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Eco Introduction

Sllreading over the earth in vast variety are endless ecosystems making ecological
Maw; . i 3
: 38lc from sunbeams. When viewed from far above, some of the differences among
¥ B . . :
¥Slems are not visible and there is only one dark green carpet. In the uniformitv of

e
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66 The Chlorophyll “A™ of Communities

greenness, therelore, one may search for some generalization in life’s diversity, I, ﬂm
paper the ecological role of green chlorophyll is considered, and a tole of chloraphy)
in regulating input-outpul energetics is postulated. It iz suggested that ecologica] re-
guirements are a dominant factor in evolutionary and successional fabrication of e
tems controlling chlorophyll chemistry in nature.

It is presumed that machinery for purposeful adjustment of chlorophyll for the hey
use of light by the natural community was established through natural selection. Ngp
mechanistic teleology is nowhere implied.

In 1918 Willstatter and Stoll summarized the results of their studies relating photp-
synthesis and chlorophyll. They reasoned that photosynthesis might be proportional 1

the amount of chlorophyll and introduced the concept of the assimilation number, -

i

which was defined as the ratio of photosynthetic rate to the weight of chlorophyll, AL
though similar assimilation numbers were found by early workers among many differen
land plant species, differences were shown related to age, light, nutrition, and other =
factors. There is now an important full science of the physiology of chlorophyll in plant
tissues and cells (Rabinowitch, 1045, 1051, 1956). B
The attempts to use chlorophyll az a measure of the overall photosynthetic function in
ecological systems began with Harvey (1934}, who used visual estimates of green
pigments extracted from marine plankionic communities as an estimale of the phylo-

plankton biomass. Following these early beginnings chlorophyll, especially chlorophyl
“A”, has been widely measured to characterize communities of aquatic plankton. Al =:'-:'_
present a considerable literature describes quantitatively the chlorophyll in communi

4 swdedonanareal
ties and cultures under many circumstances. Chlorophyll was not found to be a perfect =

T

measure of biomass of plants, but many authors have related the amount of photosynthe- 3
sis to the amount of chlorophyll as Willstatter and Stoll had done {Manning and Juday, E 1
1941 Riley, 1940; Ryther and Yentsch, 1957). Unfortunately a large range in assimils- §
tion numbers was found among different populations and conditions. Thus the use of ’

chlorophyll as an indicator of photosynthesis has been demonstrated only in situations o k-
where the quantitative behavior of the assimilation number has heen known. Az used -;
here, chlorophyll “A* is an extractable pigment fraction defined spectmphﬂtﬂmﬂ"i““:’" E 3

It is recognized that more than one chemical entity may be involved. :

Because chlorophyll is involved in the initial events of photosynthesis, assimilation 1 -
related to the first events of gross photosynthesis rather than to the net photosynthesss
after the plant respiration has dispersed part of the energv. Little correlation was fﬂﬂﬂl‘ﬂ i
between chlorophyll and net photosynthesis with the C* method in the North Atlante
by Ketchum, Ryther, and Yentsch (Eyther and Yentsch, 1958}, One can remgniﬂ:‘ the
necessity for basing assimilation number on gross photosynthesis, a priori, by consider f_
ing the case of a plant whose respiration balances its gross photosynthesis, There s
similation and thus there should be an assimilation number value even though ther® * =
no net production. Redhe, Vollenweider, and Nauwerck (19538) in lakes found that
photosynthesis with the radiocarbon method was closely correlated with chlorophyll -
during the spring bloom period but did not correlate well in summer period. 1f as Rythe"
and associates have shown, radio-carbon methods yield net plant production. then "% 2
correlation would be expected except in the spring periods when nei production 2 . '
gross production are almost similar. All data and discussions here concern gross phot” 3§
synthesis, i
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Assimilation number as used in this paper is the ratio of grams oxygen produced per
" four per gram of chlorophyll “A” in any situation whether under conditions of maxi-
aesimilation or not. As evidenced elsewhere in this paper, whole communities
B ool havea light saturation level so that the natural photosynthesis and maximum
b | peynthesis are the same.
Unf.;rtunalely measutements of gross photosynthesis require correction for the respi.

. qation during the illumination period. The night respiration rate is usually used for the

§ orrection on the assumption that night respiration and day respiration are similar, It
?h"h-_ + .cunderstood that respiration is probably not constant (Rabinowitch, 1956: 1925), but
nal 17 | o easy way of determining day respiration in nature is as yet available. Thus uncer-
mber, \ginties in the assumptions underlying the use of chlorophyll are likely to be as great as
LAL ' esent uncertainties in the chemircal determinations of chlorophyll.

erest B [, the following sections measurements are presented for natural communities of con-
ther trasting types in order to extend knowledge of the chlorophyll concentration and assimi-
lant - . laiion numbers of whole communities, First some aspects of chlorophyll extraction as
.- B ued for field purposes in ecology are discussed. The cannon-ball catcher analogy is
ih ¥ itroduced to permit conceptual and hypothetical generalization concerning energy
1 B djustment. Some reasons are given for expecting total community chlorophyll to be
T B related to gross photosynthesis whereas mere parts of the euphotic zone may not be
hﬂ . wrrelated, Then data from many sources on the distribution and variation of chloro-
H’; . phyll are reviewed. Finally, chlorophyll data from contrasting communities are pre-
® B wnied on an area basis with suggestions for the use of assimilation numbers to compute
Bd § photosynthesis,

e §

%
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Chlorophyll Methods for Ecological Purposes

Analytical determinations of chlorophyll pigments have been widely accomplished
#ectrophotometrically, Several authors have calibrated such determinations to permit

"5¥ analysis for chlorophyll without chlorophyll standards being available. The pro-
 dure of Richards with Thompson (1952) and Creitz and Richards {1955) has been
Mich ysed by ecologists. Other spectrophotometric computations are given by Mackin-
Y (1941),

In Richards and Thompson's procedure after samples are extracted in 20 per cent
*tlone, optical densities (d) are meazured in a 1 cm. optical path in square cuvettes at
| ¢ Wave lengths (630, 645, and 663 millimicrons). Then the chlorophyll “A” is
Puted with the relationship in equation (1) below. The measurement at 630 millimi-

L™ was made to eliminate effects of pigments other than chlorophyll a and b. Duxbury
1] Yenteeh {1956) provided a nomogram for rapid computations.
Chlorophyll “A” in mg./L. = 16.6 d,,, — 2.0 d,,, — 0.8 d_,, (1)
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HortzontAL HETEROGENEITY

Aside from uncertainties in the procedure as described above, a number of Hdditinm
gources of variation and error are involved in analyses of chlorophyll of diverse com.
munities in nature. The difficulties of sampling from heterogeneous distributions are g,
most serious. For example replicate samples of adjacent bottom ooze in Laguna Mag,
of Texas contained 0.035, 0.078, 0.013, 0.022, 0.030, 0.021, 0.036, 0.024, 0.016, 0,03
gm./M? on Dec. 3, 1957; 0.081, 0.067, and 0.065 gm./M* on Feb. 15, 1958; and on Jg,
31, 1958, 0.270, 0.191, and 0.50 gm./M?®. Duplicate Diplanthera wrightii quadmy
samples on Nov. 4, 1957 contained 0.163, 0.081, 0.061, and 0.027 gm./M?* and 0.024,
0.028, 0.020, 0.020, 0.020, 0.018, and 0,022 gm./M?* on Dec. 27, 1957, Duplicate quadrat
samples of Thalassia from Redfish Bay, Port Aransas, Texas contained 0.480, 0487
0.190, 0,107 gm./M=,

In addition there are difficulties with dead chlorophyll, solvents, portable spectr.
photometer approximations, and varying pigment composition. In order to adapt the
Richards and Thompson method to routine use in the field, several technique tests were
carried out as summarized in the following paragraphs.

NoN-FUNCTIONAL CHLOROPHYLL

If chlorophyll of natural ecosystems iz to be related to gross photosynthesis, either
the non-functional chlorophyll must be eliminated from the analytical determination,
or some convention must be established as to its inclusion. The presence of non-func
tional chlorophyll has been reported frequently in the euphotic zone (Edmondson and
Edmondson, 1947; Gillbricht, 1951 ; Krey, 1952).

It had been suggested by Ryther and Yentsch (1957} that careful narrow band spes
trophotometry could be used to eliminate active Chlorophyll “A™ from non functionsl
chlorophyll, It was reasoned that chlorophyll “A™ rapidly changed to phaeophytin or
other compounds with a shift in the peak of its absorption spectrum away from (65
millimicrons.

In Figure 1 are presented absorption spectra of extracts in 90 per cent acetone with
fresh material and materials experimentally aged and known to be non-functional. A
spectrum from marine sediments in chloroform is also included from Orr and Grad)
(1955) . Chloroform and acetone are 3 millimicrons apart in the positions for 665 peak
of chlorophyll “A™ {Rabinowitch, 1951 : 640). From the similarity of peaks in Figure
it appears that chlorophyll of living and non-living materials in nature does not net®=
sarily differ in spectral characteristics, Certainly if non-functional and live chlorophyl
cannot be separated spectropholometrically with a narrow band pass instrument, there
is no |;¢_c_:'._lhili[!,' of eliminating the dead ::hlamph}']l with a broad band pass instrument
suitable for portable field use.

