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FOREWORD 

Potential problems from changes in patterns of materials 
supply or use are causing concern: the current emphasis is 
on mineral or nonrenewable resources. The Science and 
Technology Policy Office (STPO) , in support of Dr. H. 
Guyford Stever, the Science Advisor to the President, 
requested the National Academy of Sciences (NAS) to 
reexamine the role of renewable resources, as the other 
major component of natural resources, in helping to better 
meet needs for materials in the future. Important factors 
to be taken into account in assessing the desirable balance 
between these different classes of resources for materials 
are 1) the increasing variety of technological options 
available for choice of material for a required performance 
in a given application, and 2) the increasing concern to 
minimize both consumption of energy and environmental 
impact. In addition, the usual economic factors apply in 
the use of materials. 

While the concept of renewable resources is useful, it 
lacks the coherence of statistical information on resources 
and use, and the scientific perspective that has developed 
for "materials from minerals• (including metals, ceramics, 
electronic solids, and synthetic organic polymers derived 
from fossil fuels). Strong specialization exists in forest 
sciences and wood products on the one hand, and agricultural 
sciences and associated natural materials (such as fibers 
and leathers) on the other. We require both a broader view 
of the science and technology of natural products and, 
correspondingly, more integrated statistical information on 
resources, and on materials flows and use (including aspects 
associated with energy and the environment) . 

The above considerations led to this analysis of 
renewable materials in the United States economy as a basis 
for identifying both the optimum use of such resources and 
the role of science and technology in helping overcome 
barriers to their use. The following are the principal 
items addressed in the study at the request of STPO: 

1. Quantitative analysis of current materials flows 
for renewable resources as the basis for assessing 
the impact of potential future changes (compared 
with nonrenewable flows). Definition of the 
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limitations (cost and technical) of renewable 
resources for meeting expanded demands for 
materials based on them. Delineation of the 
energy, environmental, and social consequences of 
such increases. International aspects. 

2. Interchangeability of renewable and nonrenewable 
resources as the basis for materials. 

3. Assessment (stocktaking) of quantity and quality of 
R&D currently supported in the area of renewable 
resources by (a) the Federal Government and (b) 
industry. Evaluation of the relationship of these 
activities to the size of the industry and its role 
in the economy. Assessment of changes in scale and 
emphasis needed to meet future changes. 

4. An evaluation of relevant federal, state, and local 
legislation and regulations that influence the 
effectiveness of the development and use of renew­
able resources. 

s. Improvement in materials properties and perform­
ance. 

6. Improvement in the yield of �aw materials and in 
the efficiency of processing. 

7. The potential of renewable resources as •feedstock• 
for synthetic materials, (a) cellulose based and 
(b) converted to products (such as ethylene), that 

can be used to supplement or replace the petro­
chemical supply used currently for synthetic 
polymer production. 

8 .  Consideration of the energy requirements and envir­
onmental impacts associated with the implementation 
of the recommendations. 

A Committee on Renewable Resources for Industrial 
Materials (CORRIM) was established by the Board on 
Agriculture and Renewable Resources (BARR), under the 
Commission on Natural Resources of the National Research 
Council, to undertake an analysis of renewable resources in 
the United States, identify the optimum production and use 
of such resources, and look at the role of science and 
technology in increasing their production and use. The 
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training of manpower in renewable resource fields was not 
addressed in this study, since other specific studies in 
education had been proposed by the BARR. 

This report on Biological Productivity of Renewable 
Resources Used as Industrial Materials was prepared by an ad 
hoc advisory panel of the Committee on Renewable Resources 
for Industrial Materials, as background material for the 
preparation of the main report. 
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CHAPTER I 

INTRODUCTION 

A wide range of plant and animal products is used as 
industrial materials. In the United States, however, only a 
few products account for any appreciable portion of the 
total. Wood is t he most important, accounting for more than 
a quarter-million tons per year (�able 1) and over S6 
billion in value at local delivery points in 1974. In 
addition to wood, trees produce extractives such as resin 
and tannin that have important ind ustrial uses. 

of the vegetable fiters, cotton is the most important 
with an annual production of nearly 3 million tons. The 
value of cotton at local delivery �oints is over S2 billion 
per year for t he fiber alone in 1974. Wool is the other 
important natural fiber produced in the United States: more 
than half of United States needs or 88,000 tons are produced 
annually at home. Vegetable fibers other than cotton are 
used in small amoun ts only and are almost entirely imported 
into the United States. These include coir, kapok, jute, 
kenaf, ramie, hemp, sunn, abaca, sisal, and henequen. 

The principal vegetable oils, except for linseed oil, 
are used largely for food and only to a minor degree for 
industrial purposes. The total amount of fats and oils used 
for civilian consumption in the United States in 1970 for 
soap, dryinq-oil products, and other industrial products was 
2 . 636 million pounds. Of this, approximately half was 
industrial uses of cottonseed oil , peanut oil, soybean oil, 
and imported vegetable oils; one-half was animal and fish 
fats and oils. Animal hides, especially from cattle 
constit ute another important by-product that finds 
industrial use. 

If we take into account all natural materials grown for 
industrial use and the principal by-products of food crops, 
but exclude aqricultural residues, it becomes evident that 
more than 95 percent of the renewable resources used for 
industrial materials is accounted for by wood . Of total 
value, wood probably represents approximately one-half. 
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Table 1 

Renewable Resources Produced in the United S tates 
Primarily for Industrial Materials - 1970 

Produced Imported Exported Apparent Net 
Consumption 

thousand tons 

Wood ( includinq bark) 
Hardwood 79 , 538 6 , 043 3 , 698 81 , 883 
Softwood 145 , 018 31 , 496 17 , 330 159 , 184 

Total 224 , 556 3 7 , 539 21,028 241 , 067 

Cotton 
Lint 2 , 541 9 966 1,584 
Linters 344 17 47 314 

Total 2 , 885 26 1,013 1 , 898 

Wool (qrease basis) 88 77 >1. 165 

Linseed Oil 191 >1 26 165 

Animal Hides* 1,500 365 440 1425 

•Fiqures for 197 2 .  

Source : The Outlook for Timber in the United States , u. s. Department of 
Aqriculture Fore st Service ( 1974). 

Aqricultural Statistics , u. s. Department of Aqriculture ( 1974) . 
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In addition, a wide ranqe of orqanic wastes is 
potenti ally available for industrial application. Anderson 
(1972) conservatively estimates that 136 million tons dry 

weight out of a total of 880 million tons annually produced 
in the United States could be used. Much of the plant 
material pr oduced by agricultural crops is unused. FOr such 
materials as wheat chaff or corn s talks which are left in 
the field s, the potential for use is low. �r baqasse, 
however, wh ich is the residue from processing suqar cane at 
the mill, industrial usage is more feasible. The volume of 
bagasse available in the United States is estimated at 5 
million tons dry weight annually. Manure is another re sidue 
with industrial-use potential to the extent that it is 
naturally concentrated in feedlots. At the present time, 
some 26 million tons dry weight are �roduced annually in 
such locations. 

The United States already produces a qreat deal of plant 
and animal materials for industrial use, but we have the 
bioloqical capacity to produce a great deal more. We have 
hiqhly develo�ed industrial uses, but we have the technology 
to use renewable resources to a much greater extent to 
derive a much wider ranqe of products. It is the function 
of the Commi ttee on Renewable Resources for Industrial 
Materials (CORRIN) of the National Research council's Board 
on Aqriculture and Renewable Resources to sketch out this 
potential and these possibilities. 

The ass essment of the bioloqical productivity of renew­
able resources used for industr ial materials i s  rendered 
difficult because of insuff icient d ata and because our 
potential b iological productivity will depend in large part 
upon future gov ernmental subsidy, governmental regulatory 
practices, and economic cond itions that cannot be r eadily 
predicted. 

Fortunately, existing data a re adequate to chart past 
trends, to assess current production levels, and to make 
overall predictions of biological �roductivity of the major 
industrial renewable resources as of 1985 and 2 0 00 .  

For the duration of the present century, the 
productivity of the United states with regard to renewable 
resources used for industrial materials will be a function 
derived from present ci rcumstances modified by projected 
changes in the availability of res ources, the level of 
technoloqy, and the nature o f  the economic and political 
situation. The obvi ous approach to forecasting biological 
potential is to: (1) pr oject the yield per unit area of a 
crop, (2) e stimate the land area available to that crop, and 
(3) mult iply the tw o to provide the estimate. we have used 

this te chnique in our report. 
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It should always be remembe red, though, that the area 
and the production per unit area are inversely related. As 
the acreage devoted to a given crop is increased, marginal 
areas are brought into production, and the yield per unit 
area is decreased. conversely, as high yields are 
demonstrated to be both biologically possible and 
technologically and economically feasible, crop production 
is concentrated upon the best sites, and marginal producing 
areas are apt to be taken out of production. High yields 
over large areas may be theore tically possible from a 
biological viewpoint: they will seldom if ever be achieved 
because of limiting economic conditions and practical 
conside ratiaas of management. 

our rep ort, therefore, estimates the biological produc­
tivity of industrial renewable resources in terms of current 
yield s, existing land bases, and increments to these bases 
that may reasonably be forecast by 1985 and 2000. 

The forecast divides naturally into two parts: the sil­
vicultural product of wood, and products for industry from 
agricultu re consisting chiefly of vegetable fibers, oil 
seeds, wool, animal fats, tallows, and hides. 

Wood is not only by far the most important renewable 
resource used for industrial materials, but also one whose 
production can be greatly increased if needed. Because of 
the many years needed to grow a tree and because of the 
different statistical tase and differing technologies 
involved, wood is treated separately from other mate rials. 

Agricultural products include cotton and other vegetable 
fibers; soybean, cottonseed, peanut and linseed and other 
vegetable oils; wool; and bides, fats, and tallows. Many of 
the vegetable oil crops are used primarily for food or feed 
and only secondarily for industrial materials. Flax 
(linseed oil) is the major exception. other crops have use 
for industrial purposes, but their contribution to the whole 
is so limited that they merit only brief treatment in our 
quick appraisal of major industrial materials. 

With the major exception of soybeans, the market for-­
and, consequently the production of--industrial agricultural 
crops has been declining in recent years. For these crops, 
therefore, demand is substantially less than pr oductive 
capacity at current levels of agricultural technology and 
economic re straint. Furthermore, there is little reason to 
believe that market demand will strain biological potential 
by 1985 or 2000. Under these conditions, long-term 
estimates of productivity become a mere exercise in 
imagination. 
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Both natural f ibers and natural oils have lost markets 
to the petrochem ical industry in recent years. Of the total 
United States domestic demand for petroleum products of over 
6.3 billion barrels (1973). only 330 million barrels or 
about 5 percent went into petrochemical feedstocks. A 
comparable amount was used in addition as energy by the 
petrochemical industry. Even a majcr come-back in demand 
for natural fibers and natural oils for industrial materials 
would have little effect upon total United states 
con sumption of petroleum. 

REFERENCE 

Anderson. L. (1972) Rnerqy potential from organ ic wastes: a 
review of the quantities and sources. u.s. Department of 
the Inter ior. Bureau of Mines Information Circular 8549. 
16 pp. 
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PART I 

WOOD PRODUCTION FOR INDUSTRIAL MATERIAL 
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CHAPTER 2 

UNITED STATES TIMBER S UPPLY 

INTRODUCTION 

The forests of the United states are bioloqically 
diverse. More than 40 major forest types include some 120 
commercially important tree species. Each has its 
distinctive range, its parti cular site requirements, its 
unique physical and chemical properties, and its own set of 
commercial uses. The conifers or softwoods are the most 
fully used--for structural lumber, plywood and veneer, and 
paper pulp. Resinous pines produce naval stores as 
important extractives. Broad-leaved trees or hardwoods are 
used for specialty products as solid wood or as plywoods and 
veneers for furniture, pallets, floorinq, and many other 
uses, includin g paper and pa per board. Hardwoods vary more 
than softwoods in their physical pro perties and have more 
specific uses. In short, wood comes from many different 
trees, has a wide range of characteristics, and finds many 
different uses. Although we deal with it in the generic 
sense in this report, the resulting simplicity is apt to be 
misleading unless t he actual complexities are kept in mind. 

A tot al of 75 4 million acres, one-third of all land in 
the United States, is classified as forest land. This land 
ranges in elevation from sea level to 12,000 feet and 
includes extremely diverse soils, climates, and topography. 
Forest management must be geared to maintain diverse plant 
communities in all regions of the country to permit future 
options for changin g forest products and to provide a broad 
range of environments for varying levels of recreation, 
wildlife, water, and ot her forest-related uses. 

The status of the forests of the united States with 
reqard to acreage of commercial forest land, forest yield, 
growth and harvest is under continual study by the Forest 
service, United States Department of Agriculture, and is 
summarized by this agency at intervals of approximately 10 
years. The most recent updating of forest statistics is 
contained in "The outlook for Timber in the United States" 
( USDA 1974) which we will refer to throughout this report as 

the "Outlook Study". The study summarizes recent trends in 
forest land and timber resources in the United States. It 
also projects future trends in timber supplies t hrough 
intensified manaqement and use at home, and through greater 
reliance upon world timber resources abroad. Finally, both 
the outlook Study, and the Report of the President's 
Advisory Panel on Timber and the Enviro1111ent (PAPTE 197 3) 
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project future demand for timber products as well, and deal 
with timber demand-supply relationships. 

The outlook study thus provides a base for a critical 
evaluation of the biological potential of the commercial 
forest lands of the United States. such an evaluation is 
possible, however, only so lonq as we use the same 
parameters defined in the same way as in the outlook Study. 
For this reason, we have adopted the same definitions in our 
evaluation. Thus, we have considered the area devoted to 
the production of forest products in terms of commercial 
forest land as defined in the outlook study and have dealt 
with forest products in terms of the cubic-foot volume of 
the boles (i.e., trunks) of standing trees above a one-foot 
stump to a four-inch top diameter outside bark. Total bole 
value, including stump and tip will range slightly higher. 
For a 12-inch spruce tree 60 feet high, the stump volume is 
6 percent of that of the merchantable bole while the top 
adds another 2 percent. For a larqer spruce 24 inches in 
diameter and 90 feet high, the stump adds only 4 percent to 
the merchantatle volume while the top adds less than 1 
percent (Spurr 1952). 

At the same time, we are aware of the potential import­
ance of the total biomass production of the forest, both in 
the complete tree and in other biota. Although insufficient 
data are currently available to permit accurate projections 
of total productive capacity of the forests of the United 
States, i t  is nonetheless useful to summarize the work on 
this subject. 

CONSUMPTION OF TIMBER IN 1970 

The outlook study provides data on United states timber 
as of 1970. The apparent consumption is derived by taking 
the annual removals from United States forests, adding 
timber imports and subtracting timber exports. The overall 
est imates are summarized in Table 2. The cubic-foot 
estimates are derived from the Outlook Study. The weiqht 
estimates are obtained by multiplying the volumes by a 
conversion factor of 27.4 pounds per cubic foot for 
softwoods and 32.8 pounds per cubic foot for hardwoods. 
These conversion factors were obtained by weighting the 
average oven-dry weight per green cubic-foot for a given 
species, as given in the wood Handbook, by the total volume 
of that species in the United States removed in 1970, as 
given in the outlook study. Whereas volume data are for 
wood content of the merchantable bole only, weight data 
include a 10 percent increase to estimate combined wood and 
bark mass of the bole. 
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Removals ,  u. s. 

Import 
Export 
Consumption 

Removal s ,  u.s. 

Import 
Export 
Consumption 

Table 2 

Consumption of Timber in the u. s. , 1970 
(roundwood equivalent ) 

Softwood 

9 . 62 3  
2 . 090 
1 . 150 

1 0 . 563 

145 , 018 
3 1 , 496 
17 , 3 3 0  

159 , 184 

Hardwood Total 

billion cubic feet (wood only) 

4 . 409 
0 . 3 3 5  
0 . 205 
4 . 53 9  

14 . 03 2  
2 . 4 2 5  
1 . 3 5 5  

1 5 . 102 

thousand tons ( including bark ) 

79 , 538 
6 , 043 
3 , 698 

8 1 , 88 3  

2 24 , 556 
37 , 539 
21 , 028 

241 , 067 

Source : The Outlook for Timber in the United States , u. s. Department 
of Agriculture Forest Service (1974) 
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The projections of the outlook S tudy are presented in 
terms of two different concepts: remoyals and supplies. 
Both include the total cubic-foot volume of trees that are 
harvested from the qrowinq stock and used. The removals 
value includes al so the volume of logging residues left in 
the woods and the volume of timber on land cleared for non­
timber uses or on land withdrawn for parks, wilderness 
areas, or other purposes. The supclies value consists 
primarily of trees harvested from the growing stock and 
includes loqging residues and trees on non-commercial forest 
land only to the extent they are used. 'l'he data suaunarized 
in this report are based on remqyals, which 
characteristically run higher than caaparable supply 
statistics. 

Zt will be seen that the United States is a net importer 
of timber products both for hardwoods and for softwoods. 
The total consumption of timber in the United States in 1970 
was over 15 billion cubic feet or more than a billion cubic 
feet hiqher than actual removals from American forests in 
that year. 

The annual growth in 1970 exceeded annual harvest. 
While the growth of savtiaber expressed in board feet vas 
only 95 percent of removals in 1970, the growth of total 
growinq stock expressed in cubic feet was 133 percent of re­
movals in the same year. Por softwoods as a group, 
sawtimber growth was 84 percent of removals, while growing 
stock growth vas 1 1 1  percent. Hardwoods, on the other hand, 
were being cut at a much lover rate than growth. Savtilllber 
growth was 13 1 percent of re.avals of hardwoods, while 
growing stock growth was 179 percent of removals. 

Zn 1970, the current annual growth of the co .. ercial 
forest lands of the United States was estimated at 38 cubic 
feet per acre per year. The mean growth varied from 65 
cubic feet per acre on forest industry lands on the Pacific 
coast to 2 3  cubic feet on public lands in the Rocky 
Mountains (Table 3) . 

Bad all the comaercial forest areas been fully stocked 
in 1970 and bad a normal distribution of age classes existed 
at that time, the potential annual growth of the comaercial 
forests of the United States estimated from normal yield 
tables would have been 74 cubic feet per acre per year, or 
almost twice the estimated net annual growth. considerable 
gain would be achieved through har vesting old-growth stands 
on the Pacific coast and in the Rocky Mountains, stands 
where current growth is negligible, and replacing them with 
faster growing second-growth forests. 
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Table 3 

Average Net Annual and Potential Growth per Acre 
by Owner , Class and Section 19701 

(Cubic feet) 

All National Other Forest Farm and 
Section Owners Forest Public Industry miscellaneous 

private 

North: 
current 31 3 8  3 3  40 29 
Potential 68 66 59 72  69 

South: 
CUrrent 45 55 45 53  42 
Potential 76 70 71 81 75 

Rocky Mountains: 
current 24 23 2 3  47 25 
Potential 6 0  6 5  5 4  70 so 

Pacific Coast: 
current 45 2 7  6 0  6 5  5 8  
Potential 95 88 100 107 96 

Total: 
current 38 30 39 52 36 
Potential 74 73  68 83 7 2  

1 
Potential growth is de fined as the average net growth attainable in 

fully s tocked natural stands . Higher growth rates can be attained in in-
tensively managed stands . 

Source: The OUtlook for Timber in the United States, u. s. Department 
of Agriculture Forest Service (1974 ) 
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PROJECTED SUPPLY IN 1985 AND 2000 

In the Outlook Study, the Forest Service projected 
future timber supplies of the United States from 1970 
through 2020 at 10-year intervals. These projections are 
stratified by geographic section of the country, species 
group (softwoods and hardwoods), and ownership class 
(national forest, other public, forest industry, other 

private). The projected supplies are given both in terms of 
cubic feet (roundwood products) and board feet (sawtimber 
products). 

The base-line projection in the Outlook Study is based 
on the assumption of a continuation of the 1970 level of 
management. This level is defined as the average amount of 
forest management activities prevailing throughout the 
1960s. Specifically, it was assumed that current levels 
would be maintained in such matters as expenditures for fire 
control and area burned, expenditures for pest control and 
level of damage, expenditures for reforestation and area 
planted, expenditures for forest fertilization and area 
treated, assistance to private forest landowners, support of 
forestry research, expenditures for forest roads ·and mileage 
developed, and the like. 

The average investment in constant 1967 dollars during 
the 1960s was $148 million for forest fire protection (an­
nual burn 3.9 million acres), and $13 million for forest 
pest control. During the decade, an average of 1,477,000 
acres was planted annually at an estimated cost of roughly 
$85 million. For the period 1968-70, an estimated 1,413,000 
acres were treated annually to improve the timber stand at 
an estimated coat of $25 million per year. By 1971, forest 
industries were reported to be applying fertilizer to nearly 
150,000 acres annually, almost entirely on the Pacific Coast 
and in the South. Road construction for forestry purposes 
totaled $180 million in 1970 for National Foresta alone. 

The Outlook Study's projection of future timber produc­
tion is baaed upon a continuation of these •1970• levels of 
management. In actual fact, the intensity of timber 
management has increased over the years. While it would be 
entirely appropriate to base estimates of future production 
on a trend line of increasing intensity of management, the 
baseline of a continuing of 1970 levels of management 
adopted by the Forest Service is acceptable for a 
conservative projection. 

If we assume the continuance of these expenditures and 
forest management achievements, the trends in productive 
potential of the United States forests can be highlighted as 
in Table 4. The data for 1985 are interpolated from the 
Outlook Study. Compared with total removals in 1970 of 14 
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billion cubic feet, those for the year 2000 are estimated to 
be 20. 3 billion or an increase of 45 percent. In addition, 
the ultimate productive potential of the United States 
forests, as es timated from normal yield tables, is appended 
in the bottom line. As can be see n, the potential 
productivity of our forests as defined by this measure is 
over twice as qreat as the 1970 harvest f or softwoods and 
nearly four times as great for hardwoods. 

The productive potential as defined by yield tables is, 
however, only a rough measure, and it should be taken as 
such. In the first place, it is totally unre alistic to 
as sume that all the commercial forest land could be brought 
to a fully stocked condition wit h a balanced distribution of 
age classes created within each workinq circle. Inevitably, 
average volumes over large area s of forest are l ess than 
those measured on selected s ample plots. Ostrom and Gibbs 
(1973) cite a swedish study by Eriksson (1967) over a 3o­
year period. Comparing yield data from permanent sample 
�lots averaging 1/4 hectare with the yield of surroundinq 
stands averaginq eight hectares in area that we re 
periodically thinned, Eriksson found that t he yield of 
entire stands was only 90 percent of the yield measured on 

the growth plots. Be attributed the difference to 
unproductive spots caused by rocks, blanks resulting from 
windf all, the occurrence of other species, irregularity in 
spacing ,  edge effects, log landinqs, logginq damage, and 
qreater care in management within the plot boundaries. 

In the United states, shallowness of soils and dry cli­
matic conditions o ften result in stands less than full y 
stocked in terms of crown cl osure. Particularly in the 
ponderosa pine type in the interior of the western United 

States, actual y ields will often be substantially under 
those indicated by normal yield tables (MacLean and 
Bol singer 197 3) . 

Whi le the estimates of future timber s upplies based upon 
yield tables are unrealistic, the estimates in Table 4 of 
the productive potentia l of timber based upon t he contin­
uation of 1970 leve ls of management for 1985 and 2000 appear 
to be f ul l y  attainable. 

