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slowly through the more open savanna woodlands. 
The dense exotic scrub communities, however, 
constitute the greatest fire hazard. 

Cover stratification diagrams show the general 
lack of a dense, complete ground cover of low 
vegetation under savanna woodlands and also in- 
dicate the much denser tree canopy and well de- 
fined shrub understory of sclerophyll forests. 

The "stringybark" tree stratum of sclerophyll 
forests is defoliated but not greatly affected by 
fire and recovers rapidly by growth from adventi- 
tious lateral shoots. In contradistinction, the in- 
digenous shrub stratum of these forests is de- 
stroyed by fire and undergoes a well-defined though 
rapid seral development from fire-razed condition 
to climax vegetation in 7-10 years. Five definite 
stages can be recognized in the sclerophyll forest 
pyric sere, limited, however, to the understory 
only. Exotic vegetation is generally killed by 
bushfires, but exotic scrub regrowth, particularly 
of broom and gorse, is vigorous, dense, and very 
rapid. 

The climax communities are not changed by fire, 
succession being a rapid process. However, if the 
indigenous vegetation is disturbed by cultivation, 
vigorous, exotic, scrub growth can replace the 
slower growing, less dense, indigenous scrub 
forms. 
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INTRODUCTION 

Cedar Creek Natural History Area is situated 
50 km (30 mi) north of Minneapolis and St. Paul, 
Minnesota, and is about 1,620 hectares (4,000 
acres) in area. In view of its nearness to these 
urban centers, the influence of the early settlers 
and their successors has been surprisingly small. 
The first white settlers arrived in 1856 and found 
a patchwork vegetation reflecting in part the ef- 
fects of burning by Indians (Pierce 1954). Settle- 
ment by the European pioneers was never very in- 
tensive, probably because of the infertility of the 

sand and peat soils, so that many fields staked out 
by the early settlers were soon abandoned, in some 
cases after only one crop had been planted and 
failed. The wooded areas were selectively logged, 
particularly for white pine, Pinus strobus, and no 
doubt burning and forest destruction frequently 
followed logging but usually natural regeneration 
restored some form of tree cover. Eventually, 
large blocks of land were purchased by private 
landowners who, because they appreciated the soli- 
tude and wilderness values of the area, protected 
it from further development and terminated vir- 
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tually all agricultural and forestry operations so 
that the general landscape has probably altered 
little and the region retains its wilderness charac- 
teristics. Through the generosity of a number of 
farsighted people the area is now under the guard- 
ianship of the University of Minnesota and the 
Minnesota Academy of Science, who are continu- 
ing the past policy of preserving its natural status 
whilst encouraging suitable biological research. 

Since the land surface is gently undulating and 
the plant cover varies locally depending upon dif- 
ferences of soil, climate, and past land use, the 
Cedar Creek Natural History Area provides a 
unique opportunity to compare very different types 
of relatively undisturbed ecosystems within a fairly 
compact area, and these can be contrasted with the 
highly artificial communities on adjacent agricul- 
tural land. Some of the pioneer work on the dy- 
namics of natural ecosystems was done at Cedar 
Creek, notably by Lindeman (1942). The pres- 
ent account is concerned with comparisons of areas 
of prairie, savanna, and oakwood, and a neighbor- 
ing field of maize, all of which are on an upland, 
sandy soil type, and in close proximity. 

METHODS 

A general survey of the Cedar Creek Natural 
History Area was made in autumn 1958 in order 
to identify the main plant community systems and 
to select single examples of typical prairie, sa- 
vanna, and oakwood for detailed study in 1959. 
None of the selected examples showed evidence of 
recent human interference, burning, or grazing by 
domestic animals. Toward the center of each type 
a plot 30 by 30 m square was pegged out for de- 
tailed monthly sampling, hereafter designated as 
the type plot. The same sampling methods were 
used in all three type examples, but different tech- 
niques had to be adopted to sample the herb, shrub, 
and tree layers. For comparison with the natural 
areas, a field of maize on land adjacent to the 
Natural History Area was sampled using different 
methods, and we are grateful to the owner, Alvar 
Peterson, for permission to sample his crop. 

To sample the herb layer (here all non-woody 
plants) each plot was subdivided into quarters, 
across each of which a 15- by 15-m grid was 
marked out to give 225 squares, each a square 
meter. At each sampling date, five meter squares 
were selected randomly in each quarter. Within 
each meter square, the aboveground vegetation 
from a central square quadrat of 20 by 20 cm was 
clipped. No quadrat was sampled twice and this 
arrangement permitted access and sampling with- 
out risk of serious trampling of future sample 
quadrats. Later, the clipped vegetation was sepa- 
rated in the laboratory into living (mainly based 

Oil whlether it was green or nlot) and non-living 
plant material. From the same 20 quadrats all 
the aboveground plant litter was removed and 
separated into amorphous matter and relatively 
undecomposed plant material, which was further 
sorted according to whether it originated from the 
herbaceous or woody plant layers. 

Sampling of the shrubs was not done by quadrat 
clipping but was based on aerial stem lengths. In 
the winter of 1958-59, prior to the main sampling 
season of 1959, the heights of all shrubs in the 
type plot were measured. Subsequently, at each 
sampling period several aerial stems of each shrub 
species were collected, their heights (exclusive of 
new stem produced in the sample year) being 
within 10 cm of the average height measurement 
recorded for the species the previous winter. The 
number of shrub stems taken varied according to 
the abundance of the species but was normally 
about ten for each species at each sampling occa- 
sion. These stems were collected from the type 
example but outside of the type plot, since repeated 
samplings of shrubs in the type plot would have 
seriously modified the vegetation. The collected 
shrub stems were divided into their various com- 
ponents as given- in the tables and the weights of 
the parts per uniit length of old stem were calcu- 
lated. Asstuming that the weights of the com- 
ponents per tinit length of old stem were the same 
for the collected shrubs and for those measured in 
the plot the previous winter, the shrub weight for 
the plot could be determined on an area basis by 
multiplying the average measured weights per unit 
length of old stem by the total length of old stem 
in the plot. 

Tree sampling was more difficult than that of 
the herbs or shrubs and throughout most of the 
observation period monthly sampling was re- 
stricted to the new shoots. Living branches were 
cut from the general tree canopy of the type ex- 
amples outside of the type plots using an extension 
prunier. The average weights of leaf, fruit, and 
new stem for a large number of shoots formed in 
the sampling year were determined. In August 
and September of 1959 some trees were felled just 
outside the sample plots; size range approximated 
that of the trees in the plots. Three trees (north- 
ern red oak) were harvested in the oak woodland 
and six in the savanna (three northern pin and 
three bur oak). The numbers of current year 
stems per felled tree were counted so as to give 
an estimate of the numbers of new stems produced 
in the plots. By multiplying the number of new 
shoots by the average shoot weight the total 
weight of the shoots formed in 1959 could be esti- 
mated on an area basis. The felled trees were also 
separated into bole, living branches older than 
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those of the sample year, dead branches, stems 
produced in the current year, and leaves. The 
various tree parts were weighed and the results 
converted to an area basis for the sample plots. 