Instead of attempting to eliminate the nondunctional chlorophyll it is ;;ugg_e:*tﬂi that
the convention be adopted to include all chlorophyll “A™ and related substances that
affect the 665 millimicron spectrum if they occur within the euphotic zone. This 208
vention has been used in this communication. The euphotic zone is defined as [Ih“ T:
between the top of the plants down to the level at which visible light is extinguished |

about 1 per cent of full daylight. Both on land and in water the 1 per cent level may

readily located with a photometer. On land some leaf litter may be include
likelv that the variation in the per cent of non-functional chlorophyll in the et
zone mav not be as great an error as that from heterogeneous distributions and

3. Tt seem®
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Fig, 1, Absorption spectra of living and decomposing agquatic plants. Beckman DU Spectropho-

& cter at clip width 0.04 mm. The peak optical density of each curve is adjusted to optical density
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are given in Figures 2 and 3. The depth of the euphotic zone was measured as L!]H"“t.]'
cm. deep into the bottom ocoze. A submarine photometer was pressed inlo the ':"'Tf" in
order to determine the depth of penetration of effective light intensity. After r-.-.:].::-:m?_'h*:
core in a plastic pipe pressed into the mud, the core was frozen and extruded from lﬂ.
pipe. Then one em. sections of the top were cut off for chlorophvll extraction. There ;.l.
very large amounts of non-functional chlorophyll below the euphotic zone in the 111:&
(Fig. 2). These deep lavers are not assumed, a priori, az dead and incapable of I_.h.:mlw
synthesis, but one can assume that if no appreciable light penetrates, there is no eflec
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. One must always consider the possibility of vertically migrating sediment
3 n. . -
“rhhﬂl migrate below the euphotic zone for part of the day (Aleem, 1250). Non
e, 2

¥ hlorophyll e :
| nblus;':in Large amounts of non-living chlorophyll also occur below the euphotic

& riq:!.‘P

is a usual constituent of freshwater and marine sediments (Vallen-

layers of marine and freshwater hodies.

CHLOROPHYLL “A”7 DETERMINATION FROM OpPTicAL DENSITY
MEASUREMENTS AT ONE WavE LENGTH

o . measurement of the optical density of chlorophyll in acetone extracts at three

gz‘ is ime consuming where large series are needed for meaningful averages.

A grl_‘-flhf S
: 15003 of resultz based on measurements at 665 millicrons were made with results

mpar : R :
i measurements of three wavelengths, Widely dl’r'fn'ruu_l plant materials |.r'.::||:1cE|r1g
;,Fn-.;nﬁ and higher plants were extracted and measured in the Beckman DU spectro.
ﬁﬂ.rl'll.!h':'r_ Fach extract was measured at 3 wave lengths and the values computed as
rophyll “A” plotted al;_'l-’l]'l_':'-.‘l 1t!e n.[ntin*.n] density determined at 665 rrti]]i|11ir.*1'-a]p3 (Fig.
The close alignment of points indicates that the 3 wave length procedure is unneces.
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5 & Chlorophyll “A™ concentration determined by the Richards-Thompson method using read-
a 3 wavelengths as a function of optical density at one wavelength (665 millimicrons). Beckman
= F“Ef'[r'll'II""-ll!I‘:"lr'F. slit width, 0.04 ma, U, Ulva fasciata; L, Lynbva sp.; G., (rephortia mitehalae
Oscillatoria sp.; Dy, fresh Diplanthera wrightii blades; Dy, decomposed Diplenthera blades; 5,
ompaosed sedimentary material containing blue green algal mats.
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sary considering the other greater sources of error. Where optical densities are read with
a 1 em. optical light path in a narrow band pass spectrophotometer, the Richards apg
Thompson Chlorophyll “A™ procedure is abbreviated in equation (2} as follows:

Chlorophyll A inmg./1 = 143 d,., (2)

CHLOoROPHYLL “A” DETERMINATION ON A PORTABLE
SPECTROPHOTOMETER WITH BroaDp Baxp Pass

The Bausch and Lomb *Spectronic 20" spectrophotometer has been found wsefy)
for determinations of chlorophyll because of portability, reliability, and relatively Jow
cost (§240) permitting semi-field use. The width of the spectral band pass iz gix-;;n b
the manufacturer as 20 millimicronz. Thus when the wave length is set on 663 milli-
microns, light between 653 and 673 millimicrons is passing into the extract tubes, Thus
the range of absorption is broad enough that the amount of Chlorophyll “B™ present
can affect Chlorophyll “A™ determinations. Chlorophyll “B" has an absorption peak a
about 645 millimicrons not far from the 653 millimicron light.

A series of measurements was made on both the Beckman narrow band pass instro-
ment and on the broad band pass Bausch and Lomb instrument. In Figure 5 the
Chlorophyll “A” figures with the Richards- Thompson method are plotted against the
optical density readings at the single 665 millimicron setting on the Bausch and Lomb
instrument. Data for a red, green and blue-green alga differ considerably. Readingz on
broad band pass instrumentz differ from narrow band pass measurements even when
there is but one pigment present, The average per cent absorption over the 20 millimi-
cron range must be on the average less than the per cent absorption in a 5 millimicron
band pass located on the sharp peak of absorption.

Thus when the Bausch and Lomb instrument is used for field use it iz desirable to
convert optical density measurements into Chlorophyll “A™ values with curves like
those in Figure 5. A calibration graph determined for higher plants should not, for
example, be used to compute Chlorophyll *A” values in extracts from red algae.

In the chlorophyll procedure of Hogetsu and Ichimura (1954) chlorophyll is cor
verted into phaeophytin with acid. In the chlorophyll procedure of Creitz and Richards
(1955) magnesium carbonate is used to prevent the decomposition of chlorophyll inte
substances like phaeophytin. In these considerations a shift or possible shift of the red
peak of chlorophyll is involved. If a wide band spectrophotometer is used all of the
compounds with peaks in this area are measured, and the conditions of handling ma¥
not be so crucial. For field use in a wide variety of types of plant material, simplicity 1"
chemical procedure is essential. Where the largest errors are likely to be ones of
sampling, rapid methods which permit replications are desirable. _

Since the roles of Chlorophyll “B” and *C” in photosynthesis are not “d"'quf!d}'
known, it is not possible to state whether or not plants with much Chlorophyll “B" ¢
“C* will have a different assimilation number relative to Chlorophyll “A™ in compart
son to plants without these pigments. Assimilation numbers in this paper are compu!
relative to Cholorphyll “A™ only.

Notes oN ExTracTion
,:1Ei_f'3|

The extraction of Chlorophyll “A™ from widely divergent materials for ecol
purposes, requires a variety of extraction methods. Large, leafy plant itssues o
[I]rm]gh a meal grind(‘r._ elurried in water, a]iquuttd, partiallsr dried, and ex! racte
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rophyll “A" determined with the Richards and Thompson method on the Beckman
sphotometer as a function of optical density at 663 millimicrons and 1.17 em. light path on a
and Lamb .-\.|--"-."I onic 207 spec T'-.-J.II:"II.III:IJ""'I! ter. [/lva fascigta, a green alga; Gephortia mitchelae,

'*-:L.i'!. and Lynghya major, a blue-green al lga.

) per cent acetone. Discs from rain forest leaves were punched, bruised, placed in
10 cc. acetone (909 ) in vials, and extracted completely in 24 hours in a refrigerator
without further grinding. Some plankton samples on millipore filters extract readily
without mechanical damage to cells (Creitz and Richards, 1955). Other algae require
grinding in mortar and pestle with clean sand, Corals and caleareous alzae were cut
with hacksaw and ground in a mortar.

Rocks in streams were extracted by immersion in pans of acetone accompanied by
L'rJ"hlﬂl' by McConnell (1958} and in class sampling work at Duke in 1956. Freeze
frying of leaves was effective where preservation was necessary and where greatest
dtcuracy was desirable.

Some algae are sufficiently bruised in a Waring blendor for subsequent extraction.

Others resist extraction. Species of Prasiola, Ulva, Cladophora, Thalessia, Diplanthera,
Pt‘ﬂ.l mi )

idium and Enteromorpha were especially resistant. With larger tissues, observa-
tion of the residual color may be used to ascertain if most of the extraction has taken
Place. With tiny plankton cells on a millipore filter, the lack of extraction may be readily
"erlioked, In one extraction involving a species of Chlorella, only a small fraction of
"hlnf"ft']u'“ was removed from the filter residue until grinding was done with sand.

E‘£1rlfl‘0| is made with 90 per cent acetone. If 100 per cent acetone is used to dis-

hve millipore filters, a part of the filter goes into solution which precipitates as a milky
hy
|I|:|H]|[jl later when the solution is adjusted with water to 90 per cent acctone. Ideally
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final extracts are in 90 per cent acelone. Final stages of extraction are usually Carried
on for 24 hours in a refrigerator in the dark.

Varimty oF Ricaakps axp THosmpesox's Procepure For 90 Per CEXT AceTong

In developing the chlorophyll assay method (equation 1 in this paper) Richards with
Thompson {1952} cite the work of MacKinney (1941) and Zscheile, Comar, and Mar.
Kimw}' (1942} and adopt extinction coefficients for use in 90 per cent acetone solutions,
Richards with Thompson (1952) prepared Chlorophyll “A™ from Macrocystis with
chromatographic methods and used the coefficients of the previous authors for deter.
mining the grams of chlorophyll represented by the extraction. MacKinney made megs.
urements at 663 millimicrons whereas Richards vsed his new curve to determine ah.
sorbancy at G665 millimicrons. In actuality, the extinction coefficients reported by
Zzcheile and co-workers and MacKinney are for 80 per cent acetone solutions of ]-*ig-.
ments. The effects of changes of solvent on the spectrophotometric properties of plant
pigments have been widely discussed elsewhere (Franck and Loomis, 1950; Rabing-
witch, 1951). A series of experiments was run !'r}' Walter Abbott to test the effect on
ahzorbance of a change of solvent from 80 per cent to 90 per cent with pigments from
terrestrial plants. (This was not a test of extractability, but a test of the basis of Richards
and Thompson’s equation.)

Small |rr:rl1'r,;-|:15 of fresh leaves from a variety of _FJ!EI.:I'll.:-i were extracted with 10 ml. of
neutral, redistilled reagent grade acetone. Extraction was carried out in the dark at 5°
C. When extraction was completed, two 4 ml. aliquots were withdrawn. With a micro-
burette, these were adjusted to 80 per cent and 20 per cent acetone contents by addition
of distilled water. Correction for nonideal behavior of acetone water mixtures was made
from an empirically determined chart of volume relationships. Samples were then
cooled and stored briefly in the dark until spectra could be scanned on the Beckman
DK recording spectrophotometer. Data from these measurements are in Table 1.