From the outlook study projections of the United States 
Forest Service, it is clear tha t harvests from United States 
forests could be increased b y  approximately 25 percent over 
1970 levels by the year 1985 and by as much as 50 percent by 
the year 2000, by continuing at 1970 levels of forest 
manage ment. Much of this incr ease, however, would come from 
hardwoods, a ca tegory which is currently being underused. 
The projected increase in softwood timber suppl ies would be 
only 14 percent by 1985 and 25 percent by 2000. 
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1952 
1962 
1970 
1985 
2 000 
Potential 

Table 4 

Past Production and Future Productive 
Potential for u. s. Forests 

Softwoods Hardwoods 

billion million billion million 
cu . ft . tons cu . ft.  tons 

7 . 8  ll8 4. 1 74 
7.6 11 5 4 . 2  76 
9 . 6  14 5 4 . 4  80 

11 . 0  166 6.5 ll7 
12.1 182 8.2 148 

(Yield table ) 20.5 309 17.5 316 

Total 

billion million 
cu . ft .  tons 

ll . 9  192 
11 . 8  191 
14.0 2 2 5  
17 . 5  283 
20 . 3 3 3 0  
38.0 625 

Source : The Outlook for Timber in the United States , u. s. Department 
of Agriculture Forest Service ( 1974 ) 
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PROBLmts OF ESTIMATING 
CURRENT AND FUTURE RAW MATERIAL SUPPLY 

Among the renewable resources, forests differ from 
agricultural crops, both animal and plant, in ways that make 
the problem of estimating current and future supplies 
unique, not well understood, and vastly more difficult. 

The forest is both the product and the means of 
production' when we harvest the trees, the capacity of the 
land to produce more wood in the immediate future is largely 
dissipated. And when we reforest the land, no products are 
available for long periods. Even after products are 
initially available, they must be allowed to accumulate in 
the forest factory to insure maximum future and average 
production. Even if we exclude social, political, and 
environmental factors to which forests are peculiarly 
subject, the uniqueness of the forest makes economic 
rationalization of forestry extremely complicated as an 
enterprise. 

Data on current and future raw materials supply must be 
collected in a way that makes the economic analyses 
possible• It is apparent from the above that the task is a 
difficult one. 
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CDAPTER 3 

UN.ITED STATES T.IMBER INVENTORY 

.INVENTORY MEASURES 

Units of forest measurement were developed at a time 
when there was only one product: lumber. The board-foot is 
still used today. .It is as though we were to measure what 
is in a qranary in terms of loaves of bread. The farmer 
would then have to think of his cro� as consisting of so 
many loaves of bread rather than bushel s of grain. SO would 
the buyer, reqardles s of how he intended to use the produce. 
A f eedlot owner buyinq wheat for stock f ood would ha ve to 
use one convers ion, and a baker another. The baker would be 
no better off , becaus e he might be making 14-ounce loaves of 
whole wheat bread when he had bought wheat in terms of one­
pound loaves of wh ite bread. 

Board Foot Mea sure 

one board-foot is theoretically a piece of lumber one­
foot square and one-inch thick. .In practice, however, this 
is never the cas e. The variations arise from many caus es, 
but the result is that the boar d-foot is a highl y  inaccurate 
measure even of sawn lumber. 

Lumber is often cut from a green log. .It shrinks as its 
moisture content i s  reduced below the f iber saturation 
point. some lumber is used rouqh from the saw, and some is 
surfaced. Lumber widths and thicknesses are specified in 
terms of their nominal dimensions though their actual 
dimensions may be quite diff erent. These varying dimensions 
are catalogued in the "American Lumber standards," an 
industrially accepted specif ication originall y promulgated 
some 50 years ago and chanqed only moderately since. Under 
these lum ber standards a nominal 2" by 8" dry, surfaced 
board must ha ve a minimum dimension of 1- 1/2" by 7- 1/2". 
Thus a board of minimum dimensions in this nominal size 
would have a cross section slightly more than 82 percent o f  
the nomin al cross s ection area. The averaqe dimension in 
thickness and width of lumber from any particular mill is 
likely to b e  a function of the manufacturing precision of 
that mill . Those that are precise are set nearer the 
minimum than those that are les s  preci se. 

The American Lumber standards for variation in sawinq 
(miscutting) of softwood luaber are also archaic. variation 

in savinq is defined as deviation from the line of cut. The 
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standa rds prescribe that sliqht variation is not over 1/16 
inch scant in 1 inch luaber, 1/8 inch in 2 inch, 3/ 16 inch 
in 3 inch to 1 inch, and 1/4 i nch in 8 inch or m ore . Thes e 
are precisely the same standards for miscutting that were 
contained in the o riginal American Lumber Standards 
promulgated in 1925. The situation has now remained static 
for SO years. There have been improvements in equipment and 
manuf acturinq procedures, but they have not been reflected 
in the American Lumber Standards . These standards protect 
the worst practices in the industry and fail to reflect the 
best available technology. 

The s ituati on with respect to precision in the 
manufacture of hardwood lumber is even worse. current 
standards for miscuttinq of hardwood lumber are more re laxed 
in 1975 than they were in 1945. These lax st andards might 
be tolerated in a situation where the basi c resource is 
available in excess of need, but they are not acceptable 
when applied to a commodity whose raw material base is in 
short supply. 

crude specifications and standards for measurement 
foster large-scale material waste and make it difficult to 
estimate available supplies with any precision. 

Log Rules 

EVen greater inaccuracies in estimating the volume of 
wood result from the crude but persistent methods by wh ich 
the number of board feet in logs is estimated. Logs are 
bought and sold for the most p art on the basis of loq rules, 
devices that evaluate the useful content of a log in terms 
of an estimated recovery of mi ll- run ungraded lumber .  A 
number of log rules of this type are used by the American 
lumber industry. Given the lack of precision in measuring 
lumber and timbers and the lax manufacturing procedures 
reflected in lumb er standards, the task of atte•pting to 
estim ate recovery of these materials from round logs of 
various sizes is a difficul t one. Two general types of loq 
rules h ave teen widely adopted by industry and government, 
and se veral of them are in current use. 

One type of log rule is th at developed by qraphical ly 
diagramming circular cross sections of various diameters to 
projec t the reduction of a log to boards and timbers. The 
Scribner log rule is such a diagram rule. It was devised 
over 100 years ago and is still widely used in the united 
States. It i s  the only diagram rule still in extensive use. 

A second type of loq rule is the f ormu la loq rule, which 
attempts to express lumber recovery from a log through the 
use of an algebrai c for•ula. TWo such loq rules are still 
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c ommonly used in the United states. The Doyle rule, the 
oldest of the formula rules still commonly used, is crude 
and highly inaccurate. The International rule, whi�h uses 
an alge braic formula that is more complex and sop histicated, 
is the most widely used of the formula loq rules. ·while it 
is of more recent vintage than the Scribner and Doyl e rules, 
it is still a very old one. Unlike the scribn er and Doyle 
rules, the International rule recognizes taper in a log. 

The nature of all log rules requires that they be based 
upon at l east implicit assumpti ons regarding the lumber 
manufacturing process . These assumptions incl ude the mix of 
board sizes to be produced, the width of the saw kerf and 
the sl abbing and edging practices to be employed. 
Regardless of the qeneral validity of the geometrical and 
alqebraic procedures used in devising a loq rul e, it is 
obvious that assum�tions based upon manufacturing practices 
of a century ago bear little relationship to modern tech­
n ology. Manufacturers have, of course, accommodated to the 
inaccuracies and imprecision of log ru les, and such criter ia 
as "overrun" and " board foot-cubic foot ratio" represent 
efforts to estimate true volume from the inaccurate 
estimates in board-foot volume provided by the loq rule. 

Loq rules are commonly used in the timber trade as a 
basis for loq and tree marketing even in situations where. 
the use is for veneer rather than lumber. He re the log 
rules, based as they are upon estimated lumber recovery, 
make no technoloqical sense at all. 

With the advent of larg e-scale electronic computers, the 
possibility has been explored of using simulation models to 
predict product recovery und er the manufacturing conditions 
actually projected for use. A large number of such 
computerized models have been c onstructed and are in use. 
Evaluation of logs in terms of actual solid volume or weight 
can be ac complished with much greater precision than can be 
achieved in attempting to predict actual product recovery 
through the use of log rules. 

Evaluation of log content in terms of cubic volume or 
weight has the advantage of permitting more meaningful 
comparisons among alternative uses for the same log and 
perhaps more importantly for evaluating multiple uses of the 
same log. There has been some progress in substituting the 
cubic-foot measure or weight for the board-foot aeasure, 
although the use of old log rules is still a com.on practice 
fostered by tradition, arc haic laws, and government 
practices at national and state levels. 
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Volume Tables 

The measurement of tree volumes presents many of the 
same problems that are associated with the assessment of log 
volumes .  Tree volumes are customarily estimated through the 
use of volume tables which estimate the merchantable volume 
of a tree in terms of its diameter 4 . 5  feet above the ground 
and i ts height. Most volume tables are developed by making 
assumptions concerning the choice of a geometric solid 
configuration that approximates the shape of the tree bole , 
the probable stump height and minimum usable top diameter , 
and , sometimes ,  the mixture of logs that are potentially 
recoverable. In some cases , the volume estimate by volume 
table s is the cubic volume of the whole stem, but most 
volume tabl es have concentrated upon estimation of the 
volume of the so-called merchantable bole . Thi s is def ined 
a s  either the number of 1 6- foot logs or tbe portion of the 
stem between the top of the stump and the point of miniaum 
merchanta�l e diameter. Nhen voluae tables are based upon 
e stimates of product recovery. they must include assumptions 
concerning the nature of the product conversion process .  
Commonly, the ·log rules previously discussed are used a s  the 
basis for the conversion assumptions . When thi s is done, 
the merchantable quantities estimated are obviously no 
better than the conversion assumptions built into the log 
rules . 

The g eometric solid configurations most commonly used 
are designed to give good estimates of total cubic volu�ne in 
the middle portion of the bole--the so-called merchantable 
portion of the stem . They are le s s  precise when used to 
estimate those portions of the bole that are traditionally 
non-merchantable; i . e . , the stump , top and large branches . 
As use of the full tree becomes more widely practiced, 
failure to estimate accurately tbe volumes in the •non­
merchantable• fraction of the tree is an important 
mensurational deficiency. 

Similarly , volume tables ba sed upon singl e product use 
will be of limited value in estimating product recovery 
potentia l  when the trees ar e used for products other than 
those anticipated , or when they are used for multiple 
product recovery. As larger components of the tree are used 
for fiber products and cheaical feed stocks, it becomes 
increasingly important to be able to assess raw material in 
trees in tenas of weight rather than volume , the 
conventional basis for forest resource inventory. 
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INVENTORY OF .PRESEN� S�ANDS 

An inventory is essential for adequate appraisal of the 
current resource: the standing vo lume; current annual 
increment ; and, for stands still in the developmental 
staqes , mean annual increment, or the averaqe qrowtb per 
year from the year of establishment to the present time . 

Standing volume is measured in a number of ways . The 
casic uni t of measure may be board feet, cubic volume , or 
weight. �be volume of the total tree bole or only a part of 
the tree mle may be estimated . only trees above soaae 
arbitrary size limit may be counted, and even then ,  large 
trees with varyinq amounts of defect or de formity may be 
omitted. The user who makes chips from any si ze or species 
of tree , the sawmiller who wants a specific size or species ,  
and the u ser with fully integrated manufacturing fac ilities 
must appraise the va lue of the resource from the same 
inventory . 

Adequate samplinq of extensive forest areas through the 
management of sample plots in the field is time consuminq 
and expensive . Even the best de signed forest surveys are of 
questionable accuracy because of the problems already 
described with the casic units of measuring, the dif ficulty 
of making accurate measurements of basic parameters in the 
field, and the high cost of adequately sampling hiqhly 
variable forests . �be result is that the forest manager is 
typical ly confronted with an absence of needed inventory 
data. 

Even when for est inventories provide good es timates of 
the cubic-foot vol ume of tree boles, such data do not 
include the stump, top of the bole , root system , large 
branche s ,  and foliage . Botani sts studying total forest 
biomass have ceen restricted by cost and basic- science­
directed personal decis ions to small and arbitrarily chosen 
samples . The nature of these samples does not permit 
generalization of the results to large forest area s .  
Botanists and fore sters are both concerned with forest 
biomass , but the two groups work independently by and l arge 
with little or no joint efforts to use and interprete data . 

BS�LNATING GRO��B 

The measurement of growth i s  subject to the same 
problems inherent in the .eaaurement of current forest 
volume or weight . The larger a•ount of effort required to 
estimate growth , however , renders adequate sampling of the 
forest more expensive and therefore more unlikely . 
Furthermore , qrowtb , involving as it does a projection over 

- 23 -

Copyright © National Academy of Sciences. All rights reserved.

Biological Productivity of Renewable Resources Used as Industrial Materials
http://www.nap.edu/catalog.php?record_id=18425

http://www.nap.edu/catalog.php?record_id=18425


time , i s  inherently les s  easy to a ssess than current vo lume 
or ma s s .  

current growth or annual increment i s  mea sured either by 
succe ss ive measurement s of sample plots or bv reconstruction 
of the stand at an earlier time th rough the e xtraction of 
inc rement cores from the tree to count and measure growth 
rinqs . The f irst technique i s  better, but the number of 
plots remea sured in practice i s  seldom enough to permit 
adequate sampling , and the preci sion of the repeated 
mea surement s is s eldom qood enough to provide accurate 
measurement s of the di fferences that constitute growth . The 
use of increment cores in the stand-table pro jection method 
i s  adequate to provide data on the gros s growth of 
indiv idua l forest stand s ,  but ma y not provide accurate 
estimates of � growth because of the di fficulty of 
mea surinq tree mortality over a specific period of time . In 
addition, tree morta lity tends to be e pisodic rather than 
continual , thus lead ing to even qreater error s in 
prediction. Stand tab le pro jec tion is much l es s  
sati sfactory when appl i ed to a n  entire forest o r  r egion than 
when used on a stand-by-stand bas i s .  

In th e  absence o f  actua l growth studies ,  increment must 
be measured by qrowth or yi eld tables that generalize 
expected growth in such terms as site , age , and degree of 
stockinq . Conventional yield tabl es bas ed on aqe are 
applicabl e to even-aged sta nds onl y . , In i rregul ar , mi xed , 
and uneven-ag ed stands , adequate growth table s based on 
varia bles other tha n  age ar e  generally not availabl e .  

A con si derable expertise e xi st s  about how to measure 
cur�nt volume or mass and its increment over time. 
Inadequate funds have been allotted. however, to applyinq 
thi s knowle dge to our present fore s t  resources . In view of 
the c ri ti cal nature of qrowth data in the forecasting of 
future supply and the time periods necessary to obtain such 
da ta, we cannot overemphasize the importance of an immediate 
remedy to thi s s ituation . 

POTENTIAL PRO DU�IVITY 

In taki ng a long look i nto the future, we need to know 
what a new for est under man • s management wi ll produce using 
cur�nt and pro j ected technology .  

Forest development i n  volume follows the familiar s­
shaped qrowth curve. with the x-axi s  in years or decade s . 
The grand p eriod of growth i s  followed by a leveling o f f .  
If th e  f crest type is one o f  the early successional stages , 
the vol ume will decl ine substantially as it progresses to 
the clima x  forest and will eventually level off at a lower 
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level of volume with no qrowth . Even if curr ent annual 
growth coul d te accurate ly determined. its signi ficance can 
only be j udged i f  the observer know s where the fore st i s  on 
the growth curve . 

If th e  development curve is de scribed in teras of 
biomass .  it i s  quite different from one described in board 
foot volume of merchantable trees only . 

Furtheraor e we must still predict the growth of managed 
forests f rom obs ervations of natural untended stands . 
consequently . we are underestiaating biologic al potenti al 
because managed stands can produce •ore than unmanaged . 

Da ta  on the response of forests to intensive aanagement 
practices are generally restricted to periods of only a few 
decades. Pew studie s  cover longer seqments of the life of 
the forest. We need to develop data collection techniques 
and ana lytical procedures to predict long-term responses of 
forests to si lvicultural treatment based upon short- term 
monitoring of the forest . 

We need yiel d tables for aanaqed stands showing the 
production ex�ected using various silviculture and 
management options . The development o f  def in itive 
predictions require s watching and measuring a managed stand 
throughout an entire rotation. The obvious necessity. as 
pointed out in this report. for exploiting today the 
potential productivity of the forest cannot wait for the 
development o f  such yie ld table s .  Interim prediction 
technique s are needed to guide inves tments in improved 
technology that must be made today to insure heal thy. 
productive forests for the future . 

A CONTI NUOUS FOREST INVENTORY 

The United state s forest resource is on the one hand 
exten sive and valuable . and on the other remarkably poorly 
defined a s  to extent .  content . and current and poten tial 
growth . This i s  not to say that large efforts by competent 
profess ional fore sters have not been productive . The 
primary limitations are three: ( 1 )  most inventories contain 
a mixture of biological and phys ical data and local 
management data .  the latter often playing a dominant role in 
setting procedure and pace ; (2 ) inventories have most often 
been de si gned to produce data for the moment. with no 
del iberate intention of keeping current ; and ( 3 )  the onset 
of the quickening pace of o perations due both to demand s  of 
intensive management and the pre s sure of conf l icting 
intere st groups i s  rendering much of forest inventory 
practice obsolete. 
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Procedure s  for for est inventory , even of total occupied 
land, are so tediou s and time consuming that it can take 1 0  
years to complete the cycle of a national inventory . Rapid 
method s such as use of satellite imagery must be developed 
and a dopted so that planning can proceed ba sed upon data 
that are current. (At present many industrial and nationa l 
fores ts have no inventories more recent than 1 9 5 5 . ) Even 
where more appropriate inventory techniques are available , 
forest surveys have tended to become limited or delayed 
because o f  lack of funds ,  di sa greement between interested 
pa rtie s a s  to ob j ectives , and restraints imposed by 
management .  The Forest Survey , an on-going proj ect of the 
United States Fores t service ,  has provided inva luable data , 
hut it is so underfinanced and understaffed that the 
stati stical base of the 1 9 7 4 outlook study is often 
necessari ly scanty and out of date . The principles and 
programs it stands for , however , are important and need 
immediate f urther development, expansion, and appl ication . 

I f  fore st policy planning i s  to he based on adequate 
data ,  a continuous nationwide inventory of forests should be 
reinstituted and maintained . Instead of usinq the board­
foot or t he merchantable cubic-foot as the unit of measure , 
we should expres s fore s t  inventories in the dry-weights and 
volume s of their component part s .  The obj ective should be 
to provide biological and physical data that can be 
interpreted over a range of terms from total biomass at one 
extreme to current merchantable ha rvest at the other . 

The reinstituted continuous forest inventory should make 
ful l use of r emote sensing and modern sampling techniques .  
I t  should b e  based upon sufficient actual mea surements in 
the field that current inventory and growth data can be 
provided on a unit-area tasi s for the important (both 
biologica lly and economical ly) forest types , forest site 
class e s ,  forest age and size c la s se s ,  major ownership 
cla sse s, geographical regions , and other strati fication s 
needed to form the basi s of public management a nd policy 
deci sions . 

The time i s  past wh en we can a fford to plan without 
facts . The potential o f  forests a s  a renewable resource i s  
more than qreat enough to justi fy the ef fort and cost of 
creati ng and maintaining a nati onwide continuous forest 
invento ry .  
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CUAPTER 4 

UNITED STATES TIMBER fOTENTIAL 

TIMBER PRODUCTION UNDER INTENSIVE MANAGEMENT 

A wide variety of opportunities exists for increasing 
timber production through intensive management (Ostrom and 
Gibbs 1 97 3) . The principal approaches include: ( 1 )  
improving the site through cultivation . fertilization . 
drainage. and irrigation ; ( 2 )  conversion of forest areas to 
faster-growing species ; (3) improving stockinq through 
xefore stati on ; ( 4 )  introduction of genetically faster­
growing g enotypes within a given species ; ( 5) stimulating 
the growth of faster-growing trees throuqh weedinq ; (6 ) 
recovering a larger share of the qross growth through 
thinnings ; (7 ) reducing losses from fire . insects . and 
di sea ses through better forest protection : and (8) increas­
ing the allowable cut as a result of management decisions . 

we wi ll consider each of these approaches in turn. But 
before we do so. it may be instructive to review some 
earli er efforts to estimate the increased production of 
timber that could be achieved under intensive management. 
Staebler ( 1 97 2)  presented both the potential gains from 
intensive forest management and its effect upon the 
distribution of management effort within the forest. using 
the generalized example of a tree farm in the Douglas-f ir 
reqion of the Pacific Northwest. Based upon existinq 
research. he suqgested an increase in production of about 
1 4 0 percent over average management on median quality (Site 
III ) Douglas- fir lands if high-order management i s  applied . 
including fertilization . thinning .  and genetic improvement 
of tree species . Be concluded that one acre of the highest 
quality ( Site I) land so intensively manaqed would produce 
as much wood annual ly as eight or nine acres of the lowest 
quality (Site V) qiven average management. so that the 
inten sive management of !�elevation. high-site land could 
compensate if necessary for the withdrawal of high­
elevation . low-site land from timber production . 

In hi s consultant ' s  report to the President ' s  Advi sory 
Panel on Timber and the Environment (PAPTE 1 9 73) . Marty 
assayed some generalized estimates of the net mean annual 
growth that miqht be anticipated for various softwood timber 
types . and multiplied these values by the area in each site 
class for each softwood forest type. By this s imple method . 
he estimated that the United States could grow 1 7  billion 
cubic feet of softwoods per year . 77 percent more than the 
1 9 7 0  supply of 1 0 . 7  billion cubic feet. but les s  than the 
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2 0 . 5 bill ion cubic feet i ndicate d  by th e use of normal yield 
t a b le s .  

In th e  southern Uni ted States , Boyce ( 197 4 )  initiat ed a 
ueries of attempts to estimate the biological poten tial of 
pi ne ecos ystems through a refi nement of the yiel d table 
a pproach .  For loblolly pine in the southeast ern states he 
estimated a mean annua l growth of 9 8  cubic fe et per acre per 
year in total stem volume . Boyce ' s  analysis confirmed the 
estimate s made in The South ' s  Third Forest (Southern Fores t  
Re source s  Analysi s-committee 1 9 6 9 )  that the potentia l growth 
of softwood in that region could be doubled with intens ive 
ma naq emen t .  

I n  th e  outlook Stud y .  preliminary analyse s are included 
of the i n crea sed timber produc ti on pos sibl e through inten­
sive management of : ( 1) Nat ional Forests. and ( 2 )  miscellan­
eous private hol ding s .  which are the two ownership c las ses 
whe re the g reate st ga ins were thought to be pos sibl e .  The 
ma naqemen t pract ices consider ed we re refore station. stand 
relea se . thinning , and salvage . other mea sures . such a s  
fer t i l i zation ,  gen e t ic improvement . and increased u s e .  were 
not tak en into account. 

