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Vol. 48 SUMMER 1967 No. 4 

COMPARATIVE CHLOROPHYLL AND ENEIRGY STUDIES OF PRAIRIE, 
SAVANNA, OAKWOOD, AND MAIZE FIELD E COSYSTEMS 

J. D. OVINGTON1 AND D. B. LAWRENCE 

Botany Departmtentt, Untizversity of Minnstesota, Minneapolis, Minn. 
(Accepte(d for publication February 27, 1967) 

A/bstract. Estinmates are giveni of the conicenitrationis and(I total quantities of chlorophyll 
(a + b) and( energy in the plant material present in prairie, savannla, oakwood, and maize 
field ecosystemiis at (lifferent timlles tlhrouglh 1959. Marked differences in chlorophyll and energy 
contents were record(led both betweeni ecosystemiis and seasonially at each ecosystemii. While large 
amountis of energy are lhel(d fromi year to year in natural ecosystems, the annual production 
of plant material only accounlts for a small part of the annual inci(lent solar radiation. The 
results are (liscusse(l in relationi to the factors affecting the potential capabilities of vegetation 
for eiiergy accumulationi. 

INTRODIJCTION 

In a l)revious paper (Ovington, Heitkamnp, anid 
L-awrence 1963) data were given of the mnonitlhly 
changes durinig 1959 in the dry weights of the 
plant organic nmatter presenit in typical areas of 
prairie, savanna, and oakwood and(I in a fieldI of 
maize at Cedar Creek Nattural History Area, Mini- 
nesota. By combining these data with measure- 
menlts of clhloroplhyll (a ancd b) and calorific values 
for the plant nmaterial, it has been possible to esti- 
mate the approximate total amounts of chloro- 
phyll ani(l eniergy in the plant lbiomass of the 
ecosystems at different times throughotut the year. 

METIIODS 

As described in the previotus paper, various 
kinids of organic miatter were collectedl from each 
atrea otn every nmothly sampling occasion. For 
the herb layer the liviing plant nmaterial was treate(d 
as a wlhole, while for the shruil) and( tree layers, it 
was sel)arate(l inlto flowers, frtuits, leaves, and(I 
stenms for all the differenit species l)resent. A large 
ml-ass (usuially several kilograms) of each kinid of 
organic miiatter was tlhoroughly miiixed for sub- 
sampling for chlorophyll and(l energy (letermina- 
tioIns. 

Elach sample of planit material conitaininlg chlo- 
rophyll was ctut inlto small pieces, about a centi- 
meter lonig, tlhoroughly mixed, an(l two subsamples 
takeIn, otne for the determiinlatiotn of percentage (Iry 

Now at the L)epartment of Forestry, The Australian 
National Uniiversity, Canberra. 

weighlt by drying to a constant weight in an oven 
at 800C, anid the other for chlorophyll determina- 
tioni by spectrophotometry. By combining the 
estiiimate of chlorophyll in the fresh material with 
the percentage dry weight of the corresponding 
dluplicate sample, clhlorophyll can be given as an 
e(juivalent for 100 g of plant material after oven- 
clrying. The weiglht of chlorophyll per unit area 
of land surface can be calculated then from the 
estimated weighlts of ovendry material present in 
the ecosystems. 

Siince the laboratory at Cedar Creek was within 
3 miiiles of the four areas sampled, it was possible 
to begin chlorophyll extraction from the fresh 
organiic matter soon after collection, althouglh in 
a few exceptional cases extraction did not begin 
for 2 hours. Several collections from the study 
areas were miade in a clay to reduce delay in ana- 
lyzing samples. During the short period in the 
laboratory before extraction began, plant samples 
were kept in plastic bags in a cool dark room to 
ninimiiize water loss and pigment breakdown. 

Chlorophyll anialysis was based on the technique 
describe( l)v Zsclieile anid Comar (1941) using 
about 1 g of fresh leaf material, 3 g of current 
year stems (i.e. stenms produced in 1959, the sam- 
ple year), an(d 6 g of older branclhes (i.e. formedI 
in years prior to 1959). The stenm and branch 
samples were derived froml whole cross sections, 
an(d no separationi inlto bark and wood was at- 
tempte(d. Chlorophyll was extracte(d fromii the 
platit material with acetonie using a Waring blend- 
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er anid taken up in etlher, the chlorophyll (a and 
b) content of the ether-chlorophyll mixture being 
ascertained by measuring the percentage light ab- 
sorbed at wavelenigths of 6,425 and 6,600 A with 
a Coleman model 14 spectrophotometer. Deter- 
minations of chlorophyll for duplicate plant sam- 
ples gave very similar concentrations of chloro- 
phyll. 