To obtain information on the subterranean 
plant parts, in each type plot cylindrical soil cores 
approximately 77.7 sq cm in cross section and 
50 cm deep were extracted monthly from ten of 
the quadrats from which the herbaceous layer had 
been removed. The soil so collected was washed 
with a jet of water through a fine mesh sieve on 
which roots and subterranean stems were retained 
for later sorting by hand. Weaver (1959a, b) has 
described in detail the development of the under- 
ground parts of typical prairie plants, and although 
many roots and subterranean stems go deeper 
than 50 cm they tend to be concentrated in this 
upper zone. 

The maize was sampled as follows. Towards 
the center of the field a plot was marked out 40 
rows wide and 60 m along the north-south rows. 
At each monthly sampling 20 maize plants were 
taken, one from every alternate row, the plants 
being selected in the rows by random numbers. At 
the same time the heights of 400 maize plants in 
the plot were measured. To determine the weight 
of maize plants per unit area, the average weight 
per unit length of the 20 sample plants was multi- 
plied by the total length of maize plants per hec- 
tare, based on a figure derived from the measure- 
ment of the 400 plants and counts of the number 
of maize plants in the plot. Each sample maize 
plant was divided into stem, leaves, and ear (grain, 
cob, and husk) which were weighed separately. 
The weeds were collected by taking a distance of 
1 m along the row of maize north of each of the 
20 sample maize plants and collecting all weeds 
between the sample row and the next row to the 
east over the meter length. The roots of the maize 
plants and the weeds were removed as carefully 
as possible by loosening and digging the soil to a 
depth of about 50 cm and attempting to remove 
complete root systems. 

Sampling was always done when the vegetation 
was dry (free of dew and rain), and smaller sam- 
ples such as the herbaceous layer and soil cores 
were placed in plastic bags to avoid excessive water 
loss and for transport to the laboratory. Usually 
samples were taken to the laboratory within an 
hour of collection where they were quickly sepa- 
rated out for weighing fresh. All or a large por- 
tion of each type of fresh plant material was then 
cut up and thoroughly mixed, and three sub- 
samples of each were dried at 80?C to determine 
the ovendry weight. 

From April to November 1959, a complete se- 
ries of samples was taken every month, sampling 

beginning in the second week of each month and 
being completed within the following 2 weeks. 
The samples were usually taken in sequence, viz. 
herbaceous layer and litter, shrubs, trees, and fi- 
nally roots. Each plant layer was sampled for all 
communities before starting on the next layer to 
make comparisons between communities more 
meaningful. 

Detailed records and statistical analyses will be 
provided on request to the Department of Botany, 
University of Minnesota, or to the Nature Con- 
servancy, London, England. 

DESCRIPTION OF SAMPLE PLOTS 

Plant species seen in the sample plots and their 
immediate vicinity are listed in Table I; nomen- 
clature is that of Fernald (1950) and the identifi- 
cations were checked by Dr. J. W. Moore to whom 
we are most grateful. Herbarium specimens are 
filed at the Cedar Creek field laboratory and at 
the Herbarium of the University of Minnesota. 
The prairie and oakwood vegetations were quite 
distinct, having only two species in common; the 
savanna flora contained a number of species pres- 
ent in the other two areas and can be regarded as 
intermediate in character, although the three plots 
do not represent a successional sequence from 
prairie to forest. 

The prairie type plot (Fig. 1, upper) was in the 
same general area as stand 3 of Bray (1960) who 
reported an old resident as saying that the area 
was never completely ploughed or grubbed, the 
crop being planted in single furrows. Soil pro- 
files over the area showed no evidence of earlier 
ploughing and since the yield would have been 
poor any desultory attempts at cultivation, if made, 
were probably soon abandoned. The vegetation 
was tall-grass prairie and the most common plants 
were the three grasses Stipa spartea, Poa praten- 
sis, and Andropogon gerardi, which occurred in 
patches. Although the two shrubs Rosa arkansana 
var. suffulta and sand cherry Prunus pumila were 
abundant (101 stems of rose and 115 of sand 
cherry in the plot of 900 sq m), they did not form 
a dominant feature of the vegetation since they 
were not bushy and their average heights were 
only 18 and 36 cm, respectively. The vegetation 
was fairly open and burrowing rodents and low 
content of soil colloids probably prevented the 
formation of a close cover. Deer were seen in the 
area but no deer-browsed or -grazed plants were 
observed. Tree seedlings were completely absent 
even though the prairie area was surrounded by 
savanna having a fair density of seed-bearing oaks. 

The savanna type plot (Fig. 1, middle) con- 
tained 17 trees and 8 shrubby clumps (average of 
10 stems per clump) of bur oak, Quercus macro- 
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TABLE I. Plant species present (P) in prairie, savanna, 

and oakwood ecosystems in central Minnesota 

Type of 
Species plant Prairie Savanna Oakwood 

bodyl __ ~ ~ ~ ~ ~ ~ ~ oy 
____ 

____ __ 

Bromus kalmii Gray ................ H P 
Boueeloua hirsuta Lag ............... H P 
Panicum capillare L ............,. H P 
Cyperus filiculmis Vahl ............. H P 
Mollugo verticillata L ................ H P 
Anemonepatens var. cvolfgangiana Bess. H P 
Delphinium virescens Nutt ........... H P 
Helianthus laetifiorus var. rigiduts Cass. H P 
Achillea lanulosa Nutt .............. H P 
Senecio plattensis Nutt .............. H P 
Equisetum hyemalevar. affine Engelm.. H P P 
Poa pratensis L .................... H P P 
Stipe spartea Trin .................. H P P 
Panicum virgatum L ................ H P P 
Andropogon gerardi Vitman ......... H P P 
Carex muhlenbergii Schkuhr ......... H P P 
Tradescantia occidentalis Britt ........ H P P 
Sisyrinchium campestre Bickn ........ H P P 
Chenopodium leptophyllum Nutt ...... H P P 
Mirabilis hirsuta Pursh ............. H P P 
Ranunculus rhomboideus Goldie ...... H P P 
Potentilla arguta Pursh ............. H P P 
Rosa arkansana var. suffulta Greene.. S P P 
Prunus pumila L ................... S P P 
Lathyrus venosus var. intonsus Butt.. . H P P 
Euphorbia geyeri Engelm ............ H P P 
Viola pedatifidao G. Don ............. H P P 
Oenothera rhombipetala Nutt ......... H P P 
Asclepias tuberosa L ................ H P P 
Asclepias ovalifolia Dene ............ H P P 
Lithospermum canescens Michx ....... H P P 
Scutellaria parvula var. leonardi Epling H P P 
Monarda fistulosa L ................. H P P 
Physalis virginiana Mill ............. H P P 
Penstemon grandifiorus Nutt ......... H P P 
Campanula rotundifolia L ........... H P P 
Liatris aspera Michx ................ H P P 
Solidago nemoralis var. decemfiora 