TarLe 1
Absorbance Values

{Optical Density in 1.0 em. Light Path)

643 s B45 m LD

Species

Quercus phellos 0441 0474 0199 0219 0113 0.1
I 0568 0.581 0.258  (.268 0145 0.147

Rhus glabra 0410 0434 0.176 0.189 0,108 0.703
‘ 0660  0.718 0303 0332 0167 0189
Celtis occidentalis 0538 0.564 0.244 0252 0.140  0.140
0.952 (1.956 0.427 0.447 0.248 0.228

Imus americana 0286 0302 0131  0.135 0062 0082
e 0.252 0.356 0.133 0154 0.084 0088
Quercus virginiong 0800 0972 0333 0344 0180 0168
Juniperus mexicaniis 0366 0502 0164 0207 pogs 0117
Cercis canadensis 0517 0558 0175 0.209 posz 0101
- i 07

Unidentified seedling 0568 0581 0.227 0.22 w00
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Accompanying the change of solvent from 90 per cent acetone is a 6 per cent lower-
ing of absorhance at 663 millimicrons and at 645 millimicrons. Data taken by the Rich-
e ards and Thompson method should be corrected by multiplying absorbances at 663

e i nillimicrons and 645 millimicrons by 0.94. Equation (2) above thus modified becomes
i this paper) Richardswity, §

¢ pquation (31 below:
Chlorophyll “A™ in mg/1 of 0% acetone = 13.4 dg,, (3)

with the Bausch and Lomb broad band pass instrument, however, the composition
£ ,f the extract is not so important since part of the solvent effect is a change in wave

length of the peak of the spectrum. McConnell (1958) found relatively minor effect of
changing water composition.

Steady State Energetics of Input-Output Systems in Which the
Input Energy Arrives as Packets of Fixed Energy Content ;

The Cannon-Ball Catcher

In order to better understand the energetic coupling of biochemical machines to the
steady inflow of photons of light, it is convenient to describe the cannon-ball catcher
= (Fig. 6). Although the machine is an analogy, its energy aspects are thought to be
| similar to those of primary production systems, 1t is possible Lo erect hypotheses which
account for the behavior of input-output systems containing chlorophyll with respect to
light, temperature, nutrients, and other factors. That the behavior of chlorophyll adap-
tation seemsz logical when compared with a cannon-ball catcher is at least an aid to the
memory. In the discussion that follows the hehavior of chlorophyll is related to mech-
anisms of self regulation believed to exist in plants at a higher level of organization than
single reactions of photochemistry and photosynthesis.

The cannon-ball catcher machine is a coupled input-output system like these described
in a previous paper (Odum and Pinkerton, 1955). Energy arriving in the form of
cannon-balls is caught by cups on a turning wheel of the cannon-ball catcher. The input
eergy system thus receives a steady flow of energy in dizcontinuous similar packages.
After catching a ball, a receptor to be used again must be revolved through a cyclic
Process requiring a diserete time, The input system is geared by a pulley system and a
By wheel to a machine for doing work. Therefore, a discontinuous energy input drives

M output that may have a more regular power distribution with time. A review of the
Piesible kinds of biochemical reactions by which such input-output systems might
function is given by Strehler (1958).

ere are several similarities between a cannon-ball catcher and a photosynthetic
Michine. A plant receives discontinuous photons just as the catcher receives cannon-

s, and is geared to a chemical machine that produces organic, synthetic work. The
Mmber of cups per machine is comparable to the concentration of chlorophyll per
Fhlﬂmplaat. A cyelic biochemical process is necessary for maintaining chlorophyll *A™
" receptive state (see flashing light research: Rabinowitch, 1956: 1433) just as the
M2z on the wheel must be revolved for reuse. As discussed previously (Odum and

inkerton, 1955} maximum power outpul is gained with a particular and optimum force

iustment between input and output systems. It is likely that plants contain mechanisms
maintaining optimum adjustments, and these are established by natural selection.

sider a situation with a steady influx of cannon balls. The steady torque developed
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by the impinging balls can be varied by changing the number of cups on the catcl,, & total yield of t
r I's . 2 ik ul

wheel. With more cups more balls are caught. In this way the input drive can |, fmulti-layered re

- 2 - o L #

adapted for a given output load so0 as to provide the maximum power. The rest of th

= :

if the theory of «
cannon-balls can pass uncaught to be accepted by another catcher machine below

Liprophyll fluoresc
Similarly in photosynthesis one can imagine that the number of receptive chlorophy] intained in fairl:
molecules provided can be controlled in order to maintain the ideal photochemical dri.l..- L relation of the flv
to the respiratory system. Changes in light or in factors affecting respiratory f-:i'.aten; L witch, 1951 : 819;
rates are likely to be accompanied by changes in chlorophyll in order to maintain the

The flucrescence «
adjustment within the chloroplast. Such adjustment prohibits acceptance of too mag,

 the lozs of energ

or too few photons. Conservation of photons not only maintains proper load ratios in the chine. Both pheno
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The iptal yield of the whole euphotic zone is thus higher, Maximum yields are possible
© .. multi-layered reception system is active.
If?f the theory of eptimum input-output adjustment of chlorophyll is correct, then the
.;hlurﬁPh}'“ fluorescence as an input energy flow meter [(Kate, 1'-]4';?)_ is likely to be
mailltaitmd in fairly constant ratio to photosynthesis under adapted circumstances. A
correlation of the fluorescence of live chloroplasts and photosynthesis does exist {Rahi-
qowitch, 1951 8195 Brugger, 1957).
The fluorescence of living chlorophyll systems may have some analogous similarity
ip the loss of energy that occurs when a cannon-ball strikes the cups of the catcher
machine. Both phenomena are likely to be accentuated when the cycles of the receptive
material (cups or chlorephyll) are being retarded and are not dispersing energy at
gptimum SPEEE], Katz {1949) found increased fluorescence with artificially retarded
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Dizcussion of chlarophyll, light, and other factors follow with reference to energetics
' and input-output systems.

-5 F The purpose of the cannon-ball picturization is to make clear the hypothesis that

photosynthetic systems in order to maintain maximum power output can regulate the

input power by regulating the chlarophyll,

Summary of Ecological Factors Affecting Chlorophyll and
Assimilation Number

Reports from the literature on the spatial and temporal patterns of chlorophyll in
natural communities are not uniform. Nor do the data from the experimental litera-
ture at first suggest simple relationships between environmental factors, chlorophyll, and
assimilation. In the following paragraphs an attempt is made to summarize and ac-
count for the adaptive behavior of systems containing chlorophyll,

LicuT INTENSITY AND THE CHLOROPHYLL CONCENTRATIONS IN
A Part oF A COMMUNITY

Consider only plants growing under conditions of illumination to which they are
adapted for effective competition. Such adaptation may be in the laboratory or outdoor
situations. In adapted condition the chlorophyll of single leaves, cells, and other com-
Munity parts tends to be diminished as the chloroplasts adapt to increasing light
intensity (See various authors cited by Rabinowitch, 1956: 1261), However the
eflectiveness of adapted chlorophyll for photosynthesis (i.e., assimilation number) in-
treases with light intensity. (See examples cited by Rabinowitch, 1957: 1262}, With
less chlarophyll per cell a larger part of the incident light passes through to the next
layer of plants so that the total energy absorbed for photosynthesis in the top layer may
be loss, Consequently single cells or leaves may have lower, equal, or greater total
Photosynthesis in brightest light. It may be a misnomer to refer to diminished output

] g o naturally adapted cells in bright light as saturation in any sense of malfunction, The
. The upper mﬂt‘hi"&l i ﬂdiﬁll:: B ‘?‘H‘E‘-‘T-_ﬂf adaptation to intense light is to increaze the assimilation number of the top
rﬁ&r;t:rﬁ,": the lower mié _ fﬁ'ri.]s In spite of decreasing chlorophyll concentration. In a yellow variety of Sambucas
-xt, successfully surviving phoie & 1i‘:'l[]?.t:m.ul' and Stoll (1218} messured an assimilation number of 4 gm./gm./hr. In
mmber of cups in ovder to aUPEE - Contrast chaded cells of a community possess higher chlorophyll concentrations and

output of the entire populatio®

o P i, s : . ;
Wer assimilation numbers. At light intensities for maximum photosynthesis of gingle
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cells, assimilation numbers of 7.4 gm./gm./hr. (range, 4 — 12 gm./gm./hr.) are foeng

w and shade :

(Ryther and Yentsch, 1957). qunily, the gree
These relationships of assimilation number, chlorophyll, and light have been shy, § e For 2 wl
by many authors. For example, Phillips and Myers (1954) presented a graph f ,',_'InTDFh}'“ inet
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Chiorella which shows diminishing chlorophyll per cell with adaptation to greater ligh
intensity. Ichimura (1958) reports dala on lake plankton in held conditions with e
ing assimilation numbers correlated with increasing light intensity for three seasop
Assimilation numbers were about 1 gm./gm./hr. with 3 per cent light rising 107
gm./gm./hr. at 60 per cent light. '
The adaptation found for chlorophyll and assimilation in bright light may be con
pared to the cannonball-catcher in a zone of numerous flying cannonballs. In orde
that the same torque be exerted upon the output machinery, it becomes necessary iy
diminish the number of cups on the wheel. An overloaded system runs too fast for mm
effective use of the energy. By reducing the number of cups the top machine worksal |
optimum and the uncaught balls pass below to the next cannonball machine for effective
use there. The decrease in number of cupe in this situation mayv be compared to decresse |
in chlorophyll in bright light. With plenty of cannonballs for the available cups, theres |
a large work output per cup just as there is a large assimilation per unit chlorophyll. 3
The large chlorophyll content of cells adapted to the shade may be compared to e §
numerous cups on the cannonball-catcher, Many cups are needed to maintain enough
power output for survival, With few balls received the output work per cup is small
just as the assimilation per unit chlorophyll is small in the shade. Efficiency is large
in a slowly turning wheel because there is a greater potential energy difference main-
tained between incoming and acceptor energy states. The efficiency of the slowly turnisf 8 £t are: mass ale
wheel may be compared to the high efficiency that oceurs with low rates of assimilation §

ree (Kramer, 195
of plants adapted and operating in the shade (Nihei, Sasa. Miyachi, Suzuki and Tamivye, ¥ dull and Orr, 19
1954).