The National Forest lan ds occur primarily in the western 
United St ates . Po s si ble increases in harvest s would ar ise 
f rom a continuinq serie s of programs of inten si fied 
management on lands estimated to repre sent the most 
promi s i nq o�portun i tie s for intensi f ication ( i . e  • •  lands 
that woul d return 5 percent or more on investment , assuming 
f uture prices for softwood lumber and plywood at 30 percent 
above 1 9 7 0  leve l s ) . I f  27 5 thousand acres were treated 
annually. the increased harvest would be 1 . 6  bi llion board 
feet by 1 98 0  and a s  much as 13 billion board feet by 2 0 20 .  
The e s timated inc r e a se s  in harve s t s  from such a program 
would be 3 percent by 1 980 and 2 5  percent by 2 0 2 0 .  Most of 
the increas e  wou ld come from i ncreasing the capture of qros s  
growt h th roug h  th inning s and improvement cutting s. In 
addition , the allowabl e cut on these National Forest la nd s  
would be raised under present sustained yi eld computationa l  
�ractices becaus e o f  the •allowable cut effect, • the 
increase in computed permis sible harvest of existi ng ol d­
growth re sulting from taking into account the antici pated 
higher yi el ds from the managed stand s .  

The miscellaneous private lands considered in t h e  out­
look Stud y of inte n s ive management potentials occur 
primarily in the southern state s .  For thes e areas , future 
harve st i ncreases woul d ar ise primarily from reforestation 
and thus would not occur for 2 5  to 30 years . As suming that 
1 2 . 7  mil l ion acres were placed under accelerated management .  
inc ze a sed harvests would be negl igible until 2 0 0 0  when they 
would reach 1 . 0  bil lion board feet annually . Harve sts from 
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intensi fied management would . however . reach 2 . 5 bi llion 
board feet by 2 0 2 0 .  

S ite Improvement 

The capacity of land to grow trees is termed • site 
quality• . Many indices are used to estimate site. among 
them being the height of main canopy trees at a standard 
age. and the identification of the particular piece of land 
in terms of soil type . moisture relations . topographic 
location. and the kinds of vegetation currently occupying it 
(Spurr 1 9 52 ) . 

In the OUtlook Study. site is categorized directly in 
terms of its productive capacity . More preci sely. it is 
cla ssified by the mean annual growth in cubic feet at 
culmination of mean annual increment in fully stocked 
natural stands . The site classes recognized are: I .  land 
capable of growing 1 6 5  cubic feet per acre per year or more ; 
II . 1 20- 1 6 5 cubic feet per acre per year ; III . 8 5- 1 20 ;  rv. 
50-85 ; and v. 20-50 cubic feet per acre per year potential 
growth. In much of the outlook Study. data for Sites I and 
II are combined. necessitating similar grouping in this 
report . Also in this report . the mean annual increment 
within each site class is as sumed to be 1 6 0  for Sites I and 
II combined . 1 1 0 for Site II I .  70 for Site IV. and 40 for 
Site v. 

As with agricultural land. the productive capacity of 
forest land may be improved . Because of the l ength of the 
forest rotation and the consequent qenerally low return on 
investments . relatively little site improvement in forests 
ha s actually been undertaken in the United states to da te .  

Fores t sites may be improved physically through such 
mea sure s as drainage .  irrigation . and cultivati on ; or chemi­
cally through fertilization and weed control. 

Many forest sites are too we t for optimal growth. 
Drainage has been employed s uccessfully to improve the 
growth of spruce and other lowland forest types in northern 
Europe for many years . Some three million acres have been 
drained in Pinland and nearly one million acres have been 
similarly treated in sweden. In the latter country. growth 
respon ses of from 1 5  to 60 cubic feet per acre per year are 
not unco..an (Stoeckler 1 963 ) . Drainage in similar 
situations in the Lake States of the United States . however . 
has been inconsequential . 

Drainage of forest sites has far greater application in 
wetlands of the coastal plain of the southern united States. 
On many pocosin and flatwood sites . growth of loblolly and 
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slash pi ne may be increased from negligible levels to the 
mi ddle range ty drainage .  In North carolina , 2 1-vear-old 
loblolly and slash �ine s pl anted within 2 0 0  feet of drainage 
canal s produced over one cord per acre per year contrasted 
to 0 . 1 5  cord per acre annually on a similar but undrained 
s ite (Mi l le r  and Maki 1 9 57 ) . Growth of 1 9-year-old sla sh 
pine on a wet sandy f lat in northwest Flori da wa s 5 0  percent 
greater in the 1 0  years after drainage ( 1 5 . 4 feet) than that 
( 1 0  feet) predicted for the undrained condi ti on (Young and 

srendemuehl 1 97 3 ) . Drainage of such sites wi l l  result in a 
relea se o f  nutri ent s in the soi l .  several mi l lion acres 
fal l  in thi s category , a high percentaqe of which have 
phosphate-def icient soi ls . On the se . a combination of 
drainage plus fertil ization with phosphate would improve the 
growth of pine forests substantia lly . Bedding (mounding 
soi l  in l ong rows) also stimul ates the growth of planted 
pi nes on wet sites by improving drainage and increasing soil 
aeration . 

For much of the Uni ted States . lack of soil moi sture i s  
an important factor limiting tree growth on upland site s i n  
the late summer and ear ly fa ll . I t  follows that irr igation 
increa ses tree growth substantially . Irrigation is only 
practicable , thoug h .  when a plentiful supply of cheap water 
is ava ilable to irr igate a level site. Irr igation may be 
locally f easitle in growing popla rs on alluvial river 
valley s ,  but i ts appl i cation otherwise will be strictly 
limited . 

Cul tivation i s  a lso important in preparin q receptive 
mineral s ee dbeds for direct seeding . Where an impermeable 
lower soi l hori zon or hardpan impedes the pass age of water 
both upward and downward . deep soi l plowinq may be effective 
in breaking up the hardpan to cre ate both a better rela ti on 
between soi l  and mo isture a nd more growing space for tree 
roots. 

In recent years . much research has been carried out to 
improve n utri ent relationships in forest soil s .  and 
substanti al areas of forest have been ferti li ze d  
c ommercially. I n  the l ast decade . some 900 , 0 0 0  acres 
(main ly Douglas- fir) have been fertilized in the Pacific 

Northwest . and over q o o . o o o  ac re s have been treated in the 
Southea st  ( slash and loblol ly pine) . The great bulk of this 
has been done by private industry . 

In th e  Douglas- fir region . a high of 2 20 , 00 0  acres was 
ferti lized with nitrogen in 1 9 7 2 .  chiefly by one company. 
Strand and Mil ler ( 1 9 6 9 )  believe that the optimal rate of 
nitrog en fertili zation would lie between 1 5 0  and 3 0 0  pounds 
pe r  acre during a five-to seven-year pe riod . More recently . 
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Stanley P .  Gessel (personal communication , 1 9 7 5 ,  University 
of washington) bas concluded that stands treated with 
nitrogen fertili zer produce an average of 50 cubic feet per 
acre per year increased growth in the four years after 
fertili zation . Low qua lity site s  not only produce more 
re spon se than high qual ity sites , but do so more 
consistently. A safe g enerali zation based upon current 
knowledge would be that . urea or ammonium nitrate applied at 
five-year intervals will result in an increase of 1 5  to 20 
percent in the vol ume increment of Douglas-fir stands on 
average sites . 

In the southeast , a high of 87 , 0 00 acres was treated in 
1 97 2 ,  chiefly through tbe a dding of phosphate fertilizer to 
poorly drained flatwoods sites in the southern coastal 
Plain . Bengtson ( 1 96 8 )  bas surveyed systematically the 
potential increase s in wood production through fertilization 
of forest land in the south, citing tbe literature on the 
subject to that date . Proj ecting hi s judgment for a 30-year 
period, be concludes that for the East central Uplands, the 
outlook for profitable use of fertilizers is not promis ing .  
For the Lower Val ley o f  the Mi ssis sippi and similar bottom­
lands , forest fertilization will not contribute greatly to 
production until better si lvicultural practices are devel­
oped and applied extensively.  In the southeastern Uplands , 
however ,  judicious �election of acres to be treated can lead 
to increa sed total production in thi s area of perhaps 5 
percent. �he greatest potential gain, though , is in the 
coastal Plain where a substantial increase in production, 
conservatively 1 0  percent f or the region as a whole ,  can 
come through fertilization and drainaqe of poorly-drained 
and phosphate-deficient sites . Bengtson bases the largest 
gain on the conclusion that volume increase of 30 percent 
could be obtained from treating perhaps 25 percent of the 
f latwoods pine stands . �bree to five million acres of 
coastal f latwoods need phosphate to te productive. 

The net e ffect of an extensive program of ferti lization 
and drainage woul d te to raise the site quality of a portion 
of the forest land in the United States . Assuming for the 
sake of s implification that such efforts are confined to 
nitrogen fertilization of 4 . 7 million acres in the Douglas­
fir and related mesophytic coni fer types of the Paci fic 
coast. and to phosphate fertilization and drainage of 5 . 8  
million acres in moist loblolly and slash pine types in the 
south, and assuming that the total acreages of these types 
remain es sentially unchanged, we may tentatively modify the 
acreages of the different site cla sses as indicated in Table 
5 .  Assuming that the qrowtb in each site class remains the 
same, site amelioration would result in an increase of 5 . 5 
percent in the productivity of Pacific coast Douglas-fir and 
related types and of 3. 2 percent in that of southern pine 
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types .  The e xercise is highly s peculative but at the same 
t ime indicative of pos sible gains . 

Conversion of Forest Type 

In the out look Study, fore st site quality i s  estimated 
on the ba sis of the vegetation currently occupying the area 
at the ti me of the forest survey . Since some of our 
commercia l  forest land is currently unatocked , and since an 
even qrea ter amount o f  it is stocked with tree s pecies that 
are growing more slowly than others that are equally we ll 
adapted to grow on the same site s ,  the net ef fect is that 
the out look Study substantia lly undere stimates t he · growth 
potenti al o f  United Sta tes commercial forests in these 

· 

re spect s . 

The gai ns fr om conversi on of an exi sting forest to a 
suitable faster-growing type can be estimated readily from 
yield tab le s provided that either ( 1 )  yield tables for di f­
fering spec ies or type s are baaed upon site as defined by 
soil type , ·  topographic , and other non-tree characteristic s ,  
or (2 )  s ite index o f  one type can be related t o  that for an­
other type through correlation analysis . An example of the 
first i s  provided by Aasman ( 1 9 7 0 )  for northern Europe . Be 
found , for exampl e ,  that the yi eld of spruce wa s at lea st 
twice tha t  of beech on the same site , and that American red 
oak outproduced native European oaks on the s ame site by 
more than two time s .  

Site index corre lations have been publi shed by Doolittle 
( 1 9 58 )  f or di fferent spec ie s  growing on the same site in the 
Southern Appalachians , by Carmean and Vasilevaky ( 1 9 7 1 )  for 
northern Minnesota , and by Dietchman and Green ( 1 96 5 )  for 
the northern Rocky Mountain region . Althouqh no systematic 
study has been made o f  co•parable American site index and 
yield tab le data , spot checks would indicate that in many 
ca ses yi eld o f  forests can be raised from 5 0  to 1 5 0  percent 
by species conversion .  

By f a r  th e  largest opportunity for changi ng forest type 
is in the southern pine region tut opportunities a l s o  e xist 
in the Lake States , Central State s and New England . In the 
south , a very larqe ar ea that could grow pine s wel l  is 
currently growing hardwoods poorly (Murphy and Knight 1 97 4 ) . 
Much o f  thi s  land once supported pine , but it ba s reverte d  
to ha rdwoods through the exc lusion of fire or the harve sting 
of the pi nes leaving the cut-over site to be taken over by 
hardwoods . The region ba a over 30 million acres of mixed 
oak-pine forest and over 88 mi l lion acres of hardwood . I f  
we as sume tha t one-half o f  the mixed-wood type and one- tenth 
of the upland ha rdwoods on site s III-V could profitably be 
converted to ' pine ,  t he pine acreage in tbe south could be 
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Table 5 

Possible Improvement in Site Quality of 
Douqlas-fir and Southern Pine Types throuqh Fertilization 

Acreaqe Assumed Total Annual Increment 
Type and S ite Outlook Study After Fertilization Mean Annual Increment Outlook Study After Fertilization 

Class ( 000 ) ( 000) (cf . /ac . /yr . ) (million cubic feet) 

Douqlas- fir , 
Hemlock , Sitka 
Spruce , Redwood 

I ,  II 13 , 700 1 5 , 000 160 2 , 192 2 , 400 
I II 6 , 500 8 , 000 110 715 880 
IV 8 , 2 00 6 , 000 70 574 4 2 0  
v 1 , 2 00 600 40 48 24 

Total 2 9 , 600 2 9 , 600 3 , 529 3 , 724 

Southern Pine 
I ,  II 5 , 800 6 , 000 160 92 8 960 
III 2 1 , 900 2 3 , 000 110 2 , 409 2 , 530 

IV 32 , 000 3 5 , 000 70 2 , 2 40 2 , 450 

v 8 , 300 4 , 000 40 332 160 

Total 68 , 000 68 , 000 5 , 909 6 , 100 
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inc re a sed by 2 0  m il lion acres . I f  we further a s sume that 
the s ite will be raised by at lea st one class by such 
conversion , the area of southern pine by s ite classes would 
be au�men te d as shown in Tab le 6 .  In this estimate , the 
ba se is that provi ded by Table 5 a fter site improvem ent from 
ferti l i zation and drainage. such a convers ion could 
incre a s e  the potentia l yield of so uthern pine by as much a s  
3 9  percent over the proj ected growth a f ter si te 
ameliorat ion , or 4 0  percent ov er pro jected growth based on 
acreages and site classes a s  deline ated in the outlook 
Study , wi thout tak ing into consideration the ef fect s of sit e 
improvement . 

Improving Stocking Throuqh Reforestation 

Probably tbe s ing le most important f actor in m ainta ining 
the prod uctivity of the forests of the United states is the 
dev elopment and maintenance of ful l  stocking through a 
nationwid e program of seeding and planting wher e and when 
nece s sar y .  The outlook study reports a total o f  20 . 7  
mil li on acres of non-stocked commercial forest land , or 4 . 2 
percent o f  our commerci al forest lan d: 4 . 8 mi llion a re in 
the south , 3. 7 million are in the Paci fic Coa st region , 9 . 6  
milli on a re in the North , and 2 . 7 mi llion are in the Rocky 
Mountains . 

Many harvested areas lie id le for one , two , or even more 
yea rs before regen eration is attained . If planting can be 
done immediat ely a f ter harvest inq rather than one year 
later , yi el ds can be increa sed by 4 percent o ver a s out hern 
pine rota tion of 2 5  years . Before thi s can be accompl ished , 
we must i mprove initia l surviva l and stocking of new stands 
by ful ly using presently av ailable knowledge on growing , 
handl ing , and outpl ant ing seedlings .  Twenty- five year 
records f rom throughout the south showed that first year 
survival on 2 5 0 , 0 0 0  acres of pl anted slash and loblolly pine 
ranged from 5 3  to 8 3  percent ; average survival for this 
2 5 0 , 0 0 0  acres was 7 1  percent (Schultz 1 97 5 ) . Average 
survival for 9 coni fer speci es planted throughout the Lake 
States was SO percent at age 1 1  (Rudolph 1 9 50 ) . From 5 to 
2 5  pe rcent of each year ' s  plantings is a f ailure due to poor 
survival (t hat i s ,  less than 3 0 0  trees survive to a�e 5 ) . 

During the 1 1 -year peri od from 1 96 0  to 19 7 0 ,  a total of 
1 . 4 77 mil lion acres was planted or direct seeded annually in 
the U nited States .  Assuming a 1 5  percent fai l ure rate , 
regeneration probably averaged 1 . 3 mill ion acres . More than 
6 0  percent of the regenerati on was in the south , and 7 6  
p ercent was carried out by forest industry and other private 
owners . 
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w 
U1 Site Class 

I ,  II 
III 
IV 
v 

Total 

Prom Out-
look Study 

5 , 800 
21 , 900 
3 2 , 000 

8 , 300 
68 , 000 

Table 6 

Increased Acreaqe of Southern Pine 
from Species Conversion and Plantinq 

Area in Acres ( 000) 

After Site Oak-pine Hardwood 
Improvement Conversions Conversions 

6 , 000 2 , 000 
2 3 , 000 1 0 , 000 2 , 000 
3 5 , 000 3 , 000 3 , 000 

4 , 000 
68 , 000 15 , 000 5 , 000 

Non- stocked 
Conversions 

1 , 500 
2 , 500 

4 , 000 

Total 
After 
Treatments 

8 , 000 
36 , 500 
43 , 500 

4 , 000 
92 , 000 
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A rough estima te o f  the ma ximum ann ua l  pl ant ing program 
that miqht dev elo p  over the years may te d erived for the 
oouq l a s- f ir and r e lated coni fer s  on the Pacifi c Coa st and 
f o r  southern pin e s . 

For Oouql a s- f ir and other me so phytic coni fer s , we e st i ­
mate a to ta l o f  2 9  mi l l ion acr e s in S ites I ,  I I ,  I I I ,  and I V  
(capa ble o f  growing 8 5 cubic -fe et �e r acre per y ear ) a fter 
ferti l iz ation o f  some f ive mi l l ion acres to i mprove site 
quality ( Table 5 ) .  I f we a s sume that convers ion period s 
wi l l  be 5 0  to 6 0  year s and tha t all stands wi l l  be 
eventual l y  cl earcut and the site s re planted , the area 
plant ed ann ually would be ei ther 5 8 0  or 4 8 3  thousand acre s .  
I f  the conv er sion were carried out ove r  a short er period of 
time , th e  area to b e  pl anted annua l ly would be greater . 
Conside ri ng t hat not all stands will be regenerated by 
cle arc uttinq and p lanting , and that more than 3 0 0  t hous and 
ac re s a re c urrently being pl ant ed in a l l  timber types in the 
reqion , there seems to be no maj or biological barri er to the 
achievement of f ul l stocking on all the better s ites f or the 
Dougl a s - f ir type over the peri od of approximatel y hal f a 
century .  

For s outhern pine s , we estimate a potenti a l acreage o f  
6 8  mi l l i on acres of Site IV or tetter (more than 5 0  cubic 
teet per acre per year) . Thi s  inc l ude s si te amel iorat i on  
treatment t o  5 . 8 mi l lion acr es , planting o f  f our mi l l ion 
acres of non- stocked lands , and conv ers ion by planting of 2 0  
mi l lion acres (Tab l e  5 ) . As suming that thi s ef fort is 
ca rri ed through ov er t h e  next 30 to 40 years , and a s suming 
that the 64 mil lion acr es of south ern pine on S ites I - I I I  
wou ld be r egenerated by c lea rc uttinq and pl anting, we s ee 
tha t an ann ual pl ant ing program of 2 . 2  mill ion acr e s  would 
be needed . Qui ck er conversi on wou l d  require more plant ing 
each year . Aga in , s inc e  pr e se nt planting level s already 
exceed a mi llion acres per year , this qoal does not seem 
unattainable . 

We may conclude , therefor e ,  that for the two pr inc i pa l  
timber- growin g reg ion s in t he country ,  i t  woul d  be feas ible 
to ach ie ve full stocking as we l l  as species conversion over 
SO to 6 0  years for Doug las- f ir and 3 0  to 4 0  years for south­
ern pine .  

Gen etic Improvement 

I t  i s  a t  the time of pl anti ng the new fore st that the 
possibi l i ty of genet ic improvement tecomes rea l . The 
potential increas ed prod uctivi ty f rom wide- spr ead 
appl icat ion of fore s t tree improvement practi ce s ha s be en 
summari zed by Ba rber ( 1 968)  wi th parti cular reference to the 
southern pi ne fores ts . He conclud e s  that through an 
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inten si ve program o f  pl us-tree selection, seed orchard 
estab l i shment , and �rogeny test ing in southern pine , the 
projec ted increase in growth from a fir st-generation seed 
orchard would be on the order of 1 0  to 2 5  percent. Each 
generation of seed orchards would require 1 0  to 1 2  years .  
In the Paci fic Northwest , Fore st service geneticists simi­
l arly estimate an increment of 1 0  to 20 percent from the 
f i rst generation of seed orchards , but an interval of 1 5  to 
20 year s between generations. 

con se rva tivel y ,  we may estimate a gain for ma jor coni fer 
specie s in the Uni ted States of 1 0  to 1 5  percent per 
generat ion of seed orchards and an interval of 1 5  to 2 0  
ye ars between generations ,  or roughly 1 percent per year 
over the ne xt century. 

Ma jor gains from improved genetic selecti on apply only 
to species which are managed by a cl earcutting and 
artificia l regeneration .  Thi s re stricts the choice of 
specie s to conifers (mainly southern pine and Douglas- f ir) , 
short rotation fiber crops ( e. g . ,  aspen, cottonwood , 
syc amore) , and fine hardwood s such as walnut and ash. 
Within th ese forest types, genetic improvement would apply 
on ly to a reas that are clearcut and planted , seeded or 
vegetatively propagated . Even for these, it would take many 
years to deve lop a su fficient supply of improved seed far 
regionwid e appl icat ion . 

The i ntroduction o f genetically faster-qrowinq trees 
into the fore st stand does not guarantee that they will in­
deed grow faster . For this to occ u r ,  additional growing 
space is needed , and this must be achieved through regular 
tbinnings a s  the stand matures .  It aay well be that a 
plantation of genetica l ly superi or trees that i s  regularly 
thinned wil l  produce more usable timber volume than would be 
predicted by adding the growth improvement expected from 
thinning alone to that expected from genetic improvement 
alone . 

For are as actually planted, the potential increases in 
yield may be greater than indicated above because of gains 
from di sease res istance . In the South , both sl ash and 
loblolly pine s are attacked by fusifoxm rust. Although it 
is di f fic ult to e stimate the improvement possibl e through 
the se lection of seed from parents which are fusi form-rust 
re si stant , a doubl ing of resistance in plantations 
establi shed from such seed i s  quite possible over the next 
1 0  year s .  
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Weeding 

The cutting back or kil ling back of unwanted vegetation 
to free wanted trees in the seedling stage to grow is often 
an essential silvicultural practice .  I f  sites ar e  to be 
kept f ull y  stocked with speci fied tree species , other plants 
or trees with le ss de sirable growth or value characteri stics 
must be prevented from taking over . For example ,  weeding i s  
frequentl y neces sary to bring planted coni fer seedlings 
through to form the overstory of the new stand. Siailarly , 
the cutting of mature pine stands will frequently result in 
turning the site over to the hardwood and brush understory 
which had developed under the old pine stand. The control 
of such unwanted vegetation through cutting it back , use of 
herbi cide s ,  or controlled burning must be planned for and 
executed if the affected sites are to be counted on to 
produce the desired forest stand. The costs of such 
treatment become a nece ssary part of the cost s of 
manaqemen t. 

Mecha nica l  or chemical weed control can play an 
important rol e in both water and nutrient manageaent by 
reducing competition from unwanted trees and plants at the 
time of forestation and during early stand development. For 
example , mechanical control of ground vegetation more than 
doubl ed t he volume of 4-year-old loblolly pine in the North 
Ca roli na coastal Pl ain (Hansen and Johnson 1 9 7 4 ) . 

Thinnings 

Fores t stands that are frequen tly thinned do not produce 
any great er biomass than compa rable healthy stands that 
remain untbinned. The effect of thinning i s  rather to 
concentrate the biomas s production on the better quality and 
potentially more valuable trees (Spurr 1 9 5 2 ) . In short, a 
thinned stand does not produce more total volume ,  but it 
doe s produce bigger trees in a shorter period of tilae . For 
short rotations ,  therefore , the board-foot production of 
forest ma y be increased by thinning , even though the total 
cubic-foot volume may be unchanged or reduced . 