(DC.) Fern ..................... H P P 
Coreopsis palmata Nutt ... .......... H P P 
Artemisia ludoviciana var. gnaphalodes 

Nutt .......................... H P P 
Smilacina stellata L ................. H P P P 
Amorpha canescens Pursh ........... H2 P P P 
Elymus canadensis L ................ H P 
Quercus macrocarpa Michx...... T P 
Quercus ellipsoidalis E. J. Hill ....... T P 
Petalostemum purpureum Vent ....... H P 
Rhus glabra L ...................... S P 
Rhus radicans L .................... S3 P 
Corylus americana Walt ............. S P P 
Prunus virginiana L ................ S P P 
Pteridium aquilinum L .............. H P 
Carex pensylvanica Lam ............. H P 
Allium stellatum Fraser ............. H P 
Maianthemum canadense var. interius 

Fern .......................... H P 

carpa, and 3 trees and 6 shrubby clumps (average 
of 6 stems per clump) of northern pin oak, Quer- 
cus ellipsoidalis. The larger bur oaks in the plot 
were about 90 years old and 10 m high, while the 
larger pin oaks were about 17 years old and 9 m 
high. The average diameter over bark at breast 
height of the bur oak trees was 22 cm and of the 
pin oak 6 cm. When the trees were in full leaf, 
the tree crowns appeared to cover just over a quar- 

Table I (continued) 

Type of 
Species plant Prairie Savanna Oakwood 

body' 

Quercus rubra var. borealis Michx..... T P 
Arenaria lateriflora L............... H P 
Anemone quinquefolia var. interior 

Fern ......................... H P 
Aquilegia canadensis L .............. H P 
Fragaria virginiana Duchesne ....... H P 
Rubus idaeus var. strigosus Michx .. S P 
Rosa blanda Ait .................... S P 
Amiphicarpa bracteata L ............. H P 
Acer negundo L .................... T P 
Parthenocissus inserta L ............. S P 
Vitis riparia Michx ................. L P 
Vaccinium angustifolium Ait ......... S P 
Galium boreale L ................... H P 
Aster azureus Lindl ................. H P 
Aster sagittifolius Wedemeyer ........ H P 
Taraxacum officinale Weber ......... H P 
Agropyron repens L.4 ............... H P 
Zea mays L.4 ...................... H 
Setaria glauca L.4 .................. H 

1 H=herb; S=shrub; L=liana; T=tree. 
2 Has some aerial woody stems. 
3 Considered an herb in the present study; only about six shoots were present. 
4 Present in the maize field. 

ter of the plot. Fourteen Quercus seedlings were 
present, and the wide range of ages of the trees in 
the area indicated no rapid ecological change and 
no heavy burning for some time. The frequency 
and scattered distribution of old trees suggests that 
the area had not been cultivated; almost certainly 
it was grazed, though probably not heavily. Shrubs 
were a much more significant feature of the vege- 
tation in the savanna than in the prairie, locally 
dominating the herbaceous layer. Within the plot 
there were 132 stems of hazel, Corylus americana, 
with an average height of 72 cm, 365 stems of the 
same species of rose as in the prairie with an 
average height of 32 cm, and 52 stems of choke 
cherry, Prunus virginiana, with an average height 
of 57 cm. The grasses formed the dominant fea- 
ture of the herbaceous layer which was much 
denser and more continuous than in the prairie. 
Ants were very abundant in the savanna, many 
more being present than in any other area inves- 
tigated. 

The oakwood type plot (Fig. 1, lower), con- 
taining 72 trees of Quercus borealis, was part of 
a rather uniform stand within a mixed conifer- 
angiosperm forest complex which also included 
Pinus banksiana, P. strobus, Quercus ellipsoidalis, 
and Q. mtcrocarpa. The forest had been heavily 
logged over, or burned, or both, about 60 years 
previously. The trees did not vary greatly in age; 
ring counts of the three felled trees which covered 
the size range in the plot, gave ages of 45, 56, and 
58 years. The trees averaged 20 cm dbh and had 
a maximum height of just over 17 m, their crowns 
forming a dense and continuous canopy. The 
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wroodlanid (lower) type plots. Views northward. Camera 
is 5 m south of south edge of plot. The two vertical scales 
10 ft tall are placed 10 m and 20 m north of camera. The 
more distant scale is at center of plot which is 30 m 
square. Lawrence photos: prairie and savanna, Aug. 7, 
1962; oak woodland, Sept. 20, 1962. 

shrub layer was remarkably well developed, the 
type plot conitaining 1,344 stems of Corylus arneri- 
cana, average height 87 cm; 23 1 stems Prtmnus 
v'irginiana, average height 119 cm; 86 stems Rubus 
idaeiis, var. strigosus, average height 53 cm; 21 
stems Rosa blanda., average hei.ght 90 cm; 17 seed- 
lings Pinus strobus, average height 47 cm; and 7 

stems Acer negundo, average height 95 cm. In 
addition blueberry, Vacciniurm angustifolium, was 
fairly abundanit, being recorded in about 70% of 
the quadrats. Compared with the prairie and 
savanna plots, the herbaceous layer was poorly 
developed and was absent from about a quarter of 
the 20- by 20-cm quadrats, leaving exposed the 
surface organic layers which completely covered 
the sandy mineral soil. 

The field of maize was planted on May 19, 1959, 
using Kings Crost Hybrid K-5-3 seed planted 
singly at a spacing of approximately 20 cm in 
north-south rows about 0.9 m apart. In labora- 
tory tests 2%s of the seed failed to germinate but, 
according to field counts of the plants 1 montlh 
after plantinig, 32% of the seed failed to produce 
plants. The increased mortality is tentatively 
attributed to birds, insects, and mammals eating 
seed and young seedlings. After the first month, 
mortality was negligible and counts in the type 
plot consistenitly gave about 31,220 plants per hec- 
tare. The soil although sandy and inherenitly low 
in nutrients, except potassium, has been reasonably 
well managed with annual additions of cow ma- 
nure. The land was also well fertilized with am- 
moniumii nitrate containinig 33%s nitrate broadcast 
at a rate of 200 lb/acre on May 15 when the area 
was plouglhed. At the time of planting on May 19 
fertilizer containinig nitrogeni, phosphorus, and po- 
tassitumii in the proportion 4:12:36 was applied at 
190 lb/acre and on June 3 a further 167 lb/acre 
of 33% nitrate fertilizer was added as a side dress- 
ing. Weed growth, includinig Agropyron repens 
andl Setar-ia glauca, although fairly luxuriant, was 
not regarded as excessive by the farmers of the 
district. The greatest average height of maize 
was recorded in August wheni the average from 
soil level to the top of the tassel (male inflores- 
cence') wvas 208 cim. The maize crop was harvested 
for silage on September 10, but the type plot with 
a surrounidinig protective strip of three to four 
rows was left to permit a final sampling in Oc- 
tober. 