4 195]: 063); lake:
iVerduin, 1956) ;
Maruta (1956) fou

-~ ifrice plants.

Gessner (1949) adapted lake plankton for five days in light and dark conditione. The
plankton initially had an assimilation number of 1.4 gm./zm./hr. At the end of the
experiment the shaded plankton had an assimilation number of 0.1 gm./gm. /hr. wheres®

the plankton in bright light had an assimilation number of 5.8 gm./gm. /hr. g In plant cells in

Marshall (1956) showed relative increase of marine plankton chlorophyll in bottles S thesic 2 midday :3]‘
in shade relative to bottles at the surface. Manning and Juday (1941} found highe? & apted community
assimilation numbers in hypolimnetic plankton. Sargent (1940} showed twice as much 3§ Any tendency for =

chlorophyll in shade adapted Chlorella as in light adapted algae, although the Tight 1 Hotosynthesis of t

adapted algae had the greatest yields, He reviewed the work of five earlier autho™® 8 Because :;hadedl
with similar results, 3 biapied k. HES_W

In Sargent’s work the chloroplasts in the sun had less chlorophyll present. Gesstet l- :._Tm]ch'ﬁ the Hght 10
(1955} described thinner chloroplasts in Spirogyra in light adapted plants. Movementi S5 _li:.f}s,f,] have repor
of the chlorophyll and chloroplasts so as to transmit more light under bright light o " changes in lig

1 inj Tage]
ditions are summmarized by Rabinowitch {1951:681}. iehes (Wassink
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The total chlorophyll which develops under a square meter tends to absorb m”"w[ e
available light. A thick zone of chlorophyll may develop which is light adapted
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. shade adapted below. The greater the light intensity is at the top of the com-
top ‘?1 . the greater the total amount of chlorophyll which develops within the euphotic
mu:]t'}ar ; whole lake Ichimura (1958} found increasing assimilation numbers as
i?nrﬂph?'” increased, .

The Chlumph}']i per unit area thus increases with |ig_ht intensity under 31]2['[]L1'_‘.'I"§| con-
Jition even though the -;-..hla:-mph?'].l per cell may drﬁreufe in the upper layers. An ap-
grent paradox results, Communities adapted to bright light may seem pale from above
and yet may contain more chlorophyll. The greenest appearing communities are not
pecessarily the most photosynthetic or the greenest in extraction. Pale appearing com.
s, however, do not necessarily have additional chlorophyll below, for there are

muniti
other limiling factors such as nutrients,
The effectiveness of the total chlorophyll of the whole euphotic zone increases with
scident light intensity. Increase of light intensity causes bright adapted cells with high
gesimilation numbers o develop on top of and in addition to the cells present under lesser
fight intensities, Thus the overall assimilation number increaszes with incident light.
Since in whole communities both chlorophyll and assimilation number increase with
light intensity, total photosynthesis increases with light intensity even under conditions
of full daylight. The whole zone therefore in photosynthetic response to bright light
differs from the behavior of single cellz, leaves, or small plants. Partz of communities
have optimum light intensities for maximum photosynthesis. See numerous examples in
Rabinowitch (1951:964) and Gessner (1955). Whole naturally adapted communities
have maximum photosynthesis at maximum light intensity. Examples of communities
{whole euphotic zone) without maxima in their photosynthetic curves (per area) with
light are: mass algal culture (Burlew, 1953: 17); Silver Springs (Odum, 1957} ; pine
tree {Kramer, 1958: 163) ; aquatic plants (Gessner, 1955: 86) ; marine waters {Mar.
shall and Orr, 1929: Jenkins, 1937; Ryther, 1956b); Cabomba (See Rabinowitch,
L 1951: 968) ; lakes {Ichimura, 1958} : Lake Erie plankton in seasonal comparisons
(Verduin, 1956) ; and surface algae (Manning, Julay, and Wolf, 1938). Takeda and
Maruta (1956) found light saturation in individual rice plants but not in communities
of rice plants.
In plant cellz in which there is an optimum light intensity for maximum photosyn-
thesis, 2 midday depression in production may occur { Rabinowitch, 1951:873). In an
adapted community with a full depth of chlorophyll, midday depression is not expected.
Any tendency for saturation of surface cells is more than compensated for by additional
Photosynthesis of the deeper cells receiving light only during the brightness of midday.
Because shaded communities are more efficient (not more productive) than light
#dapted zones, assimilation and assimilation numbers do not diminish on cloudy days as
'1.1I.IL'|.'1 as the light intensity, Steeman-Nielsen (1954, Verduin (1956), and Edmondsen
11936) have reported smaller deviation in community photosynthesis than expected
i rff'm changes in light intensity. Community efficiency increases as light intensity di-
. Mnishes (Wassink et al.., 1953; Odum and Hoskins, 1958).

Four Types oF CHLOROPHYLL ADAPTATIONS TO LIGHT BY PRODUCER SYSTEMS

The general principles concerning chlorophvll states and light in plant communities

E fan _ [ - . We .
; be summarized by considering whole natural communities and laboratory experi-

MeNls gg belanging to one of four types pictured in Figure 7. The difficulty encountered
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Fii. 7. Four types of chlorophyll adaptations to light by producer systems. The concentrations of

chlorophyll are indicated diagrammatically by the density of dots in the circles. Estimates of chlort 5

phyll, assimilation number, efficiency, and community photosynthesis are derived from Table 2 and
from the literature.

in recognizing light adapted patterns in nature is attributed to the interplay of other
factors on the vertical distribution of chlorophyll.

1. Stratified community, There are light and shade adapted portions. ﬁhmmi’hl}']l
per cell increases downward, All of the incident Ight is effectively used. ,.-’Ls.similnllﬂ_l‘
number decreases downward but the overall assimilation number of the community ¥
high. The overall efficiency of photosynthesis is also high. The total chlurﬂl-"h!f"

: : e pat . 18
area is large but may not appear so from the top view. Such communities are mefmhiﬁ o

4 1 3 Eud i ;
productive of any vet measured. Forests and benthic communities are examples © ] o
type. Some stratified, quiet waters develop vertical stratifications of planktonic P

with similar patterns.

2. Shaded Community, A community developing and becoming adapted to Jow light =5

intensity may be considered to be the same as the lower portion of a stratified mnlmﬂﬂ::_i
in full daylight. In other words, the shaded community lacks the light ndﬂpfﬂd F?fF‘
It is relatively high in chlorophyll concentration but has less than the SHaH.ﬁE aler
although it may appear much greener. With lower light intensities efficiency 12 E;d 0
but with =o little light the total photosvnthesis is less. The excess chlorophyll e

gather light in shaded conditions is not in effective continual use and the as<!
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pers are small. Such communities may occur in winter seasons, in caves, and in most
ratory work where light intensities are rarely as bright as full daylight. Many mis-
ing ideas have developed concerning nature from work with shade adapted com-
ities. Many popular writers overestimated the possible yields of algae by consider-
gs representative the high efficiencies found at low light intensity.

Mixing Commaunity. In turbulent upper waters of lakes and oceans at some seasons,
principal producers are moved up and down and are subjected to alternating con-
ans of shade and light. Cells move from full daylight to half daylight in a matter of
inute or two where mixing is effective. (See discussion of the diffusion of oxygen
um and Hoskins, 1958) . Waters in the upper zones of aquatic environments also re-
ve Aashing light due to wave effects at the surface in diffracting and reflecting light.

ially in the sea such cells cannot become adapted to cither shade or bright con-
rl-::ﬁ- It is possible that plankton cells of this type are adapted to intermediate light.
might be expected, such cells have intermediate chlorophyll concentrations and
imilation numbers (Table 2 and Fig. 7). If the euphotic zone is spread over any ap-
iable depth, the water abzorbs a large proportion of the potentially usable light as
man-Nielsen (1957) has discussed. Such communities may thus receive less total

t, develop less total chlorophyll per area, and vield less total photosynthesis, Ryther
1956a) was unable to find much light and shade adaptation in Dunaliella in contrast
o the adaptation in other species found by many workers. Ryther found assimilation
mmbers of only 1-5 gm./gm./ hr. in contrast with higher numbers in other data for
light adapted cells. However, no adaptation was attempled above 1500 fi. candles
whereas daylight is usually greater than 10,000 ft. candles. Whether usual plankton
algae are capable of becoming 1'ght and shade adapted cannot yet be generalized.

In a rain forest in the intermediate depths, light is rather uniform due to the scattering
of light by the leaves (unpublished data of Odum, Abbott, and Selander). Such forest
leaves may also be adapted to intermediate light intensities. As the leaves are rustled by
the breeze on bright davs, fAecks of bright sunlight momentarily illuminate the lower
layers, Thus forest leaves on a sunny day are exposed to considerable variation of inci-
dent light intensity, and adaptation to one light intensity may be difficult. Steeman-
Nielsen (1057) presents a discussion of light and chlorophyll in forests and waters.

4. Thin culture with all bright light. Tn many laboratory cultures especially those
with lights inside the containers, there is no part of the system where there is shade.
Such cullures, which are never allowed Lo get so dense as to produce their own shade,
may be visualized as the upper part of a full stratified community. Unfortunately, gen-
eralizations have been made about such cultures without realization of their specialized
"ature. One may overestimate potential yields if one extrapolates with the high assimila-
Uon numbers of light adapted cultures.

