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FOREWORD 

Clearcutting continues to be the most widely followed 
method of harvest in even-age management of forests. Today, 
however, the soundness of clearcutting as a forest-management 
procedure frequently is challenged on grounds that it has an 
adverse impact on the beauty of the landscape and that it 
ultimately will result in destruction of the productivity of our 
forest lands. In contrast, advocates of clearcutting contend that 
it is essential for the successful regeneration of many commer- 
cially important species. The esthetic or economic effects of 
clearcutting can be assessed relatively easily. Biological conse- 
quences are much more difficult to evaluate, however. The 
intent of this symposium was to present an evaluation of the 
state of our knowledge of the biological implications of 
clearcutting. A sober appraisal of the biological aspects of this 
practice appeared to be timely in view of the frequently 
emotion-charged debates revolving presently around this topic. 
Therefore, the symposium was organized to provide an objec- 
tive analysis of the effects of clearcutting upon the biology of 
the treated area rather than to defend or condemn it as a 
management tool. 

Richard K. Hermann 
Denis P. Lavender 

V 



EVEN-AGE MANAGEMENT 
CONCEPT AND HISTORICAL DEVELOPMENT 

David M. Smith 
Professor of Silviculture 

School of Forestry and Environmental Studies 
Yale University 

Even-age management seems, in the context of this 
meeting and the times, to be a code-word for clearcutting and 
perhaps, beyond this, for the use of clearcutting in the 
development of pure stands. It is hardly prudent for the 
forestry profession to allow itself to be painted into such 
corners. The shelterwood, seed-tree, and coppice systems are 
also forms of even-age management; the current clamor over 
clearcutting, as well as more fundamental causes, seems almost 
certain to produce more shelterwood cutting. Furthermore, 
mixed stands are commonly even aged and can, among other 
ways, be created by clearcutting. 

THE CONCEPTS UNDERLYING CLEARCUTTING 

Because clearcutting is the matter of primary attention, it 
is perhaps well to review and analyze its general advantages and, 
indirectly, some of its shortcomings. Far and away the greatest 
of the advantages of clearcutting as a conscious silvicultural 
method is that, along with coppice cutting, it can be used to 
concentrate and simplify operations. Everything that is done iii 
harvesting, regenerating, and subsequently treating a stand is 
done uniformly over areas that are concentrated in space as 
much as possible. This kind of concentràtion often can be used 
to limit the extent of road networks or, more precisely, the 
amount of road actively used at any one time. Because roads are 
costly to build and maintain and are also a far greater source of 
environmental damage than any silvicultural treatment could 
be, this can be a powerful advantage. 

In true clearcutting when a new forest is to be established 
after the cut , such operations as harvesting, slash disposal, site 
preparation, seeding, or planting can proceed without impedi- 
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ment from or concern for any residual stand. Success in 

regeneration may even require the destruction of unusable 

residual trees. These considerations also can reduce the cost of 

certain operations, increase latitude for use of mechanized 

equipment, and simplify both supervision and administration. It 

is quite a different story where there is need to protect advance 

growth as the source of regeneration. We would be well advised, 

however, to put more emphasis on the point that reliance on 

advance growth is technically not clearcutting in the narrow 

silvicultural sense. 
Clearcutting also provides the best way of getting rid of 

the old vegetation and substituting something entirely new and 

better. The change may be merely the replacement of a fine, old 

stand that has simply become too decrepit and unproductive 

with a new one of the same composition, possibly with natural 

regeneration. Similarly, the old stand may be the derelict 

remnant of previous high-grading operations. There also can be 

the beneficial effect of destroying the source of certain pests, 

most strikingly illustrated by the insidious dwarf mistletoe of 

many forests of the interior of the West. 

Clearcutting with artificial regeneration provides the most 

expeditious means of replacing existing stands with new ones of 

composition superior to or simpler than that of the old. It is not 

necessarily the only means of doing this; so long as adequate 

sources of natural regeneration exist, the purpose often can be 

accomplished without resorting to seeding or planting. Natural 

regeneration can be used to simplify stand composition by 

increasing the proportion of the desired species, and direct 

seeding enables the introduction of new ones. Neither of these 

techniques, however, is of much practical help in improving 

genetic constitution beyond that of natural populations. Plant- 

ing, typically of clearcut areas, provides the most practical way 

of establishing stands of genetically improved material. 

Planting is sufficiently costly that this opportunity for 

genetic improvement is fast becoming its primary justification. 

There is also a powerful tendency to equate silviculture with 

agriculture, and this analogy generates some of the current 

fashionability of clearcutting. It may be time to examine the 
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question of whether genetic improvement is a means to an end 
or an end in itself. If there is reason to plant, there is clearly 
reason to use the best genetic material available. Nevertheless, 
decisions about planting need at least as much critical analysis 
as any other silvicultural decisions, and they do not always get 
it . It is also highly questionable whether the culture of perennial 
woody plants can be perfectly analagous to that of the 
herbaceous annuals of agriculture. Powerful techniques provide 
real opportunities to make mistakes. Significantly, some of the 
worst mistakes of forestry have been associated with clear- 
cutting, planting, or both in combination. 

Clearcutting is almost the surest and simplest way of 
guaranteeing sustained yield, provided that regeneration is 
successful and there is adherence to appropriate cutting 
schedules. It should be noted that, where they are applicable, 
methods of regneration by coppice cutting and the simplest 
forms of shelterwood cutting, with their reliance on sprouts or 
advance growth, are surer yet because there is less question 
about success of regeneration. These methods of maintaining 
even-age stands allow the comparatively simple regulation of cut 
by area to be used for achieving sustained yield. The alternative 
methods of regulating the cut by volume or diameter dis- 
tribution, which must be used for uneven-age, complex, or 
irregular stands, are likely to remain decidedly imperfect even if 
they receive the further development they deserve. Claims that 
managed clearcutting is the antithesis of sustained yield are 
preposterous; those who make such allegations merely have 
confused the earlier clearcutting of whole, unmanaged forests 
with the clearcutting of stands under conscious, long-term 
management . 

Clearcutting , often in combination with site-preparation 
measures, also can provide the best means for meeting the 
ecological requirements for regeneration of certain pioneer 
species. The list of species for which clearcutting comes close to 
being mandatory is smaller than some of the partisans of the 
method have claimed, however. One can really be positive only 
about such pioneers as red alder, certain birches, and the 
fire-following serotinous conifers, which includes upland black 
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spruce as well as jack, lodgepole, and certain other pines. '[he 

notion that the regeneration of southern pines and Douglas-fir, 

for example, requires clearcutting for regeneration does not 

hold water. In fact, one possible advantage of clearcutting with 

these particular species is that it is less likely to produce the 

development of excessively dense natural regeneration some- 

times associated with partial cutting. 
An essentially naturalistic case can be made for heavy 

cutting akin to clearcutting in two different kinds of hardwood 

stands. The resprouting of aspens after coppice cutting is 

partially inhibited by hormonal effects of living trees left uncut 

in old stands. There are also many kinds of mixed hardwood 

stands in the East and South in which trees derived jartly from 

advance growth and partly from new seed are sufficiently 

phototropic that they grow straightest when started in even-age 

aggregations. 
Clearcutting with regeneration by planting provides the 

most expeditious means of establishing new stands that con- 

form to prescription from the beginning. Although this confers 

maximum latitude for errors in the prescriptions, these are not 

inherent defects of the method and concept. The species and 

genetic strains thereof can be controlled and fitted to the sites. 

The spacing and pattern of arrangement of trees in the new 

stand also can be regulated closely. There is fully as much 

opportunity for the development of sophisticated and intel- 

ligent variation in these matters as there is for the deadly 

stereotyped approaches that commonly and sometimes properly 

are condemned. 

HISTORY OF SIL VICULTURAL SYSTEMS 

The history of silvicultural practice in North America, 

western Europe, and elsewhere reveals patterns of change in 

response to changes in product demands and in the technology 

and understanding of forestry. There is also ample evidence of 

the waxing and waning of the fads and fashions to which all 

forms of art or applied science are addicted. 
The short and quite compressed history of American 

silviculture bears some uncanny resemblances to the much 
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longer history in western Europe, which has been described and 
interpreted by Troup (9). Although it would overstrain the facts 
to state that one recapitulated the other or that any inevitable 
historical determinism could be inferred, there is some simi- 
larity in the sequence of events. It is more clear that there has 
been the same continuing reaction to changes in social needs 
and improvements in the capacity and expertise of silviculture. 

The use of the forest always and everywhere has corn- 
menced with unplanned exploitation. Our historical concern is 
for the subsequent phase of conscious management of forests 
for sustained long-term benefit. 

The first manifestation of planned forest production 
commonly has been the use of coppice cutting for production 
of fuelwood, posts, small poles, basket materials, and similar 
products from sprouting species on short rotations. It usually is 
associated with settled agrarian and nascent industrial societies, 
especially where wood has been a primary and crucial source of 
fuel. Troup (9) stated that the coppice method was the only 
systematic kind of forestry pursued by the early Greeks and 
Romans. One of the earliest written references to systematic 
coppice management in Europe is from Erfurt, Germany, in 
1359. 

Although the technique remains in use wherever fuelwood 
is in short supply and high demand, the impact of fossil fuels 
and increasing demands for the products of sizeable trees has 
caused wholesale abandonment of coppice management in 
developed countries. It was also the first mode of sustained 
forest production conducted on any large scale in this country, 
although there are grounds for doubting that it was commonly 
managed systematically. It was used so commonly that, in what 
are now the megalopolitan zones of the North Atlantic 
Seaboard, many of the forests are aging stands of stump-sprout 
origin. Had the early settlers not practiced some form of 
coppice management, they probably would have frozen to 
death during the eighteenth century when there were, in fact, 
accounts of presumably localized shortages of fuelwood. The 
greatest use of the tecimique came during the nineteenth 
century when wood and charcoal became important for 
industrial purposes, including iron smelting. When the first 
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professional foresters appeared in the region just after i 900, the 

coppice management of chestnut for lumber as well as fuelwood 

and poles loomed large iii their plans. This alluring possibility 

had to be abandoned, however, because of the catastrophic 

chestnut blight, which burgeoned after I 910. 

The most important kind of coppice cutting still with us 

on this continent is that for aspen, mostly in the Great Lakes 

Region. This is uniformly scattered regeneration from root- 

suckers, however, rather than the clustered and cumbersome 

stump-sprouts of the typical coppice. 
The chief drawback of the normal coppice method is 

usually the difficulty of using it to grow trees large enough for 

lumber or timbers. This problem can be partly overcome by use 

of the coppice-with-standards method in which a few chosen 

stems are allowed to continue growth after most of the coppice 

stems are cut and allowed to resprout. Although this variant was 

used widely lii Europe starting in the Middle Ages and came , in 

the nineteenth century, to be viewed as a curse inherited from 

the past, it was almost never employed in America. We might 

yet see it as an adjunct to production of small hardwood 

pulpwood and we might have it now if fuelwood remained in 

heavy demand. 

High-Forest Systems in Europe 
The conscious management of forests for production of 

large timber, mainly from trees grown from seed, generally 

comes later in time than deliberate use of the coppice method. 

No real historical evidence suggests that the method of 

clearcutting and planting commonly has emerged directly from 

coppice management. In most but not all instances, the initial 

point of departure in high-forest management has been the 

initial stage of very crude selection cutting, which amounts to 

nothing more than planless high-grading. This kind of activity 

tends to continue in given localities until the demand for timber 

begins to exceed the capacity of ever more badly depleted 

stands to meet it. The problem began to develop in parts of 

France in the fourteenth century and in parts of Germany a 

century later (8), although the end of this particular road was 

reached later in other places. 
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The most common reaction to the problem when it arose 
in early times was a change to sequences of thinning and 
shelterwood cutting with natural regeneration. It is at least 
tempting to infer that the coppice-with-standards methods was 
the progenitor of this. In many parts of Europe, especially. in 
France, the use of the general shelterwood method, sometimes 
with increasingly sophisticated variants, has persisted since the 
end of the Middle Ages. 

The replacement of crude selection cutting with clear- 
cutting and planting did not come until later and then most 
notably in certain parts of Germany and in adjacent countries 
where German forestry thought was influential. Clearcutting 
with planting or artifical seeding became increasingly common, 
starting about the middle of the eighteenth century. The 
technique worked well, at least initially, in enough places that it 
became very popular early in the nineteenth century. 
Sometimes it was followed to excess, with the result that 
episodes in Saxony have been generalized and made to seem 
larger than life size ever since. 

The famous Saxon experience revolved around the wide- 
spread substitution of planted Norway spruce for degraded 
hardwood stands or for mixtures of beech, Scotch pine, spruce, 
and European silver fir. One of the initial advocates of this was 
the famous forester, Heinrich von Cotta, who became in- 
fluential about 1 8 1 0. His ideas were followed with such zeal 
that, according to Troup (9), Cotta himself, as early as i 820, 
decried the indiscriminate planting of spruce. The spruce grew 
so prodigiously in the first rotations, however, that it was 
difficult to stem the tide. Not long after, the hard-nosed 
economic doctrines of Pressler, whose náme has been attached 
to the increment borer and a growth-percentage formula, added 
fuel to the flames. Serious declines in production came to be 
observed late in the nineteenth century and the reaction against 
clearcutting and planting first spearheaded by Gayer about 
i 880 began to have its effect. It is of some significance that the 
reaction proceeded so far that Pressler's name is still held in low 
repute in some circles of German forestry. 

The celebrated case of Norway spruce in Saxony really is 
viewed best as an episode rather than a general case (5, 10). It 
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was not even a typical example of the general success that 
attended development of the routine of clearcutting and 

planting applied where the species and sites chosen were 

appropriate. Where difficulties arose, it was because the spruce 

had been brought down from higher elevations to climatic zones 

where it was not thoroughly adapted and did not occur 
naturally. Furthermore, the difficulties were greatest on fine- 

textured soils rather than all soils (4). Under suitable conditions 
of soil and climate, there really have been no problems with the 

perpetuation of Norway spruce monocultures by clearcutting 
and planting. 

Sometimes, during the nineteenth century in Germany and 

Switzerland , spruce monocultures were assailed by root-rots 
which resulted from another kind of special situation. The 

population was heavily dependent on potatoes for food, but 
had only what amounted to shifting cultivation as a means of 

coping with the same potato blight that depopulated Ireland 

during this period. It was common to clear forests to grow 

potatoes for a few years and then replant the areas with spruce 

(2). These periods of agricultural use paved the way for invasion 

by Armi/lana mellea and Fornes annosus just as we now 

sometimes encounter with planted trees, especially of ill- 

adapted species, on abandoned agricultural lands in the East. 
These episodes and many others serve to illustrate the 

point that clearcutting, planting, or maintenance of mono- 
cultures carry a much greater burden of guilt-by-association 
than most other silvicultural routines. The techniques that are 

involved have more power than others to enable foresters to 
make mistakes. Such mistakes should be charged to the 
foresters who commit them and not to the methods or concepts 
themselves. They are not the mark of any absolutely inherent 
shortcomings of clearcutting, methods of site preparation, 
planting, monocultures, or even of the use of exotic species. 

Mistakes produce reaction and-typically--overreaction. As 

far as western Europe was concerned, the latter part of the 
nineteenth century and the early twentieth saw increasing 
popularity of the development of various kinds of sophisticated 
shelterwood and strip cutting, In the alpine regions, the 
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intensive modes of selection cutting that have properly become 
so famous were developed enthusiastically. This was not a 
wholesale shift away from clearcutting and planting, however, but the development of widely diverse silvicultural approaches 
carefully fitted to the circumstances. 

American Silvicultura! History 
The twentieth-century phenomenon of forestry has now 

gone on long enough in North America that we can say it has a 
history of change and development. A major portion of this 
development had to emerge from the special kind of highly 
exploitive cutting associated with railroad logging. At least in 
the Far West, the procedures associated with cable-skidding 
techniques and slash burning also produced, without real 
intention, the effect of complete clearcutting. In much of the 
Great Lakes Region and the South, uncontrolled wildfires after 
exploitive logging often had the same general effect. 

The results were sufficiently devastating that the early 
foresters were generally desperate to get away from clear- 
cutting. For several decades, much of what they did in the 
South and West had to be accommodated to the awkwardly 
grand scale of railroad logging operations. The erroneous theory 
about storage of Douglas-fir seed in the duff, popularized by 
Hofmann (3) even produced some temporary complacency 
about large-scale clearcutting in the West Coast Douglas-fir 
Region. Seedtree cutting in the southern pines first developed as 
a means of living with railroad logging ( 1 ), and the initial notion 
was that the poorest effective trees should be left because they 
obviously would not survive until the time to rebuild a logging 
railroad in an area. The scheme of selection cutting with long 
30-year cutting cycles in the ponderosa pine region (6) also was 
designed for compatibility with railroad logging. Sometimes our 
procedures live after the reasons for adopting them, so it is 
always well to reexamine the premises on which silvicultural 
procedures are based. 

The development of powerful tractors and trucks about 
i 930 brought the first major opportunity to break out of the 
constraints ofrailroad logging in large timber. Although we now 
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view it as something of a fiasco, the selective logging mania of 

the period from 1930 to 1950 was a product ofits time, highly 

effective as a provisional stopgap measure . One of the primary 

virtues of selective cutting was that it enabled foresters to evade 

some of their problems temporarily and postpone solutions that 

they did not yet have the capacity to apply. One of the 

problems, often still with us, was the notoriously incomplete 

utilization associated with single-product harvesting for sawlogs 

only. This particular problem was aggravated by the depressed 

market conditions of the 1930's and made what amounted to 

high-grading remarkably attractive. 

Another problem, often hidden beneath the surface, was 

the fact that foresters were not exactly confident that they 

knew how they were going to reproduce certain kinds of stands 

or control competing vegetation. Even when the knowledge was 

at hand, it was discouragingly clear that the money to carry out 

the work was not going to be immediately available . Because 

residual growing stock was reserved on each acre, it was not 

difficult to inculcate the idea that timber could be grown 

intentionally and that there would be future harvests, if only 

because anyone could see the basisof such future cuts right on 

the ground within the stands. 
During the selective-cutting era it was fashionable to relate 

the practice to the kind of intensive application of the selection 

system that had somewhat earlier developed in parts of Europe. 

The American foresters of the time clearly were influenced by 

what had gone on in Europe. Some of the resemblance was 

superficial and some was not. Much of the so-called selective 

cutting that went on in America was like the high-grading that 

had gone on in Europe before the institution of efficient 

long-range silvicultural systems. On the other hand, some of the 

application in the truly uneven-age stands of the interior 

ponderosa pine type probably came as close to making stands 

into truly permanent sustained-yield units as the European 

applications ever do; they might even come closer. 

The most unfortunate manifestations of selective cutting 

lay in the fact that they tended to dignify high-grading in 

certain kinds of decrepit old growth in the West and in some of 

the mountain hardwood stands of the East. It often accelerated 
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the deterioration of ancient stands, seldom revitalized the 
residual growing stock as it was supposed to, and commonly 
brought either no regeneration or restocking by undesirable 
species. In the South, although it had the beneficial effect of 
prolonging the cut in previously high-graded stands, it was 
hardly consistent with the use of fire or other measures to ward 
off invasion by successional hardwoods. 

Disenchantment with selective cutting began to become 
most apparent during the late 1 940's and early i 950's. The 
most important reason for change probably was the arrival of 
the time when society and many forest owners were really 
ready to spend money on regenerating forests. Until then, for 
example, virtually all planting had been confined to abandoned 
agricultural lands and patently devastated burns. The develop- 
ment of herbicides and powerful site-preparation machinery 
also played an important role. In the South, the greater 
willingness to employ prescribed burning was a factor. 

For the first time, the stage was set to replace old stands, 
battered by man and nature, with new and productive ones and 
to do so on an increasingly grand scale. The rapid expansion of 
utilization for pulpwood, in many localities, also made it 
possible to use residual trees that previously would have been 
left ; exclusive management for pulpwood also became fashion- 
able. 

Under these circumstances, it is small wonder that clear- 
cutting has become a favored method of reducing the backlog 
of silvicultural problems inherited from the past . Although we 
have done it during a much shorter period of time and been on 
some byways not possible in preindustrial Europe, we have been 
through a few of the stages that can be seen in European 
forestry history. It is not clear whether we are in the beginning, 
the middle , or the end of the stage that called forth the planting 
of spruce in the Saxon lowlands. 

ASSESSMENT OF CLEARCUTTING AND ALTERNATIVES 

History enables us to profit from the experience of the 
past, but it hardly tells us what to do in the future. It does serve 
to warn us, however, that good ideas outlive their time and also 
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may be extended outside the places where they are applicable. 