The moisture contents of the top 10 cm of min- 
eral soil in the different areas were determined as 
percentages of the ovendry weight, and the trend 
was for higlher moisture contenit (max 41% ) in 
spring, a consistently low moisture contenit (mim 
3% ) fromii June to September, and increasing 
moisture content in October. In general, the soil 
of the oakwood was wettest and the soils of the 
prairie and maize field were driest. These dif- 
ferences became less marked during the summer 
so that by midsummer there were no significant 
differences betweeni the four areas in soil moisture 
content. 
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TABLE II. Ovendry weight of vegetation in the prairie type-expressed in kilograms per hectare 

SAMPLING DATE 

Vegetation sample September October November 
April 13 May 12 June 10 July 10 August 10 9 12 2 

Living vegetation 
Herb layer ............... 24 59 488 642 944 900 358 178 
Shrub layer 

Flowers and fruit .. . . 9. < 8 < 1 < 1 < 1 
Leaves ......... 0 1985 0 0 
Stems formed in 1959 1 J J 2 2 2 1 
Older stems ........... 6 4 4 7 6 6 6 5 
Total for shrub layer. * 6 5 9 16 16 13 8 6 

Subterranean stems ...... 782 392 549 1,067 763 858 771 832 
Roots ................... 5,913 3,656 4,162 4,972 2,748 4,558 2,983 3,582 
Roots and subterranean 

stems ................ 6,695 4,049 4,711 6,039 3,511 5,416 3,754 4,414 
Total for living vegetation. 6,725 4,113 5,208 6,697 4,471 6,329 4,120 4,605 

Dead vegetation 
Litter ................... 2,871 2,044 2,453 3,047 2,687 2,374 3,023 3,805 

Total weight of vegetation.... 9,596 6,157 7,661 9,744 7,158 8,703 7,143 8,410 

TABLE III. Ovendry weight of vegetation in the savanna type-expressed in kilograms per hectare 

SAMPLING DATE 

Vegetation sample September October November 
April 14 May 12 June 11 July 9 August 11 14 12 3 

Living vegetation 
Herb layer ............... 30 120 564 1,188 1,916 1,574 462 304 
Shrub layer 

Flowers and fruit . 0 5 1 1 1 
Leaves ............... 0 3 325 341 28 22 4 0 
Stems formed in 1959.. 0 7 4 4 4 
Older stems ........... 30 24 25 35 28 29 25 28 
Total for shrub layer 30 27 50 76 68 56 34 33 

Tree layer 
Flowers and fruit ...... 0 0 15 21 1,090 0 0 0 
Leaves ............... 0 76 1,570 1,277 1,480 1,469 86 88 
Branches formed in 1959 0 20 139 135 263 241 250 312 
Older branches* ....... (13,511) (13,511) (13,511) (13,511) (13,511) 13,511 (13,511) (13,511) 
Boles* ............... (16,645) (16,645) (16,645) (16,645) (16,645) 16,645 (16,645) (16,645) 
Total for tree layer .... (30,156) (30,252) (31,880) (31,589) (32,989) 31,866 (30,492) (30,556) 

Subterranean stems ....... 1,061 915 1,083 1,563 1,807 1,023 1,004 1,627 
Roots .................. 12,010 12,048 11,785 10,335 6,317 13,878 7,807 10,049 
Roots and subterranean 

stems ................ 13,071 12,963 12,868 11,898 8,124 14,901 8,811 11,676 
Total for living vegetation. (43,287) (43,362) (45,362) (44,751) (43,097) 48,397 (39,799) (42,569) 

Dead vegetation 
Dead stems on trees*. ( 4,024) ( 4,024) ( 4,024) ( 4,024) ( 4,024) 4,024 ( 4,024) ( 4,024) 
Litter .7........ .. 7,060 8,169 6,884 8,848 10,280 10,767 12,527 12,469 
Total for dead vegetation.. (11,084) (12,193) (10,908) (12,872) (14,304) 14,791 (16,551) (16,493) 

Total weight of vegetation.... (54,371) (55,555) (56,270) (57,623) (57,401) 63,188 (56,350) (59,062) 

* Sampled only Aug. 31-Sept. 3 when trees were felled. Data in parentheses are based on these values in the Sept. 14 column. 

RESULTS 

The results not only provide information relat- 
ing to plant biomass, primary productivity, and 
the decomposition of organic matter but also dem- 
onstrate the broad differences in plant biomass 
between the four ecosystems and the changes oc- 
curring in each ecosystem throughout the year 
(Tables II-V). It is important, however, to 

recognize the limitations of the data. For ex- 
ample, the weights of the three main plant strata 
are not given to the same degree of accuracy; this 
situation is inevitable with such enormous differ- 
ences in total weights per unit area as exist be- 
tween the tree and herbaceous layers of the oak- 
wood. It is notoriously difficult to estimate the 
weight of the root mass accurately, and the data 
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TABLE IV. Ovendry weight of vegetation in the oakwood type-expressed in kilograms per hectare 

SAMPLING DATE 

Vegetation sample September October November 
April 15 May 13 June 15 July 10 August 12 15 13 4 

Living vegetation 
Herb layer .25 37 91 81 159 207 66 41 
Shrub layer 

Flowers and fruit . 67 1 l 
Leaves . .............. 2 67 52 218 184 140 33 57 
Stems formed in 1959. . J ) 22 40 58 
Older stems ........... 319 244 368 371 407 458 464 490 
Total for shrub layer. . . 321 311 520 589 613 638 555 547 

Tree layer 
Flowers and fruit ...... 0 0 3 7 11 20 0 0 
Leaves ... .... 0 853 2,389 2,626 2,848 3,543 975 1,274 
Branches formed in 1959 0 53 115 172 292 483 220 280 
Older branches* ....... ( 49,019) ( 49,019) ( 49,019) ( 49,019) ( 49,019) 49,019 ( 49,019) ( 49,019) 
Boles* ............... (111,888) (111,888) (111,888) (111,888) (111,888) 111,888 (111,888) (111,888) 
Total for tree layer .... (160,907) (161,813) (163,414) (163,712) (164,058) 164,953 (163,297) (162,461) 