A bright adapted community has low concentrations of chlorophyll per volume of
tells and has very high assimilation numbers. Efficiency of use of the light absorbed is
low gt high light intensity. Total area based photosynthesis may be higher than in the
hade adapted community but is less than in the two types of communities that repre-
-"?ﬂt full euphotic zones. Such cultures are particularly misleading about chlorophyll
*ince the assimilation numbers are much higher than in full depth communities (20
gm_'—'rgm-f"hr.; Ryther, 1956a) . Such communities occur in nature where only thin vege-
fation can develop sometimes on surfaces of rocks, water, or in new colonization. Agri-

1
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culture is often of this type. Sunflowers have high assimilation numbe:

rs (8-16 B, [y s
hr.; Willstatter and Stoll, 1918}. -

Lisiiting MaTeriarL ReouiReMENTS Axp CHLOROPHYLL

CG]EEI’JF:T next plants growing with adequate light }_ju[ sub-minimal rates of supgly g
the materials needed for photosynthesis and growth. The literature of plant physiolyy
(Hill and Whittingham, 1955, for example) and plant ecology (Harvey, 1955, ]',_,,:_"_
ample) are full of cases in which limiting factors are demonstrated. Chlorophyl] ¢,

centralions diminish when plants adapt to maintain minimal existence in limity,

environments, Physiological studies indicate that subminimal amounts of differes
limiting factors including iron, nitrogen, potassium, magnesium, and water indy,
lowered chlorophyll as summarized by Rabinowitch (1945: 427; 1956: 1267). T
operation of nutrients in stimulating increase of chlorophyll in whele community systems
also has been frequently noted. For example 5. Conover (1956: 85} showed the effes
of nutrients on chlorophyll of plankton populations in bottles, and Edmondson (1935
showed increased chlorophyll with fertilization in a tank. No attempt is made to separate
instances where the increazed chlorophyll is within cells already existing from thes
where new cellz form.

[f the output machinery iz limited by some factor, a reduction of input torque is ne
essary to maintain the proper load ratio and to allow energy to p

azs to lower levels of
the community where limiting conditions are possiblv equal or less restrictive. The rate
at which energy is entering may be diminished by the elimination of some of the re
ceptors in each machine. In the machine the decrease in receptors iz an adaptation to
the mechanical requirements of the input-output gearing. The disappearance of chlore.
phyll in environments unfavorable for photosynthesis need not be described as pathe-
logical in plants surviving in such conditions, for the diminished chlorophyll may be an
adaptation of input to the externally limited rates of output for purposes of economy.
Just as the output per cup remains high so in these limitations the assimilation per unit
chlorophyll remains high. The high assimilation numbers of yellowing autumn leaves
(Willstatter and Stoll, 1918) may be from a diminishing supply of raw materials at the
leaf site. :
Many studies have related the higher chlorophyll content of generally rich eutrophic
waters to high nutrient levels (Deevey, 1940; Ichimura, 1956). However, some of these
studies accentuate the lesser chlorophyll of oligotrophic waters by expressing data on
volume of water basis. Thus clear water has a deeper euphotic zone and less f_*hlor-llr-‘h‘."lt
per volume even when chlorophyll per area is the same. Such regional comparisens
should be made on an area of community basis. _
The nutrient factor is affected by temperature. At high temperatures there is a rapid
regeneration rale in respiratory systems of the community so that a steady supply of
nutrients is not as important.

TEMPERATURE, TissUE Si1zE, anp CHLOROPHYLL

a result affect the

Ll

There are two factors which affect chemical reaction rates and as
chlorophyll content of communities. First consider temperature.

Although the initial photochemical events of photosynthesis are physical in ﬂallu"“'
and little subject to temperature, most of the photosynthetic machinery is hiochemica
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petabolic, and made of reactions which [ollow laws of chemical reaction rate, As the
jemperature rises, the rates of reaction and recycling of materials increase. Materials
gre released by respiration more rapidly also. At high temperatures, therefore, less ma-
ieials are needed for the same fux of energy because materials are reused more often.
Jn photosynthesis chlorophyll is connected to an action and recovery cyele that is
chemical in nature, and its synthesis iz chemical. Consequently, at higher temperatures
less chlorophyll may be needed at any instant becanse of the greater possible turnover
rate. Even though the chlorophyll functions in a temperature independent photochemical
action, the amount of chlorophyll is regulated by a temperature dependent system in
prder to maintain oplimum input-output adjustment. Assimilation numbers may be
lrger (Rabinowitch; 1956: 1272). Willstatter and Stoll {1918} found slight increase
in assimilation number from 25° C. 1o 30° €. Myers and Kratz (1955) found less
chlorophyll developed at higher temperatures in Anacystis, With less materials to main-
tain, cells may be smaller for the same job at high temperatures. Next, consider tissue
size as a factor.

It is now known in plants that in phetosynthesis as well as in respiration smaller cells
have greater turnover {Margalef, 1957; H. T. Odum, 1956; E, P. Odum, Kuenzler,
and Blunt, 1958). The metabolism per gram inversely varies approximalely as the 14
pawer of the linear thickness of the tissue. It has been postulated that diffusion proper-
ties are responsible for the greater metabolic rate of smaller cells because the power of
dilfiusion per gram to carry materials into and out of the cell varies as the 14 power of
the thickness. In any case the smaller the plankton cell or the thinner the leaf tissue, the
mare rapid is the possible metabolism per cell. In small cells with more chemical respira-
ry turnover per gram, more chlorophyll per gram (or per volume) is necessary to
maintain proper input torque than in large cells, but as in temperature effects, it may
again be postulated that conditions permitting rapid turnover will similarly permit the
tells to maintain higher assimilation numbers and less chlorophyll for the same photo-
synthetic flux. The respiratory output rate by this hypothesis controls the adjustment
of chloraphyll for proper input-output stress,

If these postulations are correct, higher assimilation numbers may be expected in
smaller cells and at higher temperatures. In terms of input-output syztems any modifica-
lions of the circulating machinery which permits a more rapid turnover, will permit
fevver receptors Lo catch the same number of energy units,

.[h Table 2 are presented data on chlorophyll in communities. There is a tendency for
higher assimilation numbers and smaller chlorophyll conlents per area in planklon com-
Munities than in communities made up of plants with thicker tissues. In Chlorella
Maller individuals have more chlorophyll per gram and greater assimilation numbers
[Tamj!-’fi et al., 1953). In the Laguna Madre of Texas (Table 3) assimilation numbers
e higher in the plankton than in the benthic plants beneath,

CHLorOPHYLL 1N ParmiarLy HeTEROTROPHIC PLANTS

In tompletely heterotrophic plants chlorophyll may be absent, but in some partially
I?L?"‘-‘P"lic organisms there may be chlorophyll based nutrition as well as hetero-
IED]: It based enerzy intake. At the base of a growing aquatic plant, blades in the tissues

nly formed from meristematic growth, and in Fuglena cultures placed in the dark,

azre are cells which may have photosynthetic capacity when placed in the light at a

tlme, but which are living off imports of organic {ood. Such tissues apparently have
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Tanre 2
Chlerophyll and Assimilation Number in Communities
Euphotic Fans Assimilatisay
Chiorophyll Numbes
g
G /M2 mu.r]g‘nfh
PLANKTON COMMUNITIES {Not including bottom plants)
Fertilized tank, marine, 1.5 M deep
{ Edmondson and Edmondeon, 1947) .. ... 0.030 7
Englich Channel, 70 M dﬂ.‘p l[,]'t.nk:ns 19553

Summer and winter . 0,20

Spring blooms . 1-3
Long Island Sound iR:lr_']n 1056, Gunuw'r,, 16564 0.1-0.6 1-3
Phosphorescent Bay, Lajas, Puerto Rico, 3.7 M derp

January 23, 1957 . . 0.033 4
Baffin Bay, Texas, 1-2 ‘lrI dmp, turl:ald h}'perulme i 0.043-0.066 2

North Sea Fladen Ground, May bloom ( Steele, 1956 0.10 1.7
Wesslingzee, Bavaria, 10 M dee (Gessner, 1949} R 0.9 G
Pool, 300 cm. deep {Gessner, 1949) | 1.3
Lake Suwa, Japa.n M drtp [lrhlmu.rn,, 19543

Summer . ... 0.2 1.4

Winter ... 0,006 6.3
Wisconsin Lakes, M -:Icc'_p {‘N’Ianmng and Juﬁ,a.g.r1 19410 . ... 0.05=1.0 0.8-3.6
Dinoflagellate bloom, New Haven Cunn maring

{ Conover, 1954) .. 0.10 1.7
Lunzer Lnterﬂee {ﬂcﬁr.n:r l'MEl':l 0,60 :
Lake Washington, Washington {Edmondsnu,,

Andersen and Peterson, 19561 . R 0.015-0.075 5
Diatom bloom, Moriches bay, 1 M (Ryther et al., 1958) ... .20 4.5
Sewage Pond, Kadoka, 5. D. {Bartsch and Mlum

1957 ¢uphuuc gone 20 em. .ooecrreeres L5 z
Corpus Christi Bay, Texas, depth 4 m.

August 9 and 22, 1957 0.036-0.200
Marine pool, stagnant, filled from flood tide,

Port Aransas, Texas, Aug. 6, 1957, 1 m, deep.......... 0.356
Gulf, Port Aransas, Texas, 30 M deep, January, 1958...... 0.18

REEF MATERIALS AND CALCAREOUS ALGAE
Coral Reef, Eniwetok (Odum and Odum, 1955)

Whole Reef . E 0.5 40
Anemane sheet, Zoanchus pulchelus, Lajas, Puerto Rico ..., 092 e
Reef corals and caleareous algae, Lajas, Puerto Rico

MORIASIFEE 5] .voivescens e eesees e emsesees e e s snsseeimemen (.31

Porites asteroides : 1.54

Dendrogyra cylindricus . 1.35

Diploria clivesa ... 0.98

Penicillus mp:!a!us hu]l from Ll:n[v:‘:r 1.72

Halimeda opuntio clump .. 2.35

ALGAL CULTURES
Chiorells film, denze (Myers, 1954)

Chlerophyll estimated from hiomass . 0.5 3-3
Sewage culture (Ludwig, et al, 1951} .. %—6
Dunaliella culture (Ryther 1956a) ..

