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Preface

This report deals with the results of an extensive literature research
to the relation between light and photosynthesis of phytoplankton and
carbon~chlorophyll ratiocs in phytoplankton cells.

It is the second report of a literature research which is performed by
Mrs. M. Lingeman~Kosmerchock of the Limnological Laboratory of the
University of Amsterdam, in cooperation with Mr. F.J. Los of the Delft
Hydraulics Laboratory.

The first report deals with the contents of nitrogen phosphorus, silicon
and chlorophyll in phytoplankton cells, the mineralization rates of
nutrients from phytoplankton cells and the sinking rates of phytoplankton
cells.

This research project is part of an extensive assignment by the Environ-
mental Division of the Delta Department to Delft Hydraulics Laboratory in
order to develop ecological models, which can serve as tools in providing
adequate guidelines for environmental management in the (future) water
basins in the Delta area.

This multi disciplinary project,called Water Basin Model (WABASIM), is
carried out in close cooperation between the Environmental Division of
the Delta Department and the Environmental Hydraulics Branch of the Delft

Hydraulics Laboratory.
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I Light and photosynthesis

Light is one of the most important factors regulating photosynthesis. Some

of the earliest experiments on the effect of light intensity on photosynthesis
were the laboratory experiments of Sargent (1940), who showed that the ratio
of chlorophyll to dry matter in Chlorella increased with an increase in in-
tensity during the growth stage. Working with Nitzschia, Barker (1935) stud-
ied the effect of intensity. However, he expressed the intensity and photo-
synthesis values in relative terms and his results are thus of little value

for comparison.

Some of the earliest field work was that of Jenken (1937) who simultaneously

measured the photosynthesis of the diatom Coscinodiscus excentricus at various

light intensities and depths in the English Channel. In 1938 Manning, Juday,
and Wolf presented data on the relationship between in situ photosynthetic
rate and intensity for several species of freshwater algae at various depths

with concurrent intensity measurements.

After this period of field study attention once again turned to the laboratory.
Myers (1946) published a thorough investigation of light/photosynthesis curves
obtained when algae were grown at different light intensities. Although this
was a rather impressive study, later investigators (Steemann-Nielsen, Hansen,
and Jorgensen 1962) were unable to reproduce Myers' results. They stated that
contact with Myers revealed that his light meter had been inadequate. In 1948
Winokur published a similar investigation using different Chlorella species
and these results were found to be reproduceable by Steemann-Nielsen, Hansen,

and Jorgensen (1962).

The photosynthetic response to light intensity can be divided into two definate
stages. The first stage is that c¢f light reactions which split water and

supply reductive and high energy compounds. The second stage is that of dark
reactions during which these high energy compounds are used to complete carbon
dioxide assimilation. These two stages are semi~independant (Yentish and Lee
1966) and the rates provide some information to help in understanding the
response of the plant cell to envirommental factors. Rabinowitch (1951) reviewed
the literature dealing with photosynthesis and light in terrestrial and aquatic
plants and a few algae. When the results where presented graphically the same

general trend was found in every case. The curve describing this trend can



be separated into two regions. The first is the region where the photosyn—
thetic rate increases linearly with an increase in intensity and this is
called the region of light limitation. The slope of the curve at this stage
is indicative of the rate for light reactions of photosynthesis.

The second region, termed saturation, is the area where the photosynthetic
rate increases little or not at all with further increases in intensity.
This maximum rate of photosynthesis (Pmax) is limited by dark reactions of

photosynthesis.

In 1957 Talling introduced the concept of I, to represent the on-set of

k
light saturation. This point is determined by the intersection of exten-
sions of the linear and saturation regions. Steemann-Nielsen and Hansen
(1959) in their interpretation of light/photosynthesis curves for
natural populations of phytoplankton emphasized the Ik value. Their

data illustrates the point that the reduction in I, results from lower

rates of light saturated photosynthesis (Pmax) andknot increased ability to
photosynthesize at lower light intensities. Yentisch and Lee (1966) also em—
phasized the fact that reduced Ik values brought about by decreasing values
of Pmax did not mean an enhanced ability to utilize lower light intensities.

They suggested that such a change in the I, and Pmax could be induced by

k
methods other than growth at low light intensity.

In the following years attention turned to the concept of light adaption by
phytoplankton. It was found that physiological adaption from one intensity
to another might mean changes in the content of photosynthetically active
pigments, changes in photosynthetically active enzymes, or both. Steemann-

Nielsen and Jorgensen (1968) working with Chlorella pyrenoidosa emphasg~

ized the difference between expressing photosynthetic rates per cell and per
chlorophyll. This algae adapted to reduced light intensity mainly through an
increase in cell content of chlorophyll. As a result the rate of photosynthesis
per cell was greater in cells previously grown at lower intensities. These
authors did stress, however, that this phenomenon did not apply to all algae.
This fact was confirmed by the work of Jorgensen (1964A, 1964B, 1968) who
studied the adaption of several species to different light intensities. A dis-
tinction was made between the 'chlorella" type and the "cyclotella" type of
adaption. The ''chlorella" type adaption was characterized by a change in the
chlorophyll content per cell with a change in the intensity. More chlorophyll

per cell was found at lower intensities. In the "cyclotella" type the



chlorophyll content remains the same at high and low intensities, while the
photosynthetic rate is higher in cells that are grown at higher intensities.
In this case it is assumed that the increase in the contents of enzymes causes

an increase in the photosynthetic rate. All of the diatoms (Skeletonema cos—

tatum, Cyclotella meneghiniana, Nitzschia palea, Nitzschia closterium and

Scenedesmus quadricauda) studied by Jorgensen were "cyclotella" type, however,

the same investigator (1977) found diatoms of the 'chlorella" type (names of
these species were not listed). He also stated that his cultures were grown
in incandescent light but that he found if he cultured one of the diatoms,

Skeletonema costatum. in fluorescent light it adapted as a '"chlorella" rather

1

than a "cyclotella” type. These results suggest that the wavelength of light

source has considerable influence on the mechanism employed by the cell to

adapt to changes in light intensity.

