to plant
parts, but the available data are inadequate
for describing general patterns (BAZZAZ et
al., 1985, 1987). There may also be shifts
in the kinds of chemical defenses in plant
tissues and changes in rates of plant tissue
consumption by herbivores (LINCOLN et
al., 1986) if nitrogen leaf content decrease
is confirmed (PENUELAS &
MATAMALA, 1990). Decomposition rates
and nutrient cycling may change in
response to altered plant C/N and lignin/N
ratios, and starch content, leading to
negative feedback via decomposition
restricting the positive effects of CO2
enhancenment (MELILLO et al., 1982).

The response to enhanced CO2
concentrations at the ecosystem level has
been the subject of only a few experiments
(TISSUE & OECHEL, 1987; DAVIES,
1988) and is largely unknown.

Hardly anything is known either about
the ecosystem response to long-term
exposure (DRAKE er al., 1988). Elevated
CO2 should have modest effects on
light-limited systems because the light
requirement of photosynthesis is only
moderately sensitive to CO2
(EHLERINGER & BJORKMAN, 1977).
Elevated CO2 should decrease the nutrient
investment required for photosynthesis
(though  probably not the nutrient
investment required for growth). Effects on
water-limited systems should be quite
dramatic, because increased CO2 decreases
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the stomatal conductance - and hence water
loss - required to sustain a given rate of
photosynthesis. These few studies of whole
communities, however, do not always show
enhanced productivity. A community of
short-stature annuals showed no response
(WILLIAMS et al., 1988) and short term
measurements of some deciduous trees
showed only a small enhancement in
growth (WILLIAMS et al., 1986). Whole
ecosystems respond significantly, but in
different ways - nutrient limited low
temperature systems, such as the tundra,
show little response (HILBERT er al.,
1987), whereas nutrient rich marsh systems
show a large response (DRAKE et al.,
1988; CURTIS et al., 1989).
Experimental studies in which whole plant
communities have been subjected to
elevated CO2 also show that competitive
hierarchies change. The resulting
community structure is influenced by other
environmental factors such as moisture,
light, nutrients and/or temperature
(BAZZAZ et al., 1985). It is important to
note that the response at the community
level may not be directly predictable from
the response of individual species to
elevated CO2 or to other environmental
factors because of changes in species
composition and interactions  with
heterotrophic organisms.

Responses of ecological systems are
complex because of the inherent intricacies
of ecological systems and their interactions
with the physical system, and because these
processes depend on the influence of
history and scale. Besides, they encompass
a great temporal variability. Time-lags in
the ecological response to global change
result not only from differences in
longevity or life cycles among organisms,
but also from non-linear processes. For
example, low availability of nitrogen, the
most frequently limiting nutrient in
terrestrial ecosystems (PASTOR et al.,
1984), may prevent ecosystems from
changing in response to changing climate
until after temperature thresholds are
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exceeded by dominant species. As
previously dominant species are replaced
by others, consequent changes in carbon
and nitrogen cycles can happen rapidly,
amplifying ecosystem response (PASTOR
& POST, 1988). In general, rapid response
within a year can be produced in biotic
factors such as microbial communities,
plankton density, reproductive success of
plants  and animals, transpiration,
photosynthesis and  respiration  rates,
pathogen outbreaks, animal behavior, and
densities of annual plants and short-lived
animals. A lag of several years or decades
can be found in other processes, such as
plant community structure. Moreover,
changes in the genetic structure of
populations depend on generation time.
Whether redundancy within an ecosystem
can delay responses of the system to
environmental changes requires
investigation, as this may be an important
and perhaps unexpected influence of
biodiversity on ecosystem  processes
(DAVIS, 1988). It is then a fundamental
question in the context of global change
whether changes in species composition
and diversity will significantly affect
ecosystem function.

The increase in CO2 is also expected to
change climate, as is well known. The
enormous significance of the rate of
temperature change can be appreciated
when spatial displacement is considered.
There would be lags of decades in the
adjustment of ecological systems to rapidly
changing climate.

Critical foci for experimental ecosystem
studies on the effects of these changes are
wet tundra, boreal forests, temperate forests
receiving anthropogenic nitrogen and sulfur
deposition, tropical forests and semiarid
ecosystems. Rivers offer an excellent
integration of biogeochemical processes
operating in specific watersheds. Oceans
must also be studied because they are by
far the largest active reservoir of carbon. In
order to obtain global data, remote sensing
of vegetation and land form characteristics
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will be necessary (TUCKER et al., 1986;
PENUELAS et al., in press ¢; GAMON et
al., in press).

