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PHOTOSYNTHESIS AND PRODUCTIVITY OF
LITTORAL MARINE ALGAE

BY
L. R. BLINKS
Hopkins Marine Station
Pacific Grove, California

With the exception of Sargassum, the high seas traveller, and
floating Enteromorpha, which occurs on quieter waters, practically
all larger algae are anchored to the shore or shallow bottoms. The
oceanographer would probably call them "land weeds" instead of
"sea weeds." Nevertheless, they are bathed with sea water most or
all of the time and so they partake of the ocean, even though the zone
may be only a narrow one. While their total productivity is small
compared to that of the entire ocean, yet, area for area, it can be very
high. Indeed, perhaps the greatest apparent difference between
littoral and planktonic algae is the immensely greater standing crop
of the former, which often drapes itself thickly over rocks or forms
heavy beds just offshore.
The other striking aspect of shore algae is their range of color,
probably the greatest displayed by any group of plants (excepting
autumn foliage of deciduous plants and trees). Not only do we find
the familiar greens of Ulva and other Chlorophyceae, but usually
the browns of still greater masses of algae, the kelps and rock weeds;
and finally, there are those almost strictly marine plants, the littoral
red algae, which range from bright pink to dark purple. Blue-green
algae constitute so small a part of the total bulk that they are usually
overlooked, though in the tropics they may contribute a conspicuous
"black" zone to the beach rocks.
Partly due to the sheer mass of littoral algae, light absorption is
extremely efficient along the shore. Since even a single sheet of
algal cells, as in Porphyra or M onostroma, can absorb up to 60 or 70%
of the incident light at certain wave lengths, it is not surprising that
thicker algae do still better. When the green algae become massive,
as they often do in the tropics (or as Codium does in the temperate
zone), they appear almost black. The kelps so well produce this
effect that their old name was Melanophyceae, meaning black algae.
The red algae are often a deep purple. By repeated absorption, or
by means of supplementary pigments which absorb regions of the
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Figure 1. Light absorption and photosynthesis of a green alga (Ul~a). Solid lines
represent percent absorption by the tballus; dotted lines show relative photosynthesis.

spectrum not normally absorbed by land plants, the algae have
become very efficient traps for light.
Green Algae. What are the absorbers? Primarily chlorophyll,
of course-or rather the chlorophylls, since algae have four kinds.
Ulva, with chlorophyll a and b, absorbs primarily at 435 and 675 mµ,
which is where it also displays the highest photosynthesis. This
seems so self-evident that it might not need emphasis were it not for
less orthodox behavior now known among algae. And what of the
other pigments, for even green algae have such? The ubiquitous
.a-carotene, as widespread as chlorophyll itself, and several carotenoids absorb broadly in the violet and blue end of the spectrum. In
a chromatographed extract, about half of the light absorption between
400 and 500 mµ is due to these yellow pigments. This gives increasing
interest to the photosynthetic response. Is it as good in the region
of carotenoid absorption as it is in the red end of the spectrum, where
chlorophyll alone absorbs? If so, must it not imply the participation
of pigments other than chlorophyll?
Fig. 1, prepared in collaboration with Dr. F. T. Haxo (Haxo and
Blinks, 1950), tells something about this, but it also poses a question.
If photosynthesis is normalized at the chlorophyll red maximum
(675 mµ in the alga), it then corresponds well with absorption through-
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out the spectrum, even including the blue end, where (at least in
extracts) carotenoids absorb about half of the light. Indeed, at the
chlorophyll blue maximum (435 mµ), there is again coincidence.
One can only conclude that the carotenoids are as effective light
absorbers as chlorophyll and that it makes little difference, from the
point of view of photosynthesis, whether green pigment or yellow
absorbs the light. But there is a region at 480-490 mµ where photosynthesis falls appreciably below absorption. This might be regarded
as accidental were it not found so consistently in photosynthetic
studies. Emerson and Lewis (1942, 1943) found that the quantum
efficiency of Chlorella and Chroococcus is noticeably down at this
region and Tanada (1951) found that it is lower in diatoms likewise.
We shall note shortly a similar depression in thalloid brown algae;
perhaps it would appear in red algae except for interfering circumstances which will be discussed. It is not clear whether this depressed
zone is due to ineffective absorption by some carotenoid or to an
active "photo-oxidative" effect, due perhaps to riboflavin or cytochrome, which partially compensates photosynthesis. We have
looked for anomalous "transition" effects in the time course of photosynthesis, in going from this region to red light, but we cannot find
such in green algae. ("Transitions" do occur in red algae.)
Not all green algae utilize their carotenoid complement as well as
does Ulva; many show lower activity in blue light. At times Ulva
itself shows less, especially when the cells are preparing to form
swarmers or gametes, which are rich in carotenoids (Haxo and Glendenning, 1953). Indeed, there are some green algae so burdened with
carotenoids that they look orange or brick-red. Such is the brine
flagellate Dunaliella; under very saline conditions it is loaded with
/3-carotene, but this seems to occur largely in oil globules, not in
plastids; therefore, by all we know of photosynthesis, it is not topographically located so that it participates in effective energy transfer.
Evidently it acts simply as a filter, cutting off blue light before it
can reach the chlorophyll. It is not surprising that such algae cannot
use blue light for photosynthesis (though they do for phototaxis).
This situation must be considered in many other cases, as in those
where there are eye spots or even where the carotenoids might coat
the outer parts of plastids, thereby absorbing much of the blue light
before it can reach chlorophyll. It would be desirable to know more
about the photosynthetic action spectrum of other yellow or orange
algae; of special interest to oceanographers would be the dinoflagellates.
Apparently they have not yet been studied in this regard.
Brown Algae. We turn now to the most successful employers of
accessory pigments. These are the algae with brown pigments,
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Figure 2. Absorption a nd photosynthesis in a brown a lga (Coilodesme).
absorption; dotted line: photosynthesis.