The Colemain spectrophotometer was the only 
spectrophotometer available at the field laboratory. 
The formulae for calculating chlorophyll content 
developed by Zscheile and Comar apply only to 
readinigs takeni with a B3eckmaln DU spectropho- 
tometer which has a narrower slit bancd and is 
more sensitive. To reduce errors caused by usinIg 
the Colemani instrunment, correction factors were 
introduced into the formulae. The correction fac- 
tors were based oln averages of comiparative 
readings for test chlorophyll solutionis between 
the Coleman instrunment and a Beckman DU 
spectrophotometer in the Botaniy Department 
at the University in Minneapolis. Ideally, indi- 
vidual correction factors are desirable for every 
type of material tested. For these two instruments 
the correction factors were X 1.061 for chlorophyll 
a and X 1.180 for chlorophyll b, the Coleman 
giving underestimations of chlorophyll cointent. 
Test comparisons of the two instruments were 
made at approximately 2-week intervals through- 
out the sampling period, but it was not found 
necessary to adjust the correction factors because 
of instrument variability. 

Because we miieasured chlorophyll at the Cedar 
Creek field laboratory, rather than transporting 
samples to Miinneapolis, it was possible (1) to 
miinimize errors caused by pigment breakdown 
anid water loss due to delay in treating the sam- 
ples; (2) to nmake maniy more chlorophyll deter- 
miniations for a wider range of organic matter; 
and (3) to determiinie more accurately the weight 
of vegetationi presenit in eaclh type area for the 
determination of total chlorophyll anid eniergy 
contents. As discussed in more detail later, with 
little chlorophyll a aind b present, such as occurs 
especially in older braniches, chlorophyll determi- 
nations by both inistruments may be affected by 
otlher organic substanices in the extract. In such1 
cases, for very accurate determiniiatioin of chloro- 
phyll further sepamration of clhlorophyll wotuld be 
nlecessary, possibly h)y usinlg ch romatograp)hy. 

Determinationi of calorific conteInt was donle on1 
all types of organiic matter collected in the planit 
biomiass sttudies (Ovinigtoni et al. 1963), i.e., the 
leaves, braniches, etc., sampled for chlorophyll, 
plus boles, subterraneani stems, roots, (lea(l stemiis 
on trees, and the litter layers. After (Iryitig, the 

p)lant material was ground(I to a finie p)ow(ler in a 

Wiley mill fitted with a 40-mesh screen and stored 
for analysis later. Immediately before determin- 
ing the calorific value, the plant powder was again 
ovenidried at 80?C and cooled in a desiccator. A 
sample of the powder, weighing approximately 
1 g, was ignited in a P'arr oxygen bomb calorime- 
ter anid, after making corrections for the free 
acids released in combustion, the energy value for 
the sample was determined from the temperature 
rise following ignition. Preliminary analysis using 
compressed pellets made from the powder revealed 
that uneven burning and explosion of the pellet 
ofteni occurred, so that analysis had to be repeated 
frequeintly. Later the routine calorimetric deter- 
minations were run using loose powder since this 
gave more even burining and consequently very 
nmuch mlore reproducible results. Except for the 
first few samlples, the oveendry weight of ash resi- 
(lue remainiing in the cup was measured after each 
firing so that calorific values could be expressed 
either otn the basis of original dry weight of the 
p)owdered l)lant sample, or on the basis of ash- 
free weight. Throughout this account the basic 
utnit used to express energy content is the gram 
calorie, i.e., the amount of heat required to raise 
the temperature of 1 g of water 1?C. 

RESULTS 

Chlorophyll concentration per gramn ovendry 
equtivalent of samnple 

The coincenitratioins of chlorophyll in the various 
kinds of planit material differ greatly. F1or in- 
stanice, there are consistent differences in chloro- 
phyll concentration according to the nature of the 
p)lant iimaterial; thus leaves are richer in chloro- 
phyll than braniches. Similarly, as branches age, 
their chloroplhyll cointenit decreases, )resumnably 
because of inicreasing proportions of woody miia- 
terial. 

Somiie differenices in chlorophyll concentration 
seemii relate(d to environmental conditions; for ex- 
aml)le, the clhloroplhyll concentrations of the herb 
layers increase with greater sha(ling by the trees 
aind shrubs, although it must be emphasized that 
other changes are occurring, e.g., in plant species 
p)resent. In the open prairie the average chloro- 
phyll conitenit of the living nmaterial of the herb 
layer was about 256 mg/100 g ovendry nmaterial, 
wlhile the comliparable figure in the partial sha(le 
of tihe savannia was 292 ancd unider the dense oak 
canopy 553. Similarly, in the oakwood the tree 
leaves are not so rich in chlorophyll as leaves 
of the uiindlerstory shrubs and herbs. The effect 
of slhadle oni chlorophlyll contenit also seemiis to be 
shownvi by the relative concentrations in miiaize and 
the miiaize field weeds. At the j tine sampling the 
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maize plants, having an average heiglht of 22 cmii, 
do lnot over-top the weeds, and the chlorophyll 
conicentration of the maize is greater than that of 
the weeds. In July, when the maize is 116 cm 
tall alnd overshadows the weeds, the weeds have 
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FicG. 1. Estimiates of chlorophyll a ?1b coniceiltratioins 
in herb layers of four ecosystems in 1959. 

greater concentrationis of chloroplhyll than the 
maize (Fig. 1). 