Three research approaches should be
used to increase our ability to predict
biotic responses to global change and
feedback to the global system: (1)
laboratory and field experiments at the
organism level, and compilation of existing
data on population and community patterns;
(2) experiments on intact ecosystems, using
large-scale  manipulations and taking
advantage of natural experiments; and (3)
ecosystem models assembled coupling
population-community models with process
-functional models for simulation of the
response of ecosystems to large, rapid
changes in environmental factors.

Present models assume that individuals
are identical, but as more complex models
are built, besides scaling up from single
plants to landscape and incorporating
spatial dimension, patterns of genetic
variation will also have to be incorporated.

Our knowledge of past responses of
natural  systems to changed CO2
concentrations is also limited. Data from
previous centuries reviewed before are still
scarce. The fossil record should also be
inspected for changes at the end of the last

glacial period that may be related to
changing CO2 concentration in the
atmosphere.

The other anthropogenic changes in the
concentration of other tropospheric gases
like oxygen derived compounds also have
potentially large, landscape-level effects on
ecological systems, primarily through
effects on  ecosystem  components,
especially those with slow turnover rates
such as soil organic matter and long lived
organisms such as trees and fish.
Synergistic effects of various oxygen
derived pollutants (O3, NOx, SO7.) are well
known from simple laboratory experiments
(MANSFIELD et al., 1987; WELLBURN,
1988) and these effects will certainly be
found in the study of ecosystems (MATHY,
1988).
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Changes in stratospheric constituents,
especially depletion of ozone concentration,
would also importantly affect ecosystems as
the intensity of ultraviolet radiation
reaching the terrestrial and marine portion
of the biosphere increases. Previous
investigations in arctic and alpine regions
indicate that the changes in ultraviolet
irradiance would cause changes both in
productivity and in the distribution of
specific vegetation types (DAVIS, 1988).
Intensified ultraviolet radiation would
increase mutation rates, but it is not clear
what effect this would have on population
structure and viability (GRIBBIN, 1988).
The subject of the ozone hole and the
penetration of UV radiation has also to be
considered in the context of the
magnetosphere.

SOME SPECULATIONS ON FUTURE
SHAPE AND COLOR OF LANDSCAPE
IN AN ANTHROPOSPHERIC EARTH

Let me now speculate about what might
happen in the long term as a consequence
of the mentioned future changes in CO2
and O2 derived compounds. They might
result in the development of new
landscapes, new ecosystem types or new
biomes.

If CO2 determines the efficiency, shape
and color of vegetation, changes in these
characteristics might be expected because
of higher availability of CO2. For example,
leaves may be bigger, not as much divided
as nowadays, and tending more to the
monolayer design because they are already
going to produce more with the first light
interception by disposing of more CO»
substrate. More efficiency can be expected
in the field because under higher light
intensity, higher production will be
obtained. Nowadays, when light is low and
limiting, as previously mentioned, red
undersurfaces and blue iridiscence appear
to slightly enhance absorption of leaves
restricted to extreme shade in tropical rain
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forests (LEE, 1986). Similarly, under future
increased CO2 availability a higher use of
light might be necessary; under such
conditions one could expect that luxurious
plant green color might evolve to blues and
reds: in order to take advantage of the
higher availability of COp, plants might
need to wuse the maximum possible
radiation, and therefore the green
wavelength range. In this way, they would
not be able to reflect it; they would not be
green. However, it must not be forgotten
that life  continues by  preserving
"information” and "structure", an activity in
which it seems more "interested" than in
growing "like mad".

All these atmospheric changes are
consequences of man’s activities, mainly
burning fossil fuels. With his activity, man
has also begun to alter the trend towards
reduction that life was following until the
beginning of the industrial era by
accumulating reduced organic material and
releasing oxygen to the atmosphere. Now,
man is burning that fossil organic material
and returning carbon to the atmosphere at
such a rate that no natural reservoir can
absorb all of it and therefore there is a
hindrance to this trend of reduction. This
anthropospheric action may impede the
biosphere evolution towards a stronger
redox gradient that could lead to an
oxidated planet, with an explosive
atmosphere, richer in oxygen, and with
upper layers of the hydrosphere converted
into a  hydrogen  peroxide  soup
(MARGALEF, in press). Mankind, with its
combustion - and therefore oxidation of
fossil fuels, now so criticized because of
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