As fully- stocked forest stands develop , coapetition 
greatly reduces the number of l iving trees.  The reduction 
in the gros s growth or increment of the stand resulting from 
this natura l mortality results in a substantially lessened 
net growth or increment .  In a n  extreme example , Spurr 
( 1 963 )  reconstructed the annual aortality and gros s growth 

of a fast-growing Monterey pine plantation in New zealand . 
At age 35 ,  the gross annual increment vas 5 1 6  cubic feet per 
acre per year or 5 5  percent greater than the net annual in­
crement of 33 2 cubic feet per acre per year . The difference 
will normally be less under less ideal growing conditions . 
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Norma l yiel d tabl es assume normal mortality . The 
difference between estimated stand volumes at different ages 
i s ,  therefore, the net qrowth. In some yi eld studies, 
however , separate estimates of mortality have been provided , 
which, when added to net growth ,  produce estimates of gxoss 
growth . In addition, gross growth yield tabl es have been 
developed for a numter of species in recent years . By 
c ompa ring the se wi th older normal yield tables that predict 
net growth , we can estimate the amount of mortality that 
miqht be salvaged through thinnings. Ostrom and Gibbs 
( 1 973)  have su.aarized several of these compari sons for 

western conifers (T able 7 ) . They concluded that, under very 
inten sive management , harvests clo se to the gros s yields 
should be attainabl e in most timbe r types unl e s s  natural 
disasters intervene . This could mean an increase of about 
20 to 60 percent above norma l yield in various spec ies . It 
has been estimated that yield of Pacific Northwest coni fers 
can be increased f rom 30 to 35 percent if stand dens ity i s 
controlle d by frequent thinning s throughout a normal 
rotati on (Robert E .  Buckman 1 97 5, personal communication, 
u. s .  Fore st Service) . 

Recent efforts to estimate timber yi elds under intensive 
managemen t predict similar g ains .  working with Douglas-fir 
permanent sample plot data in New Zealand , Spurr ( 1 9 63) 
predicted that fol lowing three thinnings at ages 3 0 , 110 ,  and 
S O ,  a 6 0- year-ol d managed stand would produce 4 2 7  cubic feet 
per acre per ye ar, or 2 1  percent more than the 3 52 cubi c 
feet produced by the comparable unthinned stand. Results of 
long- term experiments in Europe (Assman 1 97 0) indicate that 
with frequent light thinning , spruce stands yielded more 
than 90 percent of the potential qross yield, or 
approximately 1 3 0 percent of normal yi eld . Gingrich ( 1 97 1 ) 
developed yiel d predictions for managed upland hardwoods in 
the Central States . Asswning thinnings at ten-year 
intervals beginning at age 30 , the cumulative total yield 
under management at aqe 60 for stands on medi uaa sites (Site 
Index 6 5 )  would be 62 cubic feet per acre per year or 1 4  
percent greater than the 55 cubic feet predicted by the 
normal yield table for unthinned stands . summarizing a 
lang- term study initiated in a 1 7-year-old loblolly pine 
stand in 1 9 30 ,  Andrulot et al. ( 1 9 7 2) found that at age 5 0 ,  
gross mean annual increment was 1 2 1 to 1 2 2 cubic feet per 
acre per year on the thinned and unthinned plots 
respectively ; but that the net increment on the unthinned 
J:lot s was onl y 9 8  cubic feet per acre per year , whi le on the 
thinned plots ,  it was 1 1 9 ,  or 2 0 percent greater . The 
weyerhaeuser Company h as carried out extensive research in 
conceptuali zing a target forest that can be achieved throuqh 
intensive management. On the assumption that growth can be 
recovered through an intensive thinning reqime , they predict 
an increase in cubic-foot yield of 25 percent for Douglas-
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Table 7 

Relation of Normal Yield to Gross Yield 
for Different Species and Sites at aqe 100 

Site 
Species and source index 

Doualas- fir 100 
(Curus 1967 , 140 

McArdle 1961 ) 170 

Lodgepole pine 30 
(Dahms 1964 ) so 

70 

Western white pine all 
(Watt 1960) 

Ponderosa pine 80 
(Meyer 1961)  1 2 0  

160 

�olume to tip 

Source : Ostrom and Gibbs ( 197 3 )  

Normal Gross 
yield yield 
(cu . ft . ) 1 ( cu . ft . ) 

7 , 620 1 3 , 300 
1 3 , 270 18 , 400 
16 , 610 2 3 , 500 

2 , 194 3 , 768 
4 , 563 6 , 975 
6 , 9 3 2  10 , 182 

8 , 770 11 , 310 

5 , 650 7 , 373 
1 1 , 350 14 , 04 5  
1 9 , 3 50 2 3 , 71 0  

- 40 -

Volume 
increase 
( cu . ft . )  

5 , 680 
5 , 130 
6 , 890 

1 , 574 
2 , 41 2  
3 , 2 50 

2 , 540 

1 , 7 2 3  
2 , 695 
4 , 360 

Relative 
increase 
(percent) 

7 5  
3 9  
41 

7 2  
5 3  
47 

29 

30 
24 
23 
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- f ir stands grown in Site I I  at optimum den sity levels on a 
6 0-year rotat ion . 

The above citations only sample the recent work that has 
been done on the potential yield from intensive sil vi­
cultural manaqement . The evidence pre sented i s  episodic 
rather than comprehensive, but the data are in broad 
agreement . In gene ral , it seems safe to conc lude that for 
most spec ies on average to better sites managed for medi� 
length rotations , gross increment wi ll ranqe fran 1 5 percent 
to 35 percent greater than the net yield indi cated by noraal 
yield table s .  Further.are, .ast of this gross increment 
(perhaps 90 percent) ca n be used through tbinnings commenced 

early in the life of the stand and carried out at a mazimulll 
of 1 0-year interva ls. In the absence of badly-needed growth 
data in the form of managed- stand yield tables on a gross 
growth ba si s for al l  ma jor forest types in the United 
States , we may as sume that normal yield table values can be 
increased by 2 5  percent if silvicultural management in the 
form of r egular thinnings can be applied . However , southern 
pines and other fast-growing species on short rotations 
should be considered exceptions to this generalization . The 
evidence now available sugge sts that biomass gains from 
tbinnings wil l be small or perhaps negative under such 
conditions. Once the rotations are extended, however, the 
capture of mortality becomes important. 

Protection 

I mproved protection of the forest from fi re ,  insects , 
and diseases is an obvious way to increas e the productivity 
of the forest and the percentage that is actual ly harvested 
and used by man. 

Annua l mortality losses from all natural causes are 
estimated in the Outlook study to te about 4. 5 billion cubic 
feet of growing stock. The se losse s nulli fy about one- fifth 
of the total annual forest growth in the United States. 
Reduction in these losses throuqb improved tillber, fire , and 
pest management may provide the single greate st means of 
improving timber production . 

According to the outlook study, federal and state agen­
cies spent $ 2 0 1  million for fore st fire protection in 1 97 0 . 
It i s  e stimated that counties , private operators , and others 
spent an addi tional $ 1 2 0 million that year for hazard reduc­
tion, such as slash burning and pre scribed burning, and for 
othe r unreported fire protection activitie s .  The total 
protected area burned was 2 . 1 million acres i n  1 97 0 . An 
additiona l million acres of unprotected land al so burned 
that year . Increased expenditures for fire control might 
well result in less forest loss from fire ,  although it 
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should be noted that the annual ar ea burned has changed very 
little in recent ye ars . on the other hand , reducing the 
acreage burned by wildfires even by 1 0  percent could mean a 
savings i n  exces s o f  1 0 0 million c ubic feet of wood each 
year . 

Management practices which maintain trees in healthy 
growing conditions (e . g . , breeding for di sease resi stance , 
prope rly matching species to site , adequate tree spacing, 
prompt salvage of dead or dying timber , biologica l or 
chemical control mea sures f or suppre ssing insect and di seas e 
outbreaks) must be diligent ly practiced if managers are to 
reduce this tremendous waste. 

on the po sitive side , prescribed burning has long been 
an important component of forest aanagement , especially in 
the southern pine forests. Burning every 3 to 5 years 
reduces the buildup of natura l fuels , forestal l s  damage from 
possible wildfires ,  kills invading hardwood trees ,  maintains 
subclimax coni fer stand s in a healthy growing condi tion , and 
may enhance tree growth . Fire i s  often a valuable and 
inexpensi ve ad junct to mechanical s ite preparation prior to 
planting. on many area s throughout the country fire alone 
is a suff icient site treatment for establishing hea lthy new 
stands . 

Expenditures for control of diseases, insects, and other 
forest pests have averaged about $ 1 2 million per year , 
mostly from f edera l funds . Again the possi bi lity exists 
that grea ter expenditures would result in les s loss and more 
forest products available for harvest . 

The Forest service estimates that total los s from f ire ,  
insects , di sease, storms , a nd  other de structive agents has 
risen from 3 . 9 billion cubi c feet in 1 95 2  to 4 . 3  bi llion in 
1 96 2  and 4 . 5 billion in 197 0 .  Under a continuation of 1 9 7 0 
levels of management, it is estima ted that mortality wi ll 
ri se slightly to 4 . 9  bi llion cubic feet in 1 9 8 5  and to 5. 2 
billion in 20 0 0 .  With better forest protection, it is 
certainly silvicultural ly feasible to reduce mortality to 
between 3 and 4 billion cubic feet annually . To wha t extent 
it is economical to increas e the costs of forest protec tion 
to achieve a greater actual harvest of one to two billion 
cubic feet per year from the forest is a separate and 
complex matter. 

Increasing Allowable Cut 

A frequent ob j ection to increa sed investment in forest 
management i s  that it takes so many years to raise a tree to 
maturity that the small return on the investment renders it 
uneconomic . . A contrary line of reasoning conceptualizes the 
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whole forest as the ���anaqement uni t and concl udes that what 
i s  done on one acre bas immediate effects on what should be 
done on other acres within the same unit , and consequently 
upon the value of the larger operation as a whole. 

Anoth er aspect o f  this canplex subject is the • allowable 
cut effect. • In a forest managed on sustained yield 
principle s with the annual harvest related in some fashion 
to the annual growth , any silvicultural action that 
increa ses the annual growth will immediately permit an 
increase in the annual harvest. Thus , an inve stment in 
silvicultural management wi ll immediately a ffect the value 
of the property as a whole . I t  i s  conceivable that the cost 
of planting will be r ecovered in the same year through an 
increased harvest .  Without going into the many 
ramifications , we point out that increased investments in 
protection should raise the annual allowable cut to the 
extent that future losses can be predictably reduced and, 
therefore , the amount of harvestable material increa sed . As 
another e xample , immediate planting of a cut-over site with 
one to two-year old nursery stock wi ll shorten the rotation 
by a n011ber of years--at lea st one and often as DllCh a s  five 
to ten if the alternative is to wait for a periodic seed 
crop needed to naturally res eed the area. T.he increased 
yield predictable from both shortening the rotation and 
guaranteeing full stocking (weeding must be undertaken if 
needed) again has an allowable cut effect in increa sing the 
productivity of the whole management unit and permitting an 
immediate increased harvest . In still another situation, 
Any acre s in the Rocky Mounta ins and Pacific Coast are 
occupied by overmature timber stands with little or no net 
growth . Similarly, 11any acres in the East and south are 
occupied by culled and understocked forest stands , often of 
the wrong species with much les s growth than the potential 
for the site if fully s tocked with suitable tree species. 
In both cases , the conversion of the forests to fast-growing 
trees forming fully-stocked stands will greatly increas e  the 
productivity of the management unit and permit i ncreased 
harvest . The computation of the actual aJROunt of gain in 
allowable cut is co•plex and involves many factors including 
the size and age distribution of the forests in the 
111anagement unit . It aaust be reuaeaabered , however , that the 
allowable cut effect occurs only when a forest working 
circle is aaanaged on a sustained yield basi s and when the 
allowable cut i s  computed on a voluae-growth regulation 
basis . Furtheraore , soaae forest economists challenge the 
validity of these basic assuaaption s .  

Tbe question of the allowable cut effect is a highly 
controversi al on e ,  and the panel does not take any position 
on it, but si•ply draws attention to its existence . It i s  
essentially a managerial and economic issue rather than a 
biological one. 
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INCREASED USE OF THE FOREST BIOMASS 

The term "biomass" means the total weight of animal and 
plant material in an ecoloqical community or system. The 
biomass o f  a forest ecosystem thus consists of all the 
trees ,  understory plants , animals including insects and 
other arthropods , total soi l biota , and similar elements. 
Althouqh considerable data have been accumulated over the 
last century on the volume, weight, and energy dynamics of 
the various components of the forest , it fell to Ovington 
( 1 9 65)  in the 1 9 5 0 s  to integrate such data into a systems 
context. More recently, scienti sts in several countries 
working with forest ecosystems as part of the International 
Bioloqica l Proqram have added greatly to the statistical 
base and to our understanding of the biological productivity 
of the forest in terms of biomass and energy relationships. 

Biomass studies are tedious . time-consuming . and expen­
sive . Despite the large amount of effort invested , 
the refore , only a relatively few forests of small area have 
been studied in detail and these have not been chosen to 
repre sent statistically any larger population. �e have 
little or no bas is , therefore, for expanding data obtained 
from biomass sample plots to the forests of the united 
states as a whole . Because of the paucity of 
representativeness of biomass sample studies , our current 
effort to evaluate the biological productivity of the 
forests o f  the United States has had to rely upon 
conventional fores t  sam�le plot s in Which the measurement is 
concentrated upon estimating the current volume and the 
growth in volume of the bole of the trees in the forest , 
excluding the stump and the top of the tree . At the same 

time , we recognize the present importance and the potential 
applicabi lity of forest biomass studies . It may be of value 
to asse s s  rather brief ly the possibilities of increasing the 
use of the forest biomass , ranging from the simple closer 
use of the bol e through complete tree use. to an evaluation 
of total bi omass potential. 

Closer Use of the Bole 

In conventional logging , many trees and portions of 
trees unmerchantable because of defect are left in the 
woods . Even for those trees taken ,  a large share of the 
bole (main stem) i s  left unused after complet ion of the 
manufacturing process . The amount lost is relatively small 
in the ca se of managed even-aged stands of commercial 
specie s harvested at rotation age for pulp as well as f or 
lumber , and relatively great in the case of unmanaged old­
growth stands that are highly defective and harvested 
primari ly for lumber. The former situation is frequently 
encountered on industrial forest lands in the southern pine 
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reqion , whi le the latter i s  the rule where old-growth stands 
are harve sted in the Pacific Northwest. In a recent study 
of the status of timber use on the Paci fic Northwest ,  
Grantha. ( 1 97 11) estillated that o f  the annual harvest of 6 9 . 2 
million tons, 1 4  million tons or 20 percent i s  left in the 
woods as logging residues , and 5 . 7  million tons or 8 percent 
is lef t unused in the sawmill.  I f  we add to thi s 1 . 1 
million tons of residues from veneer logs . the total unused 
residue is 2 1 . 2  mil lion tons or 3 1  percent of the total 
annual harvest. For the United States as a whole, Lassen 
and Hair ( 1 97 0) estimated an annual ( 1 9 68) volume of two 
billion cubic feet of logqing residues , plus an additional 
1 . 7  billion cubic feet from primary manufacturing residues . 
At 35 pounds per cubic foot, this represents a total of 6 5 
million ton s of unused residue s .  

At th e  immediate an d  practical level . measurabl e gains 
can be achieved throuqb improved efficiency in the con­
version of saw logs to lumber (PAPTE 1 97 3) . At present , 
only 11 0  percent of the wood in the log is recovered in the 
form of lwnber .  saeman (PAPTE 1 97 3 )  believes that with no 

new equipment, but with invest•ent in management and 
maintenance, the average mill can profitabl y increase its 
recovery. Furtber1110re , the addition of autaaated systeu 
based on predetermined arithmetic solutions to optimum 
sawing problems could raise the recovery factor by perhaps 
an additional 1 0  percent through the elimination of human 
error, al though the volume gain may not necessari ly be in 
sizes and grades demanded in the market . The increase in 
lumber production of more than 2 0 percent from 11 0  percent of 
the wood in the bo le to nearly SO percent would be partly at 
the expense of pulp chips and other products and would not 
be solely at the expense of waste residues . Nevertheless , 
the gai ns would be rea l and well worth the ef fort required 
to achieve them .  

In several field tests, yields have indeed been in­
cre ased substantially.  Por aspen in Michigan , Napier ( 1 9 7 2 )  
demon strated that a harvesting system designed t o  produce 
chips in the forest could produce 8 11  tons per acre compared 
to 11 1  ton s from convent iona l pul pwood harvest. WOrking with 
lodgepole pine in Wyoming. Gardner and Bann ( 1 97 2) were able 
to increase yield 3 5  percent by near complete harvesting 
which used tops , all trees with a stem diameter greater than 
three inc he s  and al.l sound residue more than six feet lonq 
and six inches in diameter at the large end . These 
increased yields , however , do involve the inc lusion in the 
harve st of large amounts of bark . As a result , at the 
present time,  the use of this smal l dimension material is 
not econollic under 110st conditions . 

The stump and tap roots of southern pines contain 
substancl.al wood in a concentrated form suitable for 
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chippinq . Roch ( 1 9 7 4) described a �rototype tubular shear 
with which the tree can be sheared below the qround and 
removed who le, opening up the possibility of an increase in 
the usable harvest of as much as 20 percent from younq 
plant ations of slash pi ne on rock- free sites.  

complete Tree Use 

In addi tion to closer use of the tree bole above the 
stump to a minimum diameter near the top , the possiblity 
exists for using part or all of stump, bole tip ,  branches, 
foliage , fruits , and root systems . As one phase of the 
biomass approach , considerable work has been done in recent 
years by forest scientists in measuring the potentia l of 
these oth er element s.  Much of this work has been done at 
the complete Tree Institute of the University of Maine 
(Younq 1 9 64 ) . 

The literature on complete tree use has been summar ized 
by Keays ( 1 97 1 ) . The contribution of various parts of the 
tree to its total we ight obviously varies. In gross terms , 
however, rough averages may be assigned . Taking the 
merchantable bol e as 1 0 0 ,  an addit ional 5 to 1 0  percent will 
be found in the unmerchantable top, 5 or more percent in the 
stump root system , 5 percent in the large branches , 2 0  
percent in th e  fol iage and smal l branches , 1 5  percent i n  the 
small root system , and 1 0  percent in bark throughout the 
tree. Gr ante d large variation in these value s ,  it is 
apparent that not much more than 60 percent of the wood and 
bark in the average tree is in the part removed in the 
conventional logging operati on . 

At the same time, it must be remembered that the mer­
chantable bole i s  re latively low in mineral nutrient 
content, a large portion of the nutrients being concentrated 
in the growing tip ,  foliage , f ruit s ,  small branches and 
small roots . William Pritchett (personal communication , 
1 97 5, University of Florida) estimates that whol e tree 
harvesting might increase pulping yields 25 percent , but 
that it would result in doubling the amount of nutrients 
taken from the site . It must be remembered , though , that 
such a complete withdrawal takes place only once each 
rotation and that the total effec t  i s  much less than it is 
for agric ultural crops . Whereas , under normal bole loqginq , 
a balanced nutrient cyc le develops in which a low level of 
nutrient av ailabi lity can be maintained indefinitely , more 
complete harvest of the tree would require substantial 
amounts of nutrient input. From a biological point of view, 
the nutrient-rich parts of trees should be left in the 
forest. Al so ,  nitrogen-fixing and other nutrient­
accumulating plants such as red alder should be encouraged 
as part of the .  silv icultural management of the forest. 
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Total Ecosystem Biomass 

Although there is no basis for assuming the use of other 
parts of the forest ecosystem than the mature tree , total 
ecosystem biomass studies currently being carried out by 
ecologist s are exceedingly important in adding to our 
understanding of the forest as a biological complex . The 
state of the art is  wel l  summarized in Productivity g! 
Forest Ecosystems ; Proceedings g! the Brussels Symposium 
(UNESCO 1 97 1 ) , particularly in articles by Duvigneaud, 

Whittaker and woodwell , and Ol son . 

The d epth of information obtained in total forest bio­
mass studies is il lustrated in Tab le 8 ,  taken from Whittaker 
and WOodwell 1 s  paper in the UNESCO Symposium ( 1 97 1 ) . 

Por the 4 3-year-old oak- pine for est at the Brookhaven 
National Laboratory , shrubs and herbs annually produce 1 3  
percent additional dry matter to that produced by the trees 
alone . Only 1 4  percent of the annual increment in dry 
matter in this one example is lodged in the stem wood. The 
mean annual increment o f  stem wood is about 4 5  cubic feet 
per acre per year. The old growth cove and spruce- fir 
forests have a mean annual increment of stem wood of about 
1 1 5 and 1 20 cubic feet per acre per year . 

A pri ncipal result of the work of Whittaker ( 1 9 6 6 )  in 
the Great Smoky . .  Mountains i s  his conclusion that the net 
production of many ·late succes sional forests lie in the 
ranqe of 1 200 to 1 500 grams dry weight per square meter per 
year .  As suming that 2 0  percent of this accrues to the 
merchantable bole and that the dry wood weighs 3 0  pounds per 
cubic feet, this is equivalent to 7 0  to 9 0  cubic feet per 
acre per year bole increment . Whittaker ' s  estimate is , 
therefore , comparable w ith the 7 4  cubic feet per acre per 
year estimated by the outlook study as the potential growth 
of the commercial fores ts in the United State s .  

Intensive Biomass Management 

over and above a more c omplete use of the merchantable 
boles in the forest ecosystem lies the intriguing 
possibi lity of increasing tota l biomass production of the 
forest ecosystem through the selection o f  highly efficient 
photosynthesi z ers and growing them under intense cultivation 
over short rotations .  