Average annual figures of chlorophyll concen- 
tration can be misleading since the abundance of 
chlorophyll within some types of organic matter 
varies greatly according to the month of sampling 
(Fig. 1). Particularly wide seasonal variations 
in concentration of chlorophyll are shown by the 
oakwood herb layer andl the plants of the maize 
field. The herb layers of the prairie and savanna 
aid the mlaize plants show a progressive decrease 
in chloroplhyll concentrationis through the summer, 
but for the oakwood herbs the decrease begins 
later, possibly because of shading by the trees. 
The leaves of the trees and shrubs in the three 
natuiral ecosystems tend to have larger concentra- 
tionls of chlorophyll in the summer. High summer 
concenitrationis of chlorophyll in tree leaves have 
been recorded in Finland by Viro (1963), who 
suiggested that chlorophyll contelnt is affected by 
(Iry spells and availability of soil nutrients. Un- 
usual sutnnmer drought in our study area may have 

p)layed a part in producing the higher summer 
clhlorophyll concentration we observed in the tree 
leaves. Also, the bur oak, Quercuts nacrocarpa 
MIich., is sul)ject to hea,vy infestatioln by the oak 
lace btug (Corythl icha arcl(itata (Say ) ) in late sunm- 
111er, especially In the savanlna, and tlis notably 
reduce(l the greenlless of the tree crow-ns. 

Clhlorophlyll prcsent per hcctare 

In TIab)le 1 ancl Fig. 2 estimates are given for 
the total weight of chlorophyll present per hectare 
of each ecosystemi- in each sampling molntlh. Of the 
tlhree natuiral ecosystems, the prairie containis the 
least and the oakwood the most chlorophyll witlh 
the savalnlna interlile(liate. These differences are 
most marked in the late suimmer (August-Sep- 
tember) whein peak v alues occur. WVhen the maize 

plants attain their greatest size, the amouint of 
chlorophyll wvithin the maize ecosystem is greater 
thaln in the savanna, but is still considerably less 
than in the oakwood. 

Thle Imlost utlexpected finding of our study is the 
large estimiate of chlorophyll contained in the older 
branches of the oak trees. As will be explained 
later, the accuracy of this is in somle doubt for 
various reasolns, but it is evidelnt that in measuring 
the chloroplhyll present in woodlands it would be 
unwise to regard branch chloroplhyll as negligible. 
Our data suggest the chlorophyll content of the 
older hranches amoulnts on the average to 37% 
andl 70% as much as the tree leaf chlorophyll of 
the savanlna and oakwood, respectively, for the 4 
sunimer months June-September. Expressed in 
another way, the older stems of the trees con- 
tained about 18% and 38% of the totals for the 
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FIG. 2. Estimates of amount of chlorophyll a +b in 
four ecosystems in 1959. 

savanna and oakwood ecosystem-ls during that pe- 
riod. Trees such as northern pin oaks, Q. ellip- 
soidalis Hill, have bark lacking thick opaque cork 
except on the lower parts of the boles. Even in 
April and November, months ordinarily con- 

sidered part of the non-growing season for these 
deciduous trees, the older stems have such an 
abundance of bark chlorenchyma tissue that they 
look green from a distance to the unaided eye, 
especially when the bark is wet. In spring and 
autunmn, when there are few leaves present in the 
canopy and light within the tree crowns is bright- 
est, the older stems have peaks of chlorophyll con- 
tent amounting to about one-quarter of the average 
summer value of the leaf chlorophyll in the sa- 
vanina and well over half that in the oakwood. 
Pearson and Lawrence (1958) demonstrated that 
bark of aspen, Populus tremuloides, contains 
chlorophyll and in greatest amount when light 
intensity is greatest before the leaves expand in 
spring, and that the bark chlorophyll is effective 
in producing starch even in midwinter at the Cedar 
Creek Natural History Area. It seems a safe 
assumnptioln that this is true also in these older 
oak branches. In contrast, Mooney and Strain 
(1964) found the chlorophyllous bark tissue of 
ocotillo, Fouquieria splendens, contributed only a 
little to the overall photosynthetic economy, al- 
though they suggest this may be of survival sig- 
nificance. It is not known how important the 
food-manufacturing capacity of tree bark is in 
relation to the annual productivity of any decidu- 
ous forest ecosystem as a whole, or even for the 
economy of a single tree, but our data suggest a 
need for reappraising the difference in duration 
of the photosynthetically active periods and hence 
difference in potential productivities of deciduous 
versus evergreen forests. 

If the chlorophyll in the older branches of the 
trees is excluded from the totals for the ecosys- 
tems, or if total chlorophyll is restricted to non- 
woody or leafy material, the same relationship 
remains of progressively higher chlorophyll values 
from prairie, through savanna, maize field, and 
woodland; in other words, chlorophyll content 
varies directly with average thickness of the green 
vegetation layer, as Bray (1960) also showed. 