LITTORAL AND EMERGENT PLANT LEI M '“.I.INIT] ES
Water Hyacinth, Guadalupe River, Route 35, Texas,

Eichornia, June 23, 1958 . 1.38(1.20, 1.72}
Attached Mgne on the Jetty at Port Aransas Tens,

Gelidium sp., Ulva fasciola, and Claduphu:rra fasciculns 0.66-0.91

Centroceras rfualufatu:m 0.09-0.24

Encrustations ... 0.72
Spartina sp., Port Aransas, Texas, March 4, 1958 ... 0.105-0.27
Algal scum on intertidal mud Port Aransas, Texas ... 0.215
Salicornia sp., Lagana Madre, Texas, August, 1957 . 0.054-0.20
Rocky shore intertidal seaweeds Woods Haole, Mass.

{E., P. Cdum and Gifford, personal commumn&llun} 0.5-1.5 042
Red Mangrove Swamp, Rbizopora, Lajas, Puerto Rico 0.38 045
Black Mangrove Swamp, Avicennia, Lajag, Puem:r Rico... 0.48 4
Sand in the surf zone, Port Aransas, Texas . 0,00 -
Cattail Mareh, July 22, 1957, Aransag Pass, Texas ... (.94

, -+atDIET:

e itive Processes

The C

Chlorophyll &

e

SIALLOW AQUATIC COMMUNIT
{plankton minor )

Silver Springs, freshwater eelgra:
Turtle Grass, Lajas, Puerto Rico
Laguna Madre, Texas, Diplanthe
Redfish Bay, Port Aransas, Texas,

Winter

Thal@ssie ...ccommvrericcinns
Diplanthera ...
Lorentia .

Upper 0ze algue

Encrusted wood .
Summer Mean of 3, ]u]y T
Blue green algal mat, 0.1 M deep,
Laguna Madre, Tﬂns, Janua
ue green algal mat, 2 cm. deep,

* 'lfl:rug_h Bgtuufcrrl N. C., Aug
Blue green algal mat, temporary s

'E:xus,, l:!li M deep, May 26, 1

Minter Spring, Brazos Co., Texas,
brick wa Is { Abbott and Hoe

Algal poze on sand, Laguna Mad

Rocky mountain stream, Utah, 1

; Algae on live oyster reef, 1 M dee

1 Bay, Texas .

Blue-green algal mat in ﬂawmg m
and Harkln 1957) .

i Aufwuchs on glass slld:e];i 5i]:|:r

: Blue-green algal mat, polluted str

elfe}::gm ETem Eug 9, 195

TERRESTRIAL COMMUNITIES
Northern Europe
Beech Forest {Gessner, 1545
Birch Forest {Gessner, 1945
Meadow, Dactylis glomeraia,
(Gessner, 1949)
Lower Montane Rainforest, Puer
and Selander, unpublished «
Domestic Red Clover, Port Aran:
Sugar Cane, Mature, Lajas, Puer
(Net) ..
Dune f'rasa, Fort hransﬂs TE:E
Live Dok, Aransas Pass, Texas, .
Opuntiu sp., after raing, Aransas
computed per area of cacte
Opuntia dilleni, Lajas, Puerto Ri
computed per area of cactu
Mesquite thicket, Aransas Paes,
Desery herhs, Agua Dulee, Texu
Old field, mixed plants, July 22,
Pasture grasses, Welder Wildlife
July 25, 1957 s

" Bow assimilation numbers of land eommu

Al fromy 2 gystem in use by Dr. Lo P

ulb'l"“"" of aqualic commimilies sre meas
Fark, Hoad, and Odum, 1858) .
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Tarre 2—Continued

Chlorophyll and Assimilation Number in Communities

e

.-.-----_-_ - . o -
1 Euphotic Tome Assimilation®
Chlersphyll Number
e Dygen
m. /M2 gm. gns. /hr.
’ oW AQUATIC COMMUNITIES WITH BOTTOM PLANTS
SHALL
{plankton minor)
silver Springs, freshwater eelgrass, Sagirtaria, 1.7 M deep 340 0.5
Turtle Grass, Lajas, Puerto Rico, Thalassiz, 1 M decp. 0.43
faguna Madre, Texas, Diplanthera, 1 M deep . 0.041-0.30 0.5-1.5
Redfsh Bay, Port Aransas, Texas, benthie plants 0.5 M deep:
Winter
Thalassic 0.06-0.43
Diplanthera 0.08-0.15
LOTERIIA e st 0,007
Upper ooze algae 0.09-0.23
Encrusted wood 0.067
Summer Mean of 3, ]ul!. -—H- 1957 1.0 20
Blue green algal mat, 0.1 M deep, salt flats of
Laguna Madre, Texas, January, 1957 ... 0.28-0.38
Blue ETeEn fh"'a] mat, 2 cm. lll.‘t]:lI arlezian water
trough, Eﬂufnrr_ M. C., August, 1956 0.66
Blue green algal mat, tempaorary salt pond, Portland,
Texas, 0.1 M deep, May 26, 1958 "13?5,:?_}5"] .02
LLLE N
Minter Spring, Brazos Co., Texas, pH 5.8 algae on
brick walls { Abbott and Hoese) f 045
Algal ooze on sand Laguna Madre, Texas, ]arluarl. . 0).32-0.60
Rocky mountain stream, Utah, McConnell {1958) . 0.3-1.6 0.7-2.0
Algae on live oyster reef, 1 M dﬂ'—ep turbid, Galveston
Bavy, Toxas . Gy 0.32-0.41
Blue-green alg ‘1’ mat in Sowing microcosm I'I_Jdu:n
and Htlahm 1957 ) : 0.03-0.38 0.7-2.1
Aufwuchs on glass slides, Silver ::.mp ings u‘t-::-um l'} bel 0.5-1.5
Blus-green algal mat, polluted stream, Miszion River,
Hefugio, Texas, Auwg. 9, 1957 25
TERRESTRIAL COMMUNITIES
Northern Europe
Beech Forest (Gessner, 1949) 13
Birch Forest (Gessner, 1949) 09
Meadow, Dactylis glomerata, Galinm mi lmg'l
Il.hn;:».ur-r, 1949 1.0
Lower Montane Rainforest, Puerto ‘Rico (Odur m, -thlnm
and Selander, unpublished data) 30 4
Domestic Red Clover, Port Aransaz, Texas, "-[.m.h WEEI-. 0.59-0.81
Sugar Cane, Mature, Lajas, Puerto Ehl:u. January, 1958 P
(Met) ... R 25 B
Dune Grass, Port Aransas, Texas, July, 1957 0.1-0.8
Live Dk, -‘l.: ansas Pass, Texas, July, 1957 2 0.51-1.68
Opuntia sp., after raine, Aransas Pass, Texas, July, 1957
-u:-m,.-utrd per area of cactus patch . 4.0
Opurtia dillent, Lajas, Puerto Rico, dry season,
computed per area of cactus patch .. 0.78
Mesquite thicket, Aransas Pass, Texas, July, 1957 0.74-1.1
Desert herbs, Agua Dulee, Texas, Ausust 1, 1957 ... 0.16-40.085
01d field, mixed plants, July 22, 1957, Aransas Pass, Texas 0032
Pasture grasses, Welder Wildlife Refuge, Sinton, Texas,
July 25, 1957 0.31-0.89

" New auimilation numbers of land commusitles reported here were made with 3 modified OOz abwrption train adapled by
- Abbott frony @ systesn in uss by D, L. Pemeroy of the University of Geargia Marine Institute. Measurements ol eomsmunity
“abolian of aquatic cemmunilies arn moasred with digmnal curves, bottle methods and bell jars (dum amd Hozkins, 1958

4 Park, Hood, and Odum, 1958).

|
|
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Tasre 3

Comparison of Chlorophyll and Assimilation Number in Benthic Plants and Phytoplankton i -
Laguna Madre of Texas

Asaimiblslion

Chisrophyll Mumber
AT xyzen Y
Gm. /M 32 e by,
WINTER, 1957 1
Plankion .. e B e il . 0.002-0.043 9.7-4.50
Benthos: k]
Diplanthera wrightii ... oo ; 0,012-0.019 b k
Bottom ooze, upper 1 om. ..o 0.020-0.071
Total Benthos L 0.041-0.090 0.75-1.5¢ #
SUMMER, 1957 {August) .
Plankton ... ... e T A YR i 0,031 |
Benthos:
Diplartherg wrightti . i 0.08-0.2 ; i
Rottom ooze, upper 1 em. oo 0054
Toal Benthos ... ... 027 1.52
FALL, 1957 4
Benthos: :
Diplanthera orightif ... e (018016 - : g
Bottom ooze, upper 1 cm, e AT, 0.010-0:013 - ¥
Towal Benmthios i e i e e 0.090-0.17 i &
SPRING, 1958 b
B S R i 0.002 3
Benthos: i
Diplantherg wrightii ... ..o Ziprse Db 0.041-0.130 E
Bottom ooze, upper 1 em. . 0.106-0.120 i
Total Benthos ... . 0.15-0.30 0509 iy

® Dviurnal carve meshod. r
B Light and dark battle mathod, 1l
© Light nnd dark bell jars.

r
in their systems of chlorophyll control means for keeping the chlorophyll at a low con
centration until the time at which it normally becomes effective. m

It is alzo possible that some plants are adapted to exist indefinitely with a mixture of
heterotrophic and photosynthetic energy sources, Myers and Graham (1956) suggesld
such plants may develop less chlorophyll for the same light intensity than if I’hm'ﬁ'ﬁ}’“‘q!
thesis were the only energy source. Some such explanation may account for the low’
concentrations of chlorophyll per leaf or cell in bromeliads in the rain forest {anpub-
lished data). Ochromonas studied by Myers, and Graham (1956). some shade leaves on
the lower parts of trees, some herbaceous ferns. and some plankton.

In communities it is possible that chlorophvll of heterotrophs may serve as a com
cealing agent or a means to shade out competitors. For example leaves may be main-

tained on trees even below compensation point thus removing light that might be used 3
by efficient ground competitors for soil nutrients.