Useful departures and new ideas also can emerge from the 

wrong reasons. 
Most of the present hue and cry against clearcutting arises 

on aesthetic grounds. In their zeal to come to terms with the 

logging interests, American foresters unwittingly have cultivated 

an insensitivity to matters of appearance. Areas cut clean and 

subjected to fire or other treatment in preparation for planting 

have come to look so good in the understanding professional 

eye that it is not easy to comprehend that they look like 

moonscapes to the layman. Enough cutting areas look devas- 

tated that it is easy for many people to conjure up false visions 

of the amount of damage that the silviculture itself is doing to 

the forest, the soil, and the general environment. 
Regardless of what one may think about such criticism, 

they bring earlier the time at which we would, in any event, 

have to stop and take stock of prevailing thought and action 

about silviculture. 

Failures with Clearcutting 
True clearcutting has brought .about some serious regene- 

ration failures. A high proportion of these have come about 

because of failure to appreciate the point that some important 
species on certain kinds of sites are adapted to start as advance 

regeneration and cannot become established de novo in the 
open. This seems to be true for many of the true firs, especially, 

but not exclusively, at high elevations. It was, in fact, because 

of this sensitivity to exposure that the selection methods were 

developed for mixtures including European silver fir in the 

alpine countries. I never have understood why this called for 

uneven-age management; some sort of shelterwood cutting or 

simply the reservation of advance growth would seem enough. 

It is significant that regeneration failures of Douglas-fir and 

other species on coarse-textured soils and southerly slopes in 

southwestern Oregon have forced increasing use of shelterwood 
cutting. 

Also, to general astonishment, black cherry in its optimum 
range in northwestern Pennsylvania must start as advance 
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growth. There is a limited amount of evidence that the same is 
true of maples, and it has long been known to be true of oaks in 
most circumstances. Actually, what resembles and is called 
clearcutting in many eastern hardwood stands is seldom really 
clearcutting in the strictest sense of the term. A high proportion 
of the regeneration actually comes from advance growth, and 
rude surprises develop if one makes a heavy cutting in stands 
where advancing age or shelterwood cutting have not allowed 
advance growth to become established. The fact that some 
light-seeded species of quasi-pioneer status, such as the birches, 
arise from seed dispersed after cutting merely complicates the 
semantics. 

Shelterwood Cutting 
Shelterwood cutting has long been apparent as a form of 

even-age management with important advantages. There are 
stumbling-blocks that slow its adoption, however. The name of 
the method carries the unfortunate implication that it is 
primarily useful in sheltering regeneration. Although this 
attribute is essential or desirable in some instances, shelterwood 
cutting has its greatest potentialities as a device for intelligent 
manipulation of growing stock. Not all the trees of the purest 
and simplest even-age stand typically reach maturity simul- 
taneously. To take advantage of the growth potentialities of 
scattered residual trees is not easy, however, unless the 
condition of maturity is being approached in vigorous stands 
that have been thinned in the earlier stages. Most of the forests 
of North America are still too old, too degraded, or too young 
for widespread use of the technique. 

Another problem that sometimes stands in the way of 
common use of shelterwood cutting-or, for that matter, other 
kinds of partial cutting-arises in forests not yet well laced with 
roads. Especially in steep terrain, the current costs of harvesting 
a certain amount of timber from shelterwood cutting are greater 
than those associated with clearcutting, simply because the 
roads have to be extended faster and earlier. 

Along somewhat the same line, it is against human nature 
to postpone rewards. The idea of cutting the second-rate trees 
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now and postponing that of the best trees is often repugnant, 

especially to woods workers paid on piece rates. 

Because of these factors, the development of shelterwood 

cutting will take place slowly. We should not, however, 

overlook the fact that in the long run it will prove to be a 

method of even-age management often more advantageous than 

clearcutting. 
The seed-tree method, on the other hand, seems destined 

for an incidental role less important than it once briefly 

enjoyed. Where shelterwood cutting tends to leave residual 

stands amply worth subsequent harvesting, seed-tree cutting is 

less likely to do so. Its major role may be where there is reason 

to seek natural regeneration but to avoid the excess density of 

restocking often associated with shelterwood cutting. 

True Selection Cutting 
Although it may be the manifestation of an excessively 

narrow and biased view, the most logical role of selection 

management seems limited to special but important circum- 

stances. There are going to be increasing proportions of forest 

area in which it will be necessary to maintain stands that always 

have sizeable trees. These will be found, among other places, 

along roadsides and streambanks. Any policy of doing no 

cutting at all in existing even-age stands in these areas will be 

ultimately self-defeating for purely natural reasons of stand 

development. If we mean to have truly uneven-age stands in 

such places, it is important to start punching out holes for 

regeneration in them as soon as possible. Delay will just make 

the job more difficult later. 
Where true uneven-age stands exist and provided that not 

all the trees are already overmature, the same logic that leads to 

shelterwood cutting in even-age stands leads to maintenance of 

the uneven-age condition. Even-age stands simply cannot be 

substituted in these areas without cutting some trees pre- 

maturely or long after they have passed their prime. I am not 

sure how much place there is for this approach because of my 

belief that truly uneven-age stands are less common than they 

are sometimes imagined to be. 
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To the extent that the selection system is employed, there seems little reason to hamstring its application by proceeding on the assumption that stands need to be self-contained units of sustained yield . The difficulties of application of the method are great enough without breaking the back of the admini- strative camel by adding the final straw that this requirement represents. The advantages of having uneven-age stands usually can be accomplished if there are merely several age-classes regardless of how they are arranged in time and space. 

Concept of the Even-Age Stratified Mixture 
Most of our ideas about silviculture and silvicultura! systems seem to be built around the notion that even-age 

aggregations of trees either are or ought to be pure, single- canopied structures. The conventional crown classification of trees into dominants, codominants, intermediate, and over- topped trees, is, for example, based on this interpretation of stand structure, and it carries the silent implication that trees must somehow be fitted into slightly different vertical positions in a single canopy layer. Most formalized concepts of the structure of uneven-age stands also are built around this idea; the uneven-age stand is thought of as one that really would consist of little even-age, single-canopied aggregations that would be called separate stands if we had the patience to do so. The subconscious desire to make all stands fit the 
single-canopied structure may indeed be part of the reason for the tendency to want to create pure, even-age stands that are easy to understand and manipulate. This general concept has such a powerful grip that mixed stands sometimes have been interpreted rather unsuccessfully as being composed of little pure, single-canopied aggregations. In mixed stands, the concept of single-canopied structure usually parts company with reality. Our concepts of even-age management need to be expanded to include a useful third dimension of stand structure (9). 

The concept of vertically stratified structure , with each 
species or group of species generally confined to its own 
stratum, emerged as the best way of interpreting the structure of the tropical rain-forest, as has been done by Richards (7). 
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Recognition that this kind of structure can and commonly does 

exist in essentially even-age stands comes from the Temperate 

Zone where the ages of trees can be determined from annual 

rings. Enough species arise from advance growth that the reality 

of the even-age condition is likely to be obscured unless stand 

age is dated from time of release rather than from time of 

seedling establishment, which can be highly variable. 

The stratification results from the fact that no two 

associated species seem to grow in height at precisely the same 

rate throughout life. Sometimes short-lived pioneers may 

dominate the upper strata for a time and then drop out. Certain 

long-lived emergents may remain on top almost from beginning 

to end, or they may not emerge to the top until part way 

through the sequence of development. The highly shade- 

tolerant members generally remain underneath and may or may 

not retain the capacity to ascend to the top stratum when 

cutting or natural phenomena eliminate the strata above them. 

Although the stratified structure exists, it does not remain the 

same with advancing age ; the species that burgeon early are not 

necessarily those that will occupy the main canopy at middle or 

late stages-they may either die or lapse into the lower strata. 

The concept of pure, single-canopied structure works well 

for us where site factors, notably soil moisture, are sufficiently 

limiting that either nature or modest silvicultura! control 

measures can restrict the number of species that grow well to 

but a single one. Where site conditions, especially during the 

regeneration stage, are less limiting, the establishment and 

maintenance of pure stands can be costly, or it even can be 

impossible to do at any acceptable cost. This effect is great 

enough that we sometimes find ourselves subtly reckoning sites 

that are biologically second-best as being, from what is really an 

economic interpretation, better than those with the least 

restrictive site factors. In the South, for example, the very best 

sites biologically are the better drained minor ridges of the 

bottomlands or certain Appalachian coves rather than the 

prized but excessively drained Coastal Plain soils where the 

pines so easily outstrip the hardwoods. In the Pacific North- 

west, the least restrictive sites are the very ones most likely to 
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be usurped by red alder and various maples. In much of the 
Northeast, complicated and somewhat discouraging mixed 
stands of hardwoods tend to occupy the best soils while the 
pines and the spruce-fir type are pushed to soils that are too dry 
or too wet. 

The long-term money available for silvicultural effort is 
bound to be in short enough supply that it seems unwise to 
squander it trying to create pure stands on sites where nature 
crowds the stage with too many assertive actors. The money 
will go farther on the somewhat more restrictive sites and we 
would be amply supplied with these even if we cast the poor 
ones into outer darkness. What we need on the biologically best 
sites is silvicultural skill and understanding rather than the main 
strength and awkwardness necessary to create pure stands that 
are merely easy for us to comprehend. The concept of the 
even-age stratified mixture may not ultimately prove to be the 
best mode of approach, but when all the ramifications of nature 
and management are considered, I find it difficult to conceive 
of a better one. 

Where they can exist usefully, stratified mixtures have 
some advantages apart from resignation to necessity. The 
separation of different species into different strata enables the 
leading trees, if they start well separated, to grow much faster, 
even without thinning, than they would if they fought with 
each other like Tweedledum and Tweedledee in a stand of a 
single species in a single canopy . The subordinate strata utilize 
the growing space that the leading trees do not. Cherrybark oak 
grows well in the southern bottomlands because of this effect of 
separation of the individuals; it would not grow nearly as well, 
at least in diameter, if the concepts of loblolly pine culture were 
applied to the creation of pure stands of cherrybark oak. 

Subordinate strata of respectable tree species hold the 
understory growing space against shrub growth. It is, for 
example, better to have western hemlock than vine maple under 
Douglas-fir. If the subordinate strata are of trees that can spurt 
in growth after release as is true with most conifers and perhaps 
such hardwoods as sugar maple, one has the opportunity to 
grow two or more stands on prolonged rotations to pay for all 
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the grief of establishing one. Not only would the intervals 

between regeneration operations be greater, but contentment 

with mixed composition would make them easier and less 

costly. 
It is important to note that many of the best stands of the 

sort described have arisen after very heavy cuttings or severe 

disturbances akin to clearcutting. There are times when one 

would have to be careful about maintaining seed-sources of 
desired species in close proximity to regeneration areas. Failing 

this, however, one might contemplate planting a hundred 

seedlings per acre of some fast-growing emergent that would not 
otherwise appear. The periodic cuttings within such stands 

could bear a strong resemblance to a systematized form of 

high-grading, although it would be prudent to be somewhat 

more sophisticated in the choice of what to cut. If stands were 

essentially even aged, some but not all of the problems 

associated with true selection management would be avoided. 

None of the advantages proposed depend in any way on 

the well-known and sometimes mystical virtures imputed to 

mixed composition by naturalistic viewpoftnts about silviculture. 

Such virtues doubtless exist, at least in specific instances, and so 

much the better if they do. It is also possible to think of sites 

where certain species are not compatible, however, just as there 

are plenty of sites in which pure stands would be superior to 

mixed ones on all counts. 

CONCLUSION 

Just as the medieval alchemists sought the philosopher's 
stone to transmute lead into gold, the forestry profession both 
here and abroad has quested after the single universal and best 

silvicultural system. The time is long past for recognition of the 

fact that there is none. The kinds of forests and human 

demands with which we must deal are far too diverse to justify 
such simplistic pursuits. At some times and places, circum- 

stances have created localized illusions that the Best and Only 

Way had been found. Times and circumstances change, how- 

ever, and silviculture must change with them. If simple 

clearcutting is now the solution to the same problems in which 
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"selective logging" was once viewed as the only possible answer, 
we must anticipate that logic will dictate new and better 
solutions in the futuri. 
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ABSTRACT 

The proposition that the main commercial tree species of 
our continent are intolerant and therefore form even-age 
successional stands of simple composition and that market 
demands require succession be halted at early stages is ex- 
amined. Basic concepts, including succession, tolerance, com- 
petition, allelopathy, and mutualism are reviewed and related to 
some recent findings in forest ecology and tree physiology. 
Finally, these ecological concepts are discussed in relation to 
age class distributions in forests. 

INTRODUCTION 

Many North American foresters accept as a truism the 
proposition that the principal commercial tree species of our 
continent may be described as intolerant, and thus tend to form 
even-age, successional communities of simple species corn- 

the rather simple and specialized 
local markets require that succession be checked at early stages 
so as to ensure continued production of these simple forest 
communities . 

Truisms can be useful tools. Their value depends in part on 
frequent reinspection in light of accumulating knowledge and 
changing circumstances. The social circumstances surrounding 
the appropriate application of silvicultural practices clearly 
require such a reinspection and could be the subject of a 
different and fascinating symposium. My assignment, however, 
is to examine the truism I have stated in light of our knowledge 
of forest biology and our experience in the practice of 
silviculture. 

21 
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BIOLOGICAL ASPECTS 

We may get a first general view of the biological questions 

involved from works on regional silviculture such as the volume 

edited by Barrett (2) or the work of Rubner and Reinhold (12), 

which deals with European regional silviculture. Both of these 

books, but particularly the latter, make clear that much more 

than the physiology of trees is included in the biological basis 

for silvicultural practices. The whole forest ecosystem must be 

considered. Perhaps the clearest illustration of this proposition 

is a table reproduced by Rubner and Reinhold that specifies 

regeneration techniques for a forest area in northern Sweden. 

Seven soil-type groups are considered, each one characterized 

by a specific humus and ground-vegetation type and by a stand 

composition made up of spruce, pine, and birch, either pure or 

in mixture. For each of these soil-type groups, silvicultural goals 

in terms of stand structure and composition are set, and 

alternative regeneration techniques are prescribed. Obviously, a 

neat two-dimensional matrix on paper can be at best a general 

guide to silvicultural practice, butit illustrates the complexity 

of the biological factors to be considered in a region that is 

noted for its comparatively simple forests. 

Succession 
Succession is the umbrella under which are gathered such 

concepts as tolerance, competition, and allelopathy. Ability to 

elude precise and widely accepted definitions has been the 

common property of these concepts. Recent activity in ecology, 

exemplified by the work of MacArthur (9) and others, attempts 
to quantify and perhaps clarify these old, general concepts, 

which were derived from field observations and placed in logical 

and formal schemes by an earlier generation typified by Weaver 

and Clements (13). 
Tolerance. Tolerance is a useful concept in the formal 

explanation of succession. Its very usefulness has made it the 
subject of attempts at simple explanation and measurement on 

one hand and of pragmatic definition on the other. The latter 
approach is best illustrated by the tolerance table compiled by 
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Baker ( i ) on the basis of a questionnaire widely circulated 
among North American foresters. This pragmatic approach 
by-passes the old controversy over shade versus subsurface 
competition, even though it by no means relegates these 
questions to trivial status. Billings (3) recently has defined 
tolerance range as the "range of environmental conditions in 
which an organism can survive; mainly set genetically but 
modified by previous environmental history of the individual". 
This definition, although it does little to rward our search for 
simple answers to complex questions, sets up a concept in 
inclusive and formally useful terms. 

Foresters, as practitioners, need more than formal state- 
ments of useful concepts. Defining tolerance in terms of 
capacity to survive hardly excites the forester whose effective- 
ness is measured in the vigorous growth rather than the mere 
survival of his crop. Two old and rather obscurely published 
papers point up the crucial property of tolerant tree species, 
namely their capacity to grow vigorously after release from 
competition or suppression (one type of "previous environ- 
mental history" in Billings' definition). Marshall (10), in a 
retrospective study that deserves repetition with sharper tech- 
niques and analysis, found that Tsuga canadensis at an age of 
1 00 years or more showed a higher mean annual increment if its 
earlier years had been spent in suppression than if they had 
been spent under conditions of comparatively free growth. 
However debatable the results of this particular study may be, 
they had the effect of focusing on a silviculturally important 
attribute of a tolerant tree, namely its lack of growth inertia or 
its capacity to respond positively to new opportunities. 

A few years later, Craib (4) approached the same problem 
from the other end of the tolerance scale. He showed that 
contemporary South African plantation practices with Acacia 
species and several pines, including P. taeda and P. patula, 
planted at excessively close spacings, were overly conservative in 
severity of thinning. Further, the slow growth of initially 
crowded trees could not be accelerated appreciably by thinning. 
Subsequent South African work, summarized in Hiley's small 
book (6), generally supported Craib's findings, and the trend in 
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southeastern pine plantation management today is in the 

direction indicated by his work. 
A more recent chapter in the elucidation of the concept of 

tolerance, from the forester's point of view, is illustrated by the 

work of Kramer and his students (7, 8). In studies that 
measured photosynthesis directly under controlled radiation, 

they showed that Pinus taeda , a species classified as intolerant 

by foresters, tended to make less effective use of available 

radiation than some Quercus species, apparently because the 

pine foliage was arranged less effectively to trap radiation-that 
is, there was a greater amount of mutual shading by pine foliage 

than with understory oak foliage. The practical consequences 

are well known to the southeastern forester, who increasingly 

resorts to prescribed burning to maintain pine crops in the face 

of the normal successional trend toward sweet gum, red maple, 

oaks, and hickories. 
Competition. Tolerance is related to another broad con- 

cept, namely competition. The relation between these concepts 

is not simple, partly because the concepts themselves are not 

simple. Competition is a popular subject of study these days, 

along two principal lines: interspecific competition, which 

excites students of evolution and biogeography, and intra- 

specific competition, which concerns producers of plant 
crops-and perhaps students of urban affairs. 

Intraspecific competition, in turn, is being studied along 

two main lines: theoretical and experimental studies of the 
effects of density of plant and animal populations, in some 

instances at the level of intraclonal competition, and, in a more 

applied mode, level-of-growing-stock studies, which promise to 

replace the nebulous concept of normality. The former line of 
work, as it applies to forest trees, is being conducted largely in 

Japan; the latter is exemplified well by North American studies 
of Douglas-fir and yellow poplar, inspired in part by British and 

European empirical yield studies of North American species 

grown as exotics. 
Just as the forest manager often tends to favor simplicity 

in species composition, so the student of forest growth tends to 
simplify his problems by considering the growth of pure or 
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essentially pure stands. Nevertheless, the inescapable fact that 
Nature abhors a pure culture forces us to realize that the study 
of intraspecific competition is just another instance of the 
tactical advantage and the strategic weakness of the reductionist 
approach to problems that are really complex. Single-species 
situations are difficult enough to maintain under so-called 
aseptic laboratory conditions; they are practically nonexistent 
in the real world . Many pioneer forest communities unquestion- 
ably are dominated by single species such as aspen or jack pine 
in northern forests, Virginia or loblolly pine on abandoned 
fields in the south, and aspen or lodgepole pine in many of the 
western mountains, but none of these is in any sense a pure 
culture, and most of them retain single species dominance for 
relatively short periods. Thus, species interactions are a set of 
variables that can be disregarded only in the short run. 

Allelopathy. Species interactions may be defined, for 
certain purposes, in very broad terms, as for example by 
MacArthur (9), who holds that "two species are competing if an 
increase in either one harms the other." This definition, if 
applied to plant species interactions would include allelopathy- 
". . .the inhibition of germination, growth, or metabolism of 
one plant due to the release of organic chemicals by a second 
plant" (5). Despite the long history of observations of the 
baneful effects of black walnut and some eucalypts on nearby 
plants, allelopathy has received very little attention from 

forest ecosystems until quite recently. DelMoral and 
Cates (5) made laboratory studies of germination inhibition by 
forty vascular plants of western Washington and investigated the 
effects of these same species on the ground cover beneath them. 
Of the forty species studied , nine caused germination inhibition 
in laboratory tests and modified the composition of the ground 
cover beneath their canopy. Vine maple was one of the nine 
species, and Douglas-fir provided the seeds used in some of the 
laboratory tests of germination inhibition. This result should 
provide welcome support to the prejudices long held by 
northwestern foresters. 

Our view of species interactions is being broadened further 
by our increasing recognition of the role of vegetative propa- 
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gation of species such as sweet gum, (Liquidambar styraciflua), 
(14), and the seedling-sprout tactics that enable oaks and some 

other hardwoods to capture openings in the forest cover (11). 

These tactics, incidentally, may cause us to rethink and revise 

our definitions of the term "even-age" and its antonym. 

How True is the Truism? 
Does our gradually increasing knowledge of forest biology 

suggest any substantial revision of the truism with which we 

started? I cannot see that it does. Perhaps that portion of the 

truism most subject to revision is the term "principal com- 

mercial tree species." Several of us here have seen this list 

undergo material revisions during our professional lifetimes. 