Subterranean stems ....... 74 51 48 114 126 122 90 192 
Roots .................. 12,881 15,409 19,249 20,630 13,517 15,738 11,844 9,889 
Roots and subterranean 

stems .......... . 12,955 15,460 19,297 20,744 13,643 15,860 11,934 10,081 
Total for living vegetation. (174,208) (177,621) (183,322) (185,126) (178,473) 181,658 (175,852) (173,130) 

Dead vegetation 
Dead stems on trees* . ( 21,838) ( 21,838) ( 21,838) ( 21,838) ( 21,838) 21,838 ( 21,838) ( 21,838) 
Litter ................... 34,226 37,122 51,944 38,622 23,917 31,511 41,249 35,279 
Total for dead vegetation. . ( 56,064) ( 58,960) ( 73,782) ( 60,460) ( 45,755) 53,349 ( 63,087) ( 57,117) 

Total weight of vegetation.... (230,272) (236,581) (257,104) (245,586) (224,228) 235,007 (238,939) (230,247) 

* Sampled only Sept, 23-24 when trees were felled. Data in parentheses are based on these values in the Sept. 14 column. 

TABLE V. Ovendry weight of vegetation in the field of 
maize 1-expressed in kilograms per hectare 

SAMPLING DATE 

Vegetation sample 
September October 

June 12 July 14 August 20 10 15 

Maize 
Fruit (including 

grain, cob, and 
husk).. 1,848 4,719 5,537 

Leaves .18 1,881 1,740 1,689 1, i44 
Stem (includingI 

male inflore- 
scence) ........ J 2,275 2,029 1,567 

Roots .8 902 628 589 472 
Total .26 2,873 6,491 9,026 8,720 

Weeds 
Shoots .4 302 1,019 1,011 889 
Roots and sub- 

terranean stemrs. 2 309 155 83 108 
Total .6 611 1,174 1,094 997 

Total weight of 
vegetation. 32 3 3,394 7 7,665 10,120 9,717 

1 Field ploughed May 15 and planted May 19 with 8 kg, ovendry weight, seed/ 
hectare. 

for these weights are probably the least accurate 
of all the measurements obtained. Errors result 
from failure to cut the large tree roots with the 
soil corer and the loss of fine roots in washing the 
soil away. Unexpectedly large differences in the 
total weights of roots recorded for the soil cores 
from each plot occurred, and in view of this varia- 
bility more soil cores per plot would have increased 
the precision of the estimate. The weights of the 

tree trunks and main branches were not deter- 
mined until near the end of the growing season 
and consequently the monthly changes in the tree 
layer weights reflect differences only in stems, 
leaves, flowers, and fruit formed in the sample 
year. Finally, no attempt was made to assess the 
amount of photosynthate used in plant respiration 
or the weight of living plant material eaten by 
animals. 

Differences of plant biomass among 
the four ecosystems 

On all occasions when the four community sys- 
tems were sampled, the amounts of the different 
types of organic matter present differed greatly 
from area to area. For example, in September 
the field of maize, the savanna, and the oakwood 
had, respectively, 112, 8, and 28 times as much 
living vegetation per hectare as the prairie. The 
weights of living vegetation in the savanna and 
oakwood were much greater than those of the 
prairie or maize field mainly because of the high 
proportion of woody plants present, but the her- 
baceous layer of the savanna, even though partly 
shaded, was double the weight of that of the prai- 
rie. The woodland herbaceous layer was the poor- 
est developed. The distribution of living' plant 

1 "Living" here refers to whole plant bodies of the living 
plants, except for main roots and stumps of the woody 
plants, which were not sampled. 
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matter among the herbaceous, shrub, and tree 
layers varied, but the overall averages for the year 
expressed as percentages of the aboveground living 
vegetation were for the prairie 98, 2, and 0; for 
the savanna 2, 0.1, and 98; and for the oakwood 
0.05, 0.4, and over 99; so that in none of the three 
community systems did the shrub layer represent 
a large proportion of the total living plant biomass. 

Although the values given for the weights of 
roots and subterranean stems are probably too 
small, particularly for the roots of the wooded 
area, a significant part of the plant biomass was 
below ground level. The average weights of roots 
and subterranean stems in the prairie, savanna, 
oakwood, and field of maize are 4,824, 11,789, 
14,977, and 650 kg/ha respectively (Table VI), 
equal to 91%, 27%, 8%, and 1% of the living 

TABLE VI. Plant biomass, ovendry weight, in four eco- 
systems-expressed in kilograms per hectare (averages 

of all observations in sample period) 

ECOSYSTEM AND SAMPLE PERIOD 

Vegetation sample 
Prairie Savanna Oakwood Maize 
(Apr.- (Apr.- (Apr.- 
Nov.) Nov.) Nov.) (June-Oct.) 

Herbaccous layer ............ 449 770 88 5,536 
Shrub layer ................. 10 47 512 0 
Tree layer .................. 0 31,223 163,076 0 
Roots and subterranean stems. 4,824 11,789 14,997 650 
Total living vegetation ....... 5,283 43,829 1; 8,673 6,186 
Litter on ground ............. 2,788 9,625 36,735 0 
Total dead plant material..... 2,788 13,650 58,572 0 
Total plant material ......... 8,071 57,479 237,245 6,186 

plant biomass. The subterranean stems collected 
in the soil cores were mainly from plants of the 
herbaceous layer and when separated from the 
roots gave average weights of 741, 1,208, and 
87 kg/ha respectively for the prairie, savanna, and 
oakwood, i.e., 165%, 155%, and 101% of the 
weight of the herbaceous layer present. 

Considerable amounts of dead plant material had 
accumulated aboveground in the three natural 
plant community systems; thus the average weights 
of obviously dead organic matter per hectare for 
the prairie, savanna, and oakwood were 2,788, 
13,650, and 58,572 kg, respectively. Such mate- 
rial as the heartwood of the trees was included in 
the living biomass although the cells are mainly 
dead. In the savanna and oakwood the dead or- 
ganic matter which had not fallen to the ground 
but remained attached to the trees and shrubs as 
dead branches amounted to about one-third of the 
total dead plant matter in the savanna and just 
under a half in the oakwood. In the prairie and 
savanna virtually all of the dead organic matter 
overlying the mineral soil was undecomposed and 
could be readily separated according to whether 

it originated from the plants of the herbaceous or 
woody layers, but in the oakwood there was a con- 
siderable accumulation of black amorphous organic 
matter over the mineral soil, almost four times the 
weight of relatively fresh litter overlying the 
highly decomposed organic matter (Table VII). 

