Why do plants have green leaves and not
red?

Solar Radiation Spectrum

25 | |
- uv , Visible ;| Infrared —
| |

< . |
NE 21 ! I Sunlight at Top of the Atmosphere

—

= I

L I

o 1.91 5250°C Blackbody Spectrum

)

c

= /

T 14

g Radiation at Sea Level
£ 05-

5 Absorption Bands
Q 05 H20 co, H,0
W

0-
250 600 750 1000 1250 1500 1750 2000 2250 2500

Wavelength (nm)

The Irradiance is an energy density, however we are interested in photon density, so you have to
divide this curve by the energy per photon, which means multiply it by M(hc) (that is higher
wavelengths need more photons to achieve the same lIrradiance). If you compare that curve
integrated over the high energy photons (say, A <580 nm) to the integration over the low energy
ones, you'll notice that despite the atmospheric losses (the red curve is what is left of the sunlight at
sea level) there are a lot more "red" photons than "green" ones, so making leaves red would waste a
lot of potentially converted energy.

Of course, this is still no explanation why leaves are not simply black — absorbing all light is surely
even more effective, no? | don't know enough about organic chemistry, but my guess would be that
there are no organic substances with such a broad absorption spectrum and adding another kind of
pigment might not pay off.

| believe it is because of a trade off between absorbing a wide range of photons and not absorbing
too much heat. Certainly this is a reason why leaves are not black - the enzymes in photosynthesis as
it stands would be denatured by the excess heat that would be gained.

This may go some of the way towards explaining why green is reflected rather than red as you
suggested - reflecting away a higher energy colour reduces the amount of thermal energy gained by
the leaves.
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Stars are classified by their spectral type which is dictated by their surface temperatures. The Sun's is
relatively hot, and it's spectral energy distribution peaks in the green region of the spectrum.
However the majority of stars in the Galaxy are K and M type stars which emit mainly in the red and
infrared.

This is relevant to this discussion since any photosynthesis on these worlds would have to adapt to
these wavelengths of light in order to proceed. On planets around cool stars plant life (or its
equivalent) might well be black!

There are two factors at play here. First is the balance between how much energy a plant can collect
and how much it can use. It is not a problem of too much heat, but too many electrons. If it were a
question of heat, a number of flowers selected for their black pigmentation would have their petals
cooked off. ;)

If a plant does not have enough water, is too cold, is too hot, collects too much light, or has some
other condition that prevents the electron transport chain from functioning properly, the electrons pile
up in a process called photoinhibition.

These electrons are then transferred to molecules that they should not be transferred to, creating free
radicals, wreaking havoc within the plant's cells. Fortunately, plants produce other compounds that
prevent some of the damage by absorbing and passing around the electrons like hot potatoes. These
antioxidants are also beneficial to us when we eat them.

This explains why plants collect the amount of light energy they do, but does not explain why they are
green, and not grey or dark red. Surely there are other pigments that would be able to generate
electrons for the electron transport chain.

Plants and other photosynthetic organisms are largely filled with pigment protein complexes that they
produce to absorb sunlight. The part of the photosynthesis yield that they invest in this therefore has
to be in proportion. The pigment in the lowest layer has to receive enough light to recoup its energy
costs, which cannot happen if a black upper layer absorbs all the light. A black system can therefore
only be optimal if it does not cost anything.

Red and yellow light is longer wavelength, lower energy light, while the blue light is higher energy. It
seems strange that plants would harvest the lower energy red light instead of the higher energy green
light, unless you consider that, like all life, plants first evolved in the ocean. Sea water quickly absorbs
the high-energy blue and green light, so that only the lower energy, longer wavelength red light can
penetrate into the ocean. Since early plants and still most plant-life today, lived in the ocean,
optimizing their pigments to absorb the reds and yellows that were present in ocean water was most
effective. While the ability to capture the highest energy blue light was retained, the inability to harvest
green light appears to be a consequence of the need to be able to absorb the lower energy of red
light.

Pigments appear as whatever color is not absorbed (i.e, they appear as whichever wavelength(s)
of light they reflect).

Blue light was the most available wavelength of light for early plants growing underwater, which
likely led to the initial development/evolution of chlorophyll-mediated photosytems still seen in
modern plants. Blue light is the most available, most high-energy light that continues to reach
plants, and therefore plants have no reason not to continue taking advantage of this abundant
high energy light for photosynthesis.
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Different pigments absorb different wavelengths of light, so plants would ideally incorporate
pigments that can absorb the most available light. This is the case as both
chlorophyll a and babsorb primarily blue light. Absorption of red light likely evolved once plants
moved on land due to its increased abundance (as compared to under water) and its higher
efficiency in photosynthesis.