Solid line;

the ubiquitous and productive diatoms as well as the r ockweeds and
giant kelps, which are yellow or brown when not indeed almost black.
The brown color results from an increased absorption near the middle
of the spectrum which takes out more of the green to which the eye
is especially sensitive. This can be seen by comparing Figs. 1 and
2. It is due to a special carotenoid, fucoxanthin, which, while not
greatly different from other car otenoids in extracts, extends absorption
in the living plant up toward 560 mµ
Fig. 2 shows that in Coilodesme, as well as in Ulva, photosynthesis
occurs at the chlorophyll maxima; it also occurs in the blue where
carotenoids other than fucoxanthin absorb and to a considerable extent
in the green wave lengths. Again there is some depression around
480 mµ, but, on the whole, absorption and activity are parallel, and
we may conclude that the kelps have successfully extended the range
of effective absorption. The same is true in the diatoms, as shown
by Tanada's (1951) quantum efficiency determinations. Perhaps it is
not surprising therefore that the kelps are the largest, and the diatoms
the most abundant, of all algae; fucoxanthin was a useful invention.
Yet this effective pigment is entirely restricted to aquatic and
especially to marine algae. The higher plants have not used this
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way of increasing light absorption but have employed thicker thalli
or leaves.
Red Algae. Here we meet the most remarkable pigment situation
in algae. Most collectors have seen red algae cast up on the beach.
They are dark wine red when still alive but turn orange and display
a bright fluorescence when injured and dying. Both the red and
orange colors are due to the unusual pigment, phycoerythrin, which
is restricted to this group and to the blue-green algae. It is a water1 0 0 - -.....- - - . - - - - - - - - - - - - - - - - - - - MYRI0GRAMME SPECTA81LIS
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Figure 3. Absorption and photosynthesis in a red alga (Myriogramme).
absorption ; dotted line: photosynthesis.