The amount of chlorophyll within each ecosys- 
tem changes progressively during the year and 
broadly follows changes in the dry weight of the 
livilng plants, the greatest total chlorophyll values 
occurring in the summer months (Table 1). In 
the prairie there is 29 times as much chlorophyll 
in August as in April; over the same period the 
increase is 10 times for the savanna and 3 times 
for the oakwood. The corresponding increase 
in foliar chloroplhyll is even more marked, 87 
times in the savanna and 257 times in the oak- 
wood. Comparisons cannot be made over the 
same period for the maize field because it had not 
been planted in April, but for a much shorter 
period, i.e., from the first recorded total in June 
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TABLE 1. Chlorophyll (a + b) content of ecosystems in 1959-expressed in grams per hectare 

Ecosystem and vegetation sample April May Juine July August September October November 

Prairie 
Herb layer ................... .... 72 190 1,323 1,471 2,058 2,124 913 384 
Shrub layer 

Leaves .0 3 15 28 21 9 <1 0 
Stems formed in 199 .0 <1 <1 <1 <1 <1 <1 <1 
Older stems. <1 <1 <1 1 1 1 1 1 

Total for prairie .72 193 1 ,338 1 ,500 2,080 2,134 914 385 

Savanna 
Herb layer ....................... ... 105 416 2,079 3,385 3,832 3,479 993 1,046 
Shrub layer 

Flowers and fruit .................... 0 0 <1 2 1 <1 <1 <1 
Leaves .0 6 97 156 113 54 3 0 
Stems formed in 199 .0 1 2 3 2 1 1 1 
Older stems .4 6 5 6 5 5 4 5 

Tree layer 
Flower and fruit .0 0 4 5 207 0 0 0 
Leaves .0 82 5,775 4,266 4,772 3,749 99 0 
Stems formed in 199 .0 13 42 47 43 56 65 66 
Older branches .985 2,089 1,892 1,509 1,250 2,286 2,556 1,509 

Total for savanna .1,094 2,613 9,896 9,379 10,225 9,630 3,721 2,627 

Oakwood 
Herb layer .63 226 785 564 983 1,482 250 129 
Shrub layer 

Leaves .5 229 1,210 1,348 1,129 728 74 9 
Stems formed in 1959. < 1 <1 21 27 35 27 34 29 
Older stems .74 51 89 69 75 43 56 82 

Tree layer 
Leaves .0 3,258 10,870 12,316 15,379 16,794 380 0 
Stems formed in 199 .0 40 46 52 76 106 53 131 
Older branches .10,293 6,372 8,333 9,314 8,823 12,255 9,314 6,863 

Total for oakwood .10,435 10,176 21,354 23,690 26,500 31,435 10,161 7,243 

Maize field 
Maize fruit .0 0 8.04 148 141 0 0 
Maize leaves .0 0 162 8,051 8,792 9,241 0 0 
Maize stem (including male infl.) 0 O j 591 223 110 0 
Weed shoots .0 0 25 2,706 3,718 1,916 889 0 
Total for maize field .0 0 187 10,757 13,249 11,521 999 0 

to the maximum in August, the total chlorophyll 
value increased 71 times. 

To compare this study with a similar study in 
the same region but in a different year the 1958 
data of Bray (1960) from the Cedar Creek area 
may be used. He obtained total chlorophyll 
values as kilograms per hectare foir maize field, 
prairie, savanna, and mixed woodland of 27, 6, 
10, and 31 compared with 13, 2, 10, and 27 for 
similar plots recorded by us in August. Bray 
obtained generally higher values because he ob- 
tained higher concentrations of chlorophyll per 
unit weight of organic matter present in ecosys- 
tems than we did. The intense 3-week drought in 
the growing season of 1959 may be the cause of 
the lower chlorophyll values per hectare that year, 
but the difference may also be due to differences 
in collection and analytical methods. 

Vertical distribution of chlorophyll 
The vertical pattern of chlorophyll distribution 

also changes in the course of the year, the nature 

of the change differing for different ecosystems. 
The oakwood, for example, has in summer a high 
proportion of its chlorophyll within two distinct 
zones, one occupied by tree crowns and the other 
by shrub crowns, but in spring and autumn green 
leaves occur only in the herb layer. In contrast, 
the maize field has a single chlorophyll zone close 
to ground level which becomes progressively 
thicker as the maize and weeds grow. 

The amount of chlorophyll per unit volume of 
space within which the aboveground plant parts 
occur varies greatly through the year. Taking 
the maize field as an illustration, the ploughed field 
in May has no vascular photosynthetic plants and 
so contains virtually no chlorophyll. In June the 
maize and weed shoots contain 187 g of chloro- 
phyll per hectare dispersed for 22 cm above ground 
level (average height of maize) to give a concen- 
tration of 9 g/ha per centimeter of shoot depth. 
This value reaches a maximum of 64 g in August 
from which it declines following frost to 5 g in 
October. 
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The abundance of chlorophyll within the chlo- 
rophyll zone also differs betweeii and within the 
various ecosystems as shown by the August values. 
Then, the maize field has 64 g of chlorophyll per 
hectare per centimeter depth of the vegetation 
shoots, wlhile the oakwood has only 16 g (or 10 g 
if chloroplhyll in the old branches of the trees is 
excluded). The vertical distribution of chloro- 
phyll varies, the August chlorophyll concentration 
withlill the oakwood lherb and shrub layers being 
14 g/ha per centimeter depth and for the tree 
canopy, which extends from about 12 to 17 in 
above grounldI level, about 49 g (31 g if the old 
branches are excluded). The savanna vegetation 
is so variable in thickness it is impossible to ob- 
tain a good average height. The tallest bur oak, 
Quercus mnacrocarpa, was 10.3 m tall, and if this 
is taken as a measure of vegetation thickness the 
clhlorophyll concentration is 10 g/ha per centimeter 
depth., but if the estimate is confined to the herb 
and shrub layers only, the value becomes 55 g. 
Similarly, the prairie vegetation varies in thick- 
ness but taking the sand cherry, Prunus pumila, 
with an average height of 36 cm as a measure of 
the height of the shrub and herb layer, the aver- 
age chlorophyll in August for the prairie vegeta- 
tion is 58 g/ha per centimeter depth. Chloroplhyll 
concentrations for herb and shrub layers in fairly 
full sunlight (i.e., excluding those of the oakwood) 
are not wi(lely different, varying froml 55 to 64 g 
of chlorophyll per hectare per centimeter of v-ege- 
tation thickness in August. 