Virtually all of the plant material present had 
been produced within each type plot. The most 
notable exception was the prairie into which oak 

TABLE VII. Ovendry weight of plant material in the 
ground litter-expressed in kilograms per hectare (aver- 
ages of all observations in sample period, April-No- 

vember) 

ECOSYSTEM 
Vegetation sample 

Prairie Savanna Oakwood 

Litter from trees and shrubs 
Leaves .................. 13 1,337 3,550 
Acorns, twigs and bark. . . 0 1,447 3,873 

Litter from herbaceous layer. 2,775 6,841 97 
Amorphous plant material. . 0 0 29,215 
Total litter ................ 2,788 9,625 36,735 

leaves were blown from the surrounding savanna 
areas and held between prairie plants, but oak 
leaves were never more than 2%o by weight of the 
prairie litter. 

Changes in the four ecosystems 
throughout the year 

The total dry weights of all types of organic 
matter recorded in the four ecosystems varied 
considerably throughout the sampling season from 
32 to 10,120 kg/ha in the field of maize, 6,157 to 
9,744 in the prairie, 54,371 to 63,188 in the 
savanna, and 224,227 to 257,103 in the oakwood. 
These differences partly reflect inherent differ- 
ences in the chosen samples, and partly changes 
in amounts of accumulated photosynthate. Except 
for the maize field, where there was a progressive 
increase in the total weight of the vegetation from 
April to September and a decrease in October 
and November, the total weight of organic matter 
in the ecosystems varied irregularly throughout 
the year, partly a result of the variety of factors 
influencing the total plant biomass value estimates 
of the natural communities. 

Before the onset of spring growth, there was 
little significant difference between the prairie, 
savanna, and oakwood in the weights of the living 
herbaceous layers. In all three areas the weight 
of the herbaceous layer increased from April 
to August or September, and there was a rapid 
fall in dry weight in October and November; 
since the November values were greater than those 
of April there would possibly be further decrease 
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(luriing the overwiniterinig period. Over the whole 
growing perio(1 the greatest increase in dry weight 
of the herbaceous layer occurred in the savanna 
and the least in the oakwood. The herbaceous 
layers of the inatural communities had made about 
onie-third of their total growth in early spring be- 
fore the imaize wvas planted. By June the herba- 
ceous layer of the prairie had increased to about 
20 times the April Neight while the corresponding 
inicrease in the savanna was 19 times and in the 
oakwood 4 timies, hut dur-iing most of this period 
of active growth, the field of maize was bare and 
tiii)rodtuctive. Although the production of or- 
ganiic imiatter was delayed in the planted crop, wlhen 
the imiaize aiid its associated weeds started growing, 
the wveiglht inicrease wvas comiparatively rapid, and 
fromii june to July dry weiglht increased over a 
hulnd(redfold so that the weight of living vegetation 
in the iaize fiel(d in July greatly exceeded the 
weights of the herhaceous layers in the natural 
ConilIUinlity systems, (lespite their earlier start. 

rhe w,veights of all the shrub layers increased 
froIml low values in April, whein the buds of the 
woodland shrubs had just begun to open, to maxi- 
iiitiiii values about August, after which leaf fall 
occtirre(l and(I weicht (lecreased rapidly to Novem- 
her. Thlie recorded weights of the older shrubl) 
stemiis in the prairie and savanna were nIot greatly 
(lifferelit at the beginining and einl of the growiing 
se.asonlo, i.e., in April anid Novemilber, but in the 
oa),kwood there hadl been a large itncrease in weiglht 
of the older slhrul) stemiis. OIn the wlhole, the 
major clhaniges in the weiglhts of the shrub layers 
throughout the year can be attributed to the pro- 
dutctioni of new shoots, the magnitude of change 
and the l)roportion of stemi, leaves, flower, and 
frtit v-arying accordiing to the species of shrub, 
timie of year, and shrubl) size. \When the shrub 
layers attainied their mlaximiiumii weights, the weight 
of the new shloots formed a large proportion of 
thle g-ross weight, in the case of the prairie and 
savainia mior-e tlhani the wveight of the oldler stems. 
I eaves constittited the largest part of the new 
shoot weight. After leaf fall in November the 
weight of the newv stems wvas otnly about 12%7c of 
that of the old stems so that if the weights of the 
shrub layers are constant from year to year, this 
12% increase in stem xveight must be counterbal- 
aniced by a correspondinig imortality of either old or 
new stems in the winter period. Lawrence, who 
has visited these areas regularly for imany years, 
believes that the shrub layer has gradually becomie 
more lutxtrianlt cltie to receint lprotection from btirn- 
ing so that stemii production aindI imiortality may not 
be exactly equal. 

The tree layers differ from the shrub layers in 
that the new shoots formed in the sample year 

are only a small l)art of the total imiass. \When tlhe 
April samples were collected, the tree buds hiad 
not opened. Growth of the iieNw slhoots was rapid 
in the following months, and the maximumll weights 
were reached in August or September, after which 
the weight decreased rapidly to November Nhein 
much of the fruit anid leaves had fallen. ILeaves 
constituted the largest part of the shoot produc- 
tion, but in the savanna large amounts of acorns 
were produced wlhiclh increased rapidly in veiglht 
at the end of July and( beginnin'11g of ANuglust and 
were shed before the Septemiber samiplinig. rhe 
samp)le year imay have beenI unusual in the large 
amount of acornis produced oii the trees of the 
savainina, but the abundance of o0l( acorn cuptnles 
oIn the grounid suggestedI that ligh acorni prodtlc- 
tioIn was a fairly regular evenit in tlhe savanniia area, 
possiblv because virtually the wh-ole of each tree 
crowni was in fulll lighlt. 

Thle w eights of otlher comiponeints of the eco- 
systeimi recorded at each sampling period, namiely 
roots, subterranean stems, and litter, did niot shoW 
marked progressive changes through the year. In 
the case of root systems this lack of change may be 
due to inadequacy of sampliing, but in the case ot 
subterranean steimis chainge in gro'1ss. Wn eighIts 

tlhrouglhout the year cotuld in fact Ic imir,a Since a-s 
old rlhizonmes are exhausted niew rhizomlles may 1e 
forme(d aIndI the total rhizolllme mIaSs w\-otuld nlot 
chanige greatly. Greater weights of litter .ccnlmed 
to be present in the autumniiiii moniths whl eni leaf fall 
occurre(l, but inicreases wver-e niot ats imarl-ked as 
mlight be expected. While bur oak leav-es fall 
promptly in October, many of the leav es are re- 
tainled oIn northerin pin, nortlhern red, anld wvhite 
oaks througlhout the winiter and( they fall only a 
week or tws-o before bud expansioin in sprinig. In1- 
creasing litter fall may hlave been compensate(l to 
some extent by increasiig decomposition in the 
warmil, wet autumin weatlher, and(I eveen if, in the 
oakwoo-o(l for inistaince, all the leav-es and(I fi-ruit of the 
herbaceouts and shrul) and tree layers bad falleni 
froimi August to Nov-emb)er, the av erage mionthly 
fall would have been only, about 1 .000 kgy'/ha onito 
a litter nmass weigg-hing about 40,000 kg 'ha. The 
increase in weight would be (liffictult to demiioni- 
strate more intensive sampling. 