Some of these revisions have been the result of biotic factors, 

some of market, supply, and technological changes. Despite 

these changes, it remains true of most of North America's major 

timber-producing regions that successional species dominate the 

commercially important list, unlike the situation in the beech- 

fir forest regions of Europe where many silvicultural precepts 
have been developed. Nevertheless, the conversion of former 

"weed species" such as western hemlock, red alder, and Virginia 

pine to valuable resources suggest what a mature and respon- 

sible forest industry can do toward improving utilization and 

moderating the trend toward simplification of species corn- 

position of our forests. 

CONCLUSIONS 

Under present market and social conditions, little evidence 

suggests any realistic alternative to our highly effective practice 
of substituting man-caused for natural catastrophes in pro- 

ducing economically valuable forest crops. So long as the 

management of forests, public and private, is compensated 
largely or exclusively for its effectiveness in production of 

wood, there seems little prospect for change. Yet, as we 

broaden the bases of our cost-benefit analyses, enhance public 

understanding of the forest resource, and increase our know- 
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ledge of forest biology, we may look forward to a silviculture 
that will be tuned more finely to the complexity of forest 
ecosystems and the many resources they offer. 
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ABSTRACT 

Available literature indicates that for most forest types and 
species on most sites, foresters have wide latitude in choosing 
regeneration cutting methods insofar as ecological requirements 
of tree species are concerned. Few species or sites require 
uneven-age management under a selection system, and necessary 
conditions can be provided usually by some form of even-age 
management. Likewise, there is no ecological necessity for large 
patch or continuous clearcuttings to regenerate most types, 
species, and sites including Douglas-fir; shelterwood or strip 
clearcut systems appear equally suitable for regeneration of 
most species on most sites. Selection systems can be used 
successfully for some major species, including certain southern 
pines. They also could be used for many others, provided that a 
change in species composition is acceptable. Ecological con- 
straints do limit use of clearcuts on more severe sites, that is, 
those where moisture and temperature are major problems. 
With these exceptions, economic and social rather than ecologic 
considerations appear to be the most important factors con- 
trolling selection of cutting systems. 
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INTRODUCTION 

Preparing a comprehensive paper on effects of even-age 

management on vegetation has proved a laborious task! Because 

time and resources were insufficient to consider the total effect 

on all elements of plant communities, we decided that we must 

confine ourselves to effects of cutting systems on forest 

regeneration. We then proceeded to examine the research and 

experience recorded in each of the major forest types of the 
United States--the silvicultural systems being used or under 
study and their successes and failures in terms of regeneration. 

We soon became aware that the paper we were producing 
on a type-by-type basis was going to be unwieldy, incomplete, 
and repetitious-not to mention boring. Patterns emerge and 

repeat themselves in type after type. Almost all major types can 

be regenerated successfully by a variety of silvicultural systems. 

Few species or types have such limited tolerances that only a 

single harvesting method will suffice. 
We altered our original intentions, therefore ; instead , we 

have prepared a paper on the patterns or generalities that are 

apparent and illustrated them in selected types. We will try to 
point out the latitude silviculturists typically have in choosing 

regeneration techniques and some of the biologic and environ- 

mental factors that constrain them. We will illustrate these 

principles with examples of some of the species, types, and 

circumstances that necessitate either uneven- or even-age man- 

agement, or a particular even-age system, to obtain prompt 
regeneration. Finally, specific conditions will be discussed for 

two major forest regions-the Douglas-fir and the southern pine 

and bottomland hardwood. 

SILVICULTURAL SYSTEMS 

Before proceeding, let's examine and define the different 
silvicultura! systems used to achieve regeneration cuts. We will 

make the genera! presumption that the objective of regeneration 
cutting is a replacement stand within a certain time limit and of 
a desired composition and vigor. According to Smith (37), four 



Effects on Regeneration 31 

major systems are used in regeneration cutting although each 
has numerous variants-the clearcut, seed-tree, shelterwood, and 
selection systems. Three of the four systems lead to the creation 
of a new, even-age stand regardless of the form of the original 
stand. The only exception is the selection system and its 
variants, which are used to create or maintain uneven-age 
stands-stands with "at least three well-defined age classes" 
(37). 

In the clearcutting system, the entire stand is removed in 
one cutting. This method produces the most drastic changes in 
environmental conditions-providing full exposure to light and 
minimal protection of the site from climatic extremes. Foresters 
may depend on either artificial or natural regeneration or both 
in establishing the new stand after clearcutting. In coniferous 
forests, clearcutting (that is, continuous or large patch clearcut- 
tings1 ) usually is associated with artificial reforestation by 
planting or seeding. Natural regeneration is an alternative with 
coniferous species that are consistent and prolific seed produc- 
ers such as loblolly pine. Clearcutting of hardwood forests relies 
primarily on natural regeneration. Modifications of the clearcut- 
ting system over much smaller areas are designed specifically to 
enhance regeneration by providing a more protected site and, if 
natural regeneration is sought, an abundant seed supply. The 
most common modification is the alternate strip clearcutting 
where long, narrow clearcut areas are interspersed with uncut 
strips. Another is the small group or patch clearcutting on, 
perhaps, i to 5 acres, rather than the much larger areas typically 
referred to as clearcuttings. 
1One can argue at what size (acreage) areas logged by group selection are sufficiently large to be considered small group or patch clearcuttings. To clarify our terminology in this article, we offer the following admittedly arbitrary size definitions: 

Continuous clearcutting loo acres or more Large patch clearcutting 10 to 50 acres Small patch (or group) clearcutting 1 to 5 acres Group selection Two trees to ¼ acre Selection 
Single tree 

Also, we use the term clearcutting to refer to biological clearcuttings, where all trees over a certain size are removed, in contrast to commercial clearcuttings, where culls and otherwise defective and unmerchantable trees are left standing. We thank Dr. David Smith for his advice in arriving at these definitions. 
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In the seed-tree system, all of the forest stand is cut except 

for a few selected trees (perhaps from 2 to 1 2 per acre). These 

trees are left to provide seed for natural regeneration and have 

only a minor protective function. The success of the method 

depends upon leaving enough seed trees to produce adequate 

seed for regenerating the stand when seedbed conditions are 

optimum. Release of seed trees before harvest cut sometimes 

may be required to stimulate seed production and insure 

coincidence of the seed crop with favorable seedbed conditions. 

In the shelterwood system, the old stand is removed 

gradually in from two to several stages. Sufficient trees are left 

to protect the site from environmental extremes until regenera- 

tion is established, generally by natural seeding. As Smith (37) 

stated, "Within the framework of the shelterwood method, it is 

possible to achieve wide variation in the relative degrees of 

shelter and exposure. .. . Adjustments can be made to meet the 

environmental requirement of almost all species." 
In the selection system, mature trees are cut, either as 

individuals (single tree selection) or in small groups (small group 

selection), throughout the entire stand. This procedure is 

repeated indefinitely at relatively short intervals. Reproduction 
thereby is established continuously and an uneven-age stand 

structure is maintained. This system results in the least 

disturbance and is therefore the most pleasing from an esthetic 

viewpoint. 
It is important to remember that clearcutting, seed-tree, 

and shelterwood methods are all utilized in even-age manage- 

ment, and only the selection method is aimed at uneven-age 

management. Further, among the even-age methods, the shelter- 

wood is the most "conservative," that is, protective of the site 

from environmental extremes, and usually depends upon and 

provides suitable circumstances for natural regeneration. Con- 

versely, patch or contìnuous clearcutting provides maximum 

exposure of the site and depends much more upon artificial 

regeneration for new stand establishment. Shelterwood tech- 

niques are more difficult and patch-clearcutting methods 

simpler to apply. Strip and small-group clearcutting and 

seed-tree methods are intermediate in these characteristics. 
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The selection silvicultural system is, of course, the most difficult to apply, and there is some doubt whether a "true" selection cut as compared to an "economic" selection (or 
high-grading) cut ever has been done operationally in many forest types of the United States. 

WHERE IS UNEVEN-AGE MANAGEMENT 
NECESSARY OR POSSIBLE? 

We can begin by asking whether there are any forest types or species in the United States that are unsuited to some method of even-age management. Or, stated another way, are there types or species that require uneven-age management, a selection method, for their maintenance or regeneration? 
From our examination of the literature, we find few situations where the selection method is essential to regenerate 

a new stand . Perhaps the outstanding example is virtually pure 
ponderosa pine found on sites subject to severe environmental 
stresses, particularly in moisture or temperature or both-climax ponderosa pine sites.2 

Ponderosa pine stands of this type sometimes have been considered uneven or all aged. Most work indicates they consist of a mosaic of small even-age groups or patches that collectively present an uneven-age appearance ( 1 5 , 30). Regeneration cuttings in these pine forests usually include some form of selection system; group selection has received greater emphasis than individual tree selection in recent years. Clearcutting does not provide suitable conditions for prompt regeneration in most stands (47), and stands and environment usually are not suited to a shelterwood cutting. Even under selection cutting, regener- ation is typically episodic, awaiting the suitable combination of 
a good seed year and favorable conditions for germination and 
establishment during the next growing season. 
2The ponderosa pine foiests found on less severe sites with aggressive, more tolerant competitors, such as Douglas-fir or grand fir, are entirely different. These forests usually were created and maintained by fire, and selection forestry on these sites eventually will result in elimination of the pine. This points out the danger of generalizing about an appropriate cutting method for a widespread and variable "forest type" such as ponderosa pine, especially when that forest type is defined on an economic rather than an ecologic basis. 
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Although a few types require uneven-age management or 

selection forestry, we might ask whether other types can be 

managed in this way if so desired. We might also ask whether 

some types can be regenerated more easily by the selection 

system than by even-age methods. Apparently, many forest 

types can be regenerated by selection cutting; in fact, most of 

the climax forest types and very tolerant species can be 

perpetuated easily by selection cutting.3 Examples of the latter 

include the northern hardwood types where beech and sugar 

maple are desired (27) and the red spruce-balsam fir type where 

objectives include favoring the spruce (1 7, 44). 

Even serai or subclimax forest stands sometimes can be 

perpetuated by selection methods, but the landowner must be 

willing to accept a compositional change in the type. Examples 

are changes from Douglas-fir to western hemlock, ponderosa 

pine to Douglas-fir, and mixed hardwood stands containing an 

abundance of yellow-poplar to stands where oaks and hickories 

predominate. Sometimes, a group-selection technique may be 

adequate to provide for regeneration of the more desirable but 

less tolerant species and retard or arrest the gradual successional 

change in stand composition (29). Some species, however, 

represent very early stages in succession and probably cannot be 

perpetuated by any type of selection cutting. These include red 

alder (51), paper birch (28), aspen (16), and longleafpine (42). 

Although regeneration can be obtained by selection 

cutting in most forest types, even-age systems are operationally 

more efficient because areawide cultural treatments can be 

imposed. Moreover, growth rates of reproduction are more 

rapid when even-age systems are used. These two considerations 

are of prime importance if wood production is the main 

objective of management; however, they can be tempered with 

other considerations including continuity of forest cover and 

esthetics where other forest resources are also significant. 

31t is essential to remember that many tree species, especially in the western United 

States, differ in their successional roles from site to site, as was pointed out with 

ponderosa pine. Douglas-fir and lodgepole pine, usually thought of as intolerant, serai 

species, are, in fact, climax on certain sites and therefore biologically amenable to 

regeneration under selection methods on these sites. 
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WHERE IS EVEN-AGE MANAGEMENT SUITABLE AND WHAT FORM SHOULD IT TAKE? 

If characteristics of few species, types, or sites dictate uneven-age management , then most species should be suited to some even-age method. Indeed they are. Most forest types have been grown and regenerated successfully under one or more of the even-age silvicultural systems-clearcutting, seed-tree, or shelterwood. But which of these is most applicable in a given situation? Let's begin with a consideration of the most controversial of the group-clearcutting. 
Do any types, species, or sites have characteristics that necessitate the use of clearcuttings? Biologically, no types or species appear to require large clearcuttings for successful regeneration-by "large," we mean clearcuttings that exceed iO acres. Even shade-intolerant species, such as yellow-poplar, can find light conditions suited to their establishment in areas of less than 2 acres (2). Tryon and Trimble (41) found that even intolerant hardwoods reproduced and grew well in areas as small as 1/4 acre. The very intolerant black cherry reproduces best in small openings or narrow strips that are less than 66 feet in width (20). Red alder also appears capable of regenerating in small clearcut patches. 

In fact, large-scale clearcutting methods are not justified by biological requirements for regeneration of the type or species but for rather different reasons. One is that early growth rates of established seedlings are often most rapid in clearcut- tings-less "edge" per unit area is involved and therefore a smaller proportion of the new stand is retarded by "edge" effects. Disease or insect problems may be another reason. The prime reasons for large-scale clearcutting, however, are those related to efficiency and economics in harvesting and managing the stands. As Duffield (1 0) has pointed out, clearcutting often ". . . makes the least demand on other valuable resources, such as energy and labor, and on road mileage, transportation, and supervision." Certain treatments used in intensive culture-for example, fertilization and control of weed species-can be 
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applied most efficiently to large areas. At times, landowners 

may wish to liquidate an economically unproductive stand or 

convert a stand from one species to another. With such 

objectives, large-scale clearcutting may be the best, if not the 

only , alternative available. 
Given that regeneration of forest species never requires 

large-scale clearcuttings, perhaps a better question to ask is 

"Which forest types, species, or sites cannot be regenerated 

successfully by a clearcutting system? " At the risk of being 

accused of saying all methods are suited to all types, we must 

suggest again that most truly productive forest land can be 

regenerated after clearcutting-provided that a dependable 

method of artificial reforestation is available. Some serious 

constraints exist, however, and not all forests suited to even-age 

management necessarily are suited to clearcutting, particularly 

on an extensive basis. Let's consider some of the factors 

essential for regeneration and how they can influence its success 

or failure. 
The regeneration triangle of Roe, Alexander, and Andrews 

(32) contains three groups of elements that must be present for 

a successful natural regeneration -adequate seed , suitable seed- 

bed, and a favorable environment for establishment and growth. 

Artificial regeneration, particularly planting, largely circumvents 

two of these elements-seed and seedbed. Favorable environ- 

ment remains as a requirement for either natural or artificial 

regeneration, however, and herein lies the chief difficulty with 

extensive clearcutting. 
Environmental elements that influence regeneration suc- 

cess usually can be reduced to temperature, moisture, and light. 

Lack of nutrients may limit regeneration on some sites (for 

example, phosphorus-deficient soils in the southeast), but these 

are exceptions. Temperature and moisture tend to be problems 

on one type of site and light on another. Unfavorable light 

conditions are most commonly a consequence of competing 

vegetation, and therefore problems are greatest on the most 

productive sites where growth of competing vegetation is rapid. 

Any silvicultural system will tend to stimulate development of 

competing vegetation on such habitats. Although clearcutting 

often produces the most favorable circumstances for develop- 
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ment of competing vegetation, a variety of chemical and 
physical methods are available for control, and areas of 
regeneration failure can be corrected by planting or seeding. 
Such control methods are difficult or impossible to use on areas 
cut by shelterwood or selection methods. Less common are 
problems associated with excesses of solar radiation, such as 
those encountered after clearcutting Engelmann spruce at high 
elevations in the Rocky Mountains (33). 

Unfortunately, adverse conditions of moisture or tempera- 
ture are much more difficult (or impossible) to ameliorate, and 
large-scale clearcutting almost invariably aggravates these prob- 
lems. Consider, for example, the distribution of western forest 
types in an "environmental field" of relative moisture stress and 
temperature (Figure 1 ), and then recall the specific situation in 
which problems have arisen in regeneration after extensive 
clearcutting. Usually, regeneration failures have occurred where 
either moisture or temperature are controlling or overriding 
environmental factors. Clearcutting has aggravated these condi- 
tions sufficiently that they are near or beyond tolerances of the 
species we wish to regenerate. Furthermore, conditions are 
often not only beyond the tolerances of natural seedlings, but 
also beyond the range for dependable artificial regeneration, 
that is, for survival and growth of planted trees. Some form of 
"protection" cutting, such as shelterwood or the strip clear- 
cutting, can maintain these stresses within the tolerance levels 
of the regenerating trees. 

Problems also have been encountered after clearcutting on 
very wet sites in the southeastern coastal plain-these will be 
discussed in more detail later. 

Extensive clearcutting becomes increasingly undependable 
as environmental conditions become more and more limiting. 
Consequently, using such a technique on severe sites is unwise, 
particularly if no dependable method of artificial regeneration is 
available. This is generally true in the forest habitats that are 
extremely dry, wet, hot, or frost susceptible. On such sites, and 
they are numerous, even-age management using shelterwood or 
strip or group clearcutting methods often has proved successful. 

Perhaps one can recognize a range from the most severe 
sites where shelterwood or selection methods are essential to 
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Figure 1 . Distribution of major western coniferous forest 
formations along temperature and moisture gradients (courtesy 
of R. H. Waring and the Coniferous Forest Biome, US/IBP). 
Temperature index is based upon number of "optimum growth 
days," a temperature-summing method, and the moisture index 
is based upon maximum night stress in conifer seedlings, in 
atmospheres. 
extremely favorable sites where any method will provide for 

regeneration, including large-scale clearcutting. 
Let's now relate these generalities to conditions in two 

major timber-producing regions of the United States--the 

Douglas-fir region and the southern pine and bottomland 

hardwood region. 
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THE DOUGLAS-FIR REGION 

The Douglas-fir region encompasses western Washington 
and Oregon where extensive forests are dominated by Douglas- 
fir and western hemlock. Characteristic associates are western 
redcedar, Sitka spruce along the coastal strip, incense cedar, 
white fir, and sugar pine in southwestern Oregon, and Pacific 
silver fir and noble fir at higher elevations in the Cascade aiid 
Coast Ranges. In general, western hemlock is the most tolerant 
species present and, therefore, the major climax species except 
at higher elevations where it bows to Pacific silver fir. The 
majority of these stands have regenerated after wildfire or 
logging. Most stands in the region are essentially even aged. 

Conditions are favorable for forest establishment and 
growth on most forest sites. Competing vegetation, such as red 
alder or salmonberry, is the major problem in forest regenera- 
tion on the moister, more productive sites. Hot, droughty 
habitats are encountered locally, however, in the summer-dry 
climate, and these become increasingly common from north to 
south following the regional trend in precipitation and mois- 
ture. And at higher elevations snow, short growing season, and 
frost become major environmental factors. 

The objective of regeneration cutting in these forests is 
prompt reproduction of even-age coniferous stands. Douglas-fir 
is the most widely preferred, but western hemlock, Sitka 
spruce, noble fir, and others are also acceptable and sometimes 
preferred. Douglas-fir reproduction most often is established 
artificially by planting after clearcutting. Natural regeneration 
provides "fill-in" trees, which are often other species. Much of 
the cutting on public land is still in old-growth forests with all 
their difficulties-for example, large volumes of slash and very 
large logs. More and more of the cutting is in younger age 
classes. These stands have characteristics, such as smaller size, 
greater uniformity, and less defect, which permit much greater 
operational flexibility. 

Almost all clearcutting and partial cutting methods, 
excepting only true selection techniques, have proved biologic- 
ally suitable for regeneration of forests of Douglas-fir and 
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western hemlock. The standard method on public land has been 

to clearcut patches averaging around 40 acres in a staggered- 

setting pattern, followed by broadcast slash burning (Figure 2). 

Originally, this system was believed to provide suitable condi- 

tions (open areas with adjacent seed supply) for natural 
regeneration of Douglas-fir, economic logging units, rapid 

development of access roads, and to avoid large, continuous 
areas of hazardous fire fuels. Fully stocked, naturally regen- 

erated stands often failed to develop promptly or at all, 

however, because of infrequent Douglas-fir seed crops and high 

mortality of seedlings on more severe sites (36). Consequently, 

Figure 2. Staggered-setting system of clearcut patches typically 

used on public lands in the Douglas-fir region. 
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clearcuttings now are generally planted or seeded shortly after 
cutting, with good results. The system occasionally fails on 
moist habitats where competing vegetation or shrubs develop 
rapidly, or on hot, dry habitats where planted stock has 
difficulty surviving. Its more serious failures will be discussed 
later. 

Continuous or progressive clearcuttmg followed by artifi- 
cial regeneration is characteristic of many private ownerships. 
Advanced or postlogging natural regeneration or both may 
augment artificial regeneration to a surprising degree-many of 
the early logging operations produced continuous clearcuttings 
that are occupied today by fully stocked, naturally regenerated 
stands. The occurrence of tracts occupied by brush, low-value 
hardwoods, or understocked coniferous stands, however, also 
attests to the fact that natural regeneration cannot be depended 
upon. 