It is accepted that the overall reaction in photosynthetic rate at low light
intensities is limited by the rate of photochemical processes while at high
light intensities it is limited by the rate of enzymatic processes (Steemann-—
Nielsen 1962). Beardall and Morris (1976), while working with the diatom

Phaeodactylum tricornutum, showed that a change in photosynthetic ability was

related to a change in activity of the enzymes responsible for the dark
reactions of photosynthesis. They found evidence suggesting that growth of
algae in reduced light levels enhances its ability to utilize saturation
levels. This enhanced photosynthetic ability, however, does not result in

an increase in growth rates,

Although beneficial adaptations have been found with a change in light
intensity it has been observed by various investigators that a high intensity
can be harmful to algae (Gessner & Diehl, 1951, Godward, 1962, and Van Baalen,

1968) . Porphyridium cruentum exhibits considerable vacuolization, disruption

of chloroplast lamellae and an increased number of starch grains when exposed
to high light intensities (Brody & Vatter 1959). The shrinkage of the chloro-
plast lamellar structure with high light intensity has also been observed

in Chlorella pyrenocidosa (Treharne et al., 1964) and Nostoc mucorum (Lazaroff

& Vishniac 1960).

It is only in extreme cases of high intensity that the destruction of cell
components including the chlorophyll take place. In most other cases only

the rate of photosynthesis is depressed. Detailed reviews of the literature
on this topic have been made by Stalfelt (1960), Kessler (1960), as well as

Steemann~Nielsen (1962).



The first person to relate the destruction of cell components in light photo-
oxidation was Noack (1925). Using Chlorella, Myers and Burr (1940) followed
the rate of photosynthesis at a series of high and extremly high light
intensities for a period of one hour. From their results it could be conclu~
ded that the decrease in the photosynthetic rate was due to photo-oxidative
destruction of enzymes active in photosynthesis. Later experiments (Steemann-
Nielsen,1949 & 1952, and Kok, 1956) showed that both light and dark reac-—
tions could be depressed by high intensity. This was shown by transfering
algae from high intensities to low intensities where the rate of photo-
synthesis is determined by the rate of light reactions. The influence of the
high intensity on the light reactions of photosynthesis was called chloro-
phyll inactivation by Steemann- Nielsen (1942 & 1952). He also believed the
decrease in the rate of photosynthesis at light saturation was due to de-

struction of the enzymes.

It was also observed by Steemann-Nielsen (1952) that although loss or
inactivation of photosynthetic capacity occurred at high light intensity

the cells recovered significantly when they were put in the dark. This
treatment caused no change in composition or amount of pigment. He concluded
that inactivation at high intensity was a protective mechanism. Other inves-—
tigations (Kok, 1956, Myers & Burr, 1940) on the effect of light intensity
on photosynthesis of Chlorella, however, revealed that this damage 1is
reversible only below a critical level (specific for species) above which

there is irreversible damage and destruction of the photosynthetic apparatus.

This same effect of high intensity is exhibited in natural waters by a
marked depression in photosynthesis near the surface where the algae are
exposed to nearly full incident solar radiation (Marshall & Orr, 1928,
Jenken, 1937, Steemann-Nielsen, 1952, Nelson & Edmondson, 1955, Schomer &
Juday, 1935,and Manning & Juday, 1941). On bright days it is common to
observe a distinct depression of photosynthesis near the surface. The
decrease in photosynthetic rates is associated with photo—oxidative destruc-

tion of chlorophyll.

It should be noted, however, that it has also been observed that some species
do not exibit inhibition at high light intensities. This is especially the
case in those species which inhabit the littoral zope (Manning, Juday, &

Wolf, 1938, McMillan & Verduin, 1953). The algae which survive well in high



light intensity are often referred to as "sun" or "sun adapted” species.

These algae are genetically and or environmentally adapted to growth at
intensities near that of full sunlight (compared to "shade' species which
tolerate only less than 57 of full sunlight). In addition,"sun" plants have

a higher photosynthetic capacity, a higher dark respiration rate, as well

as having higher irradience requirements for light saturation vhotosynthesis
and for compensation of dark respiration (Talling, 196! and Raven &
Glidewell, 1975). Although members of an algal species can show some varia-
tion in these characteristics it is generally possible to assign them into
the "sun" or "shade" catagories. Species which have been reported to be "sun"

species include the marine littoral alga, Chaetomorpha linum and Entromorpha

intestinalis (Raven & Smith, 1977) which reach light saturation at about

200 joules I«{_Z.seg“1 and the freshwater chlorophytes Ankistrodesmus (Ullrich,

1973) Chlorella (Sorokin,1959), Spirogyra (Thomas et al.,1957) Ulna (Haxo
& Clendenning, 1953) Scenedesmus and Hormidium (Argua, 1965, Raven &
Glidewell, 1975) and some species of Cladophora (McMillan & Verduin,
Raven & Glidewell, 1975) all of which achieve light saturation of photo-

synthesis at around 100 joules sz.secal.