Prodiction of organic msa-tter 

Aninual productiv,ity is Inot synonymous with 
plant biomass nor with gross changes in plant 
biomass from year to year, for a plant com-iunity 
is normally composed of many different species and 
individuals of the same species which do not neces- 
sarily attain their greatest itndividual weights at the 
time of maximum community biomass. Further- 
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more some of the organic matter produced, e.g., 
flowers, bud scales, and lower leaves, are shed be- 
fore individual plants attain their maximum 
weights. The situation is further complicated when 
the plant community contains biennials and peren- 
nials. Finally, sampling can rarely be so frequent 
that there is no danger of missing the peak weights 
of the plants. Odum (1960), working with the rela- 
tively simple ecosystems characteristic of the early 
successional stages following the abandonment of 
fields, has overcome some of the difficulties asso- 
ciated with the determination of organic produc- 
tion and turnover by weighing together at monthly 
intervals all plants of a given species, also litter 
of these species, separately. In the present inves- 
tigation the maize, the shrubs, and to a more 
limited extent the trees, have been sampled sepa- 
rately by species. The herbaceous layer, consisting 
mainly of perennials, was so complex that it was 
considered only as a whole, and estimates of its 
annual productivity are therefore based on the 
difference between the recorded maximum weight 
and lowest overwintering weight of the above- 
ground parts. Consequently productivity estimates 
(Table VIII) will tend to be low. 
TABLE VIII. Annual primary net productivity, ovendry 

weight-expressed in kilograms per hectare 

ECOSYSTEM 

Vegetation samp)le _._ _ 
Prairie Savanna Oakwood Maize 

Herbaceous layer .920 1,886 182 9,456' 
Shrub layer .10 412 389 0 
Tree layer 

Shoots of sample year ... 0 2,833 4,046 0 
Boles and branches older 

than current year 0 5033 3,5753 0 
Total for aerial parts . 930 5,263 8,192 9,456 
Roots and subterranean 

stems.- - - 1,211 

1 Peak biomass of maize in September plus peak of weeds in August. 
2 Peak of 1959 stems, leaves, and flowers in July; increment of wood in older 

stems considered to be zero (see Table III). 
3 These values may seriously underestimate since they are mean values obtained 

by dividing the existing biomass by tree age. 

The amounts of organic matter produced an- 
nually in the ecosystems differ greatly (Table 
VIII). Site factors such as soil conditions were 
not exactly comparable, since the prairie and 
savanna areas were on dune sand from which the 
mineral colloids have been winnowed by wind, 
whereas the oakwood was on glacial outwash, a 
primary physiographic surface with a much higher 
colloidal content (Cooper 1935). In the case of 
the three natural communities it seems unlikely 
that the site differences were sufficiently great to 
account for the large differences in annual produc- 
tivity. Differences of form and structure of the 
vegetation seem to be the more important factors 
influencing productivity, and it is significant that 

annual productivity was greater in the communities 
where the proportion of woody plants was greater. 
The shrubs and trees rather than the forbs and 
grasses became the most productive members of 
the community, as the zone of photosynthetic 
activity became more complete and extended higher 
above the earth's surface. 

Despite its short growing season the field of 
maize gave a high annual production of organic 
matter even though it contained no woody plants, 
but in this case the soil had been greatly modified 
and the high level of organic matter production 
was dependent upon heavy application of fertilizers 
to the soil. Bray, Lawrence, and Pearson (1959) 
have shown the large differences in productivity 
between maize grown with and without fertilizers. 
Provided soil conditions are suitable, maize, al- 
though relatively late in starting active growth, is 
able to grow rapidly and, by virtue of its height 
and density, carries a large weight of photosyn- 
thetic organs, much greater than the prairie vege- 
tation. Most of the organic matter is produced 
between mid-May and mid-September over a pe- 
riod of about 125 days, which amounts to an aver- 
age daily production of about 85 kg/ha for both 
maize and weed plants together. 

DISCUSSION 
All four community systems were very hetero- 

geneous and the variability changed considerably 
through the year (Tables II-V). The maize field 
was the simplest and most uniform ecosystem, but 
in July the 400 measured corn plants varied in 
height from 73 to 153 cm, while in the, following 
month the height range was from 128 to 276 cm. 
In addition to this spatial and time diversity, each 
plant community was composed of plants with a 
wide range of forms, e.g. from mosses to trees in 
the savanna and oakwood, and the plant material 
exhibited all stages of decomposition. With such 
diverse organic matter so irregularly distributed, 
multiple sampling is necessary to characterize each 
ecosystem as a whole. From a practical viewpoint, 
however, the intensity of sampling also depends 
upon the available man-hours and the need to avoid 
sampling so intensively that the vegetation is se- 
riously modified for future work. The sampling 
techniques represent a compromise between these 
different considerations but nevertheless serve to 
demonstrate broad differences in plant biomass 
and some of the seasonal changes occurring in the 
four ecosystems. 

Over the winter months the maize field is bare 
of vegetation and the soil surface is exposed to the 
weather. In contrast, the three natural communi- 
ties always have a plant cover and with the advent 
of spring are able to initiate growth quickly and 
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effectively. It is clear, however, that during the 
period when the maize plants are well established 
and cover the ground, very efficient use is made 
of the site so that the monthly production temporar- 
ily exceeds that of the natural communities. The 
higher efficiency of the maize field at this stage 
compared to the oakwood may be due to the high 
levels of soil nutrients available as a result of the 
fertilizer applications and to the fact that a much 
higher proportion of the living cells are photosyn- 
thetic in the maize than in the oakwood plants. 