Nor should it be depended upon. Clearcutting systems 
this type are appropriate for productive forest lands suitable for 
intensive management. Artificial regeneration largely ensures 
prompt and adequate occupancy of the site by a new forest 
stand. Continuous clearcutting followed by artificial regenera- 
tion is, in many ways, a more logical or efficient management 
choice for commercial forest lands than patch clearcutting, 
which produces a mosaic of smaller areas of contrasting age 
classes. 

On the majority of forest sites, these large clearcuttings 
have been remarkably successful. They are in no way biologic- 
ally essential for regenerating even-age stands of Douglas-fir, 
however. As Smith (38) has pointed out: 

It is actually fortunate that the routine of 
clearcutting, burning, and seeding or planting of 
Douglas-fir has worked at all. In most instances the 
optimum environment for young Douglas-firs is 
found underneath partial shade... 

The widespread use of planting actually obscures 
the fact that complete exposure is actually detrimen- 
tal to regeneration of Douglas-fir on many sites... 
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and finally4: 

Even-Age Management 

If silviculture were a perfect imitation of natural 
processes leading to the ecological optimum for each 

species and site, a number of variants of the shelter- 

wood method rather than clearcutting would be the 

most common kind of silvicultura! management of 

the [Douglas-fir] region. 

Among the more conservative silvicultural methods that 

have been recommended and applied successfully for regenera- 

tion cutting in the Douglas-fir region are the seed-tree (1 , i 2, 

i 3 , 2 1 ) , strip clearcutting ( I 2) , small group clearcutting ( I 2, 

50), and shelterwood (Figure 3) methods (34, 48, 49, and 

Richard L. Williamson, Shelterwood Harvesting Douglas-fir in 

the High Cascades of Western Oregon. 1972. Unpublished 

manuscript on file at Forestry Sciences Laboratory, Olympia, 

Washington). These techniques have proved capable of provid- 

ing fully stocked regeneration stands of desired species over a 

wide range of site and stand conditions. 
On severe sites within the region, these silvicultural 

systems are proving essential and not simply optional to 

extensive clearcutting methods. Hot, dry sites found in abun- 

dance in southwestern Oregon and the frost-prone sites found 

on gentle topography at higher elevations are of this type. 
Neither natural nor artificial regeneration can be depended 

upon on these sites on extensive clearcuttings; some form of 
cutting that protects the site from environmental extremes is 

essential. 
Selection cutting is the only silvicultural system that has 

not proved satisfactory for regeneration of Douglas-fir (22). 

Except for the occasional site where Douglas-fir is the climax 

4We do not wish to imply that silvicultura! systems should be a perfect imitation of 

natural processes. They are simply a means to the end specified by the landowner. 

Our purpose here simply is to point out that the analogy frequently drawn between 

conditions on a clearcutting and an area burned by wildfire is not valid ; that is, 

clearcutting is not an imitation of natural processes, nor are conditions comparable in 

terms of the seedling environment. 
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species, single-tree selection invariably leads to elimination of 
the Douglas-fir and its replacement by more tolerant associates. 
In old-growth forests, a healthy, vigorous stand is difficult to 
maintain, apparently, even if the species shift is acceptable, 
because of damage incurred during periodic removals of 
individual large trees. The shift from old-growth to second- 
growth stands, as well as development of new logging tech- 
niques (helicopters, for example), also should make selection 
cuttings more practical, although maintenance of Douglas-fir 
still will be a problem. 

Figure 3. Shelterwood cutting in mature Douglas-fir forest; 
about 25 trees were left per acre. Persons (arrow) show scale. 
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THE SOUTHERN PINE AND BOTTOMLAND HARDWOOD 
REGION 

The southeastern and Gulf coastal plains contain some of 

the most productive forest land in the United States. Two major 

forest types are included : ( i ) southern pine forests (primarily 

loblolly, longleaf, shortleaf, and slash), which are located 

throughout the flat topography of the coastal plains, and (2) 

bottomland hardwood forests, which occur primarily on flood- 

plains of large and small streams. Although the general 

topography appears uniform, sites can be rather variable-slight 
differences in elevation often are associated with changes in soil 

and can induce profound changes in soil drainage. Land-use 

practices also have had considerable effects on forest lands 

because of burning, uncontrolled grazing, and agriculture. 

Because of differences in silvicultural problems and manage- 

ment practices, we will discuss pines and hardwoods separately. 

Southern Pine Forests 
Regeneration practices in the southern pinery consist 

primarily of even-age systems with new stands originating from 

natural or direct seeding and planting. Several studies and some 

experience indicate that pines (with the exception of longleaf) 

also can be regenerated satisfactorily by uneven-age or selection 

systems, however. The principal problem in regeneration of all 

southern pines is encroachment of undesirable hardwood 

species-especially on the better sites. In some areas and for 

some species, sporadic seed production, drainage problems, and 

frequent summer droughts also can present difficulties. 
With proper hardwood control-whether by prescribed 

fire, herbicides, or mechanical methods-many stands can be 

regenerated successfully after clearcutting by natural or arti- 

ficial reforestation. In much of the Atlantic coastal plain, good 

seed crops and seedling catches are the rule for loblolly, and 

stands can be reproduced easily by clearcutting after seedfall. 

On most industrial forest land, the accepted system is to 
clearcut and plant with various degrees of site preparation. The 

many vigorous plantations of slash and loblolly pine located 

throughout the South attest to its success. Clearcutting is not a 
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good method for regenerating longleaf pine, however, because 
abundant seed crops are sporadic, and difficulties are associated 
with planting. 

Seed-tree (44) and shelterwood cutting appear more or less 
a necessity for longleaf pine for the reasons mentioned (Figure 
4). Recent evidence (4) indicates that the shelterwood system is 
more adaptable than the seed-tree method because it provides a 
more dependable seed source, less brown spot needle blight 
infection, and less time to obtain regeneration. Seed-tree and 
shelterwood methods will also work for loblolly, shortleaf, and 
slash pines, but probably are unnecessary except where lack of 
seed or summer droughts are problems. 

Selection management (Figure 5) has been used to 
regenerate loblolly-shortleaf stands in southern Arkansas (14) 
and loblolly stands in the southeastern coastal plain (43). 
Wenger and Trousdell (45) make the following statements in 
their treatise on natural regeneration of loblolly pine: 

On the comparatively good sites of the coastal plain, 
silvical and silvicultural factors apparently present no 
serious obstacles to unevenaged management of lob- 
lolly pine. Regeneration is readily obtained and 
growth of seedlings is satisfactory in openings left by 
cutting mature trees. Thus, the choice between 
evenaged and unevenaged management depends 
mainly on economic factors... 

According to Walker (44), selection cutting also could be used 
for slash pine because seedlings are not intolerant of mature 
trees. The extreme intolerance of longleaf pine makes selection 
cutting inadvisable, however. 

Additional problem sites include the very wet sites of the 
coastal plain flatwoods. In the loblolly-shortleaf pine forests of 
the flatwoods, water tables may rise considerably after clearcut- 
ting. Heavy rainfall during the growing-season may result in 
standing water on poorly drained sites, thereby precluding 
successful regeneration (44). Unless artificial drainage is possi- 
ble, selection or shelterwood cutting may be better alternatives 
on these very wet problem sites. 
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Figure 4. Seed-tree cutting in longleaf pine. 

The foregoing discussion shows that clearcutting with 

natural or artificial regeneration apparently works well on the 

majority of pine sites. Where seed crops are infrequent or 

summer droughts are common, or both, seed-tree or shelter- 
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Figure 5. Loblolly pine stand being managed under a selection 
system. 

wood methods are advisable and can be used successfully with 
all southern pines. Selection cutting may be used for the pines, 
except longleaf, and will not result in high-water problems 
sometimes encountered on poorly drained flatwood sites. 
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Bottomland Hardwoods 
Except for intensively cultured cottonwood and sycamore, 

mixed bottomland forests are renewed primarily through 

natural regeneration. Obtaining reproduction after a harvest cut 

is no problem; in fact, a great burst of vegetative growth usually 

follows cutting of any kind in the bottomlands. The problem 

lies in securing establishment and rapid early growth of the 

more valuable intolerant species such as yellow poplar, sweet- 

gum, and red oaks. For many years, selection cutting was 

advocated in bottomland hardwood forests (3 1 ). They thought 

that a continuous supply of high-quality logs to the hardwood 

industry would thereby be assured. Although intentions may 

have been admirable, actual practice often resulted in high-grad- 

ing operations that took large, high-quality stems and left 

poorer ones to grow until another harvest (26). Today, many 

southern hardwood stands are in poor condition. Culls and 

undesirable species are all too common (24), but such results 

did not become obvious until supplies of high-quality logs 

dwindled and southern foresters began to take a close look at 

their hardwood forests. 
Studies of natural reproduction after selection cutting, 

seed-tree cutting, and clearcutting were made in the southeast- 

em coastal plain during the 1950's and 1960's. Natural 

reproduction of both desired and undesired species was more 

than ample after all cutting methods. Under selection cutting, 

however, the more tolerant and less valuable species such as 

beech, hickories, and ironwood grew rapidly into large size 

classes at the expense of intolerant, valuable species that were 

not favored in the small openings (less than 1 Il O acre) created 

by selection cutting (9, 40). On the other hand, 6 years after a 

seed-tree cutting in a similar stand, desirable hardwood species 

were abundant and growing rapidly (8). The presence of seed 

trees, however, was not believed to contribute importantly to 

success in regeneration. This belief was substantiated by 

evidence from a nearby clearcutting that had been planted to 

several hardwood species (39). Development of planted trees 

was not very encouraging. A survey of volunteer trees in the 

area 1 1 years later, however, revealed more than 5,000 stems 
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per acre (7). Natural reproduction, although smothering planted trees, had resulted in a good stand of timber. 
Decades of experience and a few formal studies affirm that saplings of valuable species do not develop in small openings created by the selective cutting of individual trees or small groups of trees (19). If suitable species are present in the stand to be cut, desirable new stands can be established by cutting openings of at least one-half acre (26). Maximum opening size is 

governed by objectives other than securing satisfactory repro- duction-for example, operational costs, wildlife, and aesthetic 
considerations. The composition of new stands depends on advanced reproduction and seedbed conditions as well as 
composition of the overstory. Most yellow-poplar reproduction originates from seed ; seeds can remain viable in the litter for many years (3). Exposed mineral soils and full sunlight are needed for establishment and rapid early growth. New stands of 
oak-hickory come from advance reproduction in the understory before harvest (35). 

If advance reproduction is not present and these heavy- seeded species are desired, a series of light shelterwood cuts probably should be used to stimulate establishment and 
development of sturdy advance stems (35). Most sweetgum 
reproduction comes from sprouts and roots and stumps of cut trees (23). Ashes and maples seed readily and also are capable of 
sprouting. By considering these reproductive habits in pre- 
harvest stand treatments, the silviculturist may exercise some control over stand comiosition (25) 

An additional problem exists in swamp forests that consist 
of tupelos and baldcypress. Both swamp tupelo (5, 6) and water 
tupelo (1 1 , 18) are prolific seeders and sprout readily from 
stumps of cut trees (1 1). Baldcypress also sprouts from the 
stump and periodically produces good seed crops. Un- 
fortunately, germination and early growth of all three species 
are heavily dependent upon favorable water levels-prolonged 
flooding during the critical establishment period can kill newly 
germinated seedlings. Therefore, safest methods for natural 
regeneration of swamp forests would rely on advanced repro- 
duction or stump sprouts, or both. Perhaps a light shelterwood 
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cut would provide the best conditions for establishment of 
advance reproduction. 

For hardwood stands that have been high-graded to the 

point where neither overstory nor advanced reproduction in the 

understory contains valuable species, the only logical alternative 

is to clearcut and plant. 
To sum up, valuable hardwood species grow more rapidly 

than and compete well with more tolerant, undesirable species 

after clearcutting. The heavy dependence on advance reproduc- 

tion for success, however, indicates that, in effect, we have a 

shelterwood system without the initial cut. In situations where 

advance reproduction is lacking, light stimulatory cuts have 

been suggested (34). If species composition is not important, 

abundant reproduction also can be obtained by selection 

cutting, but the more tolerant and currently less valuable 

hardwood species can be expected to dominate. 

CONCLUSIONS 

The literature shows a broad latitude in choice of 

silvicultural methods that will meet biologic or ecologic needs 

for regeneration of most types or species on most sites. Few 

situations require either extreme in treatment-uneven-age 

management using a selection system or even-age management 

using large clearcuttings. On the other hand, either of these 

extremes could be applied much more widely to regenerate 

forests successfully if a type or species conversion is acceptable, 

as in the selection system, or a dependable technique for 

artificial regeneration is available, as in extensive clearcutting. 

Ecological considerations are major constraints on selec- 

tion of cutting methods on sites where environmental condi- 

tions are severe, that is, the temperature or moisture, or both, 

are at or near the minimum tolerance levels for tree seedlings. 

Forests found in subalpine regions or on hot, dry habitats are 

typically of this type. Extensive clearcutting under such 

conditions simply aggravates the problem, and forest regenera- 

tion is best provided by use of a system that provides protection 

for the site-strip or small group clearcutting, shelterwood, or, 

in extreme cases, selection methods. Because forest productivity 
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is typically low on stressful habitats of this type and high 
investments of time and money are required to assure regenera- 
tion, the question of whether commercial forest management 
should be attempted on such sites should be examined 
carefully. The decision is, of course, for the landowner and 
society to make, not the ecologist or forester, although both 
have facts to contribute. 

On the majority of productive forest sites, factors other 
than ecological limitations of the species appear to be primary 
in the choice between uneven- and even-age management and. 
among the several silvicultural systems that can be used to 
create even-age stands. These include: economic considerations, 
including efficiency in logging, growth rates, and costs and 
returns on investments; social considerations, such as the 
esthetics of cutover areas and effects on other resource 
values-soil, water quality, and wildlife habitat; physical consid- 
erations such as the terrain with its limitations on suitable 
logging methods; and other biological considerations such as 
presence or absence of damaging agents-dwarf mistletoe, large 
deer population, and some insects and fungi. 

To conclude, even-age silvicultural systems can be designed 
that will regenerate stands of desired species successfully on 
most forest sites. Only on forest lands of marginal productivity 
do biologic considerations as such limit use of clearcuttings. On 
the other hand, rarely do biologic considerations necessitate 
large-scale clearcutting systems. Choice of harvesting methods 
does, therefore, depend primarily on factors other than ecolog- 
ical traits of forest trees. The objectives and desires of forest 
landowners are usually of much greater importance. 
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EFFECTS OF EVEN-AGE FOREST MANAGEMENT 
ON BIG GAME 

Richard D. Taber 
Professor of Forest Zoology 
College of Forest Resources 
University of Washington 

As commercial forestry has developed effective systems of wood production, strong tendencies have appeared to use 
early-successiGn conifer species, to grow them on the most 
productive lands available, and to use silvicultural methods that reproduce the periodic catastrophic destruction of the forest to which these species are adapted. Hence, the practice of 
clearcutting (which encourages even-age stands) and the concen- tration of intensive forest production in three major regions of the United States; the Pacific Northwest, the Lake States, and the Southeast-all of which are characterized by adequate moisture, high growth rate, and dense canopy development. 

The purpose of this report is to review the effects of such 
even-age management in the Pacific Northwest forest upon the principal forest ungulates, the black-tailed deer and the wapiti. The order of review will be: response of forage plants; response of ungulates with regard to movement, diet, growth, reproduc- tion , and population density ; relations of ungulates to forest 
seedlings; and the human cultural elements that affect the 
silviculture-ungulate relations. 

RESPONSE OF FORAGE PLANTS 

In the dense forest, understory vegetation is suppressed by shading and low in nutrient quality. Deer and wapiti eat both 
materials that fall from the canopy and grow in forest openings. 
As a forest becomes old, it tends to produce more of such food-but the commercial forests we are speaking about here are harvested long before they grow old. 

Clearcutting a dense coniferous forest, by virtue of the 
removal of shade, encourages the growth of understory plants, 
particularly shrubs. When clearcutting is accompanied by slash 
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burning, seed germination often increases. When soil is dis- 

turbed, herbaceous pioneer plants often become established. 

So there are thought to be three major effects of 

clearcutting on potential forage plants: a shift in plant 

composition, an increase in nutrient quality, and an increase in 

dry-matter production. 
The composition of the plant community growing within 

clearcuttings will be influenced strongly by the amount of soil 

disturbance during logging, by methods of slash disposal, 

including burning, and by such postlogging treatments as use of 

herbicides. Without going into details, we may expect realistic- 

ally that the total list of plant species occurring in significant 

populations within a clearcut area will be longer than that for 

the adjacent full-canopy forest. 
An increase in plant production within clearcuttings, 

compared to the adjacent forest, seems obvious to the casual 

observer. Few actual measurements are available, however. On 

Vancouver Island, Gates ( i i ) measured wet weights of available 

deer forage both summer and winter (Table 1). 

From Table i we can see that a major increase in plant 

production occurred when the mature forest was clearcut. But 

much of this production was no longer evident by winter. 

Winter forage was more abundant in the forest than in the 

clearcuttings. 

Table 1. Wet Weights in Pounds per Acre of 
Available Deer Forage in ,Mature and Clearcut 
Forests (11). 

Season Mature forest 

Years since cutting 

Four Ten Fourteen 

Summer 430 948 

1inter 428 55 
1,290 1,114 

2291 343 

Nine years after cutting. 
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The quality of plants as forage can be measured in various 
ways. The most common is to measure the proportion of crude 
protein in the forage. In western Oregon, Einarsen (10) found 
that opening the forest canopy by fire raised this value in 
common food shrubs (Table 2). 

Work on pasture plants has indicated that shading reduces 
digestible carbohydrates and increases the indigestible lignin 
(24). 

From the foregoing, we could suppose that removal of the 
forest overstory is followed not only by an increase in the 
summer production of low-growing plants, but also by an 
increase in their winter nutrient quality. Data from western 
Washington (4) do not support this view, however (Table 3). 

Table 3 shows no marked rise in crude protein or drop in 
crude fiber on newly logged areas. In fact, the nutrient quality 
of forage--by these measures-is sometimes higher in the mature 
forest. 

Another example comes from Vancouver Island, where 
Gates (1 1) analyzed forage from cuts 4-5, 9, and 14 years after 
logging. For trailing blackberry, he found the following values 
for crude protein (in percentages of dry weight): 12.69, 14.8, 
and 12.82, respectively, and values for crude fiber were i 1.87, 
l4.56,and 15.34. 

If we combine the two series of measurements for trailing 
blackberry, we get Figure 1. This indicates a drop in nutrient 

Table 2. Effect of Burning Forest Overstory 
on Crude Protein Content in Percentage of Dry 
Weight, of Shrub Forage. 

Species Canony 

Time since burning 

Three months 
[ 

Six years 

Vine maple 3.72 8.39 4.77 
Thimbleberry 3.44 11.60 4.73 
Salmonberry 5.68 13.07 7.17 
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Table 3. Crude Protein and Crude Fiber Contents in 

Percentage of Dry Weight in Four Deer Foods Avail- 

able in January on Areas Newly Logged, 20-25 Years 

Past Logging, and in Mature Forest. 

Newly 20-25 

Species Mature logged Years 

CRUDE PROTEIN 

Trailing blackberry 11.50 10.92 9.94 

Western redcedar 7.79 -- 5.59 

Huckleberry 7.47 6.85 7.52 

Salal 7.35 -- 6.74 

CRUDE FIBER 

Trailing blackberry 18.80 25.65 14.45 

Western redcedar 22.23 -- 25.05 

Huckleberry 38.25 38.83 36.98 

Salal 22.65 -- 22.65 

30 

20 

I- 
z 

w 

b CRUDE 
PROTEb N 

o i I t I I I I 

MATURE FOREST O 5 IO 15 20 25 MATURE 
YEARS 

Figure 1 . Crude protein and crude fiber content of trailing 

blackberry leaves in mature forest and at several ages after 

logging. Data from Brown (4) in January, Western Washington, 

and Gates ( i i ) in Dember, Vancouver Island. 
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quality immediately after logging, followed by a rise to year 9. 
Thereafter, crude protein content drops steadily. Crude fiber is 
high in the mature forest, higher immediately after logging, and 
then low (favorable for digestion) through year 25. 

Harking back to Table 2 , we see that Einarsen found high 
values for crude protein 3 months after burning. This increase in 
crude protein probably was not primarily because of light, but 
because of the fertilizing effects of the ash. 

To take an example outside our region, a definite 
fertilizing effect was found by Taber and Dasmann (30) in 
California chaparral. In their study, chamise (Adenostoma 
fasiculatum) burned in the fall lost some of the ash in the 
winter rains, and so showed less fertilizer effect on the quality 
of the new sprouts than did chamise burned in the spring. A 
marked effect appeared the first year, less the second, and none 
the third (Table 4). 