The most direct method of measuring production is simply by the measurement
of the increase in the standing crop over a certain known time interval. It
is this method which in various forms has been used to measure primary

production in freshwater.

In photosynthesis carbon dioxide is reduced to organic carbon with the
evolution of free oxygen in a reaction that uses the energy of solar
radiation. The reaction equation for photosynthesis is: C02+ HZO - CHZO + 02.
The volume of oxygen liberated very nearly approximates the volume of
carbon dioxide assimilated. The effect of respiration is the reverse of
photosynthesis. Ecologists are generally less concerned with "eross"
production that they are with the "net" production which is photosynthesis
in excess of respiration and therefore represents the real production of
organic matter which is added to a system. If production is measured exper-
imentally for short time periods the effects of respiration are eliminated
by preforming parallel experiments in the dark in which only respiration is
measured. This method is applicable only if there is no appreciable growth
during the experiment and when the rate of respiration in light is the same

as in the dark. The following is a summary of methods which are used to



measure production. A detailed discription of all the methods can be found

in Rhyther (1956), and Vollenweider (1969).

Oxygen production

This method has usually been employed in the laboratory with the use of
elaborate manometric techniques which are unsuitable for the field. There-
fore, limnological experiments in the field usually employ the method first
described by Gaarder & Gran (1927) which consist of measuring the rate of
dissolved oxygen titrametrically with the Winkler method in samples in paired

"light/dark" bottles.

Carbon dioxide assimilation

The uptake of carbon dioxide is equivalent mole for mole to the production
of organic carbon. In natural water of alkaline pH carbon dioxide exists in
equilibrium with carbonate molecules. Thus,photosynthesis can be determined
quantitatively only by following the levels of the entire buffer system.

The only practical field method to do this is by measuring the change in pH.
To be effective a relatively large uptake of carbon dioxide is necessary

to produce a pH change. The sensitivity of pH meters usually permit this in
freshwaters, however, problems arise in highly alkaline lakes and the ocean
where a detectable pH change in 24 hours only occurs in the areas of

extremely high algal production.

Fixation of carbon-14

The most recent method, described first by Steemann-Nielsen (1952) and later
reviewed and modified by Rhyther and Vaccaro (1954), involves measuring the
uptake rate of radioactive carbon (Clé) by algae. In this method a small
sample of C1402 is added to the sample of water with natural phytoplankton
populations. Photosynthesis then proceeds for a certain time period. The
plankton is then filtered onto filter paper which retains the organism. The
filter is washed, dried, and the activity measured by standard counting
techniques. This method is the most sensitive technique and is now most
commonly used in measuring photosynthesis in the field conditions as well

as in the laboratory.

Uptake of mineral nutrients

The uptake of nitrogen, phosphorus and other minerals in the environment

have been used in the past to estimate the primary production. Since the



changes in concentration are small this method does not lend itself to

experimental measurements of ordinary chemical means. Short term uptake
. . 32 .

has been measured experimentally by a radio-tracer (P”7) technique but a

problem arises in attempting to relate uptake rates to organic production.

Chlorophyll a

Chlorophyll a is sometimes used as a measurement of plankton productivity.
The application of this method is discussed in detail in the section of

this report on the carbon:chlorophyll relationsghips.

Difficulty arises when one attempts to compare rates of photosynthesis in
various algae. This is due to the various methods used to measure photo-
synthesis and the different ways of expressing the results. Photosynthetic
production determined by oxygen production and carbon dioxide fixation can
not be compared with a great deal of certainty. Strickland (1960, See also
Appendix) has given some equations for the conversion of oxygen and carbon
dioxide values into a standard carbon unit. In many cases in the literature
the photosynthetic quotient which is needed for some of the conversions is
omitted from the explanation of the experimental methods. In view of this
difficulty separate tables have been made for production in terms of carbon

(Tables 2 & 4) and oxygen (Tables 3 & 5).

It is more difficult and nearly impossible to compare the various parameters
used by different authors to express the unit of algae cells. This has been
done as photosynthesis per unit volume of culture, per number of cells, per
dry weight of cells, per unit chlorophyll,and also per packed cell volume.
Quite frequently investigators provide very few details of the parameters

of their experiment and thus it is once again impossible to convert and
standardize the results of the various studies. This is another reason why

no attempt was made to standardize the production values in Table I through 5.

The photosynthetic ability in relation to light intensity has been studied
both in the field and laboratory. Each approach has some limitations.
Laboratory determinations can give well defined data on the photosynthesis
whereas with observations in natural waters this is not always the case. The
field situation, with exposure in the natural water itself, appears to give
more applicable results although it is possible the information might be

only valid for the specific environmental conditions encountered in the
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experimental situation. Perhaps the best solution is a study which combines
field and laboratory work. The major difficulty here is comparison of light
intensities measured in the two situations, especially in view of spectral

modifications of submarine light with depth (Talling, 1960).

Solar radiation covers a spectral wavelength of 3,000 - 30,000 2.

Rabinowitch (1951) fully discusses the wavelength limits of photosynthetic
active light. The photosynthetic active part of the spectrum ranges from

3000 - 7200 8. As light falls on the surface of the water the intensity per
unit area diminishes with depth. The two main causes of this are absorption
and scattering. The spectral composition of the light changes as it penetrates
the water (Clark 1939). Infrared and ultraviolet light are very rapidly
absorbed by lake water and only the visable light penetrates to a significant

degree.