The data have been analyzed statistically under 
the guidance of M. D. Mountford, and the main 
differences described among the four ecosystems 
proved to be significant. To give some indication 
of the effectiveness of the sampling technique, data 
for the herbaceous layer and root mass were sum- 
marized in terms of the four quarters of each type 
plot (Table IX). Throughout the year the small- 
est weight of the herbaceous layer recorded for a 

TABLE IX. Ovendry weights of the aerial herbaceous 
layer and of the subterranean organs of the quarters of 

the type plots-expressed in grams 

TYPE PLOT 

Prairie Savanna Oakwood 
Month _ _ 

Min Max Avg Min Max Avg Min Max Avg 

Herbaceous layer per clip quadrat 
April ....... 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.1 
May ....... 0.2 0.3 0.2 0.4 0.5 0.5 0.1 0.3 0.1 
JUne ....... 1.1 2.9 2.0 1.8 2.6 2.3 0.1 1.0 0.3 
July ....... 1.9 2.9 2.6 3.9 5.5 4.8 0.2 0.6 0.3 
August ....... 1.5 4.4 3.8 3.8 14.4 7.7 0.3 0.9 0.6 
September... 2.8 4.2 3.6 3.2 8.9 6.3 0.4 1.5 0.8 
October.... . 1.2 1.7 1.4 1.0 2.7 1.9 0.1 0.4 0.3 
November... 0.6 0.9 0.7 0.5 1.9 1.2 0.1 0.3 0.1 

Subterranean orgars per ccre 

April ....... 3.0 6.3 4.5 6.3 12.5 9.2 7.3 15.9 10.7 
May ....... 1.7 3.6 2.8 5.2 16.5 9.2 7.2 16.9 11.8 
June ....... 1.9 4.7 3.1 5.6 13.9 9.0 9.2 19.5 14.8 
July ....... 3.1 4.1 3.8 6.4 10.1 7.9 8.9 19.9 15.8 
August ....... 1.6 2.8 2.7 4.4 5.4 4.8 8.5 11.7 10.4 
September... 2.5 3.9 3.5 6.0 14.4 10.6 10.6 13.7 12.1 
October ..... 1.8 2.9 2.3 4.3 6.9 6.0 7.3 11.0 9.1 
November .. 2.1 3.9 2.7 4.0 9.0 7.7 5.7 11.4 7.6 
.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

quarter in the savanna is consistently greater than 
the maximum for any quarter of the oakwood plot. 
Similarly, for root mass, the smallest value for a 
quarter in the oakwood is consistently greater than 
the largest value for any quarter of the type plot 
in the prairie. 

The living plant biomass decreases from oak- 
wood to savanna to prairie, as do the amount of 
dead plant material, annual productivity, and or- 
ganic matter turnover, if our assumption is cor- 
rect that the weight of dead organic matter is 
relatively constant from year to year. These dif- 
ferences in ecosystem dynamics seem to relate 

primarily to the presence of woody perennials ca- 
pable of making fuller use of site conditions. 

In contrast, the artificial community of the 
maize field does not contain woody perennials, but 
the recorded annual productivity is relatively high 
and appears to be about equal to that of oakwood. 
The recorded estimate of annual productivity of 
the oakwood is certainly too low, however, for the 
annual production of tree boles and main branches 
is an average for the life of the trees, during which 
growth has increased greatly, and within the eco- 
system as a whole some trees and possibly shrubs 
and herbaceous plants will have been suppressed, 
killed, and decomposed. Consequently it seems 
that the oakwood is the most efficient producer of 
organic matter. Furthermore, the maize can be 
sustained on a long-term basis only by considerable 
human effort and the application of considerable 
amounts of fertilizer. In contrast, the oakwood 
has received no input of human energy and no 
application of fertilizers. 

The organic matter collected in this investigation 
has been analyzed for chlorophyll, energy, and nu- 
trient content, and later papers will consider the 
four ecosystems from these aspects. 

SUMMARY 

Sample plots were marked out in typical areas 
of prairie, savanna, and oakwood, and in a field 
of maize, at Cedar Creek Natural History Area, 
Minnesota. Plant biomass determinations for 
monthly intervals from April to November show 
the seasonal rhythms characteristic of the different 
ecosystems and the large differences between eco- 
systems in the amount of organic matter they 
contain. 

While it is recognized that there are great dif- 
ferences in the accuracy of the estimated produc- 
tivity values, the maize estimates being most accu- 
rate and the woodlands the least, primary net 
productivity probably increases from prairie to 
savanlna to oakwood. The annual productivity of 
the natural woodland is probably higher than that 
of the intensively managed maize field. 

It is suggested that in the upland communities 
of the Cedar Creek region, the presence of woody 
perennial plants is associated with an increase in 
three of the dynamic processes in material and 
energy flow of ecosystems, i.e., the production, 
accumulation, and decomposition of organic matter. 
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TROPHIC RELATIONSHIPS OF 8 SYMPATRIC PREDATORY GASTROPODS 

ROBERT T. PAINE 
Dcpartmnent of Zoology, University of Washingtont, Scattic 

INTRODUCTION 

A common approach to ecological problems in- 
volves the description of food habits of single spe- 
cies or, with the community in mind, of food chains 
and webs and their energetic implications. In 
recent years food chains have received relatively 
little quantitative attention, except as an entity 
existing within and contributing to community 
organization. Elton (1927) described one type 
of food chain as originating from herbivores of 
various sizes, radiating out from these, and even- 
tually culminating in some ultimate predator with- 
out consequential predators of its own. Food 
chains tend to be short because of continued energy 
degradation at each transfer, and Hutchinson 
(1959) suggests that a maximum of 5 links exists. 
Food chains thus are concise units of community 
structure. 

However, the ideally realized food chain is an 
abstraction since it may be said that all organismis 
either eat or are eaten by more than one other 
species (Allee et al. 1949). It is thus probably 
difficult to describe a naturally occurring multi- 
linked food chain in which each successive preda- 
tor eats only a single prey species and when the 
food consumed at each trophic level is completely 
known. It is possible, though, to describe the 
community food web and, because a number of 
"top predators" exist in each community, to sub- 
divide the food web into more or less discrete units 
each culminating in its own "top predator." Such 
a division is often desirable because it permits the 

observer to concentrate his efforts on a functional 
unit within the community 1lexus in which the spe- 
cies membership is limited. Where these units are 
recognizable they should serve as a natural inter- 
mediary between simple predator-prey interactions 
in which some of the basic biology for each com- 
ponent is known, and analyses of whole communi- 
ties whiclh tend to ignore specific details. The 
present anlalysis has been concerned with describ- 
ing such a subdivision involving 8 large (shell 
length 5-35 cm) predatory gastropods and their 
prey, and with examining the association for any 
properties characterizing the functioning of the 
whole assemblage. 

The author is grateful to Florida State Univer- 
sity for permission to reside at the Alligator Har- 
bor i\'Iarine Laboratory, Franklin County, Florida, 
where the data were obtained, and to R. B. Root 
and C. E. King for criticism. 

BIOTOPE AND BIOTA 

Shallow water marine habitats of western 
Florida provide exceptional, and perhaps unique, 
opportunities to observe predatory gastropods. Not 
only is the fauna diverse, but some of the gastro- 
pods are among the largest, and hence most readily 
observable, in the world. Sandbars such as the 
one to be described are inhabited normally by 8 
species attaining a length greater than 5.0 cm: 
Pleuroploca gigantea Kiener, Fasciolaria tulipa L., 
F. hunteria Perry, Busycon contrarium Conrad, 
B. spiraturn Lamarck, Murex florifer Reeve, Poli- 
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