The effects of burning must be separated from the effects 
of overstory removal if the influence of both on nutrient 
quality is to be assessed accurately. From the data so far 
available, a heavy burn after logging apparently will raise crude 
protein levels significantly for i to 2 years, and the effect of 
increased light is to cause a slower rise up to about i O years 
after logging in coastal Douglas-fir. 

Table 4. Crude Protein Contents in Percentage of 
Dry Weight of Chamise Foliage Under Three Treat- 
ments, May and December (30). 

Treatment 

Years since treatment 

One Two Three 

"ay 
j 

Dec. Tay 

[ 

Dec. May Dec. 

Mature chamise 
Fall burn 
Spring burn 

12 

28' 
292 

5 

8 

12 

12 

14 

19 

5 

6 

6 

12 5 

12 5 

-- 

Ncw sprouts sampled in March. 
2N0W sprouts sanplcd in July. 
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The rise in total number of plant species, in summer food 

abundance, and in winter food quality has been discussed 

above. As the forest cover is reestablished, these trends reverse, 

not to rise again until another clearcutting. The time between 

clearcuttings thus has a strong influence on big-game forage 

conditions. When cuts are 40 years apart, twice as many "pulses 

of forage" will occur as when cuts are 80 years apart (21). 

RESPONSE OF UNGULATES 

Our next question is: How important are these changes in 

forage quantity and quality to the deer and wapiti? At least 

three aspects are contained in this question: the extent to which 

deer and wapiti will move to and feed in these areas; the extent 

to which they can choose the more nutritious forage; and the 

effects of such feeding upon deer and wapiti populations. 

Movement 
The movement to and into clearcuttings varies with animal 

species, individual home-range size, and size and age of 

clearcuttings. For an animal to be attracted to a cleaxcutting, 

that animal must be aware that it exists. Because mature 

animals have well-defined home ranges within which they 

habitually move and which they seldom leave, they will become 

aware of a clearcutting that occurs within their home range. 

Young deer and wapiti often disperse from their natal home 

ranges and settle down in new habitat. Some of them could 

become aware of clearcuttings in their wanderings. About the 

only other way that deer or wapiti could become aware of 

clearcuttings would be for them to smell them from afar and 

leave their home ranges to investigate them. We have no 

evidence that this happens. In a comparable situation, that of 

black-tailed deer entering attractive areas of sprouting chaparral 

after burning, the population increase could be accounted for 

on the basis of movement within home ranges (29). Until more 

evidence on this point is obtained, we may reasonably suppose 

that adult deer and wapiti will become aware of clearcuttings 

that occur within their home ranges, but not others. 
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Home ranges of deer and wapiti may be used year-round or 
seasonally. In migratory populations, seasonal home ranges are 
connected by migratory pathways. In general, a seasonal home 
range for deer is about ½ to i mile in diameter (4, 22, 30). We 
have less evidence on seasonal size of home range for wapiti, but 
some workers have observed it to be about the same as that of 
deer (12, 26). 

According to this line of reasoning, a clearcutting, if it is 
an attractive feeding area, can attract animals from ½ to i mile 
away. If we assume the former, then a 20-acre clearcutting in 
mature forest, where the deer density is ten to the square mile, 
will draw ten deer. That is, one deer per two acres will feed on 
the clearcutting. In contrast, a 200-acre clearcutting also 
drawing ten deer would have only one deer per 20 acres feeding 
on it. This may be the reason that investigators often find 
animal use on small clearcuttings more intense than on large 
ones. 

Diet 
We have seen evidence that several years after logging, 

clearcuttings produce much deer forage, but that this forage is 
only moderately more nutritious than that in the forest (Figure 
1), unless the clearcutting has just been burned. Possibly, 
however, a substantial increase in the total amount of available 
forage leads to a higher nutrient intake by herbivorous 
mammals, simply because these mammals are able to select the 
more nutritious forage when given a choice. Researchers long 
have suspected that samples of forage gathered by humans were 
less nutritious than those eaten by wild herbivores, because the 
latter could detect and select the best (3, 28). 

Klein ( i 8 , 1 9) considered this possibility that black-tailed 
deer or reindeer with free choice of foods would, by selecting 
the most nutritious available, obtain a diet of higher quality 
than range sampling by human beings would indicate. In the 
course of this work, he analyzed washed and unwashed rumen 
samples and determined that the former were lower in nutriet 
quality. He attributed this to the washing away of the salivary 
secretions and the rumen microorganisms, and also to the rather 
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rapid action of microorganisms in removing readily digestible 

nutrients from the plant fragments in the rumen ( i 8). 
Knoche (20), in a study of mule deer food habits, 

compared rumen contents of i 6 deer with samples he gathered 

from the same range on the same day. By taking fresh fragments 

from the rumen and washing them, he minimized the effect of 

digestive changes. 
For each rumen, he determined the percentage that each 

plant species comprised. He then collected these same plant 

species on the same deer winter range and made up a "ration" 
to match each rumen sample. These were then put through 

routine chemical analyses, as were the washed rumen samples. 

The results are shown in Table 5 ; the deer selected a diet about 

twice as nutritious (in terms of crude protein) as the human 

sampler was able to do. 
These findings support the idea that mule deer (and 

presumably other mammals) Scan indeed choose the more 

nutritious bites from the food available. The more food 

available, the more numerous these superior bites will be, so 

clearcutting, by making more food available, presumably will 

raise dietary quality for deer and wapiti. 

Table S. Nutrient Quality of Mule Deer Ruinen 

Contents, in Percentage of Dry 1eight, Compared 

to Taxonomically Identical "Ration" Gathered by 

Men (19). 

Nutrient Ruinen Ration 

Protein 20.2 ± 3.1' 11.4 ± 2.1 

Ether extract 5.3 ± 0.4 5.1 ± (Ló 

Ash 11.4 ± 3.5 4.8 ± 0.4 

Fiber 28.4 ± 2.8 20.1 ± 1.2 

Phosphorus 0.93 ± 0.19 0.18 ± 0.06 

Calcium 1.18 ± 0.12 0.79 ± 0.06 

Carotene 5.4 ± 1.9 12.9 ± 1.8 

'At the 95 percent level of probability. 
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Response by the animals can be measured in degree of use 
each year after logging. Harper ( i 5) reports that Roosevelt elk 
on Millicoma tree farm used clearcuttings most from 4 to 6 
years after logging, and preferred to forage on areas that had 
been burned. 

To recapitulate, the increase in dietary quality after 
clearcutting has three apparent causes : the effect of increased 
light, the effect of a wider selection of foods, and the effect of 
ash as fertilizer if the area is burned. We have seen (Figure 1) 
that for west coast Douglas-fir forests, the effect of increased 
light reaches its maximum at about i O years after cutting. The 
fertilizing effect of ash extends only over the first year or two. 

The effect of the second factor, wider selection, is difficult 
to separate from the effects of ash-fertilization. Robinson (25, 
p. 32), speaking of large areas cut and burned in Douglas-fir 
forest on Vancouver Island says: 

The rise and decline of a deer population subsequent 
to clearing is most remarkable. . . . Deer raised on new 
slashes exhibit rapid growth rates during the first i 8 
months of life. This is a reflection of high quality 
nutrients available in the vegetation ingested during 
the spring and early summer months, the annual 
growing period. . .. The combination of soil fertility, 
new plants and new species in their initial growth 
phases, increased insolation, and differential growth 
and maturation periods of herbs and grasses all 
contribute toward optimum growth of deer. Unfor- 
tunately, this beneficial period does not last. A rapid 
decline (in body size) begins in three years. . .. While 
the individual size is beginning to go down, the 
population continues to build up. . . . Ultimately the 
point is reached when deer density goes down and the 
individuals are small. 

Although a rise in dietary quality after clearcutting is 
evident, the extent of the rise and its relation to time, site, and 
silvicultural treatment all remain to be worked out in detail. 
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Growth and Reproduction 
The effects of an increase in dietary quality for deer and 

wapiti are fairly well understood in broad outline. When the 

diet is extremely good, growth rate and body size are high. 

When the diet is moderately good, body size is not affected 

markedly, but sexual maturity is attained early and the rates of 

birth and survival decrease. When the diet is poor in nutrients, 

body growth and sexual maturation are slow, birth rate is low, 

and survival of young is poor. 

Population Density 
The consequence of the effects on big game population 

density is well known. Robinson (25) as quoted above gave a 

general description of events in the Douglas-fir forest of 

Vancouver Island. He also pointed out that the upsurge of big 

game after logging in this forest did not occur in the coastal 

forests-the hemlock-fir-balsam subclimax or north coast hem- 

lock. He indicated that climate and the rapid regrowth of 

ground cover were the two major factors controlling the big 

game populations when these forests were logged. 

Some forests thus show a marked response and some 

essentially none. Several factors are probably at work: the 

precutting big game density; the population density after 

clearcutting; the sequence of annual production of forage crops 

as secondary plant succession proceeds; the rate of increase of 

the big game species; and the particular silvicultural practices 

applied to the site. 
Two studies trace the rise and decline of black-tailed deer 

populations after logging. One (4) describes events in the coastal 

Douglas-fir of Washington and the other (9), in the redwood 

forest of northern California. 
The values in Table 6 show that the cycle of deer increase 

and decline is more rapid in the redwood forest, and that higher 

deer densities are attained there. The difference in maximum 

deer density between these two examples might be because of 

the productivity of the site, but it also might be because of a 

higher deer density near the redwood clearcutting at the time of 

cutting. But the earlier peak and decline in deer population on 

the redwood clearcutting is explained most logically in terms of 
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Table 6. Black-Tailed Deer Density per Square Mile After 
Logging (4, 9). 
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Species 

Years since logging 

0- 5 5-10 10-15 15-20 20-25 25-30 .50-55 

Redwood 
Douglas-firs 

43 142 21 21 8 8 8 
10-15 15-32 32-60 60-75 55-75 30-75 7-15 

'The variation results from the difference in speed with which trees are reestablished on different sites; where timber 
regeneration is rapid, deer decline occurs earlier, and where 
timber fails to regenerate, deer decline occurs later. 

plant succession; succession toward forest seems more rapid in 
the redwoods than in even the best Douglas-fir sites. 

RELATION OF UNGULATES TO FOREST REGENERATION 

The herbivore populations that build up in clearcuttings 
can interfere with the regeneration of the forest through 
browsing seedlings. The significance of this damage is related to 
the density of big game animals. In one study in Oregon ( i 6), 
the percentage of Douglas-fir seedlings browsed by deer rose as 
deer density increased: 

Seedlings damaged 2 14-20 45 
Deer per square mile 28 65 81 

Studies (1, 2, 13, 14, 27) ofdamage to forest reproduction 
by the white-tailed deer show a similar pattern; damagç is 
tolerable at levels of about 20 deer per square mile, but 
increases rapidly as densities increase beyond this level: 

Relative damage Light Moderate Severe Total 
Deer per square mile 8-20 20+ 25-50 1 10+ 

Deer densities on clearcuttings do indeed rise to levels at 
which appreciable seedling damage could be expected. Whether 
such damage actually occurs depends on the relative palatability 
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of the seedling species in comparison to the other food 
available. It also depends on the height of the seedling relative 

to the height at which the herbivore browses. For example, in 

Table 6, in the Douglas-fir forest, deer densities are above 20 

from perhaps year 7 through year 30. But with good growing 

conditions, Douglas-fir seedlings should be far out of reach of 
deer (about 4 feet) before the seventh year. 

On the other hand, deer densities may be above 20 per 

square mile before cutting, as a consequence of earlier logging 

or fire. In such circumstances, deer densities immediately after 

cutting may be extremely high and damage to seedlings severe. 

Or seedlings may not become established rapidly or grow 

rapidly, because of seed and seedling loss, competition, herbi- 

yore feeding, or environmental deficiencies. 
Surveys of animal damage to coniferous seedlings in 

productive forests of the Pacific Northwest rank black-tailed 

deer first among species causing damage, and damage by deer is 

correlated in large part with deer density and weather (8) and 

with alternate foods (7). Crouch (8, p. 64) said: 

We know that re-establishment of trees can be 

difficult on many areas because of deer. . . Reforesta- 

tion is particularly troublesome when seedlings are 

planted on winter ranges, migration routes, old bums, 
or brushfields where pattems of browsing by deer are 

well established. 

This points to the possibility of identifying, or even mapping of 

some potential game-damage areas. 

HUMAN EFFECTS 

The obvious approach to the control of deer damage to the 

regenerating even-age forest is to control the population density 

of deer. Recreational hunting often cannot accomplish this for 

deer because of the density of cover in productive forest areas 

(17), though wapiti might well be controlled by this means 

(23). 
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For deer, populations probably could be controlled by more efficient hunting methods, such as the use of shooting platforms, spotlights, or dogs. But these are unlikely to meet with public acceptance soon. 
Alternatively, deer might be attracted away from seedlings 

with more preferred foods, or repelled from seedlings. The use of a repellent developed from fish is now under study. 
Meanwhile, fencing is the most effective way to separate deer 
from seedlings (8). 

CONCLUSIONS 

Much work remains to be done in this whole area of the 
relations of big game animals and even-age forest management. 
We could gain understanding by studying different forest sites 
separately, by more intensive investigations of plant physiology 
and forage nutrients, by relating daily and seasonal animal 
activities to microclimate, and so on. 

As one of the principle students (8, p. 64) of this subject 
has said: 

Clearcutting has been considered one of the best ways 
to improve deer habitat. . . . Beyond the knowledge 
that clearcutting should produce good habitat, very 
little is known about the influences of forest practices 
on deer ecology. Much is assumed, but few facts are 
available to back up the assumptions. 
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INTRODUCTION 

Substantial study has been made of changes in small 
mammal populations that accompany vegetational changes in 
various parts of North America. Smith (57) and Beckwith (6), 
in the Midwest, and Pearson (48), Root and Pearson (52), and 
Hirth (33), in the East, included mammals in their studies of 
ecological succession on abandoned farmlands. Aldrich (4) and 
Gunderson (27) correlated the occurrence of mammals with 
vegetational succession in midwestern bogs. Verts (66) in- 
vestigated changes in small mammal populations on upland 
strip-mines, and Wetzel (69) studied small mammal succession 
on flood plains, also in the Midwest. Byrd (10) studied changes 
in game populations on farms in relation to plant succession in 
the Virginia Piedmont, and Gentry and Odum (23) reported on 
small mammal populations in old fields in Georgia. These 
studies generally have been related to vegetational succession in 
nonforested areas, however. 

The influence of animals on reforestation has long been 
recognized (13, 39, 56, 62, 63). Nevertheless, small mammals in 
the forest were generally viewed only as to their influence as 
tree-seed eaters or as being destructive to seedlings. Moore (44) 
and Hooven (34) reported on the seed-eating ability of deer 
mice (Peromyscus maniculatus) in the Douglas-fir region of 
northwestern Oregon. Tevis (64) reported on the relative 
abundance of deer mice on cutovers of various ages in the 
Douglas-fir region of northwestern California. Langdon and 
LaGrande (4 1 ), Stephenson, Goodrum, and Packard (60), Boyer 
(8) in the southern pines, Abbott ( 1 ) and Graber (24) in the 
Northeast, all reported on the seed-eating proclivity of small 
mammals in the forest and indicated the seriousness of seed loss 
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to reforestation. Radvanyi (49), by use of the radioisotope 

scandium 46 in Alberta, recovered 91 percent of white spruce 

(Picea glauca) seeds, of which 48 percent were eaten by mice 

(Peromyscus maniculatus, Microtus pennsylvanicus, Clethrio- 

nomys gapperi), chipmunks (Eutamias amoenus), and shrews 

(Sorex cinereus). Hayward (32), Hatt (30), Schubert (55), 

Squillace (58), Franklin (18), and Walters and Soos (67) 

observed that the Douglas squirrel (Tamiasciurus douglasii) 

often removed up to 85 percent of a cone crop and frequently 

damaged younger trees by feeding upon the buds of the 

terminal and lateral shoots. 
Small mammals have also been noted for their influence on 

the plant species in forest succession. The snowshoe hare (Lepus 

americanus) has been recorded as responsible for serious damage 

to natural and planted conifers (3, 5 , 12). The hare can have a 

serious effect by selective browsing on seedlings, which would 

result in a differential survival of plant species ( 1 5 , 26) and 

could alter tree species composition in forest succession ( 1 1, 

1 6). A decided preference for Douglas-fir (Pseudo tsuga 

menziesii) over western hemlock (Tsuga heterophylla) and 

western white pine (Pinus monticola) by the snowshoe hare has 

been observed in the western Oregon Cascades (7). A preference 

by mice and voles for white spruce seed over balsam fir (A bies 

balsamea) was reported by Abbott and Hart (2) with the 

observation that a smaller proportion of spruce would become 

established. 
The diet of many small mammal species consists of insects 

at various stages of development. Thus small mammals often 

exert some control over forest insect populations. Hamilton and 

Cook (29) reported on nine species of insect-eating mammals 

that inhabited a stand of beech-hemlock in New York. They 

estimated 40 percent of the diet was insects. Williams (70) 

found that stomach contents of deer mice consisted of i O to 20 

percent insect and arachnid remains. Shrews and mice feed 

readily upon larch sawfly (Pristophora erichsoni) cocoons. They 

also feed upon and destroy up to 150 sawfly nymphs daily (9) 

and destroy 50 to 80 percent of the pupae (25, 42, 45, 46). 

Chipmunks also feed upon insects as wellas conifer seed (47) 
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SMALL MAMMALS AND VEGETATION 

Wildlife has long been recognized as influencing reforest- 
ation. Considerable data have been collected on the life history 
or population dynamics of small mammal species. Few such 
studies have been directly related to the influence of forest 
composition or forest-land vegetational succession on small 
mammals in the major forest types, however. The lack of 
information on the influence of composition and succession on 
small mammals is compounded by the large number of different 
forest types across North America. Weaver and Clements (68) 
list six forest climaxes divided into i 2 associations. When 
Franklin and Dyrness (19) described the major vegetational 
areas of Oregon and Washington, they divided the three forested 
regions into i 6 basic units or zones. I will limit my discussion to 
northwestern Oregon where Douglas-fir is considered the 
subclimax species and western hemlock-redcedar (Thu/a pilca ta) 
as climax. 

Abiotic factors 
The various changes in habitat that cause annual changes 

or cyclic trends of small mammal populations are hard to 
distinguish because the environmental tolerances of most small 
mammals are largely unknown. In closed-canopy forests, small 
mammals depend upon the few kinds of seeds, herbs, or insects 
that are present. These are affected by light intensity, tempera- 
ture, and moisture, which are influenced by the trees present. 
Changes in tree density of a stand modify the factors affecting 
the habitat, which controls the animal species and their 
densities. 

Removal of the trees results in changed conditions with 
resulting changes in the site. Une (65), in Michigan, found less 
snowpack under young conifer stands than under deciduous 
forests. The conifer stands had smaller annual water yields and 
less ground water recharge. Haupt (3 1 ), in Idaho, also found less 
water yield under mature conifer stands and the greatest snow 
depth in the forest openings. Subfreezing temperatures often 
cause a light accumulation of snow to form on the crowns of 
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conifers during periods of light snowfall. Much of such snowfall 
is lost to evaporation and little if any reaches the ground under 
conifers. 

Forests do not exert much influence on throughfall during 
the general winter rains of western Oregon. Throughfall is about 
82 percent under stands of old-growth Douglas-fir in storms 
over 3 inches (53). The soil is recharged at a slower rate during 
the summer rains, however, because of interception of the 
precipitation by the trees. Storms with less than 1 inch of rain 
can result in zero throughfall, and such storms often occur 
during the period of lowest streamfiow. A 30-percent removal 
of vegetation increases streamfiow 12 to 28 percent and an 
80-percent removal increases streamflow 85 percent (54). With 

clearcutting, water yield increases, often over 100 percent for 
several years. This increased water yield is not the result of 
rapid runoff, but is the increase of ground water flow. The 
increased ground water is water normally lost through plant 
transpiration and evaporation. This benefit lasts about 10 years, 
with streamfiow decreasing as the vegetation regrows. Similar 

conditions are reported from regions with different forest types 
(38, 43, 50). 

These variations of water yield from snow and rain are of 
possible importance to forest-land animals. The depth and 

duration of the snowpack has an affect upon subnivean 
conditions; the snow acts as a blanket, and temperatures in the 
snow increase with depth, reaching O C at the bottom of 
snowfields in the temperate regions. This protective blanket of 
snow allows the winter survival of the small mammals able to 
take advantage of it. During dry winters and subfreezing 
conditions, small mammals need more food for survival-and 
the same conditions make food more difficult to obtain. 