Solar radiation striking on the surface of a water body does not penetrate
totally. A significant portion is reflected from the surface. A reasonable
average amount reflected on a clear summer day is 5-6% (Wetzel 1975). This
value increases to a mean value of about 10% in the winter. Scattering of
light from the water also results in loss of a large amount of light from
the lake. The scattering of light is the result of deflection of light
energy by molecular components of the water and its solutes as well as
particulate materials suspended in the water. The amount of scattered light
varies greatly with depth, season, and location. The energy that does
penetrate the water undergoes a diminuation of energy with depth both by
scattering and absorption. This must be taken into account when in situ

measurements of photosynthesis versus light intensity are done.

Total radiatiom, which is the sum of direct solar and diffuse sky radiation,
is measured with a pyranometer. This instrument is either thermo-electric

or mechanical. The instrument used to measure total solar radiation is called
a pyrheliometer. Light is measured with a photometer which is most commonly

a self sufficient barrier-layer instrument.

The measurement of submarine light is complicated by the existence of two
factors, first the vertical gradient change (quantitative) and second, the
radiation spectrum change (qualitative). The quantitative change can be
measured directly by means of a pyranometer enclosed in a waterproof box.

The qualitative changes are estimated from relative changes, for which a



barrier layer instrument is most suitable. For a complete discussion of
methods, calibrations, and thelr advantages and disadvantages Vollenweider

(1969) and Strickland (1958) should be consulted.

Confusion is encountered when one attempts, for comparison, to standardize

the intensity units used by the various investigators. The total quantity

of radiation energy received on a total unit area of surface over a
particular time is called "total irradiance" and if referred to in unit time
it is called "intensity" or "irradiance'. Photosynthesis is a photochemical
process and thus the proper unit to use is quanta per second per surface area.
If illumination is to be presented in terms of energy, as it most commonly

is, then the wavelength of light must be known to convert the quanta units

to energy units. Unfortunatly this is not often done as is the case with

the data in Table 1. Here the values given in quanta and einsteins could not
be converted since wavelength information was not given in the description

of the experimental methods. When photosynthesis is given in terms of energy
the units that have been used in the literature include; watts.cm-z, watts.M~2,
langlys.minwl, and in some cases the calorie is still used as a unit. The
standard unit which according to the Bureau International des Poids et

Mesures should now be used for energy is joules (joules.cm_z.secnl). The
conversion units used to get the various energy units in terms of joules are
given in the Appendix. To comply with the needs of the WASBASIM model these
units are converted to joules.M“z.hrnj. The original energy unit presented

in the various papers and the converted values are given in Table 2, for

production in terms of carbon, and Table 3, for production in terms of oxygen.

The comparison of the intensity data is made even more complicated by the
fact that many biologist have persisted in using the units lux and foot-
candles. These units have been used in laboratory work with a definate light
source of the same spectral characteristics as a standard candle. In some
cases these values have also been used for measurements of daylight at water
surface in the field. To be valid the light source must have some resemblance
to the standard candle on which the use of lux is based. Thus, for colored
light, the use of lux in meaningless as is also the case with submarine light.
The use of the lux unit is now to be discouraged in experimental procedure

as it provides very little comparible data since it is generally impossible
to convert these values into real energy units. With recent developments in
instrumentation much more accurate measurements can now be made without

relying on the standard light source comparison. If a definate light source



has been used and is given in a paper using lux units the conversion can be
fairly accurate. These conversion values are listed in the Appendix and have
been used in Tables 4 and 5 to represent the intensity values in terms of
joules. However, caution should be taken in the application of these values

since they are estimates and not definate values.



2 Carbon: chlorophyl a ratios and assimilation numbers

The measurement of algal chlorophyll a as an index of productivity has a
direct application since chlorophyll a is the central component of the
photosynthesis mechanism. In many field studies phytoplankton productivity
and algal concentrations are estimated by determining the content of
chlorophyll a. What is actually desired is the concentration of algal carbon
but in field situations direct measurement of standing stock as carbon is

sometimes limited and imprecise due to the difficulty in separating zoo-

plankton and detrital carbon from the algal carbon.

Steele & Baird (1961 & 1962) attempted to overcome the problem by carrying
out chemical analysis of chlorophyll a and carbon content of a great many
samples and then determining the carbon to chlorophyll a ratio from a regression
of chlorophyll a on total carbon. The slope of the line equals the average
carbon: chlorophyll a and the intercept with the Y axis (carbon) is inter—
preted as the average amount of carbon which is contained in detritus and

zooplankton,

The chief problem in using chlorophyll a as a measure of phytoplankton
standing stock is that the ratio is variable and depends on the past history
of the cells with light intensity, temperature and nutrient availability

being the primary environmental factors affecting the ratio (Eppley 1972).

A rather constant relationship between chlorophyll a and photosynthesis at
any given light intensity has been described by several authors who worked
in the field (Manning & Juday 1941, Gessner, 1949, and Edmondson, 1955) and
in the laboratory (Fleischer, 1935, Emerson et al., 1940, Blaauw-Jansen et
al., 1950, and Rhyther, 1956). In these studies the relationships appear

to hold constant for different species (Edmondson, Rhyther) and within a wide
range of chlorophyll content of the organisms resulting from their state of
nutrition (Fleischer) or the duration of the light intensity to which they
have previously been exposed (Blaauw-Jansen et al., & Rhyther). While
working with laboratory cultures of Chlorella Milner (1953) found the carbon:
Chlorophyll a ratio to range between 8-1,600:1 with varying light intensity.
Rhyther and Yentisch (1957) deduced a formula which estimated the gross
production from a knowledge of incident light, extinction coefficient and
chlorophyll a. The main disadvantage to their method is that it did not take
into account adaptation of the algae to varying light intensity. Steele

(1962), in a later mathematical formulation of these relationships, theorized



that the adaptation of plants to a decrease in intensity would require a
continual decrease in the carbon: chlorophyll a ratio but there would be
some lower limit of this ratio which defines the lower light limit range

to which plants can adapt.