Solid lin e :

soluble chromoprotein of over 200,000 molecular weight, with a
chromophore resembling the bile pigments. It is strikingly fluorescent
in solution but much less so in the living alga. It and its close relative
phycocyanin close the gap in chlorophyll absorption almost perfectly.
With maxima at 495, 540 and 565 mµ (615 mµ for phycocyanin),
red algae have much more complete absorption throughout the
visible spectrum than either green or brown algae (Fig. 3).
Is this absorption effective? Many experimenters have shown
that it is, since green light is far more efficiently used here than it is
in the case of green or brown algae. Indeed photosynthesis is higher
in the middle of the spectrum than that in the blue or the red regions!
The action spectrum (Fig. 3) shows this in striking fashion. For
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nearly equal absorption, phycoerythrin appears to be two or three
times as effective as chlorophyll and four to five times as effective
as the carotenoids of these algae.
Thus emerges the remarkable situation of a uniquely developed
pigment which greatly increases the range of effective absorption
but which, in doing so, inactivates some half to two-thirds of the
accompanying and abundant chlorophyll. But chlorophyll is apparently still necessary; no photosynthetic plant occurs without it,
and there is reason to believe that, even in the red algae, energy
absorbed by phycoerythrin must be transferred to such of the chlorophyll as remains active and :fluorescent. In view of this, the real
question is, why is so much of the chlorophyll inactive?
A partial answer has been supplied by Yocum (1951), who grew
red algae in red or blue light which was very free of the medium (green)
wave lengths. After a week or so the algae increased their growth
and it could be shown that photosynthesis was considerably enhanced
in the red light; indeed, the action spectrum now displayed a good
hump, if not a peak, at the region of chlorophyll absorption. Yocum
also showed that even fairly brief exposures to green or white light
again deactivated the chlorophyll. It is apparently the absorption
of light by phycoerythrin itself which deactivates chlorophyll, but
it is not known whether this results from some photodynamic effect
or from pigment competition for enzymes. So far we have succeeded
in reactivating chlorophyll by red light only in the more primitive
Porphyra and Porphyridium. In the higher red algae the inactivation
is apparently permanent. It is indeed remarkable that plants should
have developed a useful new pigment only at such a price. It would
seem that any advantage derived from phycoerythrin's midspectral
absorption could be obtained if chlorophyll were still effective. The
incompatibility seems very wasteful, but nevertheless it is a fact
and deserves further study.
Relation to Depth. We may now ask: Is there a relation between pigmentation and habitat? Algologists have speculated for years about
zonation, with emphasis on the ability of red algae to live at greater
depths than green or brown ones. There is no doubt that they do so
in some regions. And good reason can now be assigned to this ecological fact, for, with the absorption of blue and red light in coastal
waters and consequent deeper penetration of green light, a fact well
established by Clarke and others, there is at moderate depth a habitat
favoring red algae.
Levring (1947) has calculated the ability of algae to photosynthesize
at different depths. In green algae, at 10 m depth, photosynthesis
is low indeed, and at 20 m it is practically nonexistent because the
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highest rates of green algal photosynthesis lie in regions of the spectrum
most absorbed by coastal waters. On the other hand, red algae
showed good photosynthesis at 10 m and quite appreciable amounts
at 20 m. This naturally follows from their higher photosynthetic
rate in green light (Fig. 3) ; the absorption of red and blue light by
coastal water is no disadvantage, since this is used poorly by red
algae. One might also predict a slight depth advantage for brown
algae due to their enhanced photosynthesis in green light (absorbed
by fucoxanthin). But most of the kelps (and certainly the diatoms)
are littoral and floating.
One should, in fact, not be too impressed by these relations. Many
things may influence zonation. For example, if respiratory rates
were very low, algae could probably survive in the dim light of 20
to 40 m; and it is true that red algae have a rather low respiration.
On the other hand, many kelps have a high respiratory rate and tend
to be found in bright light. Nor does actual zonation correlate well
with the pigment complement; on the Pacific Coast, three of the
highest growing algae which are found almost in the spray zone are
red: Porphyra perforata, Gigartina papillata, and Endocladia muricata.
Two common brown algae, Fucus and Pelvetia, occur a little lower
down; only below these do we find common green algae like Ulva,
Cladophora , and Spongomorpha. This is exactly the inverse of the
classical green, brown, red sequence. Other factors, such as massiveness and dessication resistance, and perhaps infra-red and ultra-violet
tolerance as well, may govern zonation more than pigmentationat least in the upper levels.
Quantum Efficiencies. All of the action spectra shown above are
relative rather than absolute. It might be argued that chlorophyll
activity in red algae is not low but rather that phycoerythrin activity
in them is extremely high. We have, therefore, investigated the
quantum efficiencies of representative green, brown and red algae
freshly gathered from their positions of growth (Yocum and Blinks,
1954). The values have considerable ecological interest, since
they supply information on this important point for "wild" or
natural plants, thereby supplementing the almost universal study
of the cultivated, highly selected, and practically "domesticated"
Chlorella. The method, completely different from the one used for
action spectra, lends independent confirmation to the latter. Table
I shows the results. No records are broken as to efficiencies. There
are no 4-quantum values (not even 8) whereas 10 or 11 up to 12 or
14 absorbed quanta are required to release a molecule of oxygen.
The efficiencies are essentially the same throughout the spectrum
for both green and brown algae. While not high, they are at least
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rather uniform. This is consistent with the equal participation of
all pigments as seen in the action spectra. In the red algae, the
highest values are found in the middle of the spectrum, just where
action is greatest. This would be expected, but note that the value, 14
to 15 quanta per molecule of 02, is no higher than that found throughout the spectrum with Ulva. Consequently, phycoerythrin is as efficient in the red algae as is chlorophyll in the greens. As a corollary,
we would expect and did indeed find that the efficiency of red algal
chlorophyll is low, being only half as high as that in Ulva. The
carotenoid absorption is extremely ineffective (35 to 50 quanta per
molecule) but quite in line with the action spectra.
It would be interesting to know how the efficiency of these littoral
algae compares with that of phytoplankton from the open ocean.
TABLE