Forest removal not only results in increased ground water 
yield but also in greater soil moisture. Soil moisture is 

considerably higher during the summer months on a clearcut 
than on a forested area. The increased soil humidity creates a 

more desirable habitat for animals such as the mountain beaver 
(Aplodontia rufa), which requires considerable moisture in its 
environment. Ground water appears as small springs that form 
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marshy areas, prolong the flows of intermittent streams, or 
cause permanent streams to flow with more uniformity after 
clearcutting. Recovery of plants present before logging plus the 
invasion of pioneer species, however, is about as effective as the 
uncut forest in depleting soil moisture at the upper 1.5-foot level 
(28). 

Surface soil temperatures are also affected by the vege- 
tation present. In timber stands of the western Oregon 
Cascades, surface soil temperatures approximate that of the air. 
The maximum monthly air temperature means for uncut timber 
of 1970 ranged from a high of 83 F in August to a low of 37 F 
in December. Subsurface (15 cm) maximum monthly means 
were 58 F and 37 F for the same period. Maximum monthly air 
temperature means for an adjacent clearcutting was 93 F in 
August and 38 F in December and subsurface (15 cm) maximum 
monthly means ranged from 63 F to 36 F. Clearcutting often 
produced, temporarily, a xerophytic soil surface where a 
mesophytic condition had existed. 

Clearcutting in the old-growth forests of the Pacific 
Northwest often results in dense accumulations of slashings and 
cull material concentrated on the clearcutting. The weight of 
the unmerchantable material may range from 32 to 227 tons 
per acre depending upon the major tree species (14). Con- 
siderable breakage occurs during the harvesting of defective 
old-growth timber, which presents a fire hazard, may prevent 
tree regeneration, and may modify forest tree succession. Fire, 
either by broadcast controlled burning or the burning of slash 
concentrations, is the general method of removal. 

Burning seldom affects the moisture-holding capacity of 
the soil below the surface (61). Isaac (36) reported that soil 
moisture content is higher at the 6- and 12-inch depths on an 
open burned area than occurs in adjacent timber. 

Postfire soil temperatures increase, chiefly by the increased 
absorption of heat by the bared, darkened soil surface (35). As 
revegetation takes place, soil temperatures on clearcuttings 
become reduced to about 10 F higher than that of the 
shrub-shaded air, a reduction that occurs during the hotter 
times of the day during midsummer. 
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Fire is responsible for the release and volatilization of 
many nutrients. The considerable amounts of ash left after 

burning contain soluble salts, however, which decrease soil 

acidity and result in changes of vegetation. Replaceable calcium 

increases significantly after burning in the Douglas-fir region 

(17), and is more than 300 percent greater than normal for 

several years after a fire. 

Vegetation 
Unlogged timber stands in western Oregon north of the 

Klamath Mountains and the South Umpqua River are 

dominated by Douglas-fir mixed with various amounts of 

western hemlock and western redcedar. Other coniferous 

species include true firs (Abies sp.), sugar pine (Pinus lamber- 

tiana), and Pacific yew (Taxus brevifolia). Hardwoods are 

uncommon in the forest and are generally confined to the 

timbered edge of disturbed sites or along water courses. These 

include alder (Alnus rubra), bigleaf maple (Acer macro- 

phyllum), dogwood (Cornus nuttallii), and chinkapin 

(Castanopsis chrysophylla ). Understory vegetation consists of 

vine maple (A cer circinatum ), rhododendron (Rhododendron 
macrophyllum), salai (Gaultheria shallon), Oregon grape (Ber- 

beris nervosa), and oceanspray (Holodiscus discolor). The 

species present depend upon the location and the age of the 

dominant forest trees. Old-growth Douglas-fir often has an open 

overstory and may present all age classes. Younger, more 

vigorous stands are generally even aged and present a closed 

canopy. 
The study of secondary succession after logging and 

burning has been limited to the first 5 to 10 years after 

clearcutting (19). We found that a Douglas-fir forest 125 years 

old had a plant community totaling about 32 species. The plant 

cover was sparse during the first growing season after logging. 

On an unburned unit the vegetation consisted of residual species 

native to the original stand plus invading herbaceous species 

such as woodland groundsel (Senecio sylvaticus), I'w Zealand 

fireweed (Erichtites arguta), and willow herbs (Epilobium 

angustifolium, E. paniculatum, E. watsonii, E. minutum). After 
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the clearcutting, the plants varied from 36 to 30 to 53 different 
species during the years 1968-1970 for a total of 75 species. 

The vegetation was affected by burning. Burning had a 
deleterious effect upon the shrubby plants and they became 
more compact and less spreading. Herbaceous species, however, 
were much more numerous and some remained common for a 
longer period than they did on the unburned unit. The 
slash-burned unit had 79, 66, and 70 species for a total of 107 
species during the same period. The slash-burned unit was 3 
years older than the unburned unit, however. 

Small maminals 
During the study on the effects of clearcutting a Douglas- 

fir forest, we recorded 30 mammalian species and captured 23 
of them. Known to be on the areas but not captured were 
pocket gophers (Thomomys sp.), black-tailed deer (Odocoileus 
hemionus), elk (Cervus canadensis), coyote (Canis latrans), 
bobcats (Lynx rufus), black bear (Ursus americanus), and 
raccoon (Frocyon lotor). 

More than 4,250 small mammals were caught in live-traps 
(Table i ). These ranged in size from the vagrant shrew (Sorex 
vagrans), with a total length of 10.7 cm and weight of 6.5 g, to 
the porcupine (Erethizon dorsatum) with a length of 63.5 cm 
and weight of i i .34 kg (25 lb). More than 90 percent of the 
total animals recorded belonged to 5 of the 23 species (Table 
2). These were the white-footed deer mouse, chipmunk, 
Trowbridge shrew (Sorex trowbridgii), vagrant shrew, and the 
Oregon creeping vole (Microtus oregoni). The catch of the 
red-backed mouse (Clethrionomys californicus), Richardson's 
water vole (Microtus richardsoni), shrew mole (Neurotrichus 
gibbsii), jumping mouse (Zapus trinotatus), and snowshoe hare 
comprised about 7 percent of the total. The remaining 13 
species represented less than 3 percent of the total catch. 

Insectivora 
The characteristic seasonal cycle of the shrews consisted of 

a low to moderate late winter population that increased with 
the addition of juveniles during the spring. The Trowbridge 



Table 1. Total Small Manunals Caught on Study P'ots During 1968, 1969, 1970, and 1971. 

Control1 Unburned forest Slash-burned forest 

Portion Portion Portion 
of of of 

Species 1968 1969 1970 1971 total2 1968 1969 1970 1971 total2 1968 1969 1970 1971 total2 

SOrex trowbridqii 88 124 108 88 27.4 
s. vagrans 20 14 86 22 9.5 
S.bendirii O O O O O 

Neurotrichus gibbsii 6 4 12 O 1.4 
.gcapanus orarius O O O O O 

Lepus ainericanus 16 12 10 4 2.8 
Aplodontia rufa O O O O O 

Otosperznophilus beechegi O O O O O 

Eutaniias townsendii 156 114 38 84 26.3 
raniiasciurus douglasjí 4 10 8 0 1.4 
Glaucomys sabrinus 8 2 O O 0.7 
PerOtflySCUs maniculatus 16 174 66 22 18.7 
Ne.øtoma cinerea O O O O O. 

C1ethrionomjs californlcus 62 8 8 0 5.2 
Phenacoznys albipes O O O O O 

Kicrotus oregoni 10 28 30 2 4.7 
M. richardsoni O O O O O 

Zapus trinotatus 4 6 O 4 0.9 
Mustela enninea 4 2 4 0 0.7 
Spilogale putorius O O O O O 

Subtotal 394 498 370 226 -- 

Total 1,488 

67 97 50 37 19.2 
5 17 50 35 8.2 
O i O 3 0.3 
1 1 2 5 0.6 
O O O O O 

O O i O -- 
O I O O -- 
O 0 O O O 

30 99 34 63 17.2 
O 1 1 0 -- 

o o o o o 

36 222 94 35 29.5 
2 0 0 0 -- 
3 0 0 0 0.2 
O O 1 2 0.2 

23 100 96 39 19.7 
o 3 7 4 1.1 
O O 11 23 2.6 
2 1 3 2 0.6 
o o 0 0 0 

169 543 350 248 -- 
1 310 

28 68 34 22 10.4 
s s 17 15 2.9 
2 0 0 0 0.1 
o o o 1 -- 
O 1 0 0 -- 
O O O 4 0.2 
O O O O O 

8 0 0 2 0.7 
99 146 37 51 22.9 
o o O O O 

o o o o o 

sg 227 130 47 31.4 
o o o o o 

O O O O O 

o o o o o 

61 99 189 21 25.4 
21 0 5 5 2.1 
16 0 9 16 2.8 

3 4 2 0 0.6 
o o i o -- 

302 550 424 178 -- 
1 454 

'Control data corrected to 10 acres for comparison with unburned and slash-burned plots. 
2Percentage of total catch of each species from each plot. 



Table 2. Small Mammal Totals and Species 5tios Among Plots for 1968-1971. 

Total 

Control1 Unburned forest 
Slash-burned 

forest 

Portion of Portion Portion Portion 
Species catch Catch of total2 Catch of total2 Catch of total2 total catch3 

s 

Sorex trowbridqll 811 408 50.3 251 30.9 152 18.7 19.08 s. vaqrans 291 142 48.7 107 36.7 42 14.4 6.84 s. bendirii 6 0 -- 4 66.6 2 33.3 0.14 Neurotrichus gibbsii 32 22 68.7 9 28.1 1 3.1 0.75 ScapaIlus orarius 1 0 -- O O j -- -- Lepus amer.icanus 47 42 89.3 1 2.1 4 8.5 1.10 Aplodontia rufa 1 0 -- i -- O O -- Otospermophilus beecheyl 2 0 -- O O 2 -- -- Eutamias t. cooperi 951 392 41.2 226 23.7 333 35.0 22.38 mmiamciurus doug1asi 24 22 91.6 2 8.3 0 0 0,56 Glaucomys sabrix3us 10 10 -- O O O O 0.23 Peromyscus a. rubidu5 1.128 278 24.6 387 34.3 463 41.0 26.54 Neotoma Ciflerea 2 0 -- 2 -- O O 
Clethrionomys californicus 81 78 96.3 3 3.7 0 0 1.90 Phenacomys albipes 3 0 -- 3 -- O O 0.07 Microtus oregoni 698 70 9.2 258 34.0 370 56.7 16.42 K. richardsoni 45 0 -- 14 31.1 31 68.9 1.05 Zapus trinotatus 89 14 15.7 34 38.2 41 46.1 2.09 Mustela ern-anea 27 10 37.0 8 29.6 9 33.3 0.63 
Total 4,249 l488 -- 1,310 -- 1,451 -- -- 

'Control corrected to 10 acres for comparison with unburned and slash-burned plots. 2Percentage of total catch of each species for all three plots. 
3Percentage of total catch for all three plots. 

i;: 

00 
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shrew was the most prevalent of the shrews. It is common in 

well-drained coniferous forests but occurs less frequently where 

forests have been removed by logging or fire. The ratio of 
occurrence on forest, unburned, and burned forest lands was 

found to be 5:3:2 (Table 2). Gashwiler (20) in a study of small 

mammal populations in an old-growth (400+ years) Douglas-fir 

forest caught no Trowbridge shrews before, and very few after, 

clearcutting. We also found that Trowbridge shrews were more 

common in areas of shrubby vegetation than in areas with a 

dense grass cover. 
The vagrant shrew is more often found in slightly drier 

communities and occurs less abundantly in forested areas than 

does the Trowbridge shrew. Gashwiler (20) caught no vagrant 

shrews in dense old-growth Douglas-fir. We found that Sorex 

vagrans comprised about 6 percent of the gross catch of small 

mammals. It was about one-third as plentiful as the Trowbridge 

shrew. Its ratio of occurrence was 5 :4: 1 , showing a sharper 

reaction to slash burning than did the Trowbridge shrew. The 

vagrant shrew was also found to be more common on 

forest-land clearcuttings that had a good cover of shrubs, forbs, 

and grasses than where the shrubs and forbs were reduced. It 

has been caught during preliminary studies in clearcuttings of 

the mixed-conifer forest(Pseudotsuga menziesii, Abies concolor 

or A. grandis, Librocedrus decurrens, Finus ponderosa, and P. 

lambertiana) in southwestern Oregon Cascades in sufficient 

numbers to indicate it is a common component of such a forest. 

Sorex bendirii, the marsh shrew, is found about marshes, 

swamps, and moist areas near water. It was not caught in the 

forest before the timber was removed. After the area was 

logged, marsh shrews were taken in traps set near water, and, 

although caught infrequently, the species was believed to be not 

uncommon. 
Another insectivore, Gibbs shrew mole (Neurotrichus 

gibbsii), occurs from sealevel to subalpine situations. It prefers 

deep, soft soil under a cover of trees or shrubs where a mat of 

litter has formed. Our study indicates that ground cover is 

important to the shrew mole. The forest, with its mat of 
decaying litter, has a ground-cover density twice as great as an 
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unburned clearcutting. Shrew moles were not caught on 
slash-burned units until a mulch was formed 8 years after 
burning. 

The coast mole (Scapanus orarius) was caught in- 
frequently, but was caught on all three plots. It prefers 
well-drained soil and will enter dense woods that present an 
abundance of invertebrate life. 

Lagomorpha 
Several lagomorphs are important components of the 

forest and shrubby brushlands of western Oregon. Lepus 
americanus represents about 3 percent of the animals caught in 
the forest. It is absent from fresh clearcuttings for several years, 
but its numbers increase as the shrubby brush and trees recover. 
The brush rabbit (Sylvilagus bachmani) is not found in forests 
with a closed crown; it prefers open areas with dense brush 
patches. It is found through the Coast Range in association with 
the snowshoe hare but is only found in the lower elevations of 
the Cascades. 

Rodentia 
The mountain beaver (Aplodontia rufa) is found in Oregon 

west of the crest of the Cascades from subalpine meadows to 
the lower elevations of the foothills. It rarely occurs in dense 
conifer stands but thrives locally on clearcuttings wherever its 
physiological requirements for moisture are met. Vegetation on 
such areas generally consists of swordfern (Polystichum 
munitum), thimbleberry (Rubus parviflorus), salmonberry (R. 
spectabilis), and trailing blackberry (R. ursinus). 

Several species of chipmunk are common to Oregon's 
forests. The Townsend chipmunk (Eutamias townsendii), slight- 
'y arboreal in habit, is common in the Douglas-fir forest types 
and older clearcuttings of western Oregon. It makes up about 
25 percent of all small mammals on an area. It may require 
considerable vegetative cover, as it flourishes in coniferous 
forests but is scarce on large tracts of sparsely vegetated ground. 
Its density increases as the shrub and brush cover develops on 
cut and burnedover units. The Townsend chipmunk is diurnal 
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and thus it may avoid bare and semi-bare areas because of the 

higher daily soil-surface temperatures that occur on new 

clearcuttings. Its numbers increase as revegetation progresses. 

Density ratios of forest to clearcutting without burning to 

clearcutting with slash burning were found to be 4:2.5:3.5 

(Table 2). In California, on 3- to i 0-year-old clearcuttings, E. 

townsendii was reported to reach densities 2 to 4 times larger 

than in the original forest (64). It is found to a limited extent in 

the mixed-conifer types of central and southern Oregon. 

The yellow-pine chipmunk (E. amoenus) prefers different 

habitat from those of E. townsendii. It prefers the open 

pine-mixed pine-fir forest country of Central Oregon but 

avoids open sagebrush plains. It associates with the golden- 

mantled ground squirrel (Citellus lateralis). Both are found in 

clearcuttings or selectively thinned forests that contain con- 

siderable slashings, shrubs, weedy forbs, and considerable bare 

ground. They are found infreqiently on grassy meadows. 

Deer mice are found throughout Oregon, but Peromyscus 

maniculatus rubidus is the chief forest deer mouse. It makes up 

less than 20 percent of all small mammals found in the forest. 

Immediately after clearcutting or fire, and while the habitat is 

unsuitable for other species, the deer mouse population 

increases rapidly. It becomes the most common animal and 

constitutes 80 to 100 percent of the mammals on the area. 

Within a few years, however, with the increase of vegetation 

density and the return of other mammalian species, the deer 

mouse density declines to about 30 percent of all small 

mammals present. In our study, the deer mouse strongly 

preferred clearcuttings and burned-over lands to forests; the 

ratio was 3.5:4:2.5. Hirth (33) studied the slow succession of 

abandoned farmlands to oak-hickory forests at ages 8 to i O, 24 

to 28, and 60 to 80 years in Connecticut and found the 

woodland deer mouse (P. leucopus noveboracensis) at a ratio of 

2:4.5:3.5. Verts (66) studied small mammals on some strip- 

mined lands in Illinois and found that P. leucopus preferred 

woods and brushlands, but that P. maniculatus bairdii (the 

prairie deer mouse) preferred open fields and prairies. The 
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old-field mouse (P. polionotus) of the Southeast also prefers 
areas of scant vegetation. 

East of the Cascades, P. maniculatus rubidus is replaced by 
p. m. gambellii. The Gambel deer mouse is characteristic of 
mammals preferring stands of low vegetative cover. It is found 
associated with the golden-mantled ground squirrel, yellow-pine 
chipmunk, and pocket mouse (Perognathus parvus). 

Deer mice densities fluctuate from year to year, generally 
from unknown causes. The increase of deer mice on clear- 
cuttings and burned-over areas is believed to be related to the 
increase of insects and seed-producing herbs and forbs. These 
factors have not been measured in relation to deer mouse 
numbers. Deer mice reached peak abundance about i year after 
a heavy mast crop in northern California (37). In Oregon, deer 
mouse abundance has been noted to increase in the years after a 
good crop of Douglas-fir seed (2 1 ). This increase can be noted 
for 1969 (Table 1), which followed the good cone crop of 
1968. 

Of ail the Oregon voles, the creeping vole, Micro tus 
oregoni, is the most common forest land microtine west of the 
Cascade summit. It is found in almost all forest habitats except 
for wet or marshy areas and the drier sandy soil types. It does 
not occur in the riparian zones of the Willamette Valley. The 
creeping vole is found infrequently in old-growth stands of 
conifers and makes up about 5 percent of all small mammals 
present in stands about 125 years old. It promptly invades 
clearcuttings as forbs, herbs, and grasses develop, and composes 
from 20 to 25 percent of the total small mammals. The 
proportion of occurrence for forest, unburned clearcutting, and 
slash burned clearcutting is 1 :3.5:5.5. 

The long-tailed vole, M. longicaudus, is not a forest animal 
but is commonly found in the Coast Range on large burns after 
several years of vegetational development. After the vegetation 
becomes dense, however, the numbers of long-tailed voles 
decrease. It remains common around marshy areas and small 
streams. The subspecies M. i. mordax reaches its western limit 
along the east slope of the Cascades and in the Siskiyous. It lives 
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in mountain meadows and along stream banks. lt has been 
found commonly occupying semi-bare clearcuttings in the 
ponderosa pine-mixed conifer zone of southwest Oregon. 

The water vole, Microtus richardsoni, inhabits chiefly 

alpine and subalpine areas of the Cascades. It has been found at 
3,000 ft in the transition zone of the western Cascades. It was 

always caught close to running water of small streams and, like 

M. longicaudus, was never caught in a closed forest. 

DISCUSSION 

Little is recorded in the literature specifically concerning 
populations of small mammals of the various forest types or the 
effect of forest disturbance on such populations. The particular 
requirements of many small mammal species are unknown and 

it is difficult to evaluate their forest habitat requirements. The 

difficulty is further increased because many populations of 
small mammals appear cyclic or vary sharply from year to year 

for unknown reasons. 
Insectivores are widespread, but their distribution does not 

appear to be directly related to the arrangement of plant 

associations as is the distribution of the more herbivorous small 

mammals. Many insectivores show decided habitat preferences, 
however (5 1 ). Shrews, rarely found in old-growth Douglas-fir 

forests (22), are commonly found in younger Douglas-fir stands, 

in clearcuttings, and meadows where sufficient cover of 

decaying litter and shrubby vegetation exists. The Trowbridge 

shrew is much more common on forest lands of the Cascades 

than is the vagrant shrew. The vagrant shrew, in turn, is found 

in greater numbers on warmer and drier sites such as clear- 

cuttings and meadows with a dense cover of forbs and grasses. 

The shrew mole and coast mole prefer soft, well-drained soils of 
forest and meadowland. Insectivores feed upon arthropods and 

earthworms, the density of which increases with the amount 
and diversity of raw litter, humus (59), and soil moisture. 

Jumping mice prefer a moist habitat, and the majority 
recorded in western Oregon were caught in cool grassy sites or 
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near streams. The Richardson water vole and the marsh shrew 
were also confined to the proximity of running water and 
caught only on clearcuttings. 