Lilitations of Chlorophyll daIta 

In the estillmation of chlorophyll contelnt of v-ege- 
tation per unit area of land one nmust be resiglned 
in prelinminary surveys to relatively low levels of 
accuracy. Our figures for total clhloroplhyll witlhin 
the ecosysteml are obtained by adding clhlorophyll 
values for Xvarious types of plant mlaterial wlhiclh 
have beeln sanmpled in differenit ways and have xery 
dlissimilar concentrations of clhlorophyll so that the 
estimiiates vary in accuracy. Conisiderationi of 
the chlorophyll estimiiate for older braniches serves 
to illustrate tbree nmain sources of error. First, 
the estimiates are based onl a huge miiass of plant 
material (161 X 10:8 kg/ha in the oakwood) 
having a smiiall concentration of chlorophyll 
(less thialn 20 mig per 100 g equiv alenit of oven- 
dry miiatter ) so that smlall differences in the 
estinmates for chlorophyll concentrationi result in 
large differences in total quanitities of chlorophyll 
per hectare. Second, it is virtually inmpossible to 
ensuire that the 6 g of planlt material fronm whiclh 
chlorophyll was extracted were truly representa- 
tive of the mlass of old branches in the woodland 
canopy. Third, the presence of noni-chlorophyll 

substances which are not completely removed in 
the transfer from acetone to ether will affect the 
absorption of light in the spectrophotometer. The 
relative proportions of these substances to chloro- 
phyll in the extracting solution probably vary for 
different kinds of plant material, so that compari- 
solns of chlorophyll concentrations in different 
kinds of plant material are more difficult. In the 
case of older branches it seems likely that the 
presence of other substances in the extracting solu- 
tion significantly increases the spectrophotometer 
values for light absorbed to give exaggerated chlo- 
roplhyll value estimates. 

This discussion of the limitations of chlorophyll 
data is presented to reveal some of the features 
that influence estimates of the chlorophyll content 
of vegetation, and the care that is needed in pro- 
ducing trustworthy results. If ecologists are to 
make meaningful comparisons of the chlorophyll 
contelnt of different vegetation types, it is essen- 
tial that more accurate and rapid methods of 
chloroyphyll determination be developed. 

Energy 

Average energy values for the types of plant 
matter collected are given in Table 2; individual 
values have a wider range from 2,657 to 5,097 g 
cal/g oln a dry weight basis. This relatively wide 
range (cf. Golley 1961) results from large values 
for acornis of northerln pin oak, OQtercus ellipsoi- 
dalis, and for stems of blueberry, Vlaccinium an- 
gyastifolium,l and somie small values for root and 
litter samiiples. The average energy value for all 
categories of organic matter is 4,520 g cal/g dry 
weight with over 63% of the values withini a 
range of 4,400-4,800 g cal/g dry weight. 

WN7heln corrections are made for non-conmbustible 
comiiponielnts of the living, aboveground samples 
(Table 2). the corrected calorific values for or- 
ganic nmatter average about 46/c greater tlhan v alues 
given Onl tbe pre-firilng ovendry weight basis. Also 
the ranige of eniergy values is greatly reduced, be- 
cominiig 4,258-5,436 cal/g ash-free sample, with 
an overall average of 4,786. Exceptionally large 
amlounits of noni-combustible material, principally 
minieral soil particles, are presenit in roots and 
litter anl cause the low values on an ovendry 
b)asis. 

EInergy values for a particular type of plant 
mlaterial expresse(d as per unit ovendry or ash-free 
weight do not vary greatly throuighout the sam- 
pling period, and there are no obvious seasonal 
trends such as have been observed for the conceni- 
trationis of chemical elements or chlorophyll (Table 
1 ). Long (1934) found that the calorific value 
of plant mlaterial depends to some extent upoIn 
environmiielntal conditions. The average calorific 
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TABLE 2. Energy content of plant samples from natural ecosystems expressed in terms of the ovendry weight and 
ash-free weight (gram calories per gram of organic matter) 

Prairie Savanna Oakwood 

Vegetation sample Ovendry Ash-free Ovendry Ash-free Ovendry Ash-free 
basis basis basis basis basis basis 