I.

NUMBER OF ABSORBED QUANTA REQUIRED TO RELEASE ONE

MOLECULE OF OXYGEN (AFTER

YocUM

AND BLINKS,

1954)

Wave length (mµ)
Algae:

436

500

560

620

675

14
16

18
14

23
13

16
15

12
15

10

11

11

11

10

37
35
26

16
24
16

14
13-17
16

15
18
20

25
25
32

Green

Ulva lobata
U. lactuca
Brown

lleafasci,a
Red

Porphyra N ereocystis
P. naiadum
Delesseria decipiens

In view of the somewhat better behavior of the unicellular Chlorella
and considering the fairly high efficiency found by Tanada (1951)
in diatoms, which was not too different from that of the brown alga
shown in Table I, it may be predicted that planktonic algae will
equal littoral ones in absolute efficiency.
Littoral Productivity. Long term (seasonal or yearly) production
of organic matter has not been studied as thoroughly in littoral
algae as in algae of the open ocean, though Printz (1950), Sargent and
Lantrip (1952) and a few others have given interesting figures for
large algae. The standing crop of attached algae, as mentioned
earlier, is often immense; the great masses of coastal algae are several
orders of magnitude denser than phytoplankton. Compared to the
thick tangled beds of kelp in Scotland, in California, and in similar
spots, the open ocean just beyond looks like a transparent desert.
We know part of the reason, of course-there is far more efficient
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grazing of phytoplankton by animals. But may this difference be
due also to greater inherent production? Does anchorage give some
advantage in productivity?
Some idea of this can be obtained from the standing crop, that is,
from harvests of commercial kelps, especially of those which are
annuals. Estimates of 13 to 14 tons of Laminaria per acre per year
have been given in Scotland (Inst. of Sea Weed Research, 1953).
This calculates to some 10 kg/m2, which is roughly the same as that
which we have found in California for the annually renewable portion
(blades) of Laminaria (4.4 kg/m 2) . This is the greatest standing
crop we have found. Other values, obtained during the past year by
Dr. Lars Carpelan, are shown in Table II. The first column shows
TABLE

II.