Essential ly , a return i s  recommended to a f orm o f  the 
coppice system, that wa s employed extensively in Europe and 
the eastern United States during the nineteenth century, to 
produce f uelwood from hardwood stands regenerated by 
sprouting on short rotations .  In its present-day 
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Table 8 Net production and re lated dimensions of temperate- zone forest s i  (a)  
a young oak-pine forest at Brookhaven National Laboratory , Long Island , 
New York (data from an inten sive study of Whittaker and Woodwell 1968 , 

1969 ) : ( b ) a deciduous cove forest at 1 , 3 1 0  m elevation : and ( c )  a spruce­
fir fore st at 1 , 8 00 m elevation , Great Smoky Mountains ,  Tennessee ( field 
measurements and estimates of Whittaker 1 966 , samples 2 3  and 2 9 )  

Oak-pine forest Cove forest Spruce-fir forest 
Net production Biomass 

Totals , net P}oduction (g/m
2/yr ) and 

biomass (kg/m ) , dry macter , for : 
Trees 
Shrubs 
Herbs 
Thal lophytes 

Percentage of totals 
Stem wood 
Stem bark 

for trees in : 

Branch wood and bark 
Leaves 
Fruits and flowers 
Roots 

Biomass accumulation ratio 
Weighted mean tree age , yr 
Weighted mean tree height , m 
Basal area , wood and bark , m2/ha 
Basa l area (wood) increment , m2/ha/yr 

1 , 06 0 . 0 

130 . 0 

6 . 0  

14 . 0  

2 . 5  

2 3 . 3  

3 3 . 1  

2 . 1  

2 5 . 0  

9 . 7  

0 . 46 

0 . 01 

<0 . 01 

Mean wood radial increment , maryr 
Estimated volume increment , cm3/m2/yr 
Parabolic stem wood volume estimate , m3 /ha 
Conic stem wood surface estimate , m2 /m2 

Stem bark area ratio , m2 /m2 

36 . 1  

8 . 4  

16 . 9  

4 . 2 

0 . 2 

34 . 2  

8 . 5  

4 3 . 3  

7 . 6  

1 5 . 6  

0 . 3 56 

0 . 86 

1 59 . 0  

7 0 . 0  

0 . 2 1 

0 . 3 0  

1 . 2  

3 . 8  

1 . 9  

Branch bark area ratio , m2 /m2 

Leaf area ratio , m2/m2 

Chlorophyl l ,  g/m2 

Tree stratum individual-point coverage , 
percent 

Light penetration to ground , percent 
126 . 0  

5 . 9  

Net production Biomass 

1 , 30 0 . 0 57 . 8 
2 . 6  0 . 01 

7 5 . 0  0 . 1 2  

0 . 0 2  

3 3 . 0  67 . 0  

3 . 9  6 . 0 

17 . 0  1 2 . 8 
3 0 . 7  0 . 7 

1 . 9  0 . 0 3 

1 3 . 5  1 3 . 5  

4 3 . 5  

2 2 2 . 0  

34 . 0  

54 . 2  

0 . 4 4 5  

0 . 7 3 

547 . 0  

8 51 . 0  

0 . 5 0 

0 . 6  

1 . 6  

6 . 2  

2 . 2  

268 . 0 

0 . 2 

Net production Bioma s s  

1 , 17 5 . 0  3 9 . 6  

3 3 . 0  0 . 14 

44 . 0  0 . 06 

0 . 04 

3 1 . 9  64 . 0  

3 . 7  6 . 5 

1 5 . 2  1 0 . 0 

3 1 . 0  3 . 4  

2 . 2  0 . 1 

16 . 0  16 . 0  

31 . 9  

161 . -

2 1 . 3 

5 5 . 6  

0 . 54 

0 . 96 

5 3 4 . -

547 . -

0 . 52 

0 . -

- . -
14 . 8  

3 . 0  

168 . -
1 . 4  

Source : Productivity of forest ecosystems . Proceedings of the Brussels Symposium . UNESCO 1971 
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manif e station (Schreiner 1 9 7 0) , the proposal i s  to use such 
fast-growing specie s as cottonwood , sycamore , red a lder , or 
a spen reproduced by sprouting (or from root suckers in the 
case of aspen ) , to cu ltivate them inten sively and to harvest 
them mech an ically on rotations of two to four years (Ribe 
1 97 4) . Yield s of several tons of oven-dry plant material 
per acre per year are predicted on the basi s of sma ll plot 
studi e s ,  a multifold increas e  on that actually obtained from 
conventiona l forest management (Gordon 1 97 5) . 

Were such yields actually attainable over exten sive 
areas without necessitating heavy energy investments in the 
form of ferti lization, irrigation, cultivation , and mechani ­

cal harvesting, short-rotation silvi culture woul d indeed 
have con siderabl e prom ise. Unfortunately, so far , we have 
not been overly success ful in growing hardwoods in 
plantations at all, let alone growing them at the rates 
att aine d from loca l ized trials of genetical ly superior stock 
under inten si ve care in the nursery or other carefully 
monitored conditions.  This is not to say that the 
experimenta l work i s  less than soundly based, but rather 
that we have notably failed to transfer the resu lts of such 
small-scale re search to large- scale commercial operations . 

The increasing need for alternative energy sources to 
fos si l fuel s has resulted in a renewed interest in growing 
wood and agricultural products for fuel . Speculative 
inquir ies into thi s po ssibilit y  may be extremel y  stimul ating 
(Alich and Inman 1 97 4 ;  Szeqo and Remp 1 97 3 ) , but are all too 
often based upon b iologica l and si lvicultural as sumptions 
which hav e not been confirmed either by basic research or by 
applied f ield trial s . 

Nevertheless , the potentia l i s  great . FOr instance , 
Younq ( 1 9 75) estimates the fores ts of Maine contain as much 
biologica lly-produced weight (biomass) outside the 
merchanta ble bol es as is contained inside them . In 
addi tion , the bel ow-ground portions of the fores t  are 
thought to contain one- third as much biomass as the above­
ground portions .  But , at the same time , wood has high costs 
of collection in both energy and dollars required for 
extraction. Onder pre sent conditions, Grantham and Ellis 
( 1 974)  conclude that loqginq residue is and will continue to 

be too expensive for use as fue l only, but it i s  a 
potentially attractive source of material for products .  

While research should b e  continued on t he  possibility of 
greatly i ncreasing the tota l biomass potential of the forest 
throuqh intensive management of genetically superior species 
on rotati ons of two to four years ,  it would be unrealistic 
at pre sent to assume that such techniques wil l have any 
widespread appl ication in the near future . 
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AREA OF COMMERCIAL lOREST LAND ZN THE UNZTED STATES 

There are almost 5 0 0  mi lli on acres of commercial forest 
land in the United states . Zts di stribution by types of 
ownership and region are summarized in Table 9 .  The Forest 
service def ines commercial forest land as forested land not 
withdrawn from timber production (as is the case for 
Nation al Park land s and Wilderness Areas) and capable of 
producing in exces s of 2 0  cubic feet per acre per year of 
industrial wood in natural stands .  currently inaccessible 
areas are included . 

Since the Forest service defines " commercia l forest" 
solely in terms of productivity, the resulting estimate wi ll 
exceed th e area that can be logqed at any qiven time . As of 
the date of the current estimate ( 1 97 0 ) , the acreaqe is hiqh 
because the Forest service • s  estimate of commercial timber 
lands includes (Greentree Associates 1 97 3) : (1) private 
lands where commercial harvest i s  not allowed ; (2)  areas too 
steep or unstable to log without unacceptable environmental 
damage ; (3)  sites on which adequately stocked stands cannot 
be produced ; (4) areas economically inaccessibl e ;  and (5)  a 
portion of the inventory on lands where harvest is 
restricted (but not excluded) by law or regulati on to 
protect other values . 

These considerations are recoqnized by the Forest serv­
ice itself.  Zn the outlook study, some five mi l lion acres 
of forest in the Rocky Mountain area are excluded for one or 
more of the reasons cited . Wikstrom and Hutchi son ( 1 97 1 ) 
found that 22 percent of the classified commercial forest 
land in six western national fores ts was not currently 
avail able for timber management and harvest. However , the 
impact on allowable cut proved to be less than the reduction 
in area . From economic considerations , Vaux ( 1 973)  
estima ted that 3 9  percent of th e  commercial forest land in 
cal iforni a could not produce timber at costs equal to or 
be low the forecast market price . 

several have arqued for a concentration of timber pro­
duction upon the most productive si tes (PAPTE 1 97 3 ,  Spurr 
1 9 7 4 ,  Clawson 1 9 7 4 ) , pointing out that timber growing can be 
deemphasi zed (but not discontinued) an as much as a quarter 
to a third of our National Forests with only a minimal 
impac t on total timber production .  Zt should be remembered, 
though, that in actual forests , highly productive sites are 
frequently intermixed with less productive si tes on an areal 
basis.  Block s of land dedicated to intensive timber 
growing, therefore , wi ll often contain an admixture of poor 
sites ; while other blocks of land on which multiple- use 
management i s emphasized and where timber management is 
extensive will contain areas of hiqh site quality. 
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Table 9 

Area of Commercial Timberland in the United States , 
by Type of Ownership and Section ,  January 1 ,  1970 

Type of ownership Total 
United States 

Area Proportion 

North South Rocky Pacific 
Mountains Coast 

Thousand Thousand Thousand Thousand Thousand 
Federal : acrP.s Percent acres 

1 0 , 4 58 
75 

815 
963 

acre s 
1 0 , 764 

acres 
39 , 787 

2 , 024 
2 , 809 

78 

acre s 
3 0 , 915 

2 , 652 
2 , 044 

211 

National Fore st 
Bureau of Land Management 
Bureau of Indian Affairs 
Other Federal 

Total Federal 

State 
County and municipal 
Forest industry 
Farm 
Miscellaneous private 

All ownerships 

91 , 92 4  
4 , 762 
5 , a88 
4 , 534 

107 , 109 

21 , 42 3  
7 , 589 

67 , 341 
131 , 1 3 5  
16 5 , 1 01 
499 , 697 

18 
1 
1 
1 

2 1  

4 
2 

14 
26 
3 3  

100 

1 2 , 311 

1 3 , 076 
6 , 52 5 

17 , 563 
51 , 017 
77 , 4 09 

177 , 901 

11 
2 2 0  

3 , 2 82 
14 , 27 7  

2 , 3 2 1  
681 

3 5 , 3 2 5  
6 5 , 1 3 7  
74 , 801 

192 , 54 2  

44 , 699 

2 , 198 
71 

2 , 2 34 
8 , 379 
4 , 051 

61 , 63 2  

3 5 , 822 

3 , 828 
31 2 

1 2 , 219 
6 , 602 
8 , 840 

67 , 62 2  

Source : The Outlook for Timber in the United States , u. s. Department o f  Agriculture 
Fores t SerYice (1974) 

North : Including and east of North and South Dakota , Nebraska and Kansas . 
Including and north of Missouri , Kentucky , Wes t Virginia and Maryland . 

South : Including and south of Oklahoma , Arkansas ,  Tennessee and Virginia . 
Rocky Mountains : Montana , Idaho , Wyoming , Nevada , Utah , Colorado , Arizona , 

and New Mexico . 
Pacific Coast : Alaska , Washington , Oregon , and cali fornia . 
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Despi te  these suggestive reports ,  however , we have no 
overal l  basis for di scounting the acreage estimates provided 
for us by the outlook Study. In using these data , we must 
constantl y bear in mind that the acreage estimates are 
undoubted ly too high . In the Paci fic Northwest and southern 
pine region s, the economic value of timber growing should , 
to some extent, counter pres sures to withdraw commercia l 
forest land for recreational use or to convert high qua lity 
forest land into lower quality agricultural land .  

The commerci al forest area of the United States will 
continue to decl ine in the future . Suburban sprawl , 
highways ,  and pipel ines will reduce the area available to 
grow tree s .  In addition, it i s  possible that some fore sted 
lands will �e cleared for agriculture. Drainage and flood 
control in the Mi ssiss ippi Delta has permitted conversion of 
forests to agriculture in that area . The United States 
Department of Agriculture Economic Research S ervice (USDA 
1 97 4 )  estimates that there are 66 . 5  million acr es of forest 
and • other" lands that could be used for agri culture , of 
which 2 7 . 3  aillion acres are in the coastal Plains and 
Piedmont, 1 2. 8  million acre s are in the Northeast and 
Northern Great Lakes , and 1 0 . 4 million acres are in the 
Appalachi an and Ozark Mountains . All of this forested land, 
however , is classified by the Economic Research Service as 
being of low potential for conversion to cropland .  

Among lands remaining forested , substantial acreages ar e 
expected to be withdrawn from timber production in order to 
be used as parks , wildernes s  area s ,  streamside and roadside 
re serve strips , and protection forests on lands too steep or 
fragi le to be logged . 

In the outlook study, the area of commercial timber land 
in the United States, currently 49 9 . 7  million acres , is 
projec ted to drop to 4 9 4  million acr es in 1 980 , 489 million 
in 1 9 9 0 ,  and 484 million in the year 2000 . 

The se reduct ions seem low. In his consultant ' s  report 
to PAPTE, Marty as au.es a reduct ion in the 1 9 7 0 softwood 
acreage base of 2 0  percent on public and other private 
lands , and of 5 percent on forest industry ownerships , 
resulting in a reduction overall of 1 7  percent in the 
softwood forest land acreage. 

Again , we have not the data to predict the decl ine ac­
curate ly, but the indications a re that it wil l be fairly 
substantLal . Furthermore, while past withdrawals for 
wildernes s  and recreational us e have been to a considerable 
extent fr om nan-commerc ial . or low site forest land, future 
withdrawa ls will inevitably be to a greater extent from more 
productive commerci al forest land s .  
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The are as o f  commercial fore st l and in the Pac i f ic coa st 
region a nd in the south are strati fied by fore s t type . si ze 
class and s ite in Tabl e s  10 and 1 1 .  For the Paci fic Coast 
(Tabl e 1 1 ) , the Doug las-fir . he mlock- si tka spruce . and 

redwood types ar e combined in one column as a r e  the 
ponde rosa pin e .  l a rch , and l odgepo l e  pine types in anothe r .  
For the s outh (Tab l e  1 0 ) . the long leaf - slash and loblol ly­
shortleaf pine types ar e combined with limite d  acreages of 
other softwood s in the first column . Hardwood s are divided 
into upland hardwoods c onsi sting primarily of oak- hickory 
but a l so including small acreages of maple-beech-birch , and 
l owland hardwoods cons i sting primarily of oak-gum-cypress 
but a l so incl uding smal l er acreages of elm- ash- cott onwood .  
These acr ea ge da ta  �rovide th e  base for pro jecting the 
incre a s e d yi e ld potentia l from intensi f ied forest management 
in the se two region s ,  a topic that is dealt with el sewhere 
in the re port . 

OVERALL POTENT IAL OF UN ITED STATES FORESTS 

In conc lud in g the secti on on the potential productivity 
of the United State s with regard to wood , we may estimate in 
broad terms wh at could be achieved at di fferent leve ls of 
management. l eaving una nswered at present the probability of 
each di f f erent level bein g  economically justi fiabl e or 
pol it i c a l ly or soc ial ly fea s ible . We assume that the 
forests of the United states as a whole wil l  be managed in 
all i nstanc es on a sustained yield basi s . and that annual 
ha rve sting wi ll be clos ely r elated to annual growth . at 
least on the average over a period of years . 

Continuation of 1 9 7 0  Leve l s  of Management 

Fore s t  management over t he past twenty ye ars ha s been 
growing stead i ly more i ntensive . Zt seems appropri ate . 
the refore , to discount the pos sibil ity of a downgrad ing in 
fores t pr acti ces and to join with the Fore st Service in it s 
outlook S tudy by taking the continuation of 1 9 7 0  l evels of 
ma nagemen t as our base line . summarizing the proj ections of 
the outlo ok study to 1 9 8 5  and 2 0 0 0 . we find that the united 
Sta te s .  with an annual harvest of 1 4  billion cubic feet of 
wood ( 2 2 5  mil lion ton s of wood and bark) i n  1 9 7 0  could 
produce 1 7 . 5 bi l l ion cubic feet ( 2 8 3  million ton s )  in 1 9 8 5  
and 2 0 . 3 bi ll ion cubic feet (3 3 0  mi l lion tons) in 2 0 0 0 
(Table 1 2 )  .• Much of the increase would derive from 

incre a s e d  use o f  current hardwood growth . 

Tak i nq into account changes in the acreag e of forest 
l and a s  predicted in the Outlook S tudy, production per acre 
would ri se from 3 0  cubic fe et pe r acre per year in 1 9 7 0  to 
3 7  in 1 9 8 5  and 4 3  in 2 0 0 0 .  Mu ch of this improvement again 

- 53 -

Copyright © National Academy of Sciences. All rights reserved.

Biological Productivity of Renewable Resources Used as Industrial Materials
http://www.nap.edu/catalog.php?record_id=18425

http://www.nap.edu/catalog.php?record_id=18425


Table 10 

Area of Coumercial Timberland 
by Forest Type and S ite ,  197 0-South * 

(Thousand acres)  

Forest Type Site Classes 

I , II III IV v Total 

Softwoods 5 , 825 2 1 , 850 31 , 998 8 , 318 67 , 993 
oak-pine 2 , 6 30 8 , 163 1 5 , 4 3 0  4 , 7 18 30 , 94 2  
Upland-Hardwoods 1 , 92 3  9 , 343 28 , 794 16 , 744 58 , 806 
Lowland-Hardwoods 3 , 061 13 , 8 39 11 , 74 0  3 , 381 3 2 , 024 
Non-stocked 36 254 1 , 660 2 , 8 2 0  4 ,  7 7 1  

Total 1 3 , 4 7 8  53 , 4 5 2  89 , 6 26 3 5 , 984 192 , 54 2  

Source :  The OUtlook for Timber in the United States , u . s .  Department 
of Agriculture Forest Service (1974)  

*Data may not add to total s because of truncatinq . 
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Table 11 

Area of Commercial Timberland 
by Forest Type and Site , 1970-Pacific Coast * 

(Thousand acres) 

Forest type Site Classes 

I , II III IV v Total 

Douglas-fir 13 , 728 6 , 458 8 , 245 1 , 194 29 , 627 
Hemlock-Sitka spruce 
Redwood 

Ponderosa pine 1 , 895 4 , 4 82 8 , 616 2 , 719 17 , 71 2  
Lodgepole pine 
Larch-pine 

Fir- spruce 2 , 348 2 , 004 2 , 948 7 2 7  8 , 029 

Western Hardwoods 4 , 184 1 , 946 1 , 980 4 34 8 , 54 5 

Non- stocked 1 , 470 680 1 , 113 442 3 , 707 

Total 2 3 , 628 1 5 , 572 22 , 904 5 , 518 67 , 6 2 2  

Source : The OUtlook for Timber in the United States .  u . s  Department 
of Agriculture Forest Service ( 1974)  

*Data may not add to totals because of truncating . 
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Table 1 2  

Prediction Production of Roundwood Timber 
Assuming the Continuation of 1970 Levels of Management 

1970 1985 2000 

billion cubic feet 

Production 
Softwoods 9 . 6  11 . 0  1 2 . 1  
Hardwoods 4 . 4  6 . 5 8 . 2 
Total 14 . 0  17 . 5  2 0 . 3 

Area million acres 
Softwoods 207 209 2 1 3  
Hardwoods 267 263 261 
Non-stocked 21 1 5  1 0  
Total 495 487 484 

Production per acre cubic feet :e!r acre 
Softwoods 46 53 57 
Hardwoods 16 2 5  31 
Total 30 37 43 

Volume can be converted to weight basis by multiplying by 27 . 4  pounds 
per cubic foot for softwoods and 3 2 . 8  pounds per cubic foot for hardwoods . 

Source : The Outlook for Timber in the United States , u . s .  Department 
of Agriculture Forest Service (1974 )  
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in would be attributable to increased use of hardwoods . For 
softwoods , production would increase from 4 6  cubic feet per 
acre per year in 1 9 7 0  to 53 in 1 9 8 5  to 57 in 2 0 0 0 .  

A Revi sed Estimate o f  Production Potential 

Any e ffort to e s timate the total produc tivi ty of United 
State s fo rests must be highly tentative and based upon 
assumptions which great ly simplify the actual situation . In 
our approach , we predict production in terms of the total 
bole volume of trees 5 inche s and over in diameter. breast 
high above stump , and excluding the top above a top diameter 
of 4 inches ,  with the understanding that incomplete use of 
this port ion of the bole will re sult in lower production and 
that the potential exists for substantially greater 
produc tion through complete tree use . 

The use of forest land to grow trees for materials use 
and the int ensity of management of such lands to grow such 
products are highly dependent upon economic considerations . 
upon poli tical and management deci sions in the case of 
public land . and upon ownership motivation and management 
dec i si ons in the ca se of private forest lands . Inevitably , 
public land s will be withdrawn from timber production and 
assigned to other use s .  Similarly , the owners of small 
tracts of forest wi ll often neither be interested nor f ind 
it economical ly pro fitable to manage their holdings 
int ensive ly for timber production . It i s  not our present 
re spon sibility to evaluate and predict the course of the 
socia l ,  poli tica l ,  and economic factors that wi ll play a 
la rge part in determining the actual future course of timber 
production in the United states. our assignment is rather 
to asse ss the biological productive potential . We have 
broadened our inquiry only by as suming that the better the 
fores t si te , the more intensive will be the management , and 
that management wi ll. on the average. continue to be aore 
intensive for softwoods in gene ral , and for Douglas-fir and 
southern pine in particular , than for hardwoods and for 
other softwood speci e s .  The exact nature of the simpli fying 
assumptions are detailed in the following pages . 

Pro jected Forest Areas 

The projected acreage of commercial forest land in the 
United states for each broad site productivity class and for 
softwood and hardwood types se parately is summarized in 
Table 1 3 . 

In deve lor;:ing this projection, · the  following asswnptions 
were made . First , the acreage of commercial land is 
predicted to decline from 4 9 5  million to 47 5 million acre s .  
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Table 1 3  

Proj ected Changes i n  Area o f  Commercial Fore st Land 
under Intensive Management by Site Class and Species Group 

S ite Productivity Class 
I , II III IV v Total 

(million acres ) 
Softwoods 

1970 34 60 94 54 242 
Proj ected , 2 020 38 7 5  101 47 261 

Hardwoods 
1970 16 54 9 5  6 7  2 3 2  
Proj ected, 2020 15 so 78 58 2 01 

Non- stocked 
1970 2 2 6 11 21 
Proj ected , 2020 0 0 3 10 13 

Total 
1970 52  116 195 1 3 2  495 
Proj ected , 2020 5 3  1 2 5  182 115 475 
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the level pre dicted in the out look S tudy for the year 2 02 0 .  
second , a ll Site I ,  II and I I I  non- stocked land s , three 
mil lion acr es of Site IV lands and one mil l ion of Site V 
would be reforested with softwood s .  Third , 4 . 9 mil l ion 
acres of Douglas- f i r  types would be rai sed one site class 
through nitrogen ferti lizati on, and 5 . 8  mil lion acres of 
southern pine type s wou ld a l so be rai sed one site clas s  
through dra inage and phosphate ferti li zation (Table 5 ) . 
Fo urth , 1 5  million acr es of pin e-hardwood and five mill ion 
acres of upland hardwood in the south would be converted 
th rouqh c learcutting and pl ant ing to southern pines with an 
average i ncre a se in site qua lity of one class , owing to the 
fa ster qrowth rate of pines on these sites (Table 6 ) . Fifth 
and fin al ly ,  commercia l for e s t  lands would be maintained 
we l l  stoc ked with desirable spec ies by planti ng and wee dinq 
as needed to produce 9 0 percent of normal y ield table growth 
on Site s I and I I , 8 0 perce nt on Sites III , 7 0  percent on 
Site IV and 6 0  percent on Site v .  

Under the se a s sumptions , and rounding off each category 
to the nearest mi l l ion acre s ,  i t  will be seen that the acre­
age of softwoods would be increased from 2 4 2  mi llion to 26 1 
mi l lion a cres de spite the overa l l  loss of 2 0  million acres 
of commercial forest land , and that most of thi s increa se 
would be on the better sites . The assumptions are 
optimi sti c but technica l ly fea sible and economical l y  we ll 
within real ity. 

Projected Vol umes 

To ob tain the pro j e cted volume of timber produced , the 
numbe r o f  acres in each category is multipl ied by the 
assumed product ion per acre per ye ar . If the total area was 
f ully- stocked so that yield table predictions could actually 
be produced , it wa s as sumed that the produc tion per acre 
would b e  the mid-po int in e ach site productivity c lass . 
(For the top site category, the mid- point was weighted down­

ward to a cc ount for the fact that this c la s s  contai ns more 
acreage n ear the lower end of its ranqe than at the upper 
end . ) As previous ly di scussed ,  however , yi el d tabl e  values 
cannot ac tuall y be achieved over large acreages. We 
a ssumed , therefor e ,  that management would be su ffic iently 
intensi ve to produce 9 0  percent of normal yield tabl e values 
on the highest site s ,  based on Eur opean exper ience , and 
s l ight ly le s s  intensive on each de scendinq si te cla s s  
producing 8 0  percent of yield on Si te III lands , 7 0  percent 
on Site IV, and 6 0  percent on Site v .  