Herbaceous layer ........................... 4,471 4,719 4,456 4,699 4,301 4,688 

Shrub layer 
Fruit and flowers ......................... 4,794 4,897 4,624 4,724 
Leaves .................................. 4,692 4,873 4,572 4,840 4,527 4,795 
Current year stems ....................... 4,689 4,864 4,595 4,763 4,594 4,775 
Old stems ............................... 4,699 4,810 4,635 4,754 4,709 4,822 

Tree layer 
Fruit and flowers ... 4,656 4,898 
Leaves . ................ ................. 4,846 5,084 4,916 5,092 
Current year stems .............. .. 4,584 4,777 4,724 4,893 
Old branches .. .......................... 4,563 4,771 4,693 4,832 
Boles .................. .............. 4,542 4,638 4,619 4,679 
Roots <0.5 cm diam ..................... 4,022 4,858 4,475 4,967 4,807 5,259 
Roots > 0.5 cm diam ..................... . 4,613 4,747 4,548 4,680 
Subterranean stemns ....................... 4,688 4,821 4,675 4,799 4,405 4,546 
Dead branches on trees ............ ...... 4,610 4,770 4,607 4,691 
Herb leaves in litter ...................... . . 4,037 4,789 4,138 4,807 
Tree leaves in litter . . ..... 4,635 5,085 4,567 5,139 
Twigs, acorns, and bark in litter . 4,469 4,779 4,715 5,055 
Amorphous litter . ........................ 4,016 4,776 - - 2,688 5,085 

TABLE 3. Energy content of plant samples from maize field expressed in termns of the ovendry weight and ash-free 
weight (gram calories per gram of organic matter) 

Ovendry basis Ash-free basis 

Vegetation sample Minimum Maxinium Average Minimum Maximum Average 

Maize fruit (iiicluding grain, cob, and husk) ... 4,292 4,435 4,387 4,371 4,470 4,428 
Maize green leaves .............4............ 4226 4,408 4,242 4,579 4,760 4,647 
Maize dead leaves ............3.............. 3196 3,881 3,768 4,481 4,577 4,529 
Maize stem (including niale inflorescence) . . ... 4,153 4,276 4,196 4,258 4,447 4,428 
Maize roots ................................ 2,733 4,487 3,654 4,338 4,641 4,495 
Weeds, green shoots ........................ 3,81l6 4,044 3,910 4,465 4,678 4,562 
Weeds, dead shoots .3,312 3,802 3,653 4,548 4,605 4,553 
Weeds, roots and stubterran-ean stenis... . 2, 978 4,365 3,742 4,471 4,581 4,555 

value of 3,944 cal/g dry weight for all kin(ds of 
plant material in the miaize field (Table 3 ) is 
marlkedly lower than those for the natural eco- 
systenms whiclh have the following averages: prai- 
rie, 4,505; savanna, 4,563; and oakwood, 4,472 
(correspondinig energy values on ash-free basis are 
4,525 for the maize field and 4,827, 4,817, and 
4,865 for the prairie, savanna, and oakwood re- 
spectively) (Table 2). 

WNkhile the calorific values of ovendry plant ma- 
terial are best tused to calculate the energy content 
of vegetation froml figures of the ovendry weight 
of vegetation, much meaningless variation between 
organic samnples of a given type and between dif- 
ferent types of organic matter can be eliminated 
by tusing calorific values corrected for the ash 
content of the organic material. This is particu- 
1 arly imlportant wlhere the plant sanmples mlay be 

polluited with denlse, non-conmibustible miiaterial 
suclh as soil particles. 

Of all the ecosystems studied., the smllallest 
amounit of enlergy in the planlt material is in the 
prairie, andcI lheld energy becomes progressively 
greater tlhrough maize field, savanna, anid oakwood 
(Table 4). T'able 4 summarizes many data and 
ad(litional tables showing in greater detail the 
distribution of eniergy within the ecosystems have 
beeni deposited as Documenlt 9475 witlh the ADI 
Auxillary Publications Project, Library of Coni- 
gress.2 In the niatural ecosystemis nmuch of this 
eniergy is carried over from year to year via or- 

2 A copy may be secured by citilng the document num- 
ber and by remitting $1.25 for photoprints, or $1.25 for 
35-mm microfilm. Advance payment is required. Make 
checks or money orders payable to: Chief, Photoduplica- 
tioIl Service, Library of Congress, Washington, D.C. 
20540. 
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TABLE 4. Energy in ecosystems in 1959-108 g cal/ha 

Sample April May June July August September October November 

Prairie 
Sampling day ................. 13 12 10 10 10 9 12 2 
Herb layer .....1 .......... 3 22 29 43 40 16 8 
Shrub layer ................... 0.3 0.3 0.4 0.8 0.8 0.6 0.4 0.4 
Roots and subterranean stems .. 269 147 202 244 142 217 169 197 
Litter ...................... 126 88 105 108 109 90 114 161 

Savanna 
Sampling day ................. 14 12 11 9 11 14 12 3 
Herb layer ................... 1 5 26 54 86 69 20 13 
Shrub layer ....... ....... 1 1 2 4 4 3 2 2 
Tree layer .................... 1,358 1,361 1,436 1,418 1,503 1,446 1,374 1,383 
Roots and subterranean stems.. . 569 580 577 533 375 656 348 525 
Litter and dead branches ....... 493 539 478 543 602 539 682 672 