PRODUCTIVITIES OF CALIFORNIA ALGAE (DRY WEIGHT)
AS DETERMINED BY CARPE LAN

Standing crop
g/m 2
Ulva
Porphyra
Gi gartina
Iridophycus
Egregia
Alaria
Fucus
P elvetia
Laminaria (blades)

70
300
750
760
800
1800
2130
4240
4400

Production
g/m 2/day

3-7 .2
11-21
54
19
25
14
19-42
35
66

Time for crop
days

10-23
15-26
15
40
32
130
50-112
120
66

the standing crop in autumn and spring for some abundant green,
brown and red algae. These range from 70 g/m 2 (Ulva) to the 4.4
kg/m 2 (blades only) just mentioned for Laminaria. Two red algae
approach 1 kg; several browns exceed 2 kg. Compare these figures
with phytoplankton- only ½ g/m3 ! Even when correction is made
for euphotic depth, the amount under a square meter of sea surface
seldom exceeds 10 or 20 g. Why this factor of 100? Are the coastal
animals such poor grazers? Or is production really higher on shore?
Most of the algae listed here tend to be annual. Laminaria drops
its blades around J anuary and grows new ones of good size between
March and J une. Alaria disappears entirely in winter but becomes
six feet long by J une. The giant kelp, N ereocystis, is an annual,
becoming 10 m in length during the growing season. This means
that many of the listed algae produce in a few months at least the
standing crops shown in Table II, and they probably produce a great
deal more which is broken loose, grazed or possibly leached away.
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These figures are necessarily minima. Therefore, production during
the growing season is at the rate of ½ to 1 kg organic matter/m 2/
month. Compare this estimate with the figures tabulated in Sverdrup, et al. (1942), which show values of fixed carbon in the ocean
to be this high per year, at most, and running down to 5 or 10 gin less
productive waters.
Such determinations, of course, were done mostly by oxygen evolution methods. How does the latter compare in the littoral algae?
Column 2 of Table II indicates organic production in the standing
crop, as estimated by oxygen evolution of samples in closed bottles.
The spread observed in standing crop is not found here. Ulva produces almost half as well as Alaria, though its crop is only 4% as
great; Gigartina produces as actively per square meter as does Laminaria, though with only 1/6 the crop. Both Laminaria and Alaria,
remarkably resistant to both surf damage and grazing, can go ahead
accumulating substance for many months. Ulva and Gigartina
are much more delicate, yet they apparently duplicate their standing
crop, at the indicated photosynthetic rate, in 10 to 20 days (depending
on cloudiness). Laminaria would take two months, Alaria four.
These production rates (g/m 2/day) are the average of determinations
obtained in autumn and early spring. Figures now at hand for summer growth indicate even greater production.
The eye, therefore, does not deceive. These tangled masses of
kelps, often a foot deep on rocks or covering acres offshore are indeed
productive. The littoral zone, narrow though it be, is a region of
great carbon fixation. (Perhaps, like all specialists, its productivity
is greater the narrower it becomes.) There does seem to be real
advantage in trapping the sunlight in a few layers of densely packed
cells rather than in competing with the absorption of water itself,
as phytoplankton must. Doubtless there is also a nutritional advantage in being washed by the waves instead of floating with them.
It is a paradox that one of the largest kelps, N ereocystis, despite
its great individual length and bulk, does not produce the greatest
amount of organic matter per square meter. In October 1953,
Carpelan estimated 292 N ereocystis heads in a small bay which had an
area of about½ acre, or some 2000 m 2 • Analysis gave only about one
plant per 10 m 2 ~nd by dry weight of representative samples, only
about 37 g orgaruc matter/m 2-not as much as Ulva! There may be
disadvantage in too great size, thickness of tissue, and depth of
growth, with the necessity of translocation.
Nutrient Cycle. Granted high productivity and low grazing on
littoral algae, why then is the ocean not thick with kelp? How does
this wealth of organic matter return to circulation after the active

!I

!I
Ii

11

!I

ti

I!

H

ii

1955]

Blinks: Photosynthesis and Marine Algae

373

growing season? Largely by decay. In the winter, and even through
much of the year, littoral algae are cast ashore, sometimes in immense masses. Here they die in the sun, are buried in the sand, and
within a few days or weeks they are completely decayed. Bacteria,
protozoa, small crustacea, are soon at work in the mass, and it is
shortly back in animals. Although carbon is hoarded for a season,
in a year it is back in circulation and the whole cycle can repeat.
The grazing was simply delayed. Possibly many of the nutrients
remain in the littoral zone and account for its high productivity.
This would appear to be a subject worth further investigation.
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