App lying the se as sumpti ons , we obtain a mean annual pro­
duction of 1 4 5  cubic feet per acre per year on Site s I and 
II to 2 1 an Site v .  Mu ltiplying the se values by the 
appropriate acreaq e pro jection s , we estimate a potentia l 
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productivity of softwoods of ove r 1 7  billion cubic feet per 
yea r and hardwoods o f  over 1 1  billion for a total of 28 . 5  
billion cubic feet (Table 1 4 ) .  Thi s  estimated productive 
potenti al i s  twice that of 1 9 7 0  consumption of 1 4  bi llion 
cubic fee t. 

In this proj ection , anticipated production is 67 cubic 
feet per acre for softwoods , and 56 cubi c feet per acre for 
hardwood s .  For all species . it is 6 2  cubic feet per acre , 
compared to the pre sent actual rate of 30 cubic feet per 
acre per year . 

The se e stimates are based on revised acreage projections 
detailed above and the simple as sumption that the level of 
managemen t will decline with site class.  In addition. there 
exist s po s sible ga ins through realizing a greater percent of 
the g ross production through an intensive thinning regime , 
and o f  obtaining faster growth rates through a broadly­
applied tree improvement program. 

Thinning and Genetic Improvement 

The pos sible gains through thinning and use of improved 
genetic materials bas been di scussed earlier. we concluded 
that. in genera l .  norma l yie ld table values can be increased 
by 25 per cent by regular thinnings , and that on tho se areas 
clearcut and planted with softwoods. growth would be 
increased by about one percent per year if tree improvement 
programs were vigorously appli ed on a broad scale. 

Just as it is highly improbable that all forest lands 
can be kept fully stocked so as to produce the full yields 
predicted by normal yield tables. it is equal ly improbabl e 
that intensive thinning and tree-improvement regime s can be 
applied to all forest lands . Zn tbe l atter cas e .  it is 
likely that the main applications will be on the better 
forest si te s  in the commercial ly important and already wel l­
managed Douglas- fi r and southern pine regions .  on thi s 
as sumption , and admitting the great degree of simpli fication 
inherent in i t ,  we can make a rough estimate of the 
potential e ffect on biological productivity i f  thinning and 
genetic improvement are carried out on the better sites in 
these two regions . 

For both thinning and genet ic improvement , we postulate 
an average improvement of yi eld of 1 5 percent on Sites I an d 
I I , of 1 0  percent on Site I I I , and of 5 percent on Site IV . 
No gain i s  predicte d for Site v .  These predictions are 
substantial ly le ss than the theoretical gain, but take into 
account the probability that as the site qual ity decrea ses ,  
s o  doe s  the likeli hood that thinning operations wil l  be 
carried out at regular interva l s , that tbinning s wi ll have 
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Table 14 

Projected Productivity of u . s . Commercial Forests 
under Intens ive Management by S ite Classes and Species Groups 

Proj ected Growth 
Normal yield 
Management intensity 
Projected yield 

Proj ected Production 
Softwoods 

u .  s .  

Added Douglas fir 
Added Southern pine 
Total 

Hardwoods 

Total 
u .  s .  

With added DP & SP 

Site Productivity Class 
-I , I-I .J.I-1- · ·IV V Total 

161 . 5  
90% 

145 

cubic 
102 . 5  

80% 
82 

feet per acre per year 
67 . 5  35 . 0  
70% 60% 
47 21 

million cubic feet J2!r lear 

5 , 510 6 , 150 4 , 747 987 1 7 , 394 
602 128 30  0 760 
344 360 2 1 5  0 1 E ll9 

6 , 4 56 6 , 838 4 , 992 987 19 , 2 73 

2 , 175 4 , 100 3 , 666 1 , 218 11 , 159 

7 , 685 10 , 250 8 , 413 2 , 205 28 , 553 
8 , 631 1 0 , 938 8 , 658 2 , 205 30 , 4 3 2  
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tree improvement program . As with other as sumptions , this 
one i s  made to fal l within the realm of beinq entirely 
feasible from a si lvicultural viewpoint ,  and rea sonably 
pos sibl e within the range of future economic, political and 
social conditions . 

Applying the potential gain in growth from thinning and 
genet ic improvement ,  we predict an increa se in productive 
potential of 76 0 million cubic feet annually in the Douglas­
fir region and 1 , 1 1 9 million cubic feet from southern pine . 
Adding these two gains to the earlier estimate , we predict a 
total bioloqical productive potential of 1 9  billion cubic 
feet ( 2 90  million tons of wood and bark) for all softwoods , 
1 1  billion cubic feet for hardwoods ( 2 0 0  million tons) , and 
over 3 0  billion cubic feet ( 49 0 million tons) for a ll 
species. 

· 
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CHAPTER 5 

SUMMARY OF PAftt I 

PRODUCTION POTENTIAL OF UNITED STATES PORESTS 

It is entirely feasible to double the production of wood 
from the forests of the united states through the 
appli cati on of current technology , whi le continuing to 
manage o ur forests on a sustained yield basis . Whether or 
not it i s  economically feasible to do so is a di fferent 
question . Whatever the answer , it must be understood that 
the increases in growth we prognosticate are only those 
resulting from management practices which we con sider 
immediately reasonable and practicable. The total 
biologica l potentia l of forests is much greater . 

our general conclusion , therefore , i s  that the 
biologica l produc tivity of the commercial forest la nds of 
the Uni ted states is such that, where economic and social 
condi tion a permit , the net realizable growth of these 
forests could be doub led within ha lf a century by the 
widespread application of proven silvicultural practice s. 
Followi ng our own lines of evidence and reasoning, we 
confirm the findings of others who have reached simi lar 
conclu sions . we realize that political and economic 
re straint s may result in a les se r  increase in productivity . 
At the same time , we wish to point out that , with widespread 
applicati c:m of intensive silvicul tural practices , with 
complet e  use of our hardwood re sources ,  and with complete 
tree use , our potential productivity would be closer to 
three times the pre sent level rather than the doubling we 
feel i s  eminently practicable. 

We should note that , whi le the authors of the Nationa l 
Academy o f  Science s •  report on Agricultural Production 
Efficiency (1 9 7 5 ) point to the possibil ity that we may be 
approaching the limits of improvement of growth for some 
agricultural products , this does not bold for wood. Due to 
the long li fe span of tree crops and the relatively low 
hi sto rica l intensity of their management , the practice of 
silviculture is fa r less advanced than the practice of agri­
culture . Under the current state of the art , relatively 
mode st inve stments in forest management wil l  result in 
substant ial increments in the biologica l prod uction 
efficiency of tree s .  
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RESEARCH N ! !DS 

Concerning the biologica l productivity of our forests , 
it is important to stress the great importance of a 
continui ng research program designed to eluci date the 
various f actors treated in thi s report . Despite the 
substantial level and generally high quality of past 
investigati ons, the i ssues raised are so new that they 
cannot have been suffic iently studied by forest scientists . 

S pe ci fically , it i s  essential that we work toward the 
development of a revised and more broadly supported national 
fores t survey that wil l present forest data on a collective 
biologi cal basis , so that it can be interpreted .at several 
level s of potential use as economic conditions change or are 
predicted to change . Ideally, forest survey datA should 
provide estimates of the volume of the total boles of tree s  
and the wei ght o f  their tota l biomass by compon ent parts .  
such information should b e  generalized by species, forest 
types , and classes of site and siz e .  In short , we need to 
generalize better than we can today from speci fic studi es of 
comple te tree anal yses and forest ecosystem biomass studies 
to bett er predict the e ffects of ful ler tree use and of 
different silvicultural management practices. 

Although considerable speci fic information exists on the 
biologi ca l and technical as pect s of the various approaches 
to timber product ion under intensive management, substantial 
research is needed to predict the impact of such programs on 
site improvement , forest type conversion, reforestation , 
genet ic improvement, weedings and thinninqs of the area that 
can and should be involved , the re sults that can be 
expec ted , and the predicted cost-benefit relati on s .  Large 
gains can a lso be expected from improved techniques for 
protecting forests from insects and di seases. 

The interaction of increasingly more complete tree use 
and the nutrient cycle within the forest i s  poorly under­
stood , yet it is of critical importance . As more and more 
of the tree is harvested, a gr eater proportion of the 
nutrient capi tal is taken f rom the site . The repl enishment 
of this nutrient capital through n atural proces ses wi ll 
ordinaril y compensate for the long-cycle periodic removal of 
pa rt of the boles of the largest trees . At the other 
extreme , short-cyc le removal of much of the fore st biomass 
may serio usly "mine" the forest soil and have a deleterious 
effect on the forest site . We need to know how often and 
how much of the forest product ion can be safely removed by 
fores t type and site c lass. 

Re search must continue to develop manaqed-stand yield 
tables to predict accurately timber production as a ffected 
by cultural treatments . Results will have wide 
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applicabi lity in improvinq forest survey pr edictions and 
land-use pl anning decisions . 

A topic not covered in thi s report but critical to the 
probleDI i s  the computation of al lowable cut for the forests 
of the United States . we have touch ed upon only one a spect 
of thi s ,  the allowable cut e ffect. The assumptions and 
techni que s by which the permis sible annual cut of each cl ass 
of owners hi p  is computed will have great impact upon how and 
to Wbat extent the biological qrowth of our forests is 
produc tively harvested . 

Still another a rea requiring research is the socio­
econOIIlic aspect of fore s try .  we have speculate d at length 
about the motives of small woodland owners and the 
environmentally ori ented groups toward intensi ve forestry ; 
yet we know far too little about the impacts of the se groups 
on future timber growing and on wood supplies . 

Finally, information is needed on the energy 
requirement s of growing timber . Res earch is largely lacking 
on thi s newly critical issue , so much so that the topic was 
omitted f rom our survey. Zn the future, energy costs ,  
productions , and balances wi ll figure in forest aanageaent 
decision s j ust as ecological and economic factors a lready 
do , and i mmediate effort is needed to develop this iaportant 
facet . 
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PART I I  

AGRI CULTURAL PRODUCTION OF I NDUSTRIAL MATERIALSl 
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CHAPTER 6 

INTRODUCTION 

Although forests currently produce the greatest portion 
of renewable materials with industrial uses , the productive 
�otential o f  agri cultural cropland cannot be overlooked in 
this assessment of �ossible future resources. 

A few agr icultural materials are produced in the United 
state s  primarily for industrial use . Of these . cotton fiber 
is by far the most i�portant. Flax, grown for its linseed 
oil , is the only other such crop grown in quantity in the 
United States . Elsewhere in the world. a variety of other 
vegetable fibers are grown for export to this country , as 
are a limited number of oilseed crops with primary 
industria l  uses . 

' 
The second category of agricultural industrial materials 

consists of those that are grown primari ly for food but have 
important secondary industrial uses.  In the United States , 
wool i s  o ften a secondary product to lamb meat and mutton . 
Similarly ,  fats and hides are important secondary to meat 
products in the beef cattle industry. Among agricultural 
crop products ,  peanut oil and soybean oil have important 
seconda ry uses �s industrial mater ials . corn s tarch is also 
used in substantia l  amounts in paper , texti les and other 
industria l purposes . 

The third category consists of agricultural materials 
produced in the Oni ted states primarily for food , but with 
residues that are potentially suitable for industrial use . 
These include wheat and other cereal straws , bagasse , corn 
stalks, and animal wastes and by-products . 

We wi ll consider the potential of each of these groups 
in turn. Since physica l  ca pab ilitie s  are seldom dominant in 
the United States today, we emphasize economic proj ections 
based upon assessm�nt s of future supplies.  

a we  gratefully acknowledge the contributions of Leroy 
Quance and Al len Smith of the Economic Research Service , 
united States Department of Agriculture ; Michael J. 
Pallansch ,  R. E .  Coleman, Clair E. Terrill ,  I .  A. Wolff ,  
Nelson Getchell , Harold B .  Taylor and Joseph Naqhski of the 
Agricultural Research Service. u .  s .  Department of 
Agriculture ; Billy E .  Caldwell of North carolina state 
university ; Arlie L .  Bowling of the National Cotton COuncil 
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of America ;  and Ralph Aldave and Alvin Gray Folqer of the 
University of Texas at Austin. 
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CHAPTER 7 

AGRICULTURAL MATBRJALS GROIN FQR INDUsrRIAL USE 

COT'l'ON 

Cotton is important both for the production of lint and 
cotton seed. For every 480-pound bale of cotton lint . 8 25 
pounds of cottonseed are als o  prod uced . Historical ly, out 
of each ton of cottonseed crushed , oil accounts for 1 6  
percent o f  the derived products , meal for • 6  percent . hulls 
for 24 percent, and linters for 9 percent, with 5 percent 
being lost. 

The production of cotton in this country has chanqed 
little since the midd le 1 92 0s (Table 1 5) . (All statistics 
are from the United States Department of Agriculture 1 9 7 4  
and earli er . )  During the s ame period world product ion of 
cotton ha s increased as has the production of synthetic 
fibers . 

cotton acreage in the United state s has declined 
steadily from a high of 4•. 6 million acres in 1 9 26 to 1 3. 0  
million i n  1 9 7 2 .  Y ie lds per acre have risen steadily over 
the years to compensate . The United States i s  a ma jor 
exporter and a �imited importer of cotton . 

Recent estimates indicated that the United States is 
still the world ' s  l argest producer of cotton with a 1 9 7 4-7 5 
(August to July) output of 2 . 9 million tons ( 1 2 . 1 million 

bales of 480 pounds ) . This nation ' s percentage share of 
world production has been steadily declining over the years , 
however , from 6 3  percent in 1 9 20 to 1 9  percent in 1 974 . 

The s econd largest producer , the U . s . s . R. , is only 
sl ightly behind the United states with current production 
estimated at 2 . 8 8  million tons ( 1 2  million bales) for 1 97 •-
7 5 .  The People ' s Republic of China is the world ' s  third 
large st cotton producing nation with an estimated crop of 
2 . 3 .tlli on tons (9 . 5  million bales) , and I ndia is fourth 
with 1 . 2 mill ion ton s ( 5 . 2 million bales) . These four 
nations account for 6 3  percent of the current total world 
production of cotton . 

In a preliainary study in 1 9 7 4 , the Economic Res earch 
Servi ce of the United State s Department of Agriculture 
estimated future production of cotton lint under a series of 
alternative assuaptions (Quance 1 974 ;  Smith et al, 1 97 • )  Its 
AgJicul tural Baseline projection as sumes a medium growth 
(series E )  in population, moderate growth in income , and 
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Table 1 5 

U .  S .  COTTON LINT PRODUCTION 

World 
u .  s .  Production Production u .  s .  Imports U .  s .  EXPOrts 

Acreage 

Harvested Weight Farm Value Weight Weight Value Weight Value 
Year 1000 acres 1000 tons . $ 1000 1000 tons 1000 tons $ 1000 1000 tons $1000 

192 0 34 , 408 3 , 357 1 , 066 , 759 5 , 337 66 44 , 666 1 , 392 599 , 1 39 

.... 1925 44 , 386 4 , 026 1 , 579 , 936 7 , 060 84 50 , 210 2 , 027 914 , 190 
"' 1930 42 , 444 3 , 483 658 , 981 6 , 344 27  5 , 328 1 , 762 422 , 106 

1935 2 7 , 509 2 , 6 59 590 , 021 6 , 535 37 9 , 265 1 , 599 392 , 01 5  
1940 • 2 3 , 861 3 , 141 621 , 310 7 , 180 51 1 0 , 7 50 313 66 , 942 
194 5 1 7 , 02 9  2 , 2 54 1 , 014 , 8 23 5 , 340 83 29 , 2 52 907 416 , 796 
1950 1 7 , 843 2 , 503 2 , 00 5 , 684 7 , 6 30 46 42 , 368 1 , 107 934 , 564 
1955 16 , 928 3 , 680 2 , 379 , 03 0  1 0 , 918 36 27 , 110 560 372 , 801 
1960 15 , 309 3 , 568 2 , 1 54 , 165 11 , 693 40 2 5 , 344 1 , 809 936 , 799 
196 5 13 , 615 3 , 743 2 , 106 , 088 1 3 , 297 29 2 2 , 491 790 486 , 169 
1970 1 1 , 155 2 , 541 1 , 101 , 2 2 7  1 2 , 863 9 6 , 397 966 492 , 200 
1972 12 , 984 3 , 289 1 , 7 5 5 , 603 14 , 324 18 N/A 1 , 27 3  N/A 
19 7 3  1 1 , 970 3 , 112 2 , 779 , 504 14 , 999 16 N/A 1 , 379 N/A 

SOurce : u .  s .  Department of Agriculture , Economic Research Service ( 1974a) .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

B i o l o g i c a l  P r o d u c t i v i t y  o f  R e n e w a b l e  R e s o u r c e s  U s e d  a s  I n d u s t r i a l  M a t e r i a l s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 4 2 5
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moderate qrowth in farm exports . Zt is summarized for 1 9 8 5  
and 2 0 0 0  in Table 1 6 . Zn this �rojection , a declin inq 
demand indicated by a per capi ta consumption dropping from 
1 6  pounds in 1 97 4  to 1 4  in 1 9 8 5  and to 1 2  pounds in 200 0 ,  
coupl ed with little change i n  per-acre yields , would result 
in a decl ine in acreage planted to cotton f rom a pre sent 1 3  
mil lion acres to slightly more than ten aillion acres . A 
more re al istic scenario would i nclude a continuing rise in 
yield s pe r  acre . 

The pro j ection that cotton acreage wi ll continue to 
decline throuqh the year 20 0 0  has been questioned by Michael 
J .  Pal l an sch , Assi stant Admini strator of the Aqricultural 
Res earch service , Unite d states Department of Aqriculture. 
Deaand may not continue to fal l  if . indeed as many beli eve ,  
the compe ti tive inroads by petroleum-based fi bers into 
cotton ' s  traditional markets have ended , and that some 
reversal of past losses wil l  occur . For instance, 
cotton/ synthetic tlend leve ls may we ll shif t  toward a higher 
cotton c ontent . Al so ,  future trends in heati ng and cooling 
of homes and of fices may well change , due to higher energy 
costs and result in increased demand for cotton and wool 
apparel . 

Another factor that might favor the increased use of 
cotton is the relative ly low amount of energy required for 
its production . Gatewood ( 1 97 3 ) e stimated that the 
production of cotton requires only one- fifth as much enerqy 
as that o f  synt�etic fiber . Also , environmentally ,  cotton 
products ar e tiodegradable. 

Refl ecting these more optimistic prospects , the Cotton 
council o f  America has provided pro jections of cotton 
production and energy requireaents to achieve production at 
low • medium and h igh levels of per capita consUDtption far 
1 9 8 5  and 2000 (Tables 1 7  and 1 8 ) . The 1 9 8 5  range of per 
capita consumption of 1 4- 1 8  pounds was proj ected in an 
economi c analysis by Dudley ( 1 9 7 4 ) . The range for the year 
2 0 0 0  wa s increased to 1 5-20 pounds because of the pro jected 
1 55 percent increa se in real per capita income assumed in 
the economic parameters . A moderate increase in export s to 
4 million bal es in 1 9 8 5  and 5 million in 2 0 00 was based on 
the a s sumption that foreign countries will continue to have 
an increa sing level of demand for feed and food crops, and 
this wi ll con strain cotton production . Only moderate yield 
inc �a se s  were assumed and the application rate of 
ferti lizer wa s a ssumed to remain about the same . FUels used 
in growing crops were assumed to drop by 5 percent for each 
period due to the emerging ,trend toward llinimum tillage and 
fue l conservation . Lover u�e of pesticides were · predicated 
upon acreage shifts away frO. 'areas that are the heaviest 
consUDters o f  pesticides and the development of ins ect and 
disea se resistant varieties . The intensity of labor wa s 
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Table 16 

C0'1"1''N PRODUCTION AS PROJECTED 

BY U . S . D . A . ECONOMIC RESEARCH SERVICE 

Acreaqe - million acres 
Yield - pounds per acre 
Production - million bale s 
Imports - million bales 
Exports - million bales 
Net U . S .  Consumption - million bales 
Consumption per capita 

1972 

12 , 984 
507 

13 . 3  
0 . 1  
3 . 3 

10 . 1  
18 . 7 

1985 

10, 409 
506 

11 . 0  
0 . 1 
4 . 2  
6 . 9  

14 . 0  

2 000 

10, 073 
515 

10. 8 
0 . 1  
4 . 3 
6 . 6  

12 . 0  

Source : u .  s .  Department of Aqriculture , Economic Research Service ( 1974a) .  
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Table 17 

COTTON PROJECTION SUMMARY FOR 1985 
Cotton Council of America 

Per Capita Cotton Demand ( lbs ) 

Population ( 1 , 000 , 000 ) 

1972 

Base 
Data 

20 

Low 

14 

2 3 5  

Medium 

16 
2 3 5  

Domestic DelllaDi (millions of 480-lb . bales ) 
Exports (mil lions of 480-lb . bales ) 

1 0 . 0 6 . 86 7 . 8 5 

Total Demand (millions of 480- lb . bales ) 

Yield per Harvested Acre ( lbs . ) 
Abandonment ( ' )  
Planted Acreaqe (millions ) 
Harvested Acreaqe (millions ) 

Inputs for Production 
Fertilizer (millions nutrient lbs . ) 
Fuel (million qallons ) 
Pesticides (million lbs . active inqred . )  
Seed { thousand tons ) 
labor {million man-hours )  
Irriqated Acreaqe

· 
{millions ) 

Barvestinq (millions of 480-lb . bales )  
Ginninq {millions o f  480-lb . bale s )  
Cottonseed (millions tons) 

Energy Con!U!Ption 
Total energy consumed throuqh qinninq 

{billions Btu) 
Fuel 
Fertilizer 

Pesticides 
Irriqation 
Ginninq 

Total 

Btu Per lb . Lint 
J.Cw. Hr . /lb .  Lint 

Cost of Production 

Total Cost Per Harvested Acre of 
Producinq Lint and Seed 

Cost of Producinq a Pound of Lint 
Adj usted for Seed Value at $150/ton 

3 . 3  4 . 0  4 . 0 

1 3 . 3  1 0 . 86 11 . 85 

507 515 515 
5 5 

14 1 0 . 13 11 . 04 

12 . 98 9 . 62 1 0 . 49 

1 , 500 1 , 116 1 , 217 

246 268 
1 12 68 . 5  7 4 . 7 
180 127 138 
202 127 139 

3 . 44 3 . 30 ·3 . 59 
1 3 . 27 1 0 . 87 11 . 85 
13 . 2 7 10 . 87 11 . 85 

5 . 44 4 . 48 4 . 89 

31 , 92 0  34 , 774 
2 , 051 2 , 237 

783 854 
13 , 038 14 , 184 

1 , 669 1 £ 819 

49 , 461 53 , 868 

9 , 488 9 , 47 0  
3 . 30 2 . 781 2 . 776 

$ 156 $ 250 $ 322 

. 36 . so 

Biqh 

18 
235 

8 . 83 
4 . 0  

1 2 . 83. 