The carbon: chlorophyll a ratio has been studied in laboratory cultures to
observe the effect of changing nutrient concentration on the ratio. Is has
been observed that at nutrient depletion a corresponding decrease in the
photosynthetic rate exists. It was first suggested (Steele 1962) that nutrient
limitation operates by varying the carbon: chlorophyll a ratio. Steele felt
that the ratio increased as an unspecified function of declining external
nutrient concentrations. Experimental data revealed the ratio is about 30:1
for phytoplankton with adequate nutrient concentrations and higher for
phytoplankton subject to nutrient depleted water (Strickland, 1960 and

Steele & Baird, 1962b).

It was observed by Harrison et al. (1977) that under ammonia starvation and
limitation the carbon: chlorophyll ratio was higher than in non-limited

cells but this was due to a decrease in chlorophyll per cell. This had

een earlier observed by Hobson & Pariser (1971) who found the ratioc increased

from four to ten times when the diatoms Thalassiosira pseudonana was nitrogen

starved. For the first 160 hours of starvation this was due to a decrease

in the chlorophyll per cell after which time starvation was due to a decrease
in the carbon per cell. Holm-Hansen et al. (1968), working with Skeletonema
costatum, found the ratio increased from 70-200 under nitrogen deficient
conditions, Eppley and Renger (1974) found the ratio increased from 28.7 -

91.4 as the degree of nitrogen limitation was increased in a chemostat.

Carbon: chlorophyll a ratios under silicate starvation have also been studied
by Harrison et al. (1977). The ratio in silicon limited cells was higher

than the non-limited cells as a result of an increase in carbon per cell.

Eppley (1972) theorized that as a result of temperature shifts the ratio

in algae tends to minimize changes in growth rates. However, it was found

in Lake Kinneret, Israel (Berman & Pollingher 1974) that changes in the
species composition rather than shifts in chemical make-up within the species
determined the physiological processes such as photosynthetic potential and

growth rate.



There have been many estimates of the carbon: chlorophyll a ratio which
cover a large range of values from 13-500:1. Strickland (1971) stated for
both marine and freshwater natural populations of algae the ratio usually
varies from 30-90 in progression from eutropic to oligothropic situations.
Lorenzen (1968) observed a mean value of 40 for healthy natural populations
of phytoplankton. It is this value which is frequently used for comparison
and calculations (Harrison et al. 1977). The various values of for the ratio

which have been found in the literature are summarized in Table 6.

Some investigators have chosen to compare the relationships between chloro-
phyll a and carbon in another manner which is referred to as the assimila~
tion number. This is generally given in terms of the mg carbon fixed

.mg chl gfl.hr_I (Platt & Subbo Rao, 1975). In natural populations the varia-
tions in assimilation number are related primarily to species composition

and envirommental factors which influence light saturated growth such as

temperature, nutrient supply and toxic imput (Malone 1977).

In a series of laboratory experiments Rhyther (1956) illustrated that
although the amount of chlorophyll per cell and the rate of photosynthesis
per cell are extremely variable, the rate of photosynthesis per unit chloro-
phyll remains relatively constant at any given light intensity regardless

of the intensity at which the cell was grown.

Is has been shown that high assimilation numbers are characteristic of
healthy log phase populations while low numbers are characteristic of
senescent populations (Yentsch & Lee, 1966 and Subba Rao, 1969). Phytoplank-
ton in nutrient poor waters have a low assimilation number compared to

those of nutrient rich waters (Curl and Small, 1965 & Thomas, 1970, Malone,

1971, Thomas and Dodson, 1972).

Measured assimilation numbers found in the literature are listed in Table 7.
The range of values is a low of 0.02 to a high of 68.9 mg C.mg chl.gﬁl.hr_l

with mean values ranging from 0.22 to 25.2 mg C.mg chl.a—].hr_l.
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1.

2.

M refers to a marine species
F refers to a fresh water species
L - laboratory culture experiment

N - in situ experiment

3. N.G. - type of light source was not given in reference

140 ~ radiocarbon method

These values are in units as given in the reference. These values were

converted into joules.m_Z.hr—1 as follows;

Ww.om

1 woem = 1 joule.om—g.sec—1

joules.mf2.hr_1 = (w.cmf2)(3600 seo/hr)(’lO4 cmZ/mg)
ergs.om_2 sec”

1 erg.om_2.3e0_1 = 107 y.om@ = 1077 joules.cm_z.sec“1

joules.1rn,“2.hr'—1 = (ergs.cm_g.seo—q)(10~7)(36OO seo.hr)(‘lO4 omz/mg)

-

Lz.min_1
1 ly.min-’1 = 0.0698 Weom 2 = 0.0698 joules.cm_g.secnq
joules.m—g.hr—1 = (1y.min_1)(0.0698)(3600 sec.hr_q)(‘lO4 omg/mz)

-2 . -1
cal.cm .min

1 cal.om 2. min~ | = 6.98 x 1072 w.oom™2 = 6.98 x 1072 joules.cm_z.seo“1

= - — -
joules.m.sec’ = (cal.cm 2 min 1)(6.98 x 10 2)(3600 sec/hr)(’lo4 cmz/mz)
kcal.m_g.hr—1
1 keal.w 2.hr |

joules.111—2.1@1““1

-1

1l

1,16 x 0% w.om 2 = 1.16 = 1074 joules.cmnz.seo
(keal.n .hr™ 1)(1.16 x 107)(3600 sec/nr)( 104 cn?/n?)