Subfreezing temperatures affect overwintering survival of 
small mammals. Populations of shrews, deer mice, and creeping voles decrease in the spring after a winter when soil surface 
temperatures dropped to 9-14 F. Chipmunks, which store 
considerable food and also become torpid in the nest when 
temperatures drop, actually increased. Nest temperatures in cold weather may be as much as 24 C higher than that of the 
surroundings. A continuous blanket of snow is beneficial. Pocket gophers (Thomomys spp.) become extremely active on the soil surface when protected by a blanket of snow. The 
snowcasts of soil left by their burrowing activity are con- spicuous after snowmelt in the mixed conifer areas of eastern and southern Oregon. 

No major detrimental effects were found regarding chip- munks as a result of clearcut logging of northeastern hardwoods (40). In Oregon, however, populations of the yellow-pine chipmunk increase with the selective cutting of ponderosa pine. Contrarily, we find a decrease in the density of Townsend 
chipmunks for several years after the clearcutting of Douglas-fir. 
Populations of deer mice and creeping voles respond to the removal of vegetation with both species increasing sharply. 
Although the microtines are not as adaptable to habitat changes as the deer mouse, M. oregoni is found over the same areas of western Oregon. Although it feeds primarily upon forbs and herbs, it also readily eats Douglas-fir seed. It is replaced by.M. 
longicaudus in the drier aspects of eastern and southern Oregon. 

Although the results reveal a fairly clear pattern of small mammal distribution, little was revealed of species require- ments. The mechanisms of the physical and biotic factors related to the disturbance of various plant communities require further investigation. More studies are required, not only of annual and long-term fluctuations, but also of the separate forest habitats in the different zones and with different 
treatments. 
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In conclusion, certain physical and biotic changes that 

occur relative to clearcutting can affect small mammal popu- 

lations. Streamflow does not decrease as sharply during the 

summer because precipitation normally lost through evapo- 

ration becomes available as increased ground water. Soil 

moisture is greatest during the first few years but decreases as 

the vegetative cover increases. Soil temperatures are increased, 

especially that of the soil surface, but decrease as revegetation 

proceeds. Revegetation takes place promptly, although species 

succession and plant character are modified by treatment. 

These factors in turn affect the small mammal populations 

through their influence on food availability, shelter, and 

habitat. Although habitat preferences were readily observable 

by changes in species density, most of the small mammals were 

found on all units. Some, however, were very restrictive in their 

choice of habitats. Even so, we found that the differences 

between total numbers as influenced by timber, clearcutting, 

and clearcutting with slash-burning were small. The treatments 

resulted in a greater number of species than could be found on 

any one individual unit. 
The implication of even-age forest management practices is 

that different small mammal populations result from different 

types of cutting systems. Regardless of treatment, the different 

populations exert the same degree of influence upon regene- 

ration whether it is by seeds or seedlings. In the uncut forest, 

seed-eaters such as squirrels, chipmunks, deer mice, and shrews 

consume a considerable portion of all but the largest crops of 

conifer seeds. The germination that does occur falls prey to 

microtines, hares, and mountain beavers. Although no studies 

have been made, it can be deduced that the same animals are 

present in shelterwoods or selectively cut stands. After clear- 

cutting, regardless of the change of species, composition, and 

densities, the small mammal biomass remains comparable to 

that of the uncut forest and exerts the same detrimental effect 

upon regeneration. 
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THE ENTOMOLOGICAL CONSEQUENCES OF 
EVEN-AGE MANAGEMENT 

R. W. Stark 
Coordinator of Research 

University of Idaho 

Whether he is aware of it or not, the forest manager is 
an applied entomologist through his actions since 
almost everything he does affects insect food supply 
and modifies moisture, temperature and other en- 
vironmental factors in one way or another. 

K. P. Davis, 1966. 

iNTRODUCTION 

In preparation for this paper, I read what all the principal 
texts and review articles in forest entomology had to say about 
age as a factor in insect outbreaks. Few authors separate stand 
age from composition, however, and, until very recently, none 
relates the practice of even-age management to insect outbreaks. 
The concepts put forth were based primarily on observation, 
comparison of what was transpiring at that time and place with 
what the author thought our inherited forests had undergone. 
Age was considered separately from composition until about 
i 950. I assumed, however, that when speaking of pure stands, 
the authors were implying relative even-age structure as well. 

From this reading, I synthesized roughly three common 
beliefs, not shared by all nor substantive enough, in my opinion, 
to be accorded higher rank than 'concepts,' and one truism that 
is implicit in all and should be a 'Law' of forest practice. These 
are dealt with under the heading "Historical Concepts". Because 
the statements and arguments are repetitive, only a few 
individual authors are cited where opposing views occur or 
emphasis is intended. References to this section include 2-4, 
6-14, 17, 18, 2l,and 23. 

The second section contains a brief review of the causes ot 
outbreaks, and I have attempted to relate these to even-age 
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management. Lastly, I attempt to bring together what rationale 

or evidence exists in the form of guidelines for forest managers, 

to avoid any detrimental consequences or court favorable 

situations that may occur in the practice of even-age manage- 

ment. 

HISTORICAL CONCEPTS 

The Invincibility of Virgin Forests 
Any study of our country's virgin forests will 

furnish incontestable proof that mixed stands are 

much safer from insect injury than are pure stands 

(15). 
The manner in which our virgin forests develop- 

ed to maturity without disastrous insect injury, 

following nature's silvicultura! plan, provides a pat- 

tern we can follow (12). 
The climax forest sometimes has been thought 

of as having a stable equilibrium, the forest being 

maintained indefinitely in its existing character. The 

concept is not borne out when the virgin forest is 

investigated (17). 
Under virgin forest conditions no checks were 

placed on the activities of destructive agents other 
than those imposed by nature herself. Fires, as well as 

insect and disease outbreaks, developed, spread de- 

struction, and ran their course (18). 

Various authors have used the existence of vast stands of 

mixed virgin forests as proof that mixed forests are less prone to 

destructive outbreaks than pure ones. They are there now, ergo 

they are 'safer'. If they were not safe they would not be mixed. 

And so on. Ignored or classified as 'exceptions' were the also 

vast stands of pure or nearly pure climax forests that existed. 

Also, we have only a few historical records of the events 

transpiring during the development of our virgin forests, but in 

them can be found reports of vast acreages of insect destruc- 

tion. In existing virgin stands in our frontiers of Alaska and 

Canada and a few spots in the Northwest, devastating outbreaks 
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have occurred and are occurring in stands mixed to various 
degrees. 

The invincibility-of-virgin-forests syndrome has been used 
as an argument to emulate the pattern seen by some to reside 
therein and to deplore such departures from "nature's way" as 
even-age management. I discuss it here only to suggest that we 
need not feel guilty if we are managing the forests somewhat 
differently from Mother Nature-she had time on her side-and 
problems, too. 

Mixed Stands, Yes! Pure Stands, No! 
Somewhat allied to the virgin-forest syndrome is 

the belief in the inherent danger of pure stands, the 
major view of which is "the probability is very high 
that under monoculture, a disastrous outbreak will 
occur" (14). 

The main source of this belief is the well-known ecological 
principle that "other things being equal (italics mine), the 
degree of environmental stability is in direct proportion to the 
number of species living together in an environment. " The catch 
is, of course, that "other things" are never equal. Thus the 
equatorial forest may be stable (this is being challenged-it 
depends on your definition of stability), but the simpler (in 
terms of number of species) coniferous forests above the 48th 
parallel may be just as stable. Let me hasten to add, however, 
that there is danger in the deliberate oversimplification of the 
ecosystem. My point is that an overly generalized global 
principle should not be used to dictate against a forest practice 
that affects only a finite part of the total environment and that 
may not be all that bad. 

Some natural pure stands do not appear to suffer more 
than many mixed stands. For example, compare the problems 
of the extensive lodgepole pine forests in the west with those of 
the central hardwoods region or the mixed conifer-hardwood 
forests of eastern Canada and Maine. 

Monocultures have received their bad reputation, entorno- 
logically speaking, primarily from two practices: the establish- 
ment of extensive plantations, often in habitats other than that 
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of their seed source, and the importation and extensive planting 

of exotic species. These practices have given rise to serious 

problems with insects throughout the world. The root of the 

problem is not that they were planted in pure stands but that 
they were placed in an alien environment subject to pressures 

they were not adapted to cope with or divorced from the biota 

that protected them in their natural environment. 
The only concensus that can be found among all the 

authors reviewed, based on substantive evidence, is that the risk 

of outbreaks being larger in pure stands than in mixed is 

somewhat higher simply because of the availability of food 

supply. There is less agreement that pure stands grown in their 

natural habitats are any more prone to the inception of 
outbreaks than mixed stands. As we learn more of the ecology 

of forest insects, we are learning that the causes of outbreaks 

are many and complex-more about this later. 

Uneven-Age, Yes! Even-Age, No! 
As stated above, age and composition were more or less 

combined before the 1 950's. Pure equalled even-age, mixed 

implied uneven-age. Again, appearances are deceiving. "New," 

previously insignificant insects have appeared as "pests" (a 

relative term if there ever was one) in plantations and extensive 

outplantings of the same age. As with composition, it seems 

logical that if all the trees are the same age then insects 

attacking that stage of tree development would have a field day. 

In many instances, this is true. No substantive, hard evidence 

implicates either composition or age as the causal mechanism of 

outbreaks, however. They do, upon occasion, provide a better 

setting for outbreaks, but to the best of my knowledge, other 

mechanisms play the major role in triggering outbreaks. 
The truism (law, principle) that should guide all forest 

management was simply stated by Doane et al. (9) in i 936 and 

has been paraphrased by subsequent authors to this day: 

The successful meeting of the problem of 
managing forests so as to avoid insect damage 

depends upon a knowledge of what constitutes 
favorable conditions for insects, then growing and 
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harvesting the forest so as to avoid as far as possible 
those conditions. 

I would elaborate on this to the effect that favorable 
conditions include a knowledge of each insect's ecology in the 
broadest sense-the biology, behavior, complex of natural 
enemies and their requirements, and the ways in which the 
environment of the insect affects its behavior. 

Insects are a natural component of the forest. As biological 
organisms with reproductive force, their populations are never 
absolutely static-they rise and fall. Occasional upward surges of 
populations to astronomical levels are also natural phenomena, 
as is the corresponding decline. Each insect population in each 
situation is subject to restraints differing in kind and degree at 
different times and places. Although certain guidelines of 
natural population regulation can be enunciated for a particular 
species or even classes of species such as bark beetles, tip 
insects, and so on, it is a mistake to attempt to apply these 
universally . If the assumptions upon which these guidelines are 
formed are wrong, then the enforced application of them will 
lead to other problems. 

In my opinion, the elevation of the assumption that 
even-age stands inevitably will lead to massive outbreaks, to a 
'principle' and then to a rule that we are to avoid even-age 
stands in the name of protection does an injustice to even-age 
management and forest entomology. 

A word of warning, however. There is sufficient cor- 
relation between many insect outbreaks and even-age conditions 
without evidence pointing to other causes to emphasize our lack 
of knowledge of insect requirements and ecological relations in 
forest stands. Foresters, entomologists, and pathologists should 
address themselves to intensive ecological research to rectify 
these deficiencies in our knowledge. 

PROCESSES LEADING TO OUTBREAKS- 
A CURSORY REVIEW 

The processes that cause insects to erupt into astronomical 
numbers are among the most elusive problems in forestry (1 1). 
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My brief review and attempt to relate them to even-age 

management is based on some assumptions about even-age 

management. Even-age management allows considerable latitude 

in age distribution, spatially as well as temporally ; less, but still 

some latitude in species composition ; considerable control over 

density of stocking; some choice of species and strains; and the 

option of site amelioration. Also, my review accepts the premise 

that forest managers are "knowledgeable applied entorno- 

logists" (7). 
There is a natural tendency for increase of insect popu- 

lations that is an expression of the reproductive and survival 

potential characteristic of each species. The reproductive 

potential is genetically set. There is little forest management can 

do about it except support research in that field. We do have 

promising leads in that we now can affect or manipulate the 

genetic constitution of a few insects, we have the sterile male 

technique, and we know the environment of one generation 

affects the genetic potential of the next. For example, we know 

the food of the larvae of the spruce budworm affects the 

number and stamina of the succeeding generation. Thus, it may 

be possible, through forest management, to affect the repro- 

ductive potential by controlling the quantity and quality of the 

food supply. These are slim leads at best, but they are promising 

enough to suggest encouragement of research in the whole area 

of reproductive potential. 
Fortunately, many diverse factors prevent the full ex- 

pression of the reproductive potential. There are textbooks 
written on these factors, so I can but suggest a few to 

demonstrate the complexities and the work cut out for us all. 

Eggs, once laid, are subject to destruction by myriad 

physical and biological factors. For example, eggs of walking 

sticks are dropped on the forest floor. Natural ground fires 

destroyed most of them. When fire was controlled, outbreaks 

often occurred. Intensive even-age management might lend itself 

to controlled use of fire in appropriate instances. 
Larvae are subject to a host of restraints. For example, a 

virus disease of the Douglas-fir tussock moth regularly reduces 

high populations to low levels. Viruses, when available corn- 
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mercially, are sprayed as readily as insecticides and even-age 
management simplifies the logistics. 

Pupae are similarly vulnerable. For example, many forest 
insects pupate on the ground. Flooding, burning, providing 
cover for ground mammals, or even using mechanical means can 
reduce their numbers. Again, intensive even-age management is 
well able, logistically, to provide for such treatments. 

Adults are faced with the task of locating a mate and a 
suitable host. There are obstacles to both processes añd these 
can be exploited. Sex attractants can complicate the former 
(logistically feasible in even-age stands) and resistant strains or 
improved vigor the latter (under even-age management both the 
strain and the vigor are controllable to a degree). 

Although extremely superficial, these examples, I hope, 
convey some of the possibilities of restraints. I do not suggest 
any of the above as treatments-keep in mind that they are part 
of a large complex of potential restraints. Protection should 
attempt to make maximum use of all natural controls and use 
artificial techniques that will not detract from them. 

The above few examples and many others suggest that the 
triggering mechanism of outbreaks could be the relaxation of a 
restraint beyond the capability of man to control. For example, 
the lodgepole needle miner in western Canada normally is kept 
below outbreak numbers by severe winter climate. A prolonged 
series of moderate winters caused an outbreak. The drought of 
the 30's is held accountable for many of our bark beetle 
outbreaks. The spectacular success of introduced insects is the 
result of release from their natural complex of parasites, 
predators, and disease. 

One might argue that insect outbreaks are caused primarily 
by relaxation of one or more restraints in the insect ecosystem. 
Providing a pure, even-age food supply may be removing a 
restraint-food quantity of the right developmental stage. I 
don't think so-I think it just makes it easier for the outbreak to 
progress and perhaps broaden its scope. This is an academic 
concern, I confess, and of little consolation to the manager. I 
believe, given my six assumptions about even-age management, 
that the food supply offered by even-age management is much 
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less important than other restraints. Further, if done well, 

establishment of forests by this practice will be only slightly 

more hazardous with respect to scope of outbreak than 
uneven-age forests. 

PROTECTION GUIDELINES FOR 
EVEN-AGE MANAGEMENT 

In the previous sections I may have lulled you into a 

feeling of complacency. I remind you that these are my 

opinions. We have few factual data to use, and there are many 

who believe even-age management is extremely risky. I believe 

in 'hedging my bet,' so have drawn up the following guidelines. 

I have not documented the rationale for all of them but assure 

you they are based on considered opinion, if not fact. 

Within Practical Limits, Maximize Diversity 
Keep age blocks as small as possible commensurate with 

management objectives (20). Avoid large contiguous blocks of 

the same age class. Allow maximum mixture of associated 

species feasible (1). Avoid 'clean' cultivation practices to 

encourage a richer parasite and predator fauna. 

Match Your Tree to Your Site 
The danger from insects is much less when trees are grown 

on suitable sites. "Most of the criticisms found in forestry 

literature against pure stands will prove on investigation to trace 

back to unfortunate results from attempting to grow the wrong 

tree on a given site. Avoid exotics unless there are commanding 

reasons for using them" (10). Ifyou must grow exotics, exercise 

every precaution against bringing disease or insects in with the 

stock. The risk is great that you will still have problems from 

the unsuitable site, the capability for adaptation of native 

insects and disease, or the lack of inherent resistance to the new 

biota. 

Take Corrective Measures in Poor Sites 
In any land area there are pockets that are of lower 

growing capacity than the rest. Attempts to grow trees on these 
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contiguous to good sites could provide foci for insect outbreaks. 
The lowest site classes in California and Oregon are generally 
the reservoirs of western pine beetle (16, 22), as are pockets of 
poor drainage and diseased areas. 

Control Stocking to Maintain Maximum Growth 
Excessive competition, particularly in stands approaching 

maturity, apparently reduces tree vigor and increases suscepti- 
bility (22). Attempt to determine optimum stocking at every 
age class to maintain maximum growth. An apparent exception 
to this is the mountain pine beetle-lodgepole pine problem in 
the Intermountain area (5) where the most susceptible trees 
have maximum growth and thick phloem.1 

Be Flexible in Your Concept of Rotation Age 
Many of our most destructive insects occur in "mature" 

and particularly "overmature" trees. It may be more eco- 
nomical to shorten the rotation age to an age younger than that 
known to be "preferred" by a particular insect (16, 19). This 
may be part of the solution to the mountain pine beetle 
problem cited above. 

Maintain the Vigor of Your Stands 
If you have selected the right tree for the right site, 

maintained an appropriate stocking, guarded against over- 
maturity, and taken corrective action on deteriorated sites, 
vigor may be assured. Loss of vigor can result from additional 
external factors such as drought, disease, and nutrient leaching. 
Conditions and growth should be checked regularly and 
corrective steps taken when necessary. 

Constantly Strive for Improved Genetic Strains 
Where seeding or planting, the manager can exercise 

control over the sources of seed or stock. Resistance (or 
susceptibility) is not uniform-genetic resistance does exist and 
should be used wherever possible. 

1The U.S. Forest Service and several universities are undertaking a large-scale study 
of integrated control of the mountain pine, western pine, and southern pine beetles 
(NSF Grant P2B1254-000). 
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Avoid Disruptive, Destructive Harvesting Techniques 
Excessive slash deposits often provide breeding ground for 

some bark beetles whose activities render trees susceptible to 
other more destructive ones. Root diseases are spread through 
untreated stumps; scarring trees may render them susceptible. 
Site deterioration may result from poor techniques. 

Consider Ecology, Entomology, and Pathology 
in Your Management Plan 

Entomologists and pathologists usually are called for after 
the problem becomes a crisis. Ecologists explain why the water 
table fell after a road cut across a contour and caused an 
outbreak above the road. As we move into intensive manage- 
ment, it is imperative that experts in these areas be included in 
the planning stage. They will advise on dangers or benefits of 
alternatives, recommend long-term protection plans based on 
possibilities, and the like. Maintenance of such a group, which 
combined survey and sanitation activities, proved extremely 
valuable in one California operation. They kept on top of 
problems, removed bark beetle attack upon detection, and 
generally kept the management unit free from trouble. The cost 
was more than offset by the salvage. 

Forest managers themselves should become more know- 
ledgeable of what is going on in this area of forest protection, 
but they also should either maintain appropriate staff or retain 
consultants to provide them the necessary input in planning and 
maintenance. Successful business enterprises are often the 
bellwether of trends. "Supervised control" in agriculture is a 
growing business. 

Support Research 
Support research to resolve the myriad unanswered ques- 

tions. I would be remiss if I did not include this as a guideline. 
We are floundering in many areas because we do not possess the 
answers. What answers we do have are the result of research or 
trial and error-a type of research. With a few notable 
exceptions, forest industry does not support research to the 
extent to which it is capable or responsible. This does not 
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always necessitate a cash outlay; it may mean only cooperation 
and permitting investigators to utilize a part of your operation 
for an experimental area. 

In closing, I cannot emphasize enough the maxim "Know 
your insects"-I assume you know your trees. Cooperate with 
universities, state foresters, and the U.S. Forest Service in 
establishing more intensive training sessions for your personnel. 
This works both ways-you have a lot to teach the entorno- 
logists and pathologists. 

One last comment : even assuming the guidelines above are 
good ones and you follow them assiduously, do not assume you 
will then be free of insect problems. They will occur in spite of 
our best efforts. I believe, however, that given good, intelligent 
direction, even-age management does not pose any significant 
increase in risk over any other system. 
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The term "even-age management" can have more than one 
meaning. In the strictest sense, only plantations are truly 
even-aged, but the term generally is applied also to naturally 
regenerated stands, where ages of trees may differ by some 
unspecified number of years. In extreme circumstances, such as 
with red and white fir in California, suppressed advance 
regeneration may be 50 or more years old. When such 
regeneration is released, it, plus seedlings established after 
cutting, produces the next stand. This stand may be essentially 
one-storied and may be managed as if it were even-aged. In the 
following discussion, the management system, rather than some 
arbitrary limit of tree-age disparity, delineates "even-age." 