515 
5 

11 . 96 
11 . 36 

1 , 3 17 
290 

80 . 9  
149 
150 

3 . 89 
12 . 83 
12 . 83 

5 . 29 

37 , 629 
2 , 421 

924 
15 , 370 

1 1 970 
58 , 314 

9 , 469 

2 . 7 7 5  

$413 

. 67 

Source : u .  S .  Department of Aqricul ture , Economic Research Service { 19 74a) . 
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Table 18 

COTTON PROJECTION SUMMARY FOR 2000 
Cotton CoWlcil of America 

Per capita Cotton Demand ( lbs . ) 
Population ( 1 , 000 , 000) 

Domestic Demand (millions of 480-lb . bales ) 
Exports (millions of 480-lb . bales ) 

Total Demand (millions of 480- lb .  bales )  

Yield P er  Acre ( lbs . ) 
Abandonment ( \ )  
Planted Acreage (millions ) 
Harvested Acreage (millions ) 

Inputs for Production 
Fertilizer (millions nutrient lbs . ) 
Fuel (million gallons ) 
Pesticides (million lbs . active ingred . )  
Seed (thousand tons ) 
Labor (million man-hours )  
Irrigated Acreage �millions ) 
Harvesting (millions of 480- lb . bales ) 
Ginning (millions of 4 80- lb .  bales ) 
Cottonseed (million tons ) 

Energy Consumption 
Total energy consumed through ginning 
(billions Btu) 

Fuel 
Fertilizer 
Pesticides 
Irrigation 
Ginning 

Total 

Btu Per lb . Lint 
Kw. Hr . /lb . Lint 

Cost of Production 
Total Cost per Harvested Acres of 

Producing Lint and Seed 
Cost of Producing a Pound of Lint 

.. . . Adjusted ·for Seed Value at $ 190/ton 

15 
264 

Low 

8 . 26 
5 . 0  

1 3 . 26 

540 
4 

12 . 28 
11 . 79 

1 , 368 
286 

6 0 . 9 
154 
128 

3 . 46 
13 . 26 
13 . 26 

5 . 64 

37 , 123 
2 , 514 

696 
13 , 6711 

2 , 035 
56 , 039 

8 , 804 
2 . 58 

$ 311 

. 41 

Medium 

17 . 5  
264 

9 . 64 
5 . 0  

14 . 64 

540 
4 

13 . 56 
1 3 . 01 

1 , 510 
316 

67 . 2  
169 
142 

3 . 82 
14 . 64 
14 . 64 

6 . 22 

4 1 , 017 
2 , 775 

768 
15 , 093 

2 , 248 
61 , 901 

8 , 809 
2 . 58 

$496 

. 75 

Source : U .  s .  Department of Agriculture , Economic Research Service ( 1974a) . 
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High 

2 0  
264 

11 . 02 
5 . 0 

16 . 02 

540 
4 

14 . 83 
14 . 24 

1 , 652 
346 

7 3 . 5 
185 
155 

4 . 18 
16 . 02 
16 . 02 

6 . 81 

44 , 911 
3 , 036 

840 
16 , 516 

2 , 460 
67 , 763 

8 , 812 
2 . 58 

$ 783 

1 . 28 
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as estimated to drop 1 5  percent by 1 9 85 and another 1 5  
percent b y  2 0 0 0  because of the trend toward minimum tillaqe 
and improved pesticides . I rrigated acreage was expected to 
decline because of the fall inq water table in the high 
plains of Texas. 

In terms of acreage . cotton currently accounts for 1 3  
million . or l ess than 4 percent of the total united states 
crop acreage of 3 6 0  mil lion acres . The pro jected acreage is 
expected to drop to 1 0  million acres by 2 0 0 0  in the Econollic 
Research service pro jections and to range froa 1 1 . 8  to 1 4 . 2 
mil li on acres in the low and h igh levels of the cotton 
council o f  Aaerica pro j ections . Since cotton was grown on 
as many a s  45 •il l i on acres in the mid 1 9 20 s  (albeit to a 
considerable extent on non-irrigated lands not used for 
cotton today) . there i s  obviously no shortage of farm land 
suitable for meet ing future cotton demands in the United 
state s .  �hether or not these lands wil l  be used for cotton 
will depend upon the re lative profitabi lity of growing 
alternative feed and food crops on them . 

In terms o f  yi elds per acre . both sets of projections 
assume on ly modest improvement to 5 1 5  or 5 4 0  pounds per acre 
as compared to 5 07 in 1 97 2 .  The National Research counci l ' s  
1 97 5  report on Agricultural Production Efficiency indicates 
cle arly that substantia lly higher yi elds are biological ly 
fea sible throuqh the application of more intensive 
agricultura l practices . FOr example hybrid cotton is a 
possibility for potentially producing much higher yields. 

We m ay sa fely conc lude. the refore. that the limitations 
of cotton production in the united states are imposed to a 
much qreater extent by economic restraints than by the 
availabil ity o f  suitable far• land or by biological · 
considera ti on s .  

FLAX 

Flax is grown in the United states primari ly for the 
linseed oil obtained from f laxseed . although a smal l  aaount 
of flax s traw ( 3 6 . 0 0 0  tons) is pul ped for cigarette and 
electrica l conden ser paper. It i s  grown primarily in the 
Dakotas and adjoining states in the northern Great Plains . 

Uni te d  States production of flaxseed peaked in the early 
1 9 50 ' s (Table 1 9 ) and bas since declined severely. In 1 97 0 .  
the Uni te d State s production of 8 3 9 . 00 0  ton s  was 1 9  percent 
of the wo rl d production of 4 . 4 7 8 . 0 0 0  tons. Of the United 
St ates production . 1 6 5 . 00 0  tons or 20 percent was exported . 
By 1 9 7 4 . the acreage p lanted to flax had dropped to 1 . 6 4 
milli on . the yield per harvested acre had dropped from 1 0 . 4 
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in 1 9 7 0  to 8 . 1 and the production had dropped from 3 0  
mil lion bu shels i n  1 97 0  to 1 3  million i n  1 9 74 . 

con si derable uncertainties face flaxseed as a crop. The 
level of production miqht be reduced even further if the 
demand for food crops increases , since synthetics could at 
least partial ly replace linseed oil for many industrial 
uses. Another oil crop , sunf lower seed , may be replacinq 
flaxseed in some producing areas . 

The United States Department of Agriculture , Economic 
Research Service estima tes that production of flaxs eed wil l  
increase sl ightly t o  7 8 4 , 0 0 0  tons in 1 9 8 5  and drop to 
7 0 0 , 0 0 0  tons in 2 0 0 0  (Smith et a l .  1 97 4 ) . The corresponding 
acreage devoted to the crop would increase to 2 . 1 6  million 
bu shels in 1 9 85 and drop to 1 . 7 8 million in 2 0 0 0 .  Yields 
would i nc rease from 1 2 . 9 bushel s per acre in 1 9 8 5  to 1 4 . 3  
bushels per acre in 20 0 0 .  Two- thi rd s of the crop would be 
used for industrial purposes in the United States and the 
rest exported . 

The above pro jections are probably optimistic since the 
lonq- term trend of flax production in the Uni te d states has 
been downward for nearly a quarter century . Even if 
reali zed, however , the projected production fiqures would 
impose no major load on United state s  agricultural land . As 
with cotton , the limitations on flaxseed production in this 
c ountry a re  economic and not the result of shortages of 
suitable land or limits of biological production . 

MISCELLANEOUS INDUSTRIAL CROPS 

Other than cotton and flax, a number of other vegetable 
fibers are imported into the United States but not grown 
domestica lly. of these , the most important i s  j ute , which 
is largely imported in the manu factured form (Table 20) . 
Since these f ibers are frO. crops grown primarily in · 
tropi cal and semi-tropi cal countrie s ,  their potential i n  the 
United States is limited .  There are , however a few Agave 
species of possible industrial val ue that thrive in the 
southwe st ern states . 

only 27 6 ton s of si lk were imported into the Uni ted 
state s in 1 97 2 .  There vas no domestic production . On the 
other han d, Texas produced about 5 0 0 0  tons of mohair from 
the Angora goat in 1 97 2 ,  and accounted for about 3 0  percent 
of the world ' s  production .  

O f  the vegetable oi ls , tung oi l i s  used primarily for 
industria l purpose s .  The production o f  tung nuts from tung 
tree plantations dropped from a high of 1 2 3  thousand tons in 
1 96 4  to 1 2  thousand tons in 1 9 7 0 ,  at which time estimates 
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Table 19 

P:RODUC'l'ION OF FLAXSEED 

IN THE UNITED STATES 

Aareaqe Harvested Weiqht 1000 Farm Value 

Year 1000 Acres (Tons) $1000 

192 0  
1925 3 , 022 625 50 , 577 

191P 3 , 780 607 34 , 9 50 

193, 2 , 126 418 21, 181 

1��0 3 , 182 866 43 , 7 93 

1945 3 , 78 5  968 99 , 912 ' ·  
1950 4 , 090 1 , 127 134 , 531 

1955 4 , 914 1 , 132 117 , 349 

1960
' 

3 , 342 851 80 , 533 
1965 2 , 77 5  991 99 , 168 
1970. .. 2 , 888 839 7 1 , 803 

1972 1 , 151 389 39 , 213 
1974 1 , 645 373 126 , 0 34 

One ton of flaxseed will yield 722 pounds of linseed oil . 

Source : u .  s .  Department of Agriculture , Economic Research Service 
( 1974a) . 
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Table 20 

VEGETABLE FIBERS IMPORTED 
INTO THE UNITED STATES , 1972 

Bast fibers 
Jute - raw 

manufactured 
Flax 

Leaf fibers 
Abaca or manila 
Sisal 

Henequen 
Seed and Fruit-hair fibers 

Cotton 
Coir 
Kapok 

Tons 

14 , 764 
447 , 4 06 

3 , 084 

20 , 528 
1 5 , 401 

39 , 710 

18 , 000 
4 , 135 

12 , 361 

Source : u .  s .  Department of Agriculture , Economic Research Service 
( 1974a) .  
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s were di scontinued .  Production wa s concentrated in 
Plorida , Alabaaa , Mi ssi ssippi , and Louisiana. coconut oi l 
i s  extens ively used in industri al detergents, and ca stor 
oil , though used in only small quantitie s ,  is also 
important . 

None of the se miscellaneou s  industrial crops would 
appear to impose any increa sed demands upon United States 
crop l ands over the forthcoming decades . 

AGIUCOLTORAL MATERIALS WITS IMPORTANT 
SECONDARY INDUSTRIAL USES 

wool 

Al so affected by market competition with synthetic 
fibers is wool, the principal animal f iber . From a peak 
United Stat es popu lation of 56 mil lion sheep in 1 9 4 2 ,  
numbers dropped to 1 8. 7  mil lion in 1 97 2 .  The tonnage of 
wool produced has simi larly dropped by two-thirds to 8 3  
thousand in 1 97 2  (Table 2 1 ) . The average weight o f  wool per 
sheep has remained at approximat ely 8 .  5 pounds over recent 
years . 

While Uni ted states production of raw wool has 
decreased , world production has increased. The Oni ted 
State s  share of world production dropped fran 1 0  percent in 
1 9 40 to l es s  than 3 percent in 1 97 0 .  

wool production i n  the Uni ted States will probably not 
depend on demand for wool or even on the value of wool. 
wool is produced in thi s country largely as a by-product of 
meat production , and its removal i s  essential to the 
survival of sheep in ao st of the United States . wool does 
represent a portion of income to the sheep rai ser . Thi s  
situation may change i f  synthetics increase substantially in 
cost or i f  demand for wool increases qreatly. 

S heep are compe titive with cattle in the use of ranqe . 
Onder western range conditions , sheep consume larger 
proporti ons of browse and shrubby plants and smaller 
proporti ons o f  grass than cattle . Optimum range rise comes 
from j oint grazinq by sheep and cattle . Sheep are generally 
more effi cient producers of meat than cattle because of 
their higher proli ficacy and shorter growing period , an d  are 
reporte d to be about 26 percent more efficient than cattle 
on the range . cattle , however , seem to aake better use than 
sheep of low cost grain . 

The pre sent ratio of the value of cattle to sheep i s  5 . 2 
to 1 .  In the pa st, sheep numbers have generally increased 
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Table 2 1  

u .  s .  RAW WOOL PRODUCTION 

Wool 
u .  s .  Production Production u .  s .  Imports (2 ) 

thousand million thousand thousand 

Year tons ( l )  dollars tons (1 ) tons 

1920 147 $114 1 , 5 26 N/A 

192 5 150 100 1 , 680 49 

1930 207 69 1 , 852 54 

1935 2 14 70 1 , 802 70 

1940 217 106 2 , 090 107 

1945 189 129 1 , 895 255 

1950 125 135 2 , 000 2 3 3  

1955 141 103 2 , 342 124 

1960 149 111 2 , 820 114 

1965 112 95 2 , 920 136 

197 0 88 57 3 , 07 7  77 

1972 83 56 

i Includes both shorn and pulled wool ,  qrease basis. 
Clean content apparel and carpet wool. 

Source : u. S .  Department of Aqriculture , Economic Research Service 
( 1974a) .  
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r e l ative to catt l e  when the ratio of re l ati ve va l ue s  ha s 
f a l l en be low 7 to 1 .  Becau se of thi s f avorabl e  economi c 
ra tio , and be ca use o f  subst ant i a l  technoloqical advance s  in 
the breed inq a nd rearing of she e p ,  C la i r  E. Te rri l l  of the 
ARS pro j e ct s  an increase in sheep number s to begin in the 
ne xt 2 ye ars and to r e a ch a 50 percent increa s e  by 1 98 5 .  
Ava ilab le t echno logy should pe rmi t a further 5 0  pe rcent 
inc re ase ty 2 0 0 0 .  �hus , we cou ld go from 1 5  mi l lion sheep 
in 1 97 5  to 22 mi l l ion in 1 9 8 5  and to 2 3 5  mi llion in 2 0 0 0 .  
I f  thi s  were to ha�pen , w oo l  production would i ncre a se from 
69 mi l l ion tons in 1 9 7 q  to 9 3  mi l l ion tons in 1 9 8 5  and 9 q o  
mil lion i n  20 0 0 .  obv iou s ly ,  the se predicti ons a ssume ma jor 
cha nq e s  in wha t  t h e  America n pub l i c  hab itua lly eats and 
wear s ,  as wel l  a s  a reversa l of the long- term d ecl ine in the 
Uni ted States sheep in d ustr y . 

The ERS foreca s t s  a dec l ine i n  the amount o f  mea t  
produce d b y  sheep and l ambs by 1 9 8 5  to 3 5  percent o f  the 
1 97 Q- 7 2  avera ge (Sm ith et a l .  1 9 7 q ) . Dudl e y  ( 1 9 7 q )  a l s o  
es timates that t h e  co n s umpt i on o f  wool wi l l  dec rea se f r om 2 
pounds per ca pita in 1 968-7 0 t o  1 pound per cap i ta  i u  1 9 8 5 .  

In either ca se , t he va lue of the wool i ts e l f w i l l  have 
re l ative l y  little d i rect ef f ect upon the number s o f  sheep 
and l ambs rai sed in the Uni ted Sta tes i n  the f uture . 
Rather , t he d emand for their mea t  wi ll be t he princ ipal 
determi ni ng factor . 

Shoul d th e u se o f  range be s ub stantiall y  increa sed both 
for cattl e an d shee � ,  b i o loqical fac to r s  coul d wel l  be 
limit ing in th e futur e . However , this i s  a problem for 
those c oncerned wi th ag ricu ltu ra l food prod uc t i on .  For both 
animal s ,  in du str ial use s are secondary to food . 

An imal By- Pro ducts 

A nima l by- prod ucts form a recurring and renewab l e  
re sourc e that contribut e s  signi f i cantly t o  o u r  nat i ona l 
economy . The two ma jor by- produc t s  are hides and s k ins , and 
fa t s .  Th e number of h i des ava ilable is d i rectl y re l ate d to 
the numbe r of an ima l s  s laughtered . Cat t l e  hi de s ha ve 
constit u t ed the ma i n  raw materia l s  f or l eather product i on ; 
only a smal l number o f  p igskins are tanne d for l ea ther . The 
recent d eve lo�ment of a mechanica l p ig skin pul l e r  could make 
pig ski n s  more read i ly available for tanning , an d thus 
pig skins hold cons i d era ble potentia l f or incr e a s ing our 
suppl i e s  of l e a ther . c urrentl y ,  p i g skins a re u sed primari l y  
for the production o f  g e latin, and their u l ti mate u s e  w i l l  
be cont ro l l ed by the co �petitive posi t i on of the two 
ma rke t s .  
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Anima l  fats consist primarily of tallow and grea se from 
cattl e ,  and lard from hogs. In recent years, over 5 billion 
pound s of tallow an d grease have been produced annually . 
About hal f  of this quantity has been exported . Of the 
domesti c product ion in 1 973 , the largest market bas been 
animal feed ( 37 percent) , followed by fatty acid production 
(30 percent) , soap (2 1 percent) , lubricants ( 4  percent) and 

misce l l an eous uses ( 8  percent) . Animal fats , which are of a 
hydrocarbon nature , constitute a renewable resource that ha s 
a potenti al for supplementing our qrowinq demand s for 
petroleum needed in the manufacture of petrochemicals. Lard 
production ha s decrea sed from 2 . 6 billion pounds in 1 9 6 0  to 
1 . 6  bi lli on in 1 97 2 .  

The production of these products i s  entirely dependent 
upon the number o f  animals raised for food . Preliminary 
projections of the ERS indi cate a slaughter of SO million 
head of cattle in 1 9 8 5  and of 6 1  million head in the year 
2 0 0 0 ,  compared with a total of 3 6  •i ll ion in 1 9 7 2  (Smith et 
al.  1 97 4 ) . comparable proj ections for hog slauqbter are 1 0 6 
million for 1 9 8 5  and 1 2 0 mi llion in 200 0 , coapared with 86 
million in 1 9 7 2 .  The resulting production of tallow and 
grease from cattle and lard from hogs would ri se from 7 . 2 
billion pounds in 1 97 2 to 9 . 4  billion pounds in 1 9 8 5 ,  and to 
1 1 . 3 billion pounds in 200 0 . 

The quantities of major animal by-products (fats , hide s )  
available would thus seem to be sufficient to supply both 
domestic and fore ign demand for the rest of thi s century. 
Sub stan ti al ly expanded supplies of cattle hides , piqskins 
and ta llow should be available . Lard production should 
plate au at a level not too different from that of recent 
yea rs . 

Oilseed crops 

Oi l f rom cottonseed is an important secondary product 
from the cotton plant , which i s  primarily grown for its 
fiber . In addition , several other oilseed crops qrown 
pr imari ly for the feed and food va lue of their seed have 
important s econdary industrial use s .  SOybean and peanut 
crops ar e the most important of the se. 

Of the total United states consumption of fats and oils 
of 1 6  bil li on pounds in 1 97 2 ,  5 billion , or about one-third , 
was used for industrial purpose s .  Of this industrial usage 
of 5 , 3 3 8  mi ll ion pounds , 72 4 million pounds or 1 4  percent 
was used in the manufacture of soap , and 56 9 million pounds 
or 1 1  percent was used in drying-oi l products . Both 
categori es of use have been declining in recent years . 
About one•third of the production of peanut oi l goe s into 
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industrial uses , while less than one-fifth of soybean oil is 
similarly used . 

In contrast to flaxseed , a crop whose production ha s  
decl ined substantially in recent years , the production of 
both soybeans and peanuts has increa sed over time (Tabl e 
2 2 ) . 

The history of soybeans since 1 9 50 has been one of 
moderatel y increasing yields up to 1 97 1  and a dramatically 
increasing harvested acreage. Yield per acre increased by 
2 8  percent between 1 9 50 and 1 9 7 3 .  Acreage, however, 
increased mor e than four-fold in the same 2 4-year span . The 
overa ll result was a five- f old increase in production. 

Peanuts contrast with soybeans in that yield ha s  
increased dramatica lly whi le acreage has actually decreased 
since 1 9 5 0 .  Between 1 9 50 and 1 973 , yield increased 2- 1 /2 
times whi le acreage dropped by one- third . Production 
increased 7 0  percent during the same period. 

The ERS proj ects increas es in the yield of soybeans from 
28 bushel s per harvested acre in 1 9 7 2  to 3 2  in 1 985 and 3 4  
in 20 0 0  (Smith et al . ,  1 97 4 ) . The acreage devoted to the 
crop i s  e xpected to rise from 4 6  million acres harve sted in 
1 97 2  to 6 6  mi llion in 1 9 8 5  and 8 5  million in 2 0 0 0 .  The 
projected production would then move up from 1 . 3 bil lion 
bushels in 1 9 7 2  to 2 . 0 billion in 1 9 85 and 2 . 9 bill ion in 
2000. 

These yie ld projections are based upon expected levels 
of technology and pe sticide and fertilizer application rates 
in the re spective years . 

Accordi ng to Billy E. Caldwell (personal communication , 
1 9 7 5 ,  u.s. Department of Agriculture) , there is no 
biologica l reason that these trends will not change ,  and the 
United States average yield in 1 9 8 5  could be 3 8  to 4 0  
bushel s  per acre and nearly 5 0  for the year 2 0 0 0 .  The 
limitations on soybeans are both environmental and 
biological. current varieti es wi ll yield 80  bushel s per 
acre with proper technology ; the ma jor limiting factor is 
water . 

For peanuts ,  the ERS projects that the 1 9 7 2  yield of 
2 , 203 pounds per harvested acre will rise to 2 , 7 39 in 1 98 5  
and 3 , 07 9  i n  2 0 0 0  (Smith et al . ,  1 974) . Acre age. at present 
close ly controlled by the u . s . o. A. , will increa se from 1 . 5  
million acres harvested in 1 97 2  to 1 . 8 million in 1 9 8 5  and 
2 . 1 million acres in 20 0 0 .  Thus, production would go up 
from 3 . 3 bi ll ion pounds in 1 97 2  to 4 . 8  billion in 1 9 8 5 and 
6 . 4 billion in 2 0 0 0 .  
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Table 2 2  

PRODUCTION OF SOYBEANS AND PEANUTS 
IN THE UNITED STATES 

Soybeans Peanuts 

Acreage Weight Farm Value Acreage Weight Farm Val.ue 

Harvested 1000 tons $ 1000 Harvested 1000 tons $ 1000 
Year 1000 acres 1000 acres 

1925 415 146 11 , 430 996 361 3 0 , 836 

1930 1 , 074 418 19 , 058 1 , 07 3  349 24 , 462 

1935 2 , 915 1 , 467 3 5 , 565 1 , 497 576 36 , 181 

1940 4 , 807 2 , 341 7 0 , 2 24 2 , 052 883 58 , 850 

1945 10 , 740 5 , 795 402 , 2 34 3 , 160 1 , 021 168 , 8 78 

1050 13 , 807 8 , 977 7 3 7 , 760 2 , 262 1 , 018 2 21 , 881 

1955 18 , 620 11 , 210 830 , 909 1 , 669 774 181 , 985 

1960 23 , 655 16 , 6 59 1 , 184 , 910 1 , 395 859 171 , 991 

1965 34 , 449 2 5 , 368 2 , 151 , 3 05 1 , 43 5  1 , 192 27 2 , 000 

1970 4 2 , 249 33 , 813 3 , 2 14 , 7 10 1 , 467 1 , 489 383 , 000 

1972 45 , 755 38 , 488 4 , 4 51 , 797 1 , 486 1 , 637 475 , 000 

One ton of peanuts yields 626 pounds of oil , and one ton of soybeans yields 
364 pounds of oil . 

Source : u .  s .  Department of Agriculture , Economic Research Service ( 1974a ) . 
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of the long runner variety. 