Units varied from one paper to an other and could not be converted into

it

one uniform value
Figure - data read off this figure in the reference given

Table - data taken directly from this table in the reference given



Ly V04 ot
6°¢ 22 o°L
0*¢ g oL 0°¢
67t el e €€ /M08
LLEL ‘sPousITM 0%t 9°t 0°L sdyTrud
fUSE 8 TN~UUENad 35 ¢ sandry LU, STIe0 g0 0 3w Gpeo g°l PR G*0 Dy, |rueoseIonig 1 " FTed BTUOSZ1IN
9°€ 1247 o'y
9°€ Lol 82
9¢ 2L 0°2
G¢ A Gt
[ 9°¢ oL
L6 660 g L G0
‘Ia1aB) P USTTEM | eandtyg y-T47, 81180 0L "0 Bu 20 9€°0 yOL¥, 998, mossdie |10 o DN T d BSOTHO1110d BINOTABN
84y 00thl
LL6L | —00:0L ueemgaq 1yt Lep
‘usep p usreM | Trady ut Lpnyg| g erqwl T BT Fu 9602 6°1E1 L vAs: 921 9%, TeIngey N H (3usutmop) -ds BITSOSH
(sworetrp) VIXHJOIHVITIOVE
v 662 o 0°06 062
0920 ¥04 0°biL
69t 0 2762 0°L
Lo s §€ €¢ /02 TL
1161 *seowsTTTM G0*0 ¥eS Gl sdTitud
% USSTOTN-UUBWED 1 Goumdrg) a9t ST100 (0L fw 2070 9°¢ 2-UOHE  0°L 9y, |tuoosaioniy T d *ds WHTI5€4d801600
(usaa8 oniq) YIAHJONVAD
8y ve9g ove
gt 9°gb G gL
344 12874 G*9
ee v v €€/Moz 1
LL6L ‘seowsTTIH et 2°L Z sdTTTyg
B USS [9 IN-UUEWSD 1G ¥ eandty | -Ta BTTe gOH0 fm go 9°¢ 2100 "M L 0, |tueoseronyy T n BSOPTOUBIAD BT15I011)
- (e®81e uoaa8) VLAHJOMOTHD
c x pruen 5910
BBOUB IS JBX SYJIBmaJ wmomwmw @hwﬂ>ﬂvod@opa wMWM.mmwmow sqtun reUT@Tio imgmwwww mwmmwmw inowwwww rlmww wmﬂumaw JUBRUTHOD 4O Hetoeds
m\nﬁm:ﬁﬁ, UL w%wmmwmg odfy

L=

yz.mls.mmﬂ:Om 8% SmIS} UT pessoudxe SOTLTSULIUT 4UFIT PoTJBA UITM uoqaes Jo swaei Ul pessesdxs Lytationpoxd uoppuetdotdyd ut uotgerses 01JToods satoadg g v1qe]



sv6e 9L°911 1L
g6t 89°64 1A%
gvélL G169 G6°¢
€05 4 20¢
Ligl £0°2¥ ez
L6y aL-of vee
961 26°LL ot
2161 %zaﬁssmmuw sot 6Lgl oLoh 1uF T TR
‘fevay p seyserp| pejonpuoo Apnigl ¢ eiqel T?u.mxa,o Ju Yrgl 6€°g2 oot * Ta%.wgs.ﬁo 69t 0y, Telnieu N H ©3§ YRION
LG6L 1S 1 1Lep
‘yosjuag ¥ JIoYRLY JAR] 2°G6. LS 9, Tedngeu N W 270H SPOOH~OTURILY °N
LS6L udtrhep
‘yosjue) y Jayysy 06°L g6% 622 Oy, TRINgRU N H Y8BTV JO JIND-01J10®d ‘N
LG6L yyFtLep
‘yosjuex % 12ulfy oL°G 9*i2L ool 9, TeJmnyed 8 " 1580) ‘USBH~OTJTORL °N
1yBtilep
9661 ‘*asnouoy 2 9¢] 2726 00t oy, TengBu N H JTogaey Lepraf-otJroed ‘N
1yd 1 1Lep
9661 ‘LoTty 90°4 Vo9 L¥E 9, TBan}eu i W pPUNOg s BUOT-0TIURTRY N
LS6L
{08 Us 19I5 1AUY ST 1Lep
6¢61 ‘Aot ut ueard senyep| 2z oIq® Ta%.mna.o 3 gLl 0°08 0" T®0 (6214 9, Teanyeu N H OTIURTLY “M*N
NS 127 6°9G6 g€
D Lo Lol geLGe Pt
N v/ 660 GO ol vo*o
N2 10 g€ GLo*o
A €L 0°¥66 g€
o bt At 8*1G€ ¥
N A Lo L 0k v0°0
A L°0 8t G100
0 48 Lg°0 6756 g°€
9L6L N 06°0 g°1GE veL JUBUTHOD
‘heteq ¥ Lorueig 0 L8 | b eundg [P AL L A S0°01 R O Y 9, 0N o1 o SEUoHOTOYY % BT (A0I0g
oL X Jdy loswwwwm (5ot
soJanos 14 L= 80In08 ruem| —ods
g30UB.I9 Jod SNIBWOI L Bymp whpﬂ>ﬂvoﬁcoga .le.moHZOn gprun [RuTSTLo !voMWMWM € viTT l:omﬁ>:m 50 sa108ds JUBUTEHOP J0 86109dS
maﬁ.mévﬁ TYITT Jo poyjew adiy

PANULLUOD 12 BTQRY



048 L0 8t GLo%0
0 42 5¢0 8°v46 8t
5,2 Gheo Lot vl
6L 0,2 (Ao} G0 0L ¥0°0 juBuTUOD
‘Ao BQ ¥ Aofuwsy 0,2 | 8andryg rlgz.mls.o Su 10 9/l*¢ excﬁs.%ﬂ GLo0 oS "y e g SBUOWODPOUY % BUT [ AHIOI YY)
910°0 €00 f£1°0
GL*0 GLo £6°0
9L0"0 v0°0 9L°0
y0*0 Lo Gr-0
vo o 020 gL*o
9L "0 90°0 ez o
9] oLy Legt
661 -0 9Ll
€L g oLY Lgl
9G*L 69718 061 SBUOUOPOYY % SNo00008AIU)
<opumn mwwQOw“M €0°6 929 ¢z 1St Rep fSOWOHOINY ‘SBUCHOT LBW
po6L ‘1udtram| pejonpuoo Lpnig| 2 219Bd y T wrotdu G0 69°1L¢ ¢Ob x| utwchy o6l 99, TeIn}eu " q ‘ERUOWOPARE Y ‘BINUAS
Lnpe ut -Lpnag 1499 §eaie o2
L16L eunp ut Apnig 69°¢ 9vie soe JudthED
fusap P UdTEM aunp ut Apnygl 2 elqey R AL Bu L€r9L €L Taé:ﬁ 861 o, Teangeu N " JUBUTHOP $31BT 1888 [
SNOILVINAOd TAXIH
680°0 02°0 80
2L o £2°0 6°0
280°0 €470 §*0
9%0°0 80°0 €0
91 °0 o £t
9L *0 gveo 6°t
310 £V o Leb
92°0 [N AN
G€*0 gz L L°G
G 0 gLt ) TRt UL poUTaRy
N ‘ €961 \ . . 69°0 tg-e 26 Ny - % BITSOLSSEBLRY], ‘BIN0TABN
e 3o eyruy ¢ 81qBL P At Busy Bu 10 qe L m..ow x TEE.E 949 U Teanjeu N W ‘501800388 ‘BWATUOLS (03
oL ¥ Iy —aa Fuew S810
o :
SOOUBID JaI SHIBWST mmowmmw oheﬁ>ﬂao:uopa .Ml&.mmwMOW situn TRULITIO %PMMM mmmﬁmMM l:omwmww lmww s9Toads JUBUTWOD I0 satosds
(FATSUR T AuFTT Toymmmmma edfy

POMWUTLUCD g 31qQR



181 14ep
LL6L fuesn P usTreM Lpngs aunp| ¢ a1qey rlgx.mle.o 3w €0 oL 9264 Plxxv.ha ol UQP Ternyey N H BItsotsoB(eY], ‘BIPOUAS
gt hep
{161 ‘ussp ¥ uoTIEM forys oy | g siqel |-t Wt Bu 6279 0°06 | Tup AT 99 O, Teangeu N H (yusutmop) WATEIEO0
BUAUOLO [6XG ¢ °ds ®WITSO 9K
1udt1Lep
LL6L ‘usdn p ua[TeM Lpngs rrady| 2z o1q®y F;L:.mfs.u Ju 6600 061 rlp:v.hﬁ A ovp Teangeu N W (yueutmop) +ds BITBOISHE(BY]
‘UM3BI800 BWOUOLS [9A4G
Lpnys sunp|  Z a1qel 66y 6L 98"t 1yFt [ Lep
LL6L ‘uesp ¥ uerEM Lpnys Le) 2 orqml ﬁlp:.qls.o du Lpre Lgtt wlmmv.%ﬂ €Let oS TRIN}RBU N H (3weutmop) -ds BITSOTSSE[BY]
02 €rebt S
2 Legee G6°0
6°¢ 9 05L 09°0
ER LRt s . .
uposdepe 0¢ vrog €0
uns,, Joopinp| g aandrg Ll 6206 c°0
2 0 L*hLe Gzl
49 Lriee 880
g*v 87061 9°0
0°S veGL £°0
saniino . . .
wpagdepe i3 €706 20
€161 ‘dagety 9peYS, JOOPUL | g aaudty elgn.rlm.ﬁno 8 p 3 gy L*0e Pimﬂe.NIEo.Hmo g0°0 uﬁw *D°N T H uNn3eIS00 BUDBUOLS [XF
Gly v * 06 09¢ 0
GLY 88 VL G620
oSt G6 " gt G610
agb £l 6e L0
oot 102 80°0 dwey xodea
. . u9 psdun )
961 00t 9621 600 : B I D
‘e1e 18 J99STTTVOR G sanBryg _dyc . we) Ju 0§ [hE4 utw L1 100 ov 006 1 H Wn3e800 BUAUO 18 (94§
3 ¢ [
prued 8910
vop X o Ig -2JNseawt 25UM08 L ds
) 30an08 L Rytat ¢o0 grueu) -8 satoeds jUBUIWOD JO S310ad
$90OUIID JOI SJIBWDI L £11atioupoad *_ wesanol syTun TRUTdLIo Y3t 1] ~uodtaua Jo : : ;
B1Ep 9 o i —gonpoad ; : odf
maﬁ,w:mﬁ: HETT Jo poyjeu ¥

PSNUTIUCD :Z aIqey



M refers to marine species

I refers to fresh water species

L ~ Laboratory culture experiment

N - in situ experiment

N.G. — light source not given in reference

0 — by measurement of change in oxygen concentration

2

~1

.o . ! . ~2
Original units used in reference were converted to joules.m - .hr as

follows:

W.Cm_—2

1 Woom © = 1 joule.cm~2.sec

joule.m_2.hr_1 = (W.om_2)(3600 sec.hr_q)UO4 om2/m2)

—2 -1
ergs.Cl . Sec

-2 -
1 erg.cm “.sec

joules.m_2.hr_

1X.min"1

1 1y.min"1 = 0,0698 W.cm

= 107 Woom™2 = 1077 joules.crn—asec*2

(ergs.om~2.sec_1)(107)(3600 sec/h:t*)(‘l@ﬁr cmg/mz)

2 -1

= 0.0698 joules.om_z.seo

joules.m—2.hr—1 = (1y.min—1)(0.0698)(3600 sec/hr)(104 sz/mg)

Cal.cm_g.minmq

— — -2 -
1 cal.cm 2.min T 6.98 x 10  W.cm

joules.nfg.hr~1
-2 -1
Cal.cm .hr
-2 -
17 cal.cm “.hr
-1

joules.mwg.hr

Il

2

(oal.cm_g.hr_1)(6.98 x 10_2)(3600 sec/hr)(’tO4 cm2/m2)

1,16 % 1072 Weom™® = 1.16 % 1072 joules.cm 2. seo™

(1.16 x 103)(3600 seo/hr)(’lo4 cmg/mg)

1

Units varied from paper to paper & units convented to one standard

Figure — values taken from this figure in the reference given

Tablée - values taken from this table in the reference given
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1. M refers to a salt water species
¥ refers to a fresh water species
2. L — cultured and studied under laboratory conditions

N ~ gtudied in situ

3. NG - light source is not given in reference

4. A02 - photosynthesis measured by changes in oxygen concentration

5. Productivity — units variedfrom paper to paper and it was not possible
to standardize the values

6. Refers to how data was obtained from the reference
Figure —~ values read as close as possible from a graph or graph in

paper. The number refers to which figure in the reference
was used

Table - values read directly as tabulated in the reference. The

number refers to which table in that particular reference

% - indicates values in joules.m_g.hr_/I estimated according to Hill &
Wnittingham, 1955 -~ see Appendix

xx% - indicates values in joules.m._g.h:r"_Jl estimated according to Westlake,
1265 — see Appendix

#xx — 1llumination given in m—candles, joules.m_g.hr;l estimated according
to Strickland, 1958 assuming that the standard candle was used as the

light source.
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APPENDIX

Conversion factors for light intensity and photosynthetic productivity.

-2 . -2 -1
I watt.cm = 1 joule.cm ~ .sec
1 ly.min_} = (0.0698 watt.cm-—z.secm1
._.2 - s
I watt.m = 10 watt.cm
-2 -1 -7 =
I erg.cm " .sec = 10 ' watt.cm

-1
-1

4.19 watt.cmnz

6.98 x 1072 watt.cm 2 (Wetzel, 1975)

f

. -2
I calorie.cm ~.sec

[}

. -2 .
I calorie.cm ~.min

I calorie = 419 x IOS ergs = 4.19 watt.secu1 = 4.19 joules (Edmondson, 1965)

(Vollenweider, 1969)
1 ft candle = 10.764 lux

I lux = 1 metre candle (Vollenweider, 1969 & Wetzel, 1975)

1 cal.cm_z.hr_} = 1.2 x 103 lux (Sverdrup, Johnson, & Flemming, 1942)

For natural daylight (noon)

T lux = 4 ergs.cm—.2.sec“l = 4.1 x 10_7 watt.cm_z.,sec_1 (Talling 1957, 1966)

For an incandescent light 65 cm from culture surface
1.6 % IO15 Quanta.cmnz.sec—} = 0.60 m watt.cm
For Philips W/33 lamp

-1

il

0.47 mwatt.cmw2 (Steemann-Nielsen & Willemoes,

1971)

1.1 % IOIS Quanta.cmﬂz.sec

When standard candle is the light source
I lux = 1.5 x 10—7 watt.cm

1 ft candle = 1.6 x 10~6 watt.cm
When noon sun + sky light is source
1 lux = 4.1 x 10_7 watt.cm

1 Klux = 0.41 - 0,50 watt.cmf2 (Strickland, 1958)

When light source comes from a tuangsten (incandescent) source it

emits a total of 60 ergs.cm_z.sec : per lux of which 97 is less than 700 mu.

Therefore the photosynthetically active energy is:

1 lux = 5.4 ergs.cmmz.secw1 = 8 x IOQ6 cal.cm—z.min—1 (Hill & Whittingham, 1955)

When light source is a fluorescent lamp it

. _ -2 1 .
emlits a total radiation of about 3.5 ergs.cm ~.sec per lux of which the

photosynthetically active radiation equivalent is:



-1 -6

I lux = 2.8 ergs.cmmz.min = 4 % 10 cal.cm—‘z.min_1 (Westlake, 1965)

Mg Carbon assimilated in photosynthesis per unit time =
(mg-at CO2 assimilated per unit time) x 12

(mg~602 assimilated per unit time) x 0.273

(mlCO2 assimilated per unit time) x 0.536

(mg 02 evolved per unit time) x 0.375/PQ

(mg~at.02 evolved per unit time) x 12/PQ

(ml(& evolved per unit time) x 0.536/PQ (Strickland, 1960)

PQ = Photosynthetic Quotient.
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