=

*

Chlorophyll in Communities "

As described in the preceding review and theoretical section. the chlorophyll of whole ¥
communities is a function of the several mechanisms and environmental factors. The ]
inlerplay of the various factors produces varied patterns in vertical chlorophyll strut 3
lure, in temporal sequence, and in the extremely diverse situations where life exisls. In ‘
the following paragraphs brief mention is made of some patlerns that result when §
environmental factors affect the chlorophyll adaptation mechanisms in nature. ]
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CoMPARATIVE CHLOROPHYLL Data FrRoM DivERSE COMMUNITIES

[n Table 2 are gathered Chlorophyll “A™ data for the whole euphotic zone of various
kinds of communities. Although more divergent than Gessner’s first report (1949)
indicated, the data are similar in order of magnitude. In seazons with maximum light
intensity the Chlorophyll “A™ ranges from about 0.1 gm./M* to 3.0 gm./M?. Lower
qalues are found in seasons with less light and in environments limited by extreme
pvironmental factors.

The general green appearance of terrestrial communities is reflected in high Chloro-
phyll “A” values. Where clear waters are present so that high light intensities can reach
aquatic plants, chlorophyll values in the water may approach those on land. For ex-
ample, reef substrates, shallow and fertile algal blooms, Silver Springs, and aufwuchs may
develop 1 to 3 gm./M* Chlorophyll A",

Correlations of Chlorophyll “A” with conditions favoring photosynthetic fertility
have been confirmed. Low values, for example, have been found in plankton of the sea
beach, a cactus patch in a dry regime, winter conditions where cloud covers are heavy,
and in bays turbid and shaded by =ilt. High values were found for such generally pro-
ductive types as water hyacinths, cattails, intertidal algae on rock jetties, fertilized and
shallow stream bottoms, and rain forests,

The general relationship of community chlorophyll and photosynthesis is indicated

. by the general uniformity of assimilation numbers which range generally 0.4 to 4.0
- gm./gm./hr. (Table 2). These community assimilation numbers may be expected to

be more conservative than the assimilation numbers of community parts, Whereas the
sssimilation number of cells varies with age, light adaptation, and nutrients, a com-
munity tends to have some of all kinds of physiological states with a less extreme mean.

From the range of data in Table 2 it is concluded that no one assimilation number
may be assumed for all communities at every season, but it may be possible to predict
asimilation values for a type of community if something of the conditions of light,
age, and nutrient abundance is known.

In general plankton communities have somewhat larger assimilation numbers than
leafy and thick celled systems. In Laguna Madre (Table 3} where plankion simul-
laneously share productivity with bottom plants, assimilation numbers for plankton
245 gm./gm./hr.) are higher than the values in the benthos (0.5-1.5 gm./gm./hr.).
Or terrestrial communities data on assimilation numbers are too few for generalization,
although there are as vet no reasons o expect differences.

VerTicar DistrisuTioN oF CHLOROPHYLL IN COMMUNITIES

sf“"ﬂl'ﬂl of the factors discussed in the theoretical sections of the paper affect the
“ettical structure of chlorophyll in the natural community in known ways. Light de-
“Teases from the surface downward producing more chlorophyll and lower assimilation
Mumbers with depth. In nature, however, factors other than light are also important.
bod Presence of better nutrient conditions from regeneration at the boltom of a water
¥ lends to increase assimilation numbers there. The stratification of agquatic herhi-
::;S-in T}_IB ghade during the day tends to decrease chlorophyll at the bottom by herhi-
L‘Ellm-Erasz.' For example, Anderson (1958) showed the _role of grazing in limiting
2rophyl] in experimental lake studies. In some eutrophic lakes with shallow clear
Himnions the euphotic zone may be in the hypolimnion with favorable conditions for



88 The Chlorophyll “A” of Communities

accumulation of sinking, non-functional chlorophyll. The oxygen content of the Bypo.
limnion thus can affect the chlorophyll by limiting the herbivore populations. In, Sﬁali
fied situations, high temperature at the top may increase assimilation numbers ther,

e reef structu
aater of almost

L. As descr
The turbulence may control the size of plant cells that may be suspended, Riley, Sty Jlgae EroW in
mel, and Bumpus (1949). With more turbulence, larger cells are possible with mgy, Florida, and
chlorophyll per community area, less chlorophyll per gram, and lower assimilation nyp, 3 10 break op

bers. Vertical layering of species is well known. See Talling (1957) for a recent example

and discussion of the stratification of phytoplankton populations. Unless there ar
motile or floating species, cells fall away from the very topmost surface even in very

turbulent conditions.

Whereas the top of a stratified community adapted to high light intensity may have
high assimilation numbers (Ichimura, 1956) and less chlorophyll per cell, other com.
munities like those in the mixing epilimnetic waters of lakes and seas may have edl
adapted to an average position in their daily rises and falls. Uniform concentrations
of chlorophyll with depth often occur especially during times of vertical mixing (Man.
ning and Juday, 1941; Ichimura and Siajo, 1958). Such cells may not be genetically
capable of adaptation to the highest steady light intensity to the extent of species adapted

remain at the top of stratified communities.

Dinoflagellates and other species are known to move vertically concentrating some-
times at the surface and sometimes at deeper levels. In shallow pools some algae may
coat the surface with such density that the euphotic zone is only centimeters thick.
Pomeroy, Hakin and Ragotzkie (1956} found much of chlorophyll in topmost layer:
in some dinoflagellate blooms. Bartsch and Allum (1957) found decreasing chlorophyll
with depth in stratified zewage pond with a euphotic zone of 20 cm.

All of the varying factors may tend to produce many different patterns of vertical
chlorophyll structure. Kozminski (1938) reported 4 types of vertical patterns in Wis-
consin lakes. Riley (1940) found all four types in Linzley pond at different times, and
Jenkins (1955) found all types in the Englizh channel at different times. Hogetsn and
Ichimura (1954) described lakes with chlorophyll increasing with depth in lakes
whereas Kozminski (1938) and Manning and Juday {1941) found many waters with
chlorophyll increasing with depth. The relative roles of light, grazing and other factor
may be reflected in these differences.

The ahove authors describe many cases with maximum chlorophyll at an inter
‘mediate depth in the euphotic zone in lakes and seas especially, Riley, Stommel, and
Bumpus (1949). A similar pattern exists in “grass” beds of Silver Springs { Odum.
1957} . In a red mangrove swamp (Rhizopora) in La Parquerra, Lajas, Puerto Rico, the
vertical distribution of Chlorophyll “A” in gm./M?, of leaf contained a maximum at &
intermediate level as follows:

above ground gm. /M?
6M. 0.25
5M. 0.19
M. 0.32
3M. 0.35
2M. 0.23
1ML 0.25
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I The reef structures in the windward reef at Eniwetok are within a meter of the surface
» water of almost maximum clarity so that light penetration into the reef is likely to be
- ximal. As described previously (Odum and Odum, 1955}, intense green bands of bor-
by algae grow in all the substrates including the live corals. Elsewhere in Hawaii, Key
onin ’H-‘“t Florida, and La Parguerra, Puerto Rico, these authors have since had an oppor-
g i"”m 1o break open coral heads for comparizon, Although some green bands exist, in
‘here qeral the intense banding observed in Eniwetok has not been obzerved. It seems likely
s ﬁtat the greater depth and greater turbidity intercepts more of the incident light in the
sher areas examined. Thus less light penetrates into the limestone to support deep-sub-
face algal growth, The deep algal bands in reef materials are clearly in shade and

nay "

]lﬂi ! re likely to have more chlovophyll per cell and a low assimilation number relative to
ave thg more brightly illuminated zooxanthellae which are in a zone of light adaptation.
ﬂtmt | With so many kinds of vertical chlorophyll patterns it is not possible to assume vertical

2 (M “hlorophyll structure or to consider as representative chlorophyll measurements per
Imetioy ,mlumﬁ from only part of the euphotic column, It remains for further work to determine
if the various vertical chlorophyll patterns are in each case =elf adapted for maximum

mfdpl- community photosvnthesis under the circumstances as postulated in the previous sec-
g son tions.
gae m
rs thi SEAsONAL CHANGES OF CHLOROPHYLL IN COMMUNITIES
st laye . o . .
Dl'ﬂp.iu The chlorophyll in the euphotic zone of a community in the course of a year is subject
1 changes in many of the aforementioned controlling factors, nuirients, temperature,

vertid turbulence, and grazing by herbivores, Thus with different annual factor sequences in

in W different areas, annual patterns of chlorophyll differ also. The chlorophyll of the whole
euphotic zone increases with light, with nutrients, when graizng diminishes, and with
PR conditions leading to retarded chemical turnover in the cells. The area-based assimila-
L tion number for the whole euphotic zone increases with light, nutrients, temperature,

63, 2

and conditions Tavoring high turnover rates.

Many annual curves for chlovophyll and assimilation number have been reported;
there is no generalized pattern, Riley, Stommel, and Bumpus (1249), Atkins and Jenkins
i 119331, and Conover (1954), for example, frequently found maximum chlorophyll
ol a and assimilation number in the spring since conditions of increasing lght, low grazing,
Ol and maximal nutrients often oceurred together, Gessner (1944) found low assimilation
numbers in winter. Further south Margalef, Munoz and Hervera (1957) found more
plant pigments on the Spanizsh coast in winter. In 3 Japanese lakes Hogetsu and Ichi-
tura (1954) and Ichimura (1956) found that maximuom chlorophyll of the whole
euphotic zone was in the summer, Much non-functional chlorophyll was found sinking
mto the dark hypolimnion. Anderson {1958} found high chlorophyll values in =pring
and early fall in saline Lake Lenore, but in Soap Lake chlorophy!l was minimal in Fall.
In the: present study seasonal comparizons in the Laguna Madre of Texas (Table 3) indi-
tite lower chlorophyvll contents, lower production, and higher assimilalion numbers in
the winter season. N. Marshall {1955) found as much variation in Alligator Harbor,
Florida from day to day az seazonally. In these varied sequences there is neither proof
nor disproof for theories of chlorophyll adaptability but increasing knowledge of
feazonal patterns advances the science of comparative ecology and may permit more
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accurate use of chlorophyll and assimilation number for measurement of primarypasir
photosynthesis. i

rnal

CHLoroPHYLL, COMMUNITY AGE, AND SUCCESSION ore ch

Although a number of authors have studied the time sequence of chlorophyll and ::;ad;"i
photosynthesis of single plants and algal cultures as age studies, it is difficult to separai Itiss
the effects of physiological age from such community properties as diminishing nutrients { 1< o
and self-shading. hloropt