Oakwood 
Sampling day ................. 15 13 15 10 12 15 13 4 
Herb layer ................... 1 2 4 3 7 9 3 2 
Shrub layer ................... 15 14 24 25 27 31 27 38 
Tree layer . .................. 7,471 7,539 7,602 7,610 7,648 7,646 7,476 7,535 
Roots and subterranean stems... 600 736 901 970 616 740 593 485 
Litter and dead branches ....... 2,209 2,058 2,317 2,168 1,864 1,941 2,168 2,168 

Maize fielda 
Sampling day 12 14 20 10 15 
Maize shoots 0.7 84 250 365 360 
Maize roots 0.3 25 24 22 21 
Weed shoots 0.2 12 39 41 34 
Weed roots and subterranean 

stems 0.1 11 6 4 5 

aMaize field ploughed May 15 and planted May 19 with 8 kg (ovendry weight) seed per hectare. 

ganic matter that persists; this is particularly true 
of the oakwood where the thick litter and the tree 
trunks, branches, and roots represent long-term 
energy storage. The proportionate distribution of 
energy within the plant biomass differs greatly 
both between ecosystems and for the same eco- 
system at different times of the year. By the end 
of the season, over half of the energy in the plants 
of the maize field is contained within the fruit 
(245 X 108 g cal/ha), whereas in the natural eco- 
systems, fruits have only a small part of the total 
energy, for the oakwood far less than 0.1 %. 

As the plant biomass in the maize field builds 
up through the season there is a corresponding 
increase in the energy it contains, from 0 before 
the May planting to 819 X 108 g cal/ha in Septem- 
ber. The corresponding seasonal changes of en- 
ergy that occur in the natural ecosystems though 
large are only equivalent to a small fraction of the 
energy held within the ecosystems throughout the 
year, and consequently seasonal changes appear 
less marked than those for the maize field. Never- 
theless, all three natural ecosystems exhibit energy 
accumulation to a summer maximum in the shoots 
of the herb, shrub, and tree layers (Table 4). 

More frequent sampling over several years 
would be needed to characterize adequately the 
seasonal patterns of energy increment and loss as 
the amounts of organic matter in the ecosystems 

change through the year. The results for 1959 
do, however, show an interesting difference be- 
tween the maize and natural ecosystems. In the 
maize field, the rate of energy accumulation in the 
shoot biomass progressively increases to an aver- 
age daily increment for the July-August sample 
period of 6.4 X 108 g cal/ha. Over the August- 
September period further energy accumulation 
occurs, though at a reduced rate, perhaps mainly 
because height growth has ceased and energy ex- 
penditure for translocation and respiration has 
greatly increased with growth and maturation 
of flowers and fruits. In contrast, in the natural 
ecosystems the maximum rate of energy accumu- 
lation in the new shoot production occurs rela- 
tively early in the year, i.e., in the May-June 
sample period, amounting to 0.8, 3.9, and 3.5 X 
108 g cal/ha per day for the prairie, savanna, and 
oakwood respectively. In the following period, 
June-July, energy increment is small, at least in 
the new shoots where it is readily measurable, but 
then increases again for the July-August period 
to 0.5, 3.0, and 0.8 g cal/ha for the prairie, sa- 
vanna, and oakwood respectively. Little further 
accumulation of energy in the new shoots of these 
three ecosystems occurs after August. The first 
energy increment peak in the natural ecosystems 
is associated with the initial spring growth as the 
new shoots and leaves expand, but part of this 
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energy is probably translocated from older stems 
and roots; the cause of the second is less obvious, 
though due in part to a late summer build-up of 
energy within the fruits; for the savanna oaks this 
amounts to about 49 X 108 g cal/ha over the 31 
days (Table 4). 

DISCUSSION 

Although located in the same general climatic 
region and on sandy soils derived from the same 
glacial outwash parent material, the four ecosys- 
tems exhibit wide differences in chlorophyll con- 
tent and in the pattern and magnitude of energy 
content. These differences can be attributed to 
the varying degrees of dominance of the trees, to 
the differences in duration of the photosyntheti- 
cally active period in the natural ecosystems, and 
to the intensive management practiced in the maize 
field, which influences community structure and 
site utilization. 

Correlations between chlorophyll content at 
height of growing season and ovendry weight of 
plants in several ecosystems in the same region 
as that of our study have been given by Bray 
(1960), who also suggested (1962) apparent cor- 
relations between chlorophyll content and annual 
accumulation of dry matter, and that such a rela- 
tion when thoroughly demonstrated would make 
feasible the estimation of annual productivity from 
studies of chlorophyll extracts. However, the 
sequential sampling indicates that the relationship 
between chlorophyll content and the net produc- 
tion of organic matter by the plants varies through 
the season. Taking the maize field as an example, 
the average daily net production of organic matter 
by the maize and weeds as kilograms of ovendry 
matter per kilogram of chlorophyll present was 
19.1, 9.6, and 9.0 for the June-July, July-August, 
and August-September sampling periods respec- 
tively. 