I:n summary • we see that both soybeans and peanuts are 
expanding crops like ly to be more important in the future 
than at present . Their industrial uses are dec idedly 
secondary to their uses for feed and food, both in amount 
used and even mor e so in the dollar value of such uses . 
FUture acreag e devoted to them in the United States , 
therefore , will be determined in large part by relative 
econoaic xeturns fr011 other food crops that can be grown on 
the same site s .  

Residues From Agricultural Food crops 

Residues of food crops often have an industrial use . 
some re si dues , such as wheat straw , are left in the field ; 
others , s uch as bagasse , are concentrated at a processing 
site ; sti ll others ,  such as vegetable oi l foots and animal 
tallow s ,  are a result of the manufacturing process. Manure 
is available in large quantities at cattle feedlots , and 
processed sewer s ludge is similarly concentrated at urban 
sewage di sposal plants . only small quantities of these 
residues are currently used as industrial materials because 
of low value coupl ed with high collecting and processinq 
costs . Y et  the potentia l uses for these large organic 
material s  are qreat , should there be an economic incentive 
or should national policy require their use . 

Wheat and other cereal straws normally left in the field 
amounted to over 1 3 0 million tons dry weight in 1 9 7 2 .  As 
recently as 1 95 0 , some SO pulp mills in the Uni ted States 
produced 650, 000 tons of pulp from wheat straw. Althouqb 
currently discontinued , this once important source of 
cellulose could be used aqain . 

Bagasse i s  available in large quantities at sugar mills, 
but it must be dried and stoDed until needed. Of 5 . 5 
million tons produced annual ly ,  only 2 1 8 , 0 00 ton s are 
currently used for pulp and wallboard. Much of the rest is 
used for fuel in sugar mills . A sma ll amount of flax straw 
is also pulped . 

Other field crop residue s ,  chiefly corn stalks , 
contribute to a grand total of more tban 3 0 0  million tons of 
plant fibers avai lable annually if needed . 

Animal waste and by-products are important potentia l 
sources of organic materials (Ande rson 1 97 2) . I:t bas been 
estima ted that 26 m illion t ons of dry organic solids are 
currently available each year as manure from the largest 
poultry and hog operations and from feedlots with 1 , 000 or 
more head of cattl e .  An addit ional 23 million tons of 
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orqanic waste are annually available from the largest 
proce ssinq facilities , such as canneries , mil ls ,  slaughter 
houses , and dairies . 

The uti lization of waste organic material s from 
agr iculture involves more than a purely economic probl em. 
The se was tes al so constitute an immense pol lution probl em 
(�adleigh 1 96 8 ) . stream eutrophication and contamination 

may arise from the disposal of animal organic waste s. crop 
residues may harbor breeding populations of des tructive 
insects and diseases . Increasingl y ,  the industrial use of 
agric ultu ral residues ,  even if not prof itable , may be the 
best way of reducing waste pollution . 

In summary , a qr icultural re sidue s ,  such as straw , 
stalk s ,  and manure , are potential sources of organic 
material and fuel . concentrations of such materials , as at 
suqar cane mil ls and f eedlots, may well be increasingly 
economical ly usable in the future , e specially since disposal 
i s  often a necessity. At least 5 0  aillion tons (dry weight) 
per year of animal and �lant residue s  are currently 
collectible and o ffer possibilitie s for use as fuel or in 
industry. 

Future production of plant and animal res idues will be 
almost entirely determined by food requirements and use . If 
we assume continued population increase and to produce , 
concomita ntly , an increase in agricultural re sidues . The 
extent to which these will be u sed for industrial purpose s  
is uncertai n, but they will be abundantly available . 
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CHAPTER 8 

UN.ITED S'l'A'l'l!S CROPLAND : SIZ E  AND POTEN'l'IAL 

CROPLAND ACREAGE IN '.rBE UNITED STATES 

An esti��ated 3 6 0  mi llion acres t�ere used for crops in 
the 4 8 contiguous states in 1 9 7 4 .  excluding idle cropland 
and cropl an d  pa sture . Including these categories . the total 
cropland is about 4 3 0  million acres . and this i s  
approxiJRa tely the maxiaWB amount cropped at any tim e  during 
this century in the United states. Since 1 94 9 .  soae 7 0  
lllillion acres have been dropped from the cropland base . 
chiefly in areas characteriz ed by broken terrain . SJRall 
fields and Bllal l ownership units . During the salle period . 
from 3 5  to 40 .tllion acres have been added. 

According to unpubl ished data compiled by the BRS . there 
are curre nt ly some 1 0  mil lion acre s of high qual ity (Cl ass 
I) land s uitable f or conversion into regular cultivation 
(Smith et a l  • •  1 9 7 4 ) . An additional 250 aill ion acres could 

be used for cropland . but they are subject to c limatic 
li•itations . and to proble.s related to soil. drainage. and 
erosion .  Less than 1 0 0  mil lion acre s  are consi dered high in 
potential for conversion int o cropland. 

The BRS concludes that there i s  adequate cropl and 
available to fill domestic United States needs and expected 
foreign demand for several decades .  With continued 
favorable pri ce s  for farm products . no constraints on l and 
use .  and a reasonable rate of developaent. land could be 
converted to cropland as neede d to fill our long term food 
and fiber needs . A degree of food s ecurity and an expansion 
of fore ign trade would increase the need f or cropland . 

I t  does not necessarily follow that increased 
agricultural crop production will result in more land being 
cultivated. Part or all of whatever increa sed need s may 
devel op wil l undoubtedly be met by more inten sive faraing of 
lands already being cropped . In the future ve •ay be 
conce rned primarily with opti•um production per unit of 
land. It may also be that we now have about all the row­
crop land we will use. and that much of the land now 
consi dered as re serve could better be used for foraqe and 
pa sture . ti-.ber • and recreation . 
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AGRICULTURAL PRODUCTION EFFICIENCY 

The National Academy of Sciences ha s recently ( 1 97 5b) 
published a report on the productivity and effic iency o f  
Uni ted states agriculture . The Re �ort di stinguished between 
the abi li ty of the l and to produce a yield of crop, i. e .  
produc tivity, and the capacity to produce desired results 
with a mi nimum expenditure of time, money ,  enerqy, or 
materials , i . e .  efficiency. 

Productivity is sub ject to biological limitations.  
First , for every set of soi l ,  water , climate, nutrient , and 
other co nditions there is s ome upper limit for the yield of 
every crop and livestock product. we do not know preci sely 
whe re the se  upper limits are , but agronomis ts  are thinkinq 
optimi stica lly of 3 0 0- 500 bush el s  of corn per acre , 300 
bushels o f  small grain, and 2 0 0  bushels o f  soybeans . 
second, since the se upper limits are def ined in terms of 
rel atively ideal conditions , we have what we term a "field 
gap• between thi s yie ld limit and the actual yields obtained 
under farm situations . Reports from the field claim as hiqh 
as 300 bu shels of corn and 2 00 bu shels of wheat per acre, 
but averages on even the better farms are only one-half of 
the se reported level s .  Much of our newer technoloqy enables 
us to increase yields gradually and reduce the field gap. 
only in rare and doubtful instances , however , has any 
re search findinq raised the bioloqical ceilinq . One of our 
tasks has been to examine these biological limitations that 
impose ei ther temporary or permanent limitations on the 
productivity of our farms . 

No ma jor sci entific breakthrough comparable with hybrid 
corn or DDT can be reasonably predicted for the next one or 
two decades . There remain, however ,  promis ing potentia ls 
for improving productivity f rom application of known 
technology and from new technology now in the research and 
devel opment phases . Long-range pl anninq based on continued 
linear upward pro jections of productivity of al l parts of 
agriculture , though , can be hazardou s. 

The l arge gains in the past quarter century that came 
from concentrating production on the more opt imum sites for 
individua l crops ; plant ing and pruning for maximum leaf area 
indexe s :  elimination of s evere weed competition : improvement 
of defens es against insects , disease , and nema todes ;  and 
better farm mechanization wi ll be di ff icult to dupl icate 
over the next 2 5  years . However ,  further improvements in 
the same areas wi ll continue to enhance productivity for the 
next decade or so. Al so, the genetic variability of plants 
should permit continued upgrading of gains in yield and 
quality. 
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on balance , however , bi oloqical realities suggest a 
slowinq of the rate of increase of productivity for most 
crops in the foreseeable future , even though the theoretical 
yield limit s  are far ahead. 

Among livestock , current limitations appear greatest in 
re prod uc tive efficiency , resistance to disease, adaptability 
to unfavorabl e weather , and abi lity to convert feed energy 
to animal protein . The se are likely to restrict ma j or qains 
in live stock production eff iciency for the near future . 

sa.e re search-cas ed advances , such as more twinning in 
cattle , more frequent lamb crops , and l arger piq litters 
should , however , improve ani ma l  productivi ty. Gains in 
efficiency of milk production and improved carcass yiel ds 
for l ivestock should continue. Fowl and egg produc tion 
technoloqy seems close to the point of leveling off , and 
break thro ughs are needed before further gains in egg 
production and feed conversion efficiencie s occur . overall , 
gains in livestock prod uctivity appear probabl e through the 
next decade or two . 

Integra l to the asses sment of agricultura l production 
ef ficiency is elucidation of the relationship between the 
input of  energy and productivi ty. Handler ( 1 9 7 0 )  and other 
have critici zed the ine fficiency of modern agriculture in 
converting calories of total energy input to calories of 
output in harvested products . The Agric ultural Production 
Eff iciency report (NRC 1 97 5b) responds to thi s contention 
with an analysis of the energetics of agri cultural 
production. It summari zes the efficiency of energy use on 
the farm in the following language : 

Farming , like other segments of the economy , must 
seek ways to increa se its efficiency of energy use . 
Since agricul ture produces energy-containing products of 
food and fiber , cut consumes free solar energy and 
substantial quantities of increasingly expensive fossil 
fuels and electric power ,  the relation ships are complex . 

Crops capture 1 percent or less of the 
photosynthetical ly useful sunlight that reaches earth , 
and for most crops only ha lf of thi s capture energy is 
stored in food products . In the next step in the food 
chain , farm animals convert 4- 1 0  percent of the energy 
in feeds into meat food energy . Broilers and hogs are 
about twi ce as eff icient as cattle in converting feed 
energy to meat food energy. 

In the transition from primitive to modern 
agriculture , fuel energy ha s been substituted for 
muscular energy . Energy consumption in today• s 
agriculture inc ludes tractor fuels , electricity , and the 
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manuf acture and transportation of fertili z ers, feeds, 
pe sti cide s ,  machinery and other inputs . Such 
agricultural uses accounted for about 3 . 5  percent of the 
total national energy c onsum�tion in 1 972 . 

In contradiction to some popular reports ,  our 
cereal cr ops produce about 3- 5 calories of food and 
fiber energy for each calorie of energy con sumed . 
Because plants ar e as vet the primary harvesters of free 
solar energy and the net producers of energy materials 
on a renewabl e ba se , agriculture i s  assuming a uniquely 
distinctive role in this nation ' s economi c and energy 
trade balance .  Furthermore , nonsolar energy is used in 
agriculture some 1 0 0-50 0 times more effectively than 
plant s use sun l ight . 

utopian dreams of returning to a relatively 
primitive agri culture de stitute of mechanica l power, 
ferti lizers , and pesticide s are unrealistic because 
a dequate food for the world ' s  population cannot be 
produced under such systems . 

our analysi s has indi cated, however, that 
signi fi cant differences in efficiency of energy use 
e xi st  among modern cropping sy stems. Consequently, 
adopt ion of more e f ficient sy stems can re sult in energy 
economies . 

Other potentia ls for assi sting in the fuel crisis 
include developing plants with more e ff icient photosyn­
thetic abi lity , minimizing til lage practice s ,  utili zing 
energy in crop and animal wastes , and further enhancing 
the capabi lity of ruminant animals to produce meat , 
mil k ,  and fiber from roughages .  

PROJECTED UNITED STATES AGRICULTURAL PRODUCTION 

The growth in popu lation in the United states and the 
world has increased the demand for food and fiber from 
agriculture , espec ially from Unite d States agriculture . The 
consequent rapid disappearance of surplus land resources 
rai se s  many important questions concerning future needs and 
alternative s. In recent years we have become more aware of 
the l imit s to expansion of product ive capacity , which will 
have an impact on the prospect s and potenti al for future 
growth . several studi e s  have been undertaken , in 
recogniti on of the se questi ons , to evaluate and project 
future need s with respect to l and and water resources and 
environmental impl ications.  

ca rr and Culver ( 1 9 7 2) , for the United states Commission 
on Popu �ati on Growth and the American Future, projected the 
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�reduc tive capacity of United States agriculture to 20 0 0  
ba sed on five scenarios derived from alternat ive 
combinati ons of as sumptions conce rning population growt h, 
economic growth an d restrict ion of �roductian technoloqy. 
With respect to production technology , the concern of the 
study • is chi efly , tut not enti rely , with the level of 
ferti li ze r and pesticide (ins ecticide , herbicide , fungicide ) 
us age , the level of hormones and med ications in animal feed , 
and the methods of ani•al waste di sposal from concentrated 
feeding operations . " 

Under all five alternative s , a s sumptions made about 
trends over the next 30 years in crop yields and the mix 
between present agricultura l crops and possible substitutes 
re sulted in an increase in harvested cropland from 3 ' '  
mil lion acres i n  1 9 7 0  to from 3 5 9  to 438 mill ion acres in 
the year 20 0 0 . In three of the scenarios, thi s increas e 
would be at the expense of the 6 0  million acres of cropland 
that were idle in 1 97 0 .  In the other two scenarios , it 
would come in part from new cropland currentl y in pa sture 
and range ,  timberl and, or idle nonagricultural land. 
Ferti lizer use was proj ected to increase in a ll cases , and 
pe sti ci de use in sever a l .  The report concluded that . 
"American agricul ture appears capabl e, in terms of resource 
adequacy, technology , and structural flexibili ty ,  of meeting 
the chall enge s of the year 2 00 0 .  Even under the most 
demandi ng assumptions about populati on and constraints on 
technology, food and fiber needs could be met wi thout qreat 
dif ficulty, but would require same increas e  in price s . • 
However ,  it was pointed out that one of the chief limit ing 
factor s to ex�anded agricultura l production in some areas 
may be the availabil ity of water for irrigation . 

In this regard , a simila r study wa s conducted by the 
Na tional Water comaission ( 1 97 3 ) , which was charged with the 
task of making pro j ections of water requirement s by 2 0 0 0  and 
"identi fying alternative ways of meeting thes e 
requirement s . • Of paramount importance in thi s study were 
the water needs of agriculture . Eleven al ternative futures 
for agriculture were studied by Earl o. Beady , Boward c .  
Madsen and others forecasting national land u se for the . vear 
2 0 0 0  for va rious combinations of assumption s a s  to future 
farm policy , United States population , water price , export 
level , and level of technol ogy . 

For a free market serving a future population of 3 0 0  
million with water prices and exports conti nuing a t  pre sent 
level s ,  the acreage devoted to dryland annual crops wa s  
forec ast to rise fro• . 1 7 6  mi l lion acres i n  1 9 6 ' to 1 9 0 
million acres in 2000 . Irr igated annual cropland under the 
same conditions wa s forecast t o  drop from 1 3 . 3  to 6 . 1 
million a cr es during the sa me  time period . 
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The most demanding projection as sumed a population of 
3 2 5  million , doubling export s ,  and advanced technology , 
leading to a land demand of 2 1 9 million acres for dryland 
annua l cr ops and 8 million acres for irrigated annual crops .  
Even under these assumptions , 4 . 5 million acres of cropland 
and hayl and woul d r emain unu sed . 

"The results of the study , based on conservative yield 
trends ,  indicate that Unite d states agriculture wou ld not be 
faced with agqreqative strains on food producing capacity 
and water sup�lie s relative to need s in the year 2 0 0 0  under 
any of the alternative futures considered . • I f  more 
vegetable protein were consumed by �eople , both the land 
area and water required for irrigation would be decreased 
substantially .  Concerning expansion of agricultural 
�roduc tion and exports it was stated , • if the nation decides 
to plan for greater crop production , such a deci sion should 
be based on thorough consideration of all of the pos sible 
option s ,  looking to ac hieving greater production goals in 
the most efficient way poss ible . And if as a matter of 
national policy the nation decides to increase i ts food 
export ca pability by a �ogram of sutsidizinq the 
reclamati on of land , a decision we do not recommend , it 
should do so in full awareness that the general taxpayer 
would be providing an indir ect export subsidy for 
foodstuff s. • 

In a 1 9 7 4 summary of current and pro jected land use s in 
the United State s ,  the ERS conc luded that , with a population 
growth of 3 0 percent and a moderate increase in exports , the 
acreage of cropland harvested would decline from 2 8 6  million 
acres out of a tota l of 333 million in 1 969 to 27 2 million 
acres harvested out of a total cropl and acreage of 298 
million in the year 2 0 0 0 .  Even if there were no limitation 
on crop acreage and cost-price re lations for agricul tural 
projections were favorabl e, the acreage of cropland 
harves ted would only be about 340 to 350 million . This 
level of land demand could be met by a more complete use of 
land currently in farms and through a continued increase in 
new cropl ands being developed at the current rate. In these 
projections ,  the acr eage of land required for roughage and 
food grain production wa s expected to decreas e by about 2 0  
mil lion , while land devoted to soybe ans and other oi l crops 
was projected to increase by 8 mil lion acres. 

The ERS study concludes with a di scussion of some of 
the probl em area s which a ffect land usage and l and use 
policy such as changes in demand for food and fiber and 
competing use s  for land . It as sumes that the available land 
and productivity levels are easily capable of providing for 
domesti c  demand and that export demand wi ll determine the 
extent to which agricultural productivity i s  maximized . 
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The pxojectiona of the Nat ional watex Commi ssion and the 
Commi s sion on Population .  Re sources and the Envixonment xely 
on optimi stic assumptions such as a continuation of past 
txend a with no unexpected auxpxiaea . Since theix 
publicati on .  significant change s  have taken place on the 
United states agxicultuxal scene . Subsidized land xeaexve a  
have alxe ady disappeaxed as faxmexa attempt to maximize food 
pxoduc tion . The combin ed e ffect of the devalued dol lar with 
xeapect to xiaing xeal incomes in otbex countxiea (i . e .  the 
U. s . s . R . ) have placed an incxeaaed demand on agxicultural 
exports • .  The illlpoxtation of foxeign oil places a tx•endoua 
burden on the ba lance of txade . fox which agricultuxal 
expoxta axe becaaing increasingly iapoxtant . We have oux 
own need fox building up xe aervea and fox food aecuxity . 
Furtbexmoxe the vaqaxie a  of weatbex in the Uni ted states and 
woxldwide . which axe contxibuting to starvation . 
malnutrition . and xapid depletion of food xeaexvea in aany 
axea a .  while the woxld popu lation continue s to incxeaae . add 
furtbex impetus to the xeal ization that we cannot a fford to 
be complacent about oux agxicultuxal productive capacity 
both now and in the futuxe. 

The Agricultuxal Pxoduction Efficiency Repoxt ( NRC 
1 9 7 5b) aummaxizea the above pxo jectiona and ita own 
evaluation in the foll owing texma : 

Numexoua pxo jectiona have been made concexninq 
population. changing nutxitional habit s .  and food 
supplie s .  An analysis of the se pxo jectiona xeinforcea 
oux concexn that •an • a  capability fox foxeaeeing the 
futuxe. even in ter•a of food supply .  i s  fxaught with 
aany uncertainties . 

Past pxo j ections have usual ly undexeatimated the 
pxoductivitv of ma jox cxop a in the United State s .  
Recent pxoj ectiona to the yeax 2000 aasuae l arge 
incxeas es in pxoductivity to satisfy United states 
populations up to 2 80 mil lion . At a population of 325 
mi lli on .  however • assuming incxeaaed exports. even the 
gen exal adoption of advanced technology would place 
pxeaauxe on the nation ' s prodactive capacity .  The 
optilllistic pxo jectiona place xel iance on subsidized land 
xeserve a ;  but .  as we have seen . most of thes e  are 
already being returned to production . curxent leve ls of 
f ood expoxt a were not anticipated in any of the 
pro j ections . 

Mode l s  an d mathematics . can help us e xamine the 
con sequences of alternat ive a s sumption s .  but the as sump­
tions themselves are frauqht with uncerta int ie s .  
Resultant pre d ict ions a n d  rec ommendati ons may deceive 

- the unwary who assume without critical ana l y si s of 
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underlying pr emises that stati stics are more accurate 
than verbal descriptions . 

For the next decade or so . available evidence 
indic ates tbat food . feed. and fiber will be adequate 
f or tbi s country and for rea sonable exports ; but this 
adequacy does not preclude price increases .  teaporary 
local shortage s .  and dra stic world shortages .  Because 
of the increa s ing importance of agricultura l export s in 
the nation ' s  wor ld monetary position and tbe pending 
wor ld food shortage s .  there is an urgent need for 
agric ultural re search to receive increasing emphasi s  and 
much greater support . Tbe future well-being o f  unkind 
could be at stake . 

In a recent study (NRC 1 9 7 5a) . the Board on Agriculture 
and Renewable Resources sought to identif y  technologies t hat 
could enhance food production in the Uni ud states and help 
to meet the food needs of a growing world population and the 
demand from increas ingly aff luent societies. The research 
and development program s recommended in that report are 
equal ly applicable to increased production of agricultural 
materials for industrial purpose s. 
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C8APTIR 9 

SUMMABY OF PARI II 

CURRENT PRODOC'IIVITY 

Of the agricultural materials grown primari ly for 
industrial purpose s in the United States ,  only cotton and 
f lax are of major illportance . The production of both has 
declined in recent year s .  Although higher pri ces o f  
synthetic fibers derived from petroleum ma y  make it possibl e 
for cotton to reqain some lost aarkets ,  it is unlike ly that 
either crop wil l ��ake undue new demands on agri cultural 
ac reage in the United States . 

Ma j or by- prod ucts of agricultural ��aterials grown far 
food find substantial industrial u sage in the cases of wool ,  
animal fats and bides , and certain oilseed crops s uch as 
soybeans and peanuts . In each instance , however , the amount 
of industria l product available will be directly dependent . 
upon the demand for and the produc tion of the basic food or 
feed IIClte rial . 

The s ame can be said for agricultural residues , whether 
crop re sidues such as cereal straws , bagasse and corn 
stalks , or aniJnal residues such as manure . Whatever the 
industri al use it wil l  have little e ffect upon the level of 
productivity of the food resource . 

POTENTIAL PRODOC�JVITY 

More cropland i s  available in the United states than is 
currently being cropped . Productivity per acre can be 
increa sed substantially through more intensive agricultural 
1=ractices based upon available technology . Manpower and 
energy de�nds may te lessened through careful management . 

Recent surveys of pro jected deaand for aqricultural 
produc ts indi cate that the United States can produce its own 
food need s and supply reasonable export markets through the 
year 2 0 00 if present trends continue . The productivity of 
cotton , f lax and other agricultural materi als used for 
industri a l  purposes con stitute s but a small portion of the 
American agricultural production . The report on 
Agricultura l Production Eff iciency (NRC 1 97 5b) , therefore , 
applie s equal ly to agricultural industria l products as it 
does to agricultural food products . we see no basis for 
believing that either the leve l of biological productivity 
of agricultural lands or the amount of l and available far 
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growing crops will li•it aqricultural production of 
industri al .ater ials in the United states for the rest of 
the current century . 
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