If with old age a machine decreases the effectiveness of its energy transfers with more low li
energy lost to leakages, more inpul energy may be required for the same work output. In ent the
the cannon-ball catcher machine analogy more cups may be needed as the machine ages
in order to accomplish the same job. Whether the increase of chlorophyll with age of
cells has any similarity of basiz with senescence of the cannonball catcher iz unknown,

The increase in chlorophyll in an aging culture or plant is related to the increased
self shading. Cells from older plants and cultures are larger with less turnover, more | There
chlorophyll, and lower assimilation numbers (Willstatter and Stoll, 1918; Ludwig, hyll m:
Ostwald, Gotaas, and Lynch, 1951). Margalef (1957) found more chlorophyll, larger Juday,
size, and lower turnover in older cells of Scenedesmus obliguus. Self respiration rate it §,.dce
higher so that self nutrient regeneration iz greater, Thus several factors affect chlore- §,,4 Shi:
phyll simultaneously in an aging plant or culture. Individual Chlorella cells growing in § ;14 haw
synchronous culture developed maximum photosynthesis 3—4 hours after division {30 §yentech
rokin, 1957). Whether a community has age other than the age of its individuals has §gp0e w
yet to be determined. At present communily time sequences are termed sucecssion. enphotic

In plant succession in nature, early colonization is followed first by increases in com- §, ement
munity chlorophyll, bright conditions, and high assimilation numbers. Later these may § jumbers
decline. There is no certainty whether the last and most stable stages of succession have § ion qur
as much chlorophyll and assimilation as intermediate stages. A flowing microcost § 5.0 o
{Odum and Hoskin, 1957} had maximum chlorophyll and assimilation during favorable § ¢ - 1he

nutrient conditions of succession. The spring blooms in north temperature waters are ac-

methods

companied by excessive chlorophyll and assimilation followed by later stages with § . diver
lower values. Very high chlorophyll contents have also been found in climax rainforests § L. varia
and coral reefs. In arc
Thus as yet there is no proved single sequence of chlorophyll and assimilation number § .4 .o

in succession, It is likely that communities can be grouped according to productivity 1 9 por e
sequences for predictive purposes. nutrient
itwill b

DirmaL CHances 18 CHLOROPHYLL For e

It may be postulated that the adaptive mechanisms suggested above as the cause of the be “““e_‘i
temporal variation in chlorophyll also operate in daily eyeles. Diurnal variations it the prim
exported chlorophyll with midday maximum were measured in Silver Springs (Odum- methods
1957). Diurnal variation of plankton chlorophyll has been shown In several enviro® on land
ments. Mr. Ray S. Wheeler (unpubliched student report, Duke University, 1956) it SRABITE
an estuarine lagoon near Beaufort, N. C. found a diurnal range 6 to 26 mg. chlorophyll mate da
per M? with maximum amounts in the afternoon. Yentsch and Ryther (1957) and Shi- of Eroh
mada (1958) found a maximum chlorophyll per volume of water at dawn in marin® TaleE: o1
waters although the daily variation in chlorophyll of the total euphotic column was not phyll as

?_—_—
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|
o2 mﬂg.u_md, Ten measurements in Copano Bay, near Port Aransas, Texas showed a wide
range (0-25 mg./M?) Mitrakos, Biinning, and Ebshadt (1957) found a 10 per cent
giurnal variation in chlorophyll content of leaves of a land plant, Perills ocymoides with
more chlorophyllin the middle of the day.

A diurnal variation in assimilation number was found in Lake Teganuma by Ichi-
aura (1958) with a noon maximum.

It is not difficult hypothetically to interpret the diurnal maxima in terms of adjust
ments of chlorophyll to maintain optimum output drive, For example, early morning
chlorophyll maxima in a cell may be attributed to the need for more chlorophyll per cell
at low light intensity, Nutrient depletion and temperature rise late in the day may pre-
vent the rise of the chlorophyll in the evening.

g;"§ Area-Based Procedure for Determining Community
ﬂj Photosynthesis From Chlorophyll

M There have been a number of attempts to measure photosynthetic rate fram chlore-
dﬁ phyll measurements as a field method in aquatic ecology (Riley, 1940; Manning and
3% Juday, 1941; Edmondsen and Edmondszen, 1947; Hogetsu and Ichimura, 1954; Ed-
2% mondsen, 1955; Ryther, 1956b; Ryther and Yentsch, 1957, 1958; Holmes, Shaefer,
]hi? and Shimada, 1957 and others). These studies have dealt with plankton communities
"85 and have been based on chlorophyll concentrations per volume, For example, Ryther and

(% Yentsch in work in the North Atlantic and coastal waters of the northeastern United
" H States measure the chlorophyll concentration, the extinction coefficient of light in the
cuphotic zone, an assumed assimilation number based on previous photosynthetic meas-

'3“"."5 urementz in similar environments, and an assumed vertical distribution of assimilation
' numbers, As indicated by data in Table 2, such methods are not general since assimila.
ha% tion number varies. Even in plankton communities there is no reason to expect assimila-
T tion numbers to be constant. Holmes, Shaefer, and Shimada (1957) were unable to con-
”‘Hi fim the chlorophyll procedure as used by Ryther and Yentsch for other areas. Such
3 methods which invelve knowledge or assumptions of structure are not readily adapted
W% to diverse communities on land, reefs, and shallow bays where the euphotic zone may
1% be variable or concentrated in a thin layer.
! In order to make the chlorophyll method more general it is suggested that chlorophyll
rrlbti and assimilation numbers be measured for the whole euphotic zone per area as in Table
: 2 For each type of community measurements should be made at all seasons, light, and
| Mutrient regimes, so that a group of assimilation numbers become available, Thereafter,
! it will be possible for photosynthesis to be related to chlorophyll with more certainty.
Far example, data summarized in Table 3 for the upper Laguna Madre of Texas can
£ % D¢ used there in subsequent years with occasional checks to provide rapid estimates of
i the primary production from the relatively rapid survey of chlorophyll. The chlorophyll
m‘ﬁﬂ‘mds previously used by aquatic ecologists can thus be adapted for community work
“"l land as suggested by the preliminary measurements in this paper. Even where no
3 Measurements of assimilation number are made, it may be possible to develop approxi-
Mate data on community photosynthesis of land areas by use of assimilation numbers
of somewhat similar community systems. The role of important land factors such as
¥ater in controlling production in arid areas may be followed with community chloro-
F’h}’ll assay.
1

My
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Under natural conditions the period of insolation {rom which the aszimilation ny,
is computed should be considered. Ideally the period of measurement should |
entire day and the results presented as grams of oxygen per gram of chloraphyi]
average hour of insolation. An exact half of a solar day seems to be the next most §

able period although there is no evidence to indicate that symmetry of photosynid
activity may be assumed for half days,

Summary

1. Measurements of Chlorophyll “A” and assimilation number have been m
in widely contrasting types of communilties in order to permit generalization about &
tribution and role of chlorophyll in ecology on land as well as in water, The chloroply
of whole euphotic zones in well lighted seasons generally ranges from 0.1 to 3.0 gm,/¥]
The assimilation number of such whole communities generally ranges from 0.4 1o
gm. 0,/gm. Chlorophyll “A” /hr.

2. The cannon-ball catcher analogy is utilized to explain some known adjustm
of chlorophyll. Chlorophyll “A” systems are believed self adjustable for maintain
optimum input-output power ratios. Changing the numbers of cups of the cannond

whole community is emphasized.

3. Measurments with both the Beckman DU spectrophotometer and the Bausch an
Lomb spectrophotometer have been made in order to adapt the chlorophyll method &

Richards and Thompson (1952) to general ecological use. The abbreviated equi' :

for chlorophyll when extracted with 90 per cent acetone and measured with a narm®
hand pass spectrophotometer is: Chlorophyll “A™ in mg./l = 13.4 (optical densily
665 millimicrons with 1 cm. light path). Measurements with a broad band pass instr®

ment require slightly different conversion factors depending on the types of plant= §

4. Measurcments are reported indicating the impracticality of separating functi

and non-functional chlorophyll. The convention of including all euphotic zone chlo® :

phyll is suggested.

5. Errors in chlorophyll assay due to extraction procedures, solvent variation, and

assumptions in the Richards and Thompson procedure are discussed. Errors are E
general less than those due to sampling error and the great variability of natural ¢h|m'°_'

phyll distribution.

6. Communities are classified in four types with respect to light intensi!j‘-chlﬂm}‘h}l -
adjustments: (1) stratified communities with levels of light-shade adaptation- rf 8
shaded communities. (3] mixing communities with plant cells exposed to fluctuati®es

light intensity, (4) bright thin communities without shade adapted parts. Total chlor

30%:).

7. Total photosynthesis and chlorophyll of whole euphotic zones (unlike the photos™8

thesis and chlorophyll of community parts) increases with light intensity withot
maximum even at full sunlight. These are exceptions.

g o
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g. Cannon-ball catcher theory is presented to account for the low concentrations of
community chlorophyll with limiting nutrients, with high temperatures, with small
plant size, with heterotrophy, and in water as contrasted with land.

9, Data on the annual and vertical patlerns of chlorophyll are reviewed in terms of the
factors controlling community chlorophyll adaptation, There are no univerzal patterns
for maxima and minima, but characteristic types exist for particular kinds of communi-
fies.

10, For greatest comparative value and least variability, measurements of chlorophyll
for the purpose of estimating photosynthesis should be made for the whole euphotic zone
on an area of community basis. Photosynthetic measurement procedures based on single
assimilation numbers do not have general applicability, For maximum accuracy com-
munity assimilation numbers must be determined for each characteristic environment,
condition, and season.

Rough community photosynthesis values may be obtained in unknown communities
by selection of assimilation numbers reported for similar community types from data
like that in Table 2. With adequate caution the abbreviated chlorophyll method may be
uwsed widely over the communities of the earth to obtain production estimates where di-
rect measurements are prohibitive in cost.
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