The artificial maize field ecosystem has a much 
higher chlorophyll content in relation to energy 
content than would be expected from the values 
for the natural ecosystems. This is probably due 
to the heavy applications of nitrogenous fertilizer, 
favorable spacing, and tillage before planting to 
reduce weed competition, as well as to the fact that 
a large proportion of the cells of the aerial portion 
of the maize plant body contain chlorophyll, and 
most of the ones that do not contain it are dead 
and so do not waste energy through respiration. 
Thus in spite of the short growing season for 
maize, 92 days as contrasted with 116 days for 
the other systems, the maize was able to accumu- 
late a rather large energy content. 

Jahnke and Lawrence (1965) have shown, by 
analysis of geometric models, that not only chloro- 

phyll content but also shape and especially height 
of plant must be involved in controlling the level 
of productivity of individual plants and vegetation 
when water, gas exchange, and nutrients are ade- 
quate and destructive agents are excluded. Most 
of our data are not suitable for estimating net 
accumulation of energy on an annual basis and are 
therefore inadequate for testing the Jahnke- 
Lawrence hypothesis. The data for maize are 
reasonably suitable, since at the start of the year 
the plant biomass was small. In Table 5 ovendry 
weights are given at monthly intervals and are 
compared with energy content, chlorophyll con- 
tent, and average height of plant. The ratios of 
plant weight and calorific content based on initial 
values considered as unity are almost identical as 
would be expected, but ratios of chlorophyll con- 
tent are very much lower and the effect of multi- 
plying chlorophyll content by plant height is to 
give higher ratios. 

No data on incident solar radiation are avail- 
able for Cedar Creek during 1959, but at St. Cloud, 
75 km to the northwest, Eppley pyrheliometer 
data indicate that 69,289 X 108 g cal/ha were 
recorded over the 116 days and 45,956 X 108 for 
the 92 days taken as the growing seasons for the 
natural and maize ecosystems respectively. The 
amounts of energy in the primary net accumula- 
tion (net assimilation) of the complete maize 
plants separately and of maize and weeds com- 
bined, expressed as percentages of solar radiation 
received on the horizontally exposed plane surface 
of the pyrheliometer at St. Cloud for the 92-day 
period, are 0.84% and 0.94%, respectively. As 
percentages of the annual incident solar radiation 
received on a horizontal plane at St. Cloud, they 
are 0.32% and 0.35%. Clearly the photosynthetic 
efficiency of the ecosystems, expressed as amount 
of energy in the primary plant production, varies 
greatly, but even in the most productive ecosystem 
for which we have adequate data, the efficiency of 
energy capture is small. 

The large differences between ecosystems, and 
the seasonal variations in the weights of chloro- 
phyll present per hectare, surely do not support 
Gessner's (1949) suggestion that the chlorophyll 
content of different community types is largely the 
same. Jahnke and Lawrence have listed four main 
interrelations that would seem to govern the pro- 
ductive potential of vegetation of level surfaces 
when environmental conditions are favorable: (1) 
ratio of rates of photosynthesis and respiration for 
the whole plant body; (2) amount of chlorophyll 
exposed to incoming radiation and portion of year 
exposed; (3) geometric form, especially height of 
crown, its reflectivity and transmissivity as deter- 
mined by leaf shape, surface texture, thickness, 
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TABLE 5. Seasonal changes in vegetation of maize field, including weeds (Values in parentheses show relation to 
June conditions) 

Sampling started 

Item June 12 July 14 August 20 September 10 

Ovendry weight (kg/ha) . ...................... 32 3,394 7,665 10,120 
(1) (106) (240) (316) 

Calorific content (108g cal/ha) .................. 1.3 132 319 432 
(1) (102) (245) (332) 

Chlorphyll content (g/ha .......... ............. 187 10,757 13,249 11,521 
(1) (58) (71) (62) 

Average top height (m) ........................ 0.22 1.16 2.08 1.88 
(1) ( 5) . ..(9) (9) 

Chlorophyll content x average top ............... 41 12,478 27,558 21,659 
height (g/ha/m) ............................ (1) (304) (672) (528) 

orientation, and distribution through the canopy 
in relation to angles of incident light; and (4) 
density of spacing, which affects the expression of 
geometric form of the individual and the amount 
of chlorophyll that can be displayed per unit area 
of land or water. Saeki and Kuroiwa (1959), 
Saeki (1960), and Whittaker and Garfine (1962) 
have paid special attention to the structure of plant 
communities, particularly in relation to the effects 
of the amount and distribution of leaf tissue and 
shape of leaves on photosynthesis. It seems that 
a comprehensive long-term experimental study 
should be designed and carried forward whereby 
the photosynthetic efficiency of whole individual 
planits and of complete vegetation types could be 
ascertained on a truly alnnual basis and the differ- 
ences between various types of plants and vegeta- 
tioin couldI be logically explained. Studies of this 
kilnd are nleeded to discover the basic principles 
of actual and potential l)roductivity, alnd to in- 
crease, when necessary, the orgalic p)ro(ldctivity 
of the earth. 
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