Early Plants Develop Modern Photo-system

It turns out, just like the variability in transmittance of different wavelengths of light through the
atmosphere, certain wavelengths of light are more capable of penetrating deeper depths of water.
Blue light typically travels to deeper depths than all other visible wavelengths of light. Therefore, the
earliest plants would have evolved to concentrate on absorbing this part of the EM spectrum.
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However, you'll notice that green light penetrates relatively deeply as well. The current
understanding is that the earliest photosynthetic organisms were aquatic archaea, and (based on
modern examples of these ancient organisms) these archaea used bacteriorhopsin to absorb most of
the green light.
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Early plants grew below these purple bacteriorhopsin-producing bacteria and had to use whatever
light they could get. As a result, the chlorophyll system developed in plants to use the light available
to them. In other words, based on the deeper penetrative ability of blue/green light and the loss of the
availability of green light to pelagic bacteria above, plants evolved a photosystem to absorb
primarily in the blue spectrum because that was the light most available to them.
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« Different pigments absorb different wavelengths of light, so plants would ideally incorporate
pigments that can absorb the most available light. This is the case as both chlorophyll a and b
absorb primarily blue light.

e Here's two example graphs (from here and here) showing the absorption spectrum of typical
plant pigments:
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So Why Are Plants Green?

As you can guess from the above paragraphs, since early under water plants received so little green
light, they evolved with a chlorophyll-mediated photo-system that did not have the physical properties
to absorb green light. As a result, plants reflect light at these wavelengths and appear green.
But Why Are Plants Not Red?

Reason to ask this question:

This would seem to be equally plausible given the above information. Since red light penetrates water
incredibly poorly and is largely unavailable at lower depths, it would seem that early plants would not
develop a means for absorbing it and therefore would also reflect red light.

e In fact, [relatively] closely related red algae did evolve a red-reflecting pigment. These algae
evolved a photo-system that also includes the pigment phycoerythrin to help absorb available
blue light. This pigment did not evolve to absorb the low levels of available red light, and so
therefore this pigment reflects it and makes these organisms appear red.

o Interestingly, according to here, cyanobacteria that also contain this pigment can readily
change it's influence on the organism's observed color:
The ratio of phycocyanin and phycoerythrin can be environmentally altered. Cyanobacteria
which are raised in green light typically develop more phycoerythrin and become red. The
same Cyanobacteria grown in red light become bluish-green. This reciprocal color change
has been named 'chromatic adaptation’.

e Further, (although it's still under debate) according to work by Moreira et al (2000) (and
corroborated by numerous other researchers) plants and red algae likely have a shared
photosynthetic phylogeny:

three groups of organisms originated from the primary photosynthetic endosymbiosis between a
cyanobacterium and a eukaryotic host: green plants (green algae + land plants), red algae and
glaucophytes (for example, Cyanophora).
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So what gives?

Answer:

The simple answer of why plants aren't red is because chlorophyll absorbs red light. This leads us
to ask: Did chlorophyll in plants always absorb red light (preventing plants from appearing red) or
did this characteristic appear later?

e If the former was true, then plants don't appear red simply because of the physical
characteristics that the chlorophyll pigments evolved to have.

e Asfaras | know, we don't have a clear answer to that question.
o (others please comment if you know of any resources discussing this).

o However, regardless of whenred light absorption evolved, plants nevertheless evolved to
absorb red light very efficiently.

e A number of sources (e.g., Mae et al. 2000, Brins et al. 2000, and here) as well as
numerous other answers to this question, suggest that the most efficient photosynthesis
occurs under red light. In other words, red light results in the highest "photosynthetic
efficiency.”

o This NIH page suggests the reason behind this:

Chlorophyll a also absorbs light at discrete wavelengths shorter than 680 nm (see Figure
16-37b). Such absorption raises the molecule into one of several higher excited states,
which decay within 10-2 seconds (1 picosecond, ps) to the first excited state P*, with loss
of the extra energy as heat. Photochemical charge separation occurs only from the first
excited state of the reaction-center chlorophyll a, P*. This means that the quantum yield —
the amount of photosynthesis per absorbed photon — is the same for all wavelengths of
visible light shorter than 680 nm.

Why Did Plants Remain Green?

So why have plants not evolved to use green light after moving/evolving on land? As discussed here,
plants are terribly inefficient and can't use all of the light available to them. As a result, there is likely
no competitive advantage to evolve a drastically different photosystem (i.e., involving green-absorbing
pigments).

So earth's plants continue to absorb blue and red light and reflect the green. Because green light so
abundantly reaches the Earth, green light remains the most strongly reflected pigment on plants, and
plants continue to appear green.
o (However, note that other organisms such as birds and insects likely see plants very differently
because their eyes can distinguish colors differently and they see more of the strongly reflected
UV light that ours cannot).
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