Even-age management implies complete removal of an 
existing stand, either at once (clearcutting) or in stages 
(shelterwood), and its artificial or natural regeneration within a 
relatively short time to produce an essentially single-storied 
stand of crop trees. In the absence of advance regeneration, this 
may mean nearly complete removal of ground cover. Uneven- 
age management implies continuous ground cover and relatively 
continuous harvest of maturing trees, either singly or in small 
groups to produce a multistoried stand. These systems engender 
differences in the physical and biological environment that can 
affect trees directly or that can affect other components of the 
ecosystem, which in turn affect trees. This paper deals with 
microbiological and pathological components. 

Consideration of microbiology and pathology can include 
numerous perspectives. The numbers of morels or puffballs 
interests the mushroom fancier, a variety of fungi pleases the 
amateur mycologist, mistletoe seeds attract and sustain birds, 
openings caused by root diseases provide for the growth of 
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game browse, accumulations of disease-killed trees or branches 

create fire hazard, and so on. Pursuit of any one of these 

perspectives might require a major paper, and pursuit of the 

interactions among them might require one or more books. For 

this reason, my remarks are restricted mainly to those aspects of 

microbiology and pathology that bear prominently on the 

establishment, growth, and productivity of forest trees. 

Management systems have both intrinsic and incidental 

aspects that may affect microbial or pathological activity. 

Pattern of harvest, ground cover persistence or succession, stand 

structure, and timing or frequency of disturbance are intrinsic 

aspects. These cannot be changed markedly without changing 

the system. From a practical standpoint, however, one must 

recognize that even-age management frequently means develop- 

ment of monocultures. The use of fire in slash disposal or seed 

bed preparation is not intrinsically essential to even-age manage- 

ment, but, again, buming is associated frequently with it. 

Finally, the use of some control procedures virtually requires 

even-age stands, but this aspect is economic rather than 

ecological. In the following discussion, both intrinsic and 

incidental factors are considered, with the recognition that 

incidental factors, although not essential, are usually a part of 

even-age management. 
For convenience, microbial or pathological considerations 

can be divided into: 1, neutral or beneficial activities; 2, diseases 

of seeds and seedlings; 3, sporadic diseases of minor impact; 4, 

persistent crown diseases that cause cumulative damage; 5, 

aggressive, killing diseases; and, 6, heartrots of live trees. These 

categories are not exclusive; the same disease may be of minor 

importance in one situation and a major factor in another. For 

discussion purposes, however, this classification provides a 

suitable framework. 

NEUTRAL OR BENEFICIAL ACTIVITIES 

Nutrient Cycling 
Nutrient cycling is discussed in another paper, but from a 

microbial standpoint, note that clearing of forest land may 

affect populations of bacteria, actinomycetes, and fungi (19, 

20, 2 1 ), and that these effects may involve nitrifying bacteria 
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(71, 73). In addition, clearing may alter populations of 
nodulated plant species (87). Burning of cleared land may 
further alter microbial populations (37, 38, 56). 

None of these effects has been demonstrated to interfere 
with reforestation of cleared areas. In general, microbial 
populations return, rapidly to the balance normal for sur- 
rounding forest soils as the new stand develops (21). Such 
changes as do occur have not been considered sufficiently 
drastic to impair metabolic processes (38). 

Slash Disposal 
Microbial deterioration of slash is slower in open areas 

than it is under partial shade (7, 74, 75). Where slash is not 
burned after clearcutting, reduction of fire hazard and recycling 
of nutrients bound in slash will take longer than it would under 
the shade of an uneven-age stand . Because rapid reestablishment 
of forest cover is a goal of even-age management, shade should 
develop on cleared areas within a few years, thus minimizing 
these differences. 

Mycorrhizae 
Mycorrhizae of forest trees are beneficial and, under some 

circumstances, perhaps essential to good stand development. 
Clearing, even when accompanied by burning, has not prevented 
mycorrhizal formation (44, 83). Neither deforestation, forest 
fire, nor prolonged farming has eliminated mycorrhizal fungi 
(83). These observations indicate that clearcutting does not 
interfere with subsequent formation of mycorrhizae on even-age 
regeneration. 

SEED AND SEEDLiNG DISEASES 

Seeds of forest trees often are contaminated with or 
infected by mold fungi (4, 16, 47, 63, 69) and these may affect 
viability, germination, and survival. Cooper (14) and Davidson 
( i 6) found serious losses from decay of redwood seedlings in 
duff and litter but not in mineral soil, burned soil, or sterilized 
soil. Because temperature and moisture affect microbial activity 
and vary between exposed and shaded soils (77), removal of the 
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canopy likely might affect seed decay, but no critical studies are 

available. 
Clearing, especially when followed by scarification or 

burning, markedly increases natural reproduction of many tree 

species (1, il, 12, 14, 17, 28, 66, 83). Part of the benefit from 

burning and scarification appears to reside with the removal of 

damping-off and seedling root-rot fungi. Vaartaja (79) reviewed 

evidence for the role of humus and litter-borne damping-off 

fungi in restricting natural regeneration, and Peace (55) cites 

examples of regeneration failure attributed to damping-off. 

Even-age management has two important implications in 

damping-off: i , Clearing the land provides increased op- 

portunity for scarification and burning to remove duff and 

humus; and, 2, damping-off can be increased by shade (66, 79). 

Thus, although definitive studies are needed, available evidence 

suggests that damping-off is likely to be a more serious problem 

in uneven-age than in even-age management. 
Little is known about the importance of nematodes in 

forests (60). Evidence gained from nematicidal soil treatments 

suggests that nematodes may injure planted pines (6 1 ). Shigo 

and Yelenosky (68) found more soil nematodes, including 

parasitic forms, in cleared areas than under forest canopies. The 

possible significance of these data in relation to the success of 

regeneration was not investigated. 
Although changes in microbial populations after clearing 

have been demonstrated, their actual impact on regeneration 

and stand development is understood poorly. One fact is well 

established, however; clearing of forest land by fire has been a 

common and perhaps usual feature of forest ecology (46) and 

can be considered a natural process in many forest types. Most 

instances of seed or seedling failure caused by fungi have 

occurred in duff and humus accumulations. We might expect, 

therefore, that microbial interference with regeneration would 

be more common with uneven-age management. 

SPORADIC DISEASES OF MINOR IMPACT 

Throughout their lives, trees are subject to numerous 

foliage and stem diseases that fluctuate in intensity. Foliage 
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diseases-including most needle and leaf rusts, needle casts, leaf 
spots tnd blights, and mildews-are seldom serious in native 
timber studs. In years particularly favorable to heavy infection, 
some growth loss may occur, but in native stands such diseases 
rarely affect management decisions. Trees planted outside their 
natural ranges may be damaged seriously by repeated heavy 
infection, as with Dothistroma pini on pines. 

Little is known about possible differences in disease 
intensity that might be associated with management systems. 
One can assume, a priori, that foliage diseases spread by rain 
splash might be more damaging in uneven-age stands because 
inoculum from large trees would be washed down onto small 
trees, as occurs with brownspot needle blight (53). Ziller (88) 
mentioned that needle blight of alpine fir was most common on 
shaded understory trees, but Gibson (24) indicated that shade 
reduced Dothistroma needle blight. No doubt, differences in 
disease intensity occur between even- and uneven-age stands, 
but these differences have not been demonstrated adequately, 
and they are not likely to be sufficiently large as to dictate - 

changes in management under most circumstances. 
Most dieback and canker diseases are also minor problems 

in native stands, although a high incidence of cankers occasion- 
ally may be damaging. Tryon (78) suggested that damage from 
Strumella and Nectria cankers was not affected much by choice 
of management systems. Nordin (49) recommended clearcutting 
to reduce Atropellis canker damage to lodgepole pine. Such 
observations provide little basis for comparing management 
systems. Uneven-age management might provide more frequent 
opportunities to remove cankered trees, although proper thin- 
ning and intermediate cuts would accomplish the same thing 
under even-age management. 

PERSISTENT CROWN DISEASES 
THAT CAUSE CUMULATIVE DAMAGE 

Unlike sporadic foliage diseases that periodically flare up 
and subside, or stem and branch cankers that ordinarily occur at 
low levels, some diseases show steadily additive effects. Such 
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diseases involve perennial infections, with each new "wave" of 

infections adding to the previous infections. Such diseases may 

take many years to build up to damaging concentrations, but 

once they have, infected overstory trees provide a constant 

source of inoculum for rapid buildup in understory trees. 

Notable among these diseases are the dwarf mistletoes, the 

autoecious gall rusts, and such perennial, twig-infecting diseases 

as Elytroderma needle blight . When such diseases are present in 

timber stands, productivity may depend on either conversion to 

nonsusceptible species or on even-age management. 
Dwarf mistletoe is recognized as one of the most serious 

disease problems in western conifers. Without control, infested 

stands can deteriorate to the point where timber production is 

precluded. Dwarf mistletoe control depends almost entirely on 

even-age management techniques (8, 23, 27, 29, 30, 31, 40, 42, 

52, 62). As pointed out by Gill (26), "Partial cutting in 

dwarf-mistletoe-infested stands creates ideal conditions for 

maximum damage." 
Management of stands infested with western gall rust has 

not received much attention, and no good information on how 

even-age management might affect the disease is available. With 

Elytroderma needle blight, Childs (9) indicated that partial 

cutting in diseased stands usually led to "rapid crown deterior- 

ation and high mortality of residuals." In some pine stands 

heavily infected with Elytroderma in California, the heavy 

inoculum present suggests that clearcutting or stand conversion 

to nonsusceptible species may be the only alternatives to 

accelerating stand deterioration. 
Many heteroecious rusts also cause cumulative damage, 

especially those associated with galls or witches brooms. 

Ecological relations differ from the foregoing diseases in that 

spread is not from the overstory but from the alternate host. A 

heavily infected overstory, therefore, does not directly threaten 

the understory. Effects of even-age management on such 

diseases have not been detailed in the literature. Significant 

effects, if any, might include differences in the prevalence of 

alternate hosts under different management systems, but again 

little information is available. 
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AGGRESS WE, KILLING DISEASES 
. 

Although the foregoing diseases cause damage mainly by the accumulation of large numbers of infections, many of our most serious problems are with diseases capable of killing trees with one or a few infections. On the basis of behavioral patterns, these diseases can be considered under three general 
headings. 

Girdling Stem Diseases 
These include some stem rusts and canker diseases, notably the introduced diseases, white pine blister rust and chestnut blight. Chestnut blight attacked trees under all stand conditions and is no longer a management problem because there are no chestnuts left to manage. We are fortunate to have had few such diseases to deal with, because it is doubtful that any stand 

manipulations could appreciably reduce spread and damage. 
The behavior of white pine blister rust varies greatly in different areas. Where conditions are especially favorable for spread and infection, losses are likely to be high under any 

management system. Over broad areas, blister rust damage might be reduced by proper management, but available evidence 
is contradictory. Quick (5 7, 5 8) found that Ribes populations greatly increased after clearing. Closed canopies reduce Ribes 
populations and also provide less favorable conditions for pine infection (80). On the other hand, small openings in forest canopies favor pine infection (80). Tryon (78) suggested that a 
shelterwood system would minimize blister rust damage. 

Although no satisfactory data are available to resolve these 
contradictions, what data we have plus field observations 
suggest that damage would be minimal in uneven-age stands, 
despite the necessity for creating small openings during harvest. 
Large trees usually can survive all but extremely heavy 
infections. Understory trees generally have thin crowns and short spans of needle retention, thus escape from heavy 
infectión is more likely. Canopies can be kept reasonably closed until adequate numbers of understory trees have grown out of the highly vulnerable sapling stage. And if "wave" years of 
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infection are spaced widely, losses will be reduced because only 

part of the stand will be vulnerable at any one time. 

Several native stem rusts can produce both cumulative 

damage and aggressive attack on stems. Fusiform rust, Corn- 

rnandra rust, and various gall rusts can invade and girdle stems 

and kill trees, especially small trees. As yet, there is no firm 

evidence that these diseases are appreciably increased or 

decreased in even-age stands. 

Vascular Wilt Diseases 
Two vascular wilt diseases, oak wilt and Dutch elm disease, 

seriously complicate forest management over much of eastern 

North America. Vascular wilt diseases spread not only aerially 

from tree to tree, but also through root grafts to surrounding 

trees (45 , 77). Tryon (78) suggested that clearcutting might 

reduce oak wilt damage, but he indicated that no particular 

system was advantageous in managing stands with Dutch elm 

disease. 
Again, no good comparisons of disease incidence and 

damage in even- and uneven-age stands are available. One can 

argue, however, that frequent cutting in uneven-age stands 

would increase the numbers of wounds to serve as infection 

courts for the oak wilt fungus. In addition, clearing both 

removes sources of inoculum and arrests spread through roots. 

These factors appear to favor even-age management. 

Root Diseases 
Major root disease fungi include Fornes annosus, Poria 

weirii, and Armillaria mellea. These have in common the 

capacity to spread from tree to tree via roots, thus causing 

enlarging pockets of dead and dying trees. Once established, 

they may persist for many years in old root systems and may 

attack regeneration of any susceptible species within root- 

disease centers. Centers usually originate by invasion of stump 

surfaces or basal wounds, but direct invasion of roots by F. 

annosus can occur (32). 
Most study of these fungi have been in plantations or 

naturally established even-age stands. Quantitative comparison 
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of damage in even- and uneven-age stands of similar corn- 
position is wanting. Tryon (78) indicated that stands infested 
by F. annosus were best managed by clearcutting. Several lines 
of argument support this contention and may apply as well to 
P. weirii and A me/lea 

Uneven-age management must leave large stumps exposed 
at frequent intervals, but stumps left by intermediate cutting in 
even-age stands are likely to be small. Hepting (33) suggested 
that small stumps are less likely to cause damage to the 
remaining stand than are large stumps. Observations in Cali- 
fornia also indicate that spread from small stumps is restricted, 
but quantitative data are not available. Childs (10) pointed out 
that partial cuts in stands infested by P. weirii lead to heavy 
losses from windthrow. He suggested either clearcutting or the 
removal only of dead and dying trees. Koenigs (4 1 ) found 
root-disease damage to be common in thinned western redcedar. 
He thought that more gradual thinning might reduce damage. 
Smith (72) has suggested that clearcutting might reduce 
inoculum of F. annosus, and Hodges (35) indicated that 
infection rates may be small after clearcutting of southern 
pines. Clearcutting for control around infection centers has 
been recommended (18). 

Weir and Johnson (82) showed that scarification to a 
depth of 18 inches markedly reduced P. weirii inoculum. Shea 
(65) mentions experimental work on stump removal, severe 
burning, and poisoning to control P. weirii. Soil fumigation may 
have application in the control of F. annosus (36). Application 
of such methods would be practical mainly with even-age 
management. 

HEARTROTS OF LIVE TREES 

Heartrot is an ubiquitous problem in forests (81). The 
amount of heartrot shows a close relation to tree age, and losses 
are controlled mainly by harvesting trees before they reach an 
age where decay becomes serious. Trees can be harvested before 
this age under either even- or uneven-age management. From 
this standpoint, there is little to choose between the two 
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systems. Age is not the only factor influencing the amount of 

heartrot , however. 
Wounding of residual trees during intermediate cutting 

often leads to increased losses from decay (15, 22, 34, 50, 51, 

54, 64, 67, 86). For this reason, clearcutting has been 

recommended to avoid losses from decay in some timber types 

(2, 39, 48, 70, 85). The amount of loss varies with timber type, 

cutting cycles, and care in logging, but because some wounding 

is unavoidable, decay will be greater under uneven-age manage- 

ment. 
When even-age management is undertaken, knowledge of 

decay in advance regeneration is important. Smith and Craig 

(70) found little decay in advance regeneration of alpine fir, but 

Kimmey (39) found advance regeneration of fir and hemlock so 

defective that he recommended its destruction. In uneven-age 

stands, such defective regeneration probably would become part 

of the stand. 

OTHER CONSIDERATIONS 

Stand Composition 
The above discussion of management systems and disease 

has ignored the important factor of stand composition. In the 

abstract, even-age management has nothing to do with stand 

composition, but in practice the choice of management systems 

may markedly affect composition. Frequently, even-age man- 

agement drives stands toward pure, intolerant pioneer species; 

but uneven-age management drives toward increasing densities 

of tolerant, "climax" species. Artificial regeneration usually is 

in large blocks of a single species. 
One of the cardinal principles of plant pathology is that 

the greater the purity and density of a plant species, the greater 

the likelihood of serious disease damage. Forest pathologists 

long have called attention to the dangers of monoculture and to 

the desirability of good species mixtures. Rationale for this 

position is summarized well by Hepting (33) and Buchanan (6). 

Many of our most damaging diseases involve high densities 

of susceptible species. P. weirii in Douglas fir, F. annosus in pine 
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(and probably in most species), dwarf mistletoe of any species, 
oak wilt in members of the red and black oak group, and so on 
would be far less damaging in mixed stands under most 
circumstances. Indeed, the factor of density dependence in 
disease epidemiology is so generally applicable that it may well 
be one of the main ecological mechanisms driving plant 
communities toward the stability of diversity. 

Because of density dependence, species composition must 
enter into a discussion of disease considerations in even-age 
stands. Uneven-age management of a single species would be 
disastrous if a stand were infested with dwarf mistletoe. If, 
however, the stand could be converted to a suitable mixture of 
species, uneven-age management probably would be possible, at 
least with respect to dwarf mistletoes. l'hus, the effects of age 
structure on a disease cannot be considered without also 
considering stand composition. 

Insect-Disease Relations 
Insect activity often is associated intimately with disease 

incidence and vice versa. Various aspects of this association are 
summarized by Cobb and others (13). Few data are available 
pertinent to possible effects of even-age forests on disease 
incidence as moderated by insect activity. Hypothetical con- 
siderations should be mentioned here, however. 

The possible role of insects in the spread of such diseases 
as F. annosus rootrot been suspected but not firmly 
demonstrated. If stand age structure affects the activity of 
possible vectors, we may be faced with the situation where one 
age structure reduces disease activity as such, but leads to 
increased vector activity. At present, we lack both basic data on 
insect-disease relations and empirical data on disease incidence 
in stands of different age structures. Without such information, 
any conclusions are mainly speculative. 

Flexibility in the Application of Controls 
One final point needs emphasis. The opportunities to 

reduce disease damage may be circumscribed sharply by age 
structure. As indicated in the foregoing discussion, the use of 
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fire or scarification to prepare seedbeds, stump removal or deep 

scarification to reduce root disease inoculum, chemical treat- 

ment of soil to remove pathogens, or manipulation of species 

composition through artificial regeneration are all facilitated by 

clearing areas sufficiently large to avoid injuring surrounding 

trees and to avoid technical and economic problems of artificial 

regeneration under existing ground cover. 
Age structure as such also may affect control oppor- 

tunities. Diseases such as white pine blister rust and Dothi- 

stroma needle blight are in many circumstances damaging only 

to young trees. Chemical control ofDothistroma (25) is feasible 

mainly because trees of a susceptible age are growing in even-age 

stands and can be treated for the few years necessary. 

Treatment then can be abandoned. If trees of all ages were 

present, the spraying would have to be continued as long as the 

uneven-age stand was maintained. In addition, each application 

of spray would be mostly wasted on trees already too old to 

need protection. Thus, both in terms of spraying frequency and 

cost per tree, it is doubtful that large-scale chemical control of a 

disease like Dothistroma needle blight would be practical in 

anything but an even-age stand. 
Forest pathologists continually are seeking new methods 

to reduce disease damage (33, 65, 72). As new methods become 

available, their use likely will depend often on clearing a site so 

that extensive site restoration can be undertaken, or on 

intensively treating trees during critical periods in their life 

cycle. In both instances, even-age stands will be advantageous. 

DISCUSSION AND CONCLUSIONS 

Consideration of even-age management in relation to 
microbiology and pathology is complex and few general works 

on the topic are available. Virtually all of the research and 

review papers dealing with forest tree diseases have ignored the 
possibility of collecting data on disease incidence and damage in 

even- and uneven-age stands (with the exception of the large 

literature on dwarf mistletoes and a few studies on decay). By 



Microbiology and Pathology 125 

the same token, most papers dealing with management systems 
have largely ignored the impact of disease. 

In presenting the case for even-age management of central 
hardwoods (59) and southern pines (43), diseases scarcely are 
mentioned. Bond (5), in opposing even-age management of 
southern pines, noted that "It is generally agreed among 
foresters, entomologists, and pathologists that all-aged, mixed 
forests are safer from fire, wind, ice, insects, diseases, and other 
destructive agencies than are artificial even-aged forests." This 
statement appears, from a disease standpoint