
Reflection and Backscattering 

Under ideal conditions for photosyn- 
thesis and growth, what is the maximum 
potential rate of production of organic 
matter in the sea? Is this potential ever 
realized, or even approached? How does 
the sea compare with the land in this 
respect? These questions may be ap- 
proached empirically with some meas- 
ure of success but, aside from the time 
and effort required by this method, one 
can never be certain how close to the 
optimum a given environment may be 
and, hence, to what extent the biotic 
potential is realized. 

However, we do know with some de- 
gree of certainty the maximum photo- 
synthetic efficiency of plants under care- 
fully controlled laboratory conditions; 
and there is a considerable literature 
concerning the effects of various envi- 
ronmental conditions on photosynthe- 
sis, respiration, and growth, particularly 
with respect to the unicellular algae. 
From such information it should be 
possible to estimate photosynthetic effi- 
ciencies and, for given amounts of solar 
radiation, organic production under nat- 
ural conditions. This indirect and theo- 
retical approach cannot be expected to 
provide exact values, but it does furnish 
a supplement to the empirically derived 
data which may help substantiate our 
concepts both of the environmental 
physiology of the plankton algae and 
the level of organic production in the 
sea. 

An attempt has been made to use this 
joint approach for the marine environ- 
ment in the following discussion. The 
only variable considered is light, and 
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the assumption is made that virtually 
all of the light which enters the water 
(and remains) is absorbed by plants. 
Such situations are closely approximated 
in plankton blooms, dense stands of ben- 
thic algae, eelgrass, and other plants. 
For the rest, it is assumed that tempera- 
ture, nutrients, and other factors are op- 
timal, or at least as favorable as occur 
under ideal culture conditions. Given 
these conditions, I have attempted to 
calculate the organic yields which might 
be expected within the range of solar 
radiation incident to most of the earth. 
These data are then compared with 
maximal and mean observed values in 
the marine environment and elsewhere, 
and an attempt is made to explain dis- 
crepancies. 

The calculations which appear below 
are based, for the most part, upon ex- 
perimentally derived relationships be- 
tween unicellular algae and the envi- 
ronment, and are therefore applicable 
only to this group. This must be kept 
in mind when, later in the discussion, 
comparisons are drawn between the 
theoretical yields and observed values 
of production by larger aquatic and ter- 
restrial plants. 

The values for the efficiency of pho- 
tosynthesis under natural conditions are 
based on the utilization of the visible 
portion of the solar spectrum only (400 
to 700 mg), or roughly half of the total 
incident radiation. In converting these 
efficiencies to organic yields, it is as- 
sumed that the heat of combustion of 
the dry plant material is 5.5 kcal per 
gram, which closely approximates values 
for unicellular algae reported by Krogh 
and Berg (1), Ketchum and Redfield 
(2), Kok (3), Aach (4), Wassink et al. 
(5), and others. 

Of the sunlight which strikes the sur- 
face of the ocean, a certain fraction is 
reflected from its surface and never 
enters the water. The remainder pene- 
trates to depths which depend upon the 
concentration of absorbing and scatter- 
ing particles or dissolved colored sub- 
stances. While scattering may be as im- 
portant as absorption in the vertical at- 
tenuation of the light, it makes little 
difference as far as the biological utili- 
zation of the radiation is concerned, 
since the scattered light is eventually 
absorbed, with the exception of a small 
fraction which is backscattered up out 
of the water. The combined reflected 
and backscattered light is lost to the 
aquatic system; the rest remains in the 
water, where, under the ideal conditions 
postulated, it is absorbed entirely by 
plants. 

The fraction of the incident radiation 
which is reflected and backscattered has 
been studied by Powell and Clarke (6), 
Utterback and Jorgenson (7), and Hul- 
burt (8). The two factors have been 
treated separately, but they may be con- 
sidered together here. Their combined 
effect is rather small, ranging from about 
3 to 6 percent, depending somewhat 
upon who made the measurements and 
the conditions under which the meas- 
urements were made. The highest val- 
ues were observed when the sky was 
overcast. Sea states, ranging from flat 
calm to whitecap conditions, made sur- 
prisingly little difference. Reflection and 
backscattering were also found by Hul- 
burt to be independent of the sun's 
angle, despite the fact that reflection in- 
creases greatly with the angle (from the 
zenith) of the incident light, particu- 
larly at angles above 60?. The explana- 
tion for this apparent contradiction lies 
in the fact that as the sun approaches 
the horizon, indirect sky light becomes 
increasingly important, and it eventu- 
ally exceeds the intensities of the sun 
itself. 

Hulburt's data also indicate that back- 
scattering is not greatly influenced by 
the amount of particulate matter in the 
water, since his values in the clear Gulf 
Stream did not differ appreciably from 
those made in the turbid waters of 
Chesapeake Bay. 

For the calculations which are made 
here, it is considered that an average of 
5 percent of the incident radiation is lost 
through the combined effects of reflec- 
tion and backscattering. 
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Photosynthesis and the Visible Spectrum 

We first consider the efficiency of 
photosynthesis in sunlight at levels be- 
low the saturation intensity. Within this 
range, photosynthesis is directly propor- 
tional to the light intensity (or very 
nearly so), and the efficiency is there- 
fore constant. 

Despite the vast numbers of studies of 
quantum yield (that is, photosynthetic 
efficiency) in the literature, few data 
are available for the entire visible spec- 
trum. Figure 1A shows two such series 
of measurements, one with the green 
alga Chlorella (Emerson and Lewis, 
9), the other with the diatom Navicula 
minima (Tanada, 10). The ordinate is 
expressed as quantum requirement (the 
number of quanta required to reduce 1 
mole of C02) rather than a reciprocal, 
quantum yield (moles of CO2 reduced 
per quantum) as shown originally by the 
authors. Although the two organisms 
have strikingly different pigment com- 
plements, the curves are surprisingly 
similar, with minimal requirements in 
the red and yellow parts of the spec- 
trum, maximal in the blue-green. Navic- 
ula appears to be somewhat more effi- 
cient than Chlorella, but the differences 
may not be significant. 

Figure 1B illustrates the fact that the 
energy per quantum between 400 and 
700 m[i decreases from a maximum of 
71 kcal per mole quanta of blue light to 
41 cal per mole quanta of red light. The 
heat of combustion of one reduced mole 
of CO2 (reduced to CH1O) is 112 kcal. 
A quantum requirement of 10 therefore 
represents an efficiency of 112/(41 x 10) 
=27.3 percent in red light and 112/ 
(71 x 10) = 15.7 percent in blue light. 
Figure 1C shows the efficiencies of 
Chlorella and Navicula throughout the 
visible solar spectrum. 

The spectral distribution of daylight 
varies with solar altitude and with the 
water vapor, carbon dioxide, and dust 
content of the atmosphere. Figure 2 
shows the spectral distribution of day- 
light under average atmospheric condi- 
tions and with an air mass of 2 (solar 
angle = 30? from zenith) as given by 
Moon (11). 

If the curves in Fig. 1C are averaged 
and the mean efficiency for the entire 
visible spectrum is calculated, weighing 
the mean for the average spectral dis- 
tribution of sunlight as given in Fig. 2, 
this value turns out to be 18.4 percent. 
Taking into consideration a 5-percent 
reflection and backscattering loss, tlle 

efficiency of photosynthetic utilization 
of visible sunlight below saturation in- 
tensity incident to the water surface is 
17.5 percent. 
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In extremely turbid waters and in 
those containing organic stains (the 
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Fig. 1. (A) Quantum requirement of photosynthesis as a function of wavelength of light 
for Chlorella [after Emerson and Lewis, 9] and for Navicula [after Tanada, 10]. (B) 
Energy per mole quantum of light as a function of wavelength. (C) Efficiency of photo- 
synthesis as a function of wavelength, calculated from (A) and (B). 
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Fig. 2. TheW spectral distribution of daylight 
air mass equal to 2. [After Moon, 11] 

tively absorbed, resulting in somewhat 
higher efficiencies in the utilization of 
the light penetrating to greater depths. 
On the other hand, in normal, clear 
oceanic water the red light is selectively 
absorbed by the water and blue-green 
light penetrates to the greatest depths, 
where it is used still less effectively than 
the average incident daylight considered 
above. These modifications are not con- 
sidered in this article, since we are deal- 
ing with an idealized situation in which 
all of the light entering the water is ab- 
sorbed by plants. 

Intensity Effect 

Above the saturation point, photosyn- 
thesis does not increase in proportion to 
light intensity, but remains constant or, 
at high intensities, is actually depressed, 
owing to photooxidation or other inhibi- 
tory processes. 

Figure 3A shows a curve of photosyn- 
thesis by marine plankton algae as a 
function of light intensity, from Ryther 
(13). This is a mean curve of experi- 
ments with cultures of 14 species of or- 
ganisms, preconditioned to a variety of 
different light regimes. Photosynthesis 
was measured by C14 uptake under solar 
radiation during the 4-hour period (10 
A.M. to 2 P.M.) when the intensity is 
nearly constant and maximum. Graded 
intensities were obtained with neutral 
density filters. Almost identical curves 
were obtained by Steemann Nielsen and 
Jensen (14) for natural plankton popu- 
lations. 
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under average atmospheric conditions with 

Photosynthetic efficiencies remain con- 
stant, or nearly so, up to the saturation 
point, but then decline sharply at higher 
intensities. This decrease is illustrated by 
the difference between the actual photo- 
synthesis curve in Fig. 3A and the dotted 
line, which is an extrapolation of the 
linear portion of the solid curve and 
represents photosynthesis if the efficiency 
remained constant. Figure 3B shows rela- 
tive efficiencies as a function of light in- 
tensity, obtained from the ratio between 
the solid and dotted lines in Fig. 3A. 

Using the data in Fig. 3A, Ryther 
(13) has calculated relative photosyn- 
thesis throughout the day and at vari- 
ous depths within the euphotic (illumi- 
nated) zone of the ocean for days with 
different values for total incident radi- 
ation. Several curves were thereby pro- 
duced showing values for total daily 
photosynthesis at several depths within 
the euphotic zone relative to the hourly 
rate of photosynthesis at light satura- 
tion. 

On extremely dull days, when the in- 
tensity never reaches the saturation re- 
gion, photosynthesis is directly propor- 
tional to light intensity at all depths, 
and the curve of photosynthesis with 
depth shows an exponential decrease 
from the surface, as does that of light. 
On bright, sunny days, intensities at the 
surface exceed saturation and normally 
produce inhibition (which occurs at I/3 

or less the intensity of full sunlight). On 
such days, photosynthesis at the surface 
is less than that at intermediate depths. 
In all cases, photosynthesis at depths 
where the surface light is reduced to 10 

percent or less is directly proportional 
;to .itensity, and in this region .it de- 
creases exponentially, following the light 
curve. 

By extrapolating the lower, exponen- 
tial portion of the photosynthesis curve 
to the surface, one may create a hypo- 
thetical curve of photosynthesis if the 
latter maintained the same efficiency at 
all depths. The ratio of the actual pho- 
tosynthesis curve to this hypothetical 
exponential curve will then show the 
reduction in efficiency caused by light 
intensities above saturation in the up- 
per waters. This has been done in Fig. 
4 for a series of photosynthesis curves 
on days of varying incident radiation. 
Since photosynthesis at the various 
depths is a function of light intensity 
and not of depth per se, the units on 
the ordinate of Fig. 4 are natural loga- 
rithms of Io/I and thus represent the 
depths to which given fractions of the 
incident radiation penetrate. The curve 
for the day with lowest radiation (20 
gcal/cm2 day) is exponential all the 
way to the surface, indicating that on 
such a day there is no reduction in pho- 
tosynthetic efficiency from the effects of 
light intensity. On days of progressively 
higher light intensity, the photosynthesis 
curve departs more and more from the 
exponential curve illustrating the in- 
creasing reduction in efficiency. 

If it is assumed that the maximum 
efficiency (with no intensity effect) is 
17.5 percent, as calculated in the pre- 
vious section, Fig. 5 shows the cumu- 
lative intensity effect with efficiencies 
plotted as a function of total daily inci- 
dent radiation. The points were ob- 
tained from Fig. 4 from the ratio of the 
actual photosynthesis curves for each 
value of radiation to the exponential 
curve of maximum (17.5 percent effi- 
ciency. It may be seen that efficiencies 
decrease from 17.5 percent at low in- 
tensities to 6.5 percent on a day when 
600 g cal/cm2 reaches the earth's sur- 
face. It is noteworthy that the efficiency 
curve does not decrease in a regular way 
with increasing intensities, but that the 
rate of decrease becomes less at higher 
intensities. This is due to the fact that 
higher values of daily radiation are 
caused not only by higher intensities of 
sunlight but to an even greater extent 
by longer days including more hours of 
low intensity light. 

We are now ready to calculate photo- 
synthesis for different values of incident 
radiation from the efficiency curve 
shown in Fig. 5. This is done by multi- 
plying the efficiency by one-half the ap- 
propriate values of radiation (that por- 
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tion of the solar spectrum available for 
photosynthesis). This gives the amount 
of energy fixed in photosynthesis. Divid- 
ing this by 5.5 (the heat of combustion 
of a gram of average plant material, as 
discussed in the first section) we obtain 
a value which represents grams of or- 
ganic matter produced per day beneath 
a square meter of water surface, pro- 
vided that all the light entering this 
1-meter-square column of water is ef- 
fectively absorbed by plants. These val- 
ues, shown as the upper broken line in 
Fig. 5, are equivalent to "real photosyn- 
thesis" or "gross production." They are 
hypothetical in the sense that they can- 
not be observed as a yield, since the 
plants must draw upon this organic 
matter to satisfy their own metabolic 
requirements. We must therefore sub- 
tract an amount of organic matter 
equivalent to the plants' respiration in 
order to calculate the amount of mate- 
rial available for harvest, the so-called 
"net production." 

Respiratory Loss 

Under conditions of active growth, 
photosynthesis at light saturation is some 
10 to 20 times as great as dark respira- 
tion (see Ryther, 15). Higher values 
have been reported, but it seems doubt- 
ful that they could represent steady-state 
conditions in natural populations. If we 
take a ratio of 15:1 as average for P:R 

(photosynthesis: respiration) at optimal 
light, it is obvious that over a 24-hour 
period, half of which is dark, and within 
an entire plant community, of which 
many of the plants are in suboptimal 
light at all times, respiration must ac- 
count for a much greater fraction of pho- 
tosynthesis. 

In calculating the ratio P:R in nat- 
ural communities, the oversimplified as- 
sumption will be made that respiration 
remains constant and independent of 
light and photosynthesis. While the lit- 
erature pertaining to this subject is con- 
tradictory and in a state of great con- 
fusion (see, for example, Rabinowitch, 
16), there is mounting evidence that 
respiration and photosynthesis are not 
wholly independent processes. However, 
since there is no good quantitative for- 
mulation of a relationship between them 
which may be incorporated into our cal- 
culations, it must be neglected here. 

As mentioned above, the data from 
Fig. 3A together with light intensity 
values for a group of days with varying 
total incident radiation have been used 
to calculate photosynthesis as a function 
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of radiation. (See Ryther, 13, for a full 
description of these calculations). The 
values given by this treatment represent 
photosynthesis per day beneath a square 
meter of surface relative to the value for 
photosynthesis per cubic meter per hour 
at light saturation. For example, a value 
of 100 would mean that daily photosyn- 
thesis beneath a 1-meter-square water 
column is 100 times as great as photo- 
synthesis within a 1-cubic-meter aliquot 
of that water column for 1 hour at op- 
timal light intensity (assuming that the 
plant population is evenly distributed 
within this water column). 

Since respiration is 1/15 photosynthe- 
sis at light saturation and is also stipu- 
lated to be constant with respect to 
light, depth, and time of day, we may 
calculate total daily respiration in the 
same relative units as photosynthesis. 
The curves of photosynthesis and res- 
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piration as functions of radiation are 
shown in Fig. 6. They cross at 100 g 
cal/cm2 x day, which may be considered 
the daily compensation level for an en- 
tire plant community. The value (R/P) 
x 100 is the percentage of respiratory 
loss and is shown as the lower broken 
line in Fig. 6. It ranges from 100 per- 
cent at radiation values of 100 g cal/ 
cm2 day or less to 28 percent on ex- 
tremely bright, long days. 

Net Production 

Returning to Fig. 5, gross production 
may be reduced by the respiratory loss 
(Fig. 6), giving the curve of net pro- 
duction, which begins at 100 g cal/cm2 
day and reaches a value of 25 g/m2 day 
under radiation of 600 g cal/m2 day 
(the lower broken line in Fig. 5). 
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Fig. 3. (A) Photosynthesis of marine phytoplankton as a function of light intensity [after 
Ryther, 13]. Broken line is the extrapolation of the linear portion of the solid line repre- 
senting hypothetical sustained maximum photosynthetic efficiency. (B) Efficiency of 
photosynthesis as a function of light intensity, calculated from A. 
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Table 1. Gross and net organic production of various natural and cultivated systems in 
grams dry weight produced per square meter per day. 

System Gross Net 

A. Theoretical potential 
Average radiation (200 to 400 g cal/cma day) 23-32 
Maximum radiation (750 g cal/cm2 day) 38 

B. Mass outdoor Chlorella culture (26) 
Mean 
Maximum 

C. Land (maximum for entire growing seasons) (18) 
Sugar cane 
Rice 
Wheat 
Spartina marsh 
Pine forest (best growing years) 
Tall prairie 
Short prairie 
Desert 

D. M 
Coral reef (27) 
Turtle grass flat (28) 
Polluted estuary (29) 
Grand Banks (Apr.) (30) 
Walvis Bay (23) 
Continental Shelf (May) (19) 
Sargasso Sea (Apr.) (31) 

E. 
Long Island Sound (32) 
Continental Shelf (19) 
Sargasso Sea (31) 

farine (maxima for single days) 
24 
20.5 
11.0 
10.8 
7.6 
6.1 
4.0 

Marine (annual average) 
2.1 
0.74 
0.88 

RELATIVE 
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Fig. 4. Relative photosynthesis as a function of water depth for days of different incident 
radiation. Numbers beside curves show gram calories per square centimeter per day. 
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Although the annual range of daily 
incident radiation is extremely wide, 
even for a given latitude, this short-term 
variability is probably not very signifi- 
cant in affecting the general level of 
organic production of a given area. If 
one examines the tables compiled by 
Kimball (17) showing mean monthly 
radiation for different latitudes, it ap- 
pears that over 80 percent of the data 

(including all latitudes and seasons) fall 
within a range of 200 to 400 g cal/cm2 
day. Thus, over most of the earth for 
most of the year a potential production 
of organic matter of some 10 to 20 g/m2 
day may be expected, while for shorter 
periods of fine summer weather, a net 
production of 25 g/m2 day or slightly 
more may occur. 

Comparison of Theoretical and 
Observed Production Rates 

We may now compare the production 
rates which were calculated in the pre- 
ceding sections with some values which 
have been observed empirically. Since 
the former are based on hypothetical 
situations in which all light entering the 
water is absorbed by plants, the obser- 
vational data, to be comparable, must 
be restricted to natural environments in 
which these conditions are at least 
closely approximated (for example, in 
dense plankton blooms, thick stands of 
benthic algae and rooted plants). In ad- 
dition to these maximal values, the theo- 
retical potential may be contrasted with 
average oceanic productivity rates. 

We may also extend this comparison 
to the terrestrial environment, including 
some of the better agricultural yields, 
bearing in mind, however, that the physi- 
ology and hence, perhaps, the biotic po- 
tential of land plants may differ signifi- 
cantly from those of algae. 

Finally, we may include the yields of 
Chlorella grown in outdoor mass cul- 
ture, drawing here upon the excellent, 
continuing studies of H. Tamiya and his 
collaborators. These are of particular in- 
terest, since the conditions of these ex- 
periments were as optimal as possible 
and since the physiology of Chlorella 
is identical or closely similar to that of 
the organisms upon which our calcula- 
tions are based. Thus the Chlorella yields 
will serve as a check for the theoretical 
production rates. 

It is important, in making these com- 
parisons, to keep in mind the distinction 
between gross and net production as de- 
fined above. Some of the data refer to 
true photosynthesis measurements (gross 
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production) while others, sucn as the 
Chlorella experiments and the agricul- 
tural yields, are based on the actual har- 
vest of organic matter (net production). 
In those cases in which only gross pro- 
duction values are available and where 
radiation data are given, net production 
has been obtained from Figure 5 and is 
shown in parentheses. 

The theoretical production potential 
for average and maximal radiation, and 
the observational data for both marine 
and terrestrial environments, are given 
in Table 1. In each case the original 
source is given, except for the land val- 
ues, where reference is made to the re- 
cent compilation by Odum (18). The 
various methods by which the values 
were obtained will not be discussed here 
except in the case of the unpublished 
data, in which gross production was cal- 
culated from chlorophyll and light, ac- 
cording to the method of Ryther and 
Yentsch (19) and net production was 
measured by the C14 method, uncor- 
rected for respiration as this method 
is interpreted by Ryther (20). Where 
gross production (photosynthesis) was 
originally reported as oxygen evolution, 
this has been converted to carbon as- 
similation, using an assimilatory quo- 
tient 

of 1.25 (see Ryther, 20). Carbon up- 
take, in turn, has been converted to total 
organic production by assuming that the 
latter is 50 percent carbon by weight. 

The maximal values for the marine 
environment represent the seven highest 
such values known to me. In addition 
to these, data are given for three regions 
(one inshore, one coastal, and one off- 
shore) which have been studied over 
long enough periods of time to justify 
the calculation of annual means. 

Discussion 

The mean yield of Chlorella obtained 
by the Japanese workers is almost iden- 
tical to the mean theoretical production 
for days of average radiation (12.4 ver- 
sus 13.5 g/m2 day). These yields of 
Chlorella were produced only during the 
warmer part of the year, presumably 
owing to the poor growth of Chlorella 
at low temperatures. The highest yields 
of Chlorella (up to 28 g/m2 day) were, 
according to Tamiya, "obtained on fair 
days in the warmer months." This maxi- 
mum is approximately the same as the 
theoretical net production for days of 
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maximum radiation. Thus, the Chlorella 
yields agree very well with the theoreti- 
cal productive potential of the sea. 

The land values for net production 
quoted from Odum's tables range from 
18.4 g/m2 day for the highest yields of 
sugar cane to 0.2 g/m2 day for deserts. 
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The best agricultural yields are generally 
of the same order of magnitude as the 
theoretical net production of the sea, as 
are the values for the salt marsh and the 
pine forest (during its years of best 
growth). Uncultivated grasslands range 
from 3.0 for tall prairie to 0.2 for desert 
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conditions. Because of the extreme con- 
trasts among terrestrial environments, 
mean values for the land as a whole 
are difficult to determine and would 
have little meaning. It is interesting, 
however, that Schroeder's estimate (21) 
of the annual production of all the land 
is equivalent to a mean daily production 
of 0.55 g/m2, roughly the same as the 
value given in Table 1 for short prairie 
grass. 

With regard to the marine data, it is 
perhaps surprising that net production 
rates differ by less than a factor of 2 in 
such diverse environments as a coral 
reef, a turtle grass flat, a polluted creek, 
and the Grand Banks. This alone would 
indicate that production in each case is 
limited by the same basic factor, the 
photosynthetic potential of the plants, 
and indeed these and the other high val- 
ues in D in Table 1 all closely approach 
the theoretical potential. 

Seasonal studies have been made of 
three marine areas, Long Island Sound, 
the continental shelf off New York, and 
the Sargasso Sea off Bermuda. In each 
case temporary rates of production were 
observed during the spring flowering 
which approached the theoretical maxi- 
mum, but the annual means were more 
than an order of magnitude lower (E in 
Table 1). True, these regions do not, 
throughout the year, satisfy the postu- 
lated conditions necessary to obtain this 
maximum, namely, that all light enter- 
ing the water be absorbed by plants. For 
example, in his Long Island Sound stud- 
ies, Riley (22) found that no more than 
one-third of the incident radiation was 
utilized by plants, the remainder pre- 
sumably being absorbed by nonliving 
particulate and dissolved materials. 
Using Riley's techniques, I estimated 
that only 25 to 40 percent of the light 
penetrating the continental shelf waters 
was absorbed by the phytoplankton. This 
alone, however, is insufficient to account 
for the discrepancy between observed 
and potential production rates. In the 
clear waters of the Sargasso Sea only 10 
to 20 percent of the light is absorbed by 
the phytoplankton during most of the 
year. But there is little if any other par- 
ticulate matter present; the remainder 
of the light is absorbed by the water 
itself. This is not a cause but an effect 
of low production. The underlying rea- 
son for low production rates here and 
in most parts of the ocean is the limita- 
tion of essential nutrients in the upper, 
euphotic layers and the inadequacy of 

vertical mixing processes in bringing 
deep, nutrient-rich water to the surface. 

With the exception of the three plank- 
tonic communities which have been dis- 
cussed, the seasonal cycles of marine 
production are largely unknown and can 
only be surmised. Probably high levels 
may be maintained throughout the year 
in benthic populations such as the coral 
reef, the turtle grass flats (see D in Table 

1) and in thick beds of seaweeds, pro- 
vided that seasonal temperature ex- 
tremes do not impair growth. While the 
concentrations of nutrients in the sur- 
rounding waters may be very low, the 
fact that they are continually being re- 
plenished as the water moves over the 
plants probably prevents their ever being 
limiting. Plankton organisms, on the 
other hand, suspended as they are in 
their milieu, can probably never main- 
tain high production rates in a given 
parcel of water, for their growth rapidly 
exhausts the nutrients from their sur- 
rounding environment and any mixing 
process which enriches the water must, 
at the same time, dilute the organisms. 
However, high plankton production may 
be sustained in a given geographic area 

(a polluted estuary, a region of perma- 
nent upwelling of deep water, and so 

forth), which is continually replenished 
with enriched water. In these situations, 
the productive capacity of the sea may 
be sustained for long periods, perhaps 
permanently. 

For most of the ocean, as stated above, 
no such mechanism for nutrient replen- 
ishment is available. The combined me- 
teorological and hydrographic condi- 
tions which produce the typical spring 
flowering of the phytoplankton over 
much of the oceans have been ade- 
quately described elsewhere and need 
not be discussed here. Suffice it to say 
that, in the oceans as a whole, as sea- 
sonal studies have demonstrated, high 
production approaching the theoretical 
maximum under optimal conditions is 
restricted to periods of a few days or, 
at most, weeks, per year. 

Steemann Nielsen (23) has recently 
estimated the net production of the en- 
tire hydrosphere as 1.2 to 1.5 x 1010 tons 
of carbon per year, roughly one-tenth 
the earlier estimates made by Riley (24) 
and others, and about comparable to 
Schroeder's figure (21) for the land. 
Our production estimates are somewhat 
higher than those of Steemann Nielsen, 
the annual mean net production of or- 
ganic matter for the Sargasso Sea (0.40 

g/m2 day) being about 6 times as great 
as his value for the same area, and twice 
his average for the oceans as a whole. 
This discrepancy appears to be largely 
due to the fact that Steemann Nielsen's 
values are based on single observations 
which probably seldom included sea- 
sonal maxima. His observations in the 
Sargasso Sea, for example, were made 
in June and did not differ greatly from 
our June values, which were the sea- 
sonal minima. If the Sargasso Sea is one 
of the less fertile parts of the ocean, as 
is generally believed, then our data 
would indicate that the seas are more 
than twice as productive as the land 

(25). 

References and Notes 

1. A. Krogh and K. Berg, Intern. Rev. ges. Hy- 
drobiol. Hydrog. 25, 205 (1931). 

2. B. H. Ketchum and A. C. Redfield, J. Cel- 
lular Comp. Physiol. 33, 281 (1949). 

3. B. Kok, Acta Botan. Neerl. 1, 445 (1952). 
4. H. G. Aach, Arch. Mikrobiol. 17, 213 (1952). 
5. E. C. Wassink, B. Kok, J. L. P. van Oor- 

schot, "The efficiency of light-energy conver- 
sion in Chlorella cultures as compared with 
higher plants," in "Algal Culture from Labo- 
ratory to Pilot Plant," Carnegie Inst. Wash. 
Publ. No. 600 (1953), pp. 55-62. 

6. W. M. Powell and G. L. Clarke, J. Opt. Soc. 
Am. 26, 111 (1936). 

7. C. L. Utterback and W. Jorgensen, ibid. 26, 
257 (1936). 

8. E. O. Hulburt, ibid. 35, 698 (1945). 
9. R. Emerson and C. M. Lewis, Am. J. Botany 

30, 165 (1943). 
10. T. Tanada, ibid. 39, 276 (1951). 
11. P. Moon, J. Franklin Inst. 230, 583 (1940). 
12. K. Kalle, Ann. Hydrog. mar. Meteor. 66, 1 

(1938). 
13. J. H. Ryther et al., Biol. Bull. 115, 257 

(1958). 
14. E. Steemann Nielsen and E. A. Jensen, Ga- 

lathea Repts. 1, 49 (1957). 
15. J. H. Ryther, Deep-Sea Research 2, 134 

(1954). 
16. E. I. Rabinowitch, Photosynthesis and Re- 

lated Processes (Interscience, New York, 
1956), vol. 2, part 2, pp. 1925-1939. v 

17. H. H. Kimball, Monthly Weather Rev. 56, 
393 (1928). 

18. E. P. Odum, Fundamentals of Ecology 
(Saunders, Philadelphia, ed. 2, 1959). 

19. J. H. Ryther and C. S. Yentsch, Limnol. 
Oceanog. 2, 281 (1957). 

20. ---, ibid. 1, 72 (1956). 
21. H. Schroeder, Naturwissenschaf ten 7, 8 

(1919). 
22. G. A. Riley, Bull. Bingham Oceanog. Coll. 

15, 15 (1956). 
23. E. Steemann Nielsen, J. conseil, Conseil 

permanent intern. exploration mer 19, 309 
(1954). 

24. G. A. Riley, Bull. Bingham Oceanog. Coll. 
7, 1 (1941). 

25. This paper is contribution No. 1016 of the 
Woods Hole Oceanographic Institution. The 
work was supported in part by research grant 
G-3234 from the National Science Foundation 
and under contract AT (30-1)-1918 with the 
Atomic Energy Commission. 

26. H. Tamiya, Ann. Rev. Plant Physiol. 8, 309 
(1957). 

27. H. T. Odum and E. P. Odum, Ecol. Mono- 
graphs 25, 291 (1955). 

28. H. T. Odum, Limnol. Oceanog. 2, 85 (1957). 
29. J. H. Ryther et al., Biol. Bull. 115, 257 

(1958). 
30. J. H. Ryther and C. S. Yentsch, unpublished 

data. 
31. J. H. Ryther and D. W. Menzel, unpublished 

data. 
32. G. A. Riley, Bull. Bingham Oceanog. Coll. 

15, 324 (1956). 

SCIENCE, VOL. 130 608 


	Cit r9_c9: 
	Cit r26_c26: 
	Cit r20_c20: 
	Cit r19_c19: 
	Cit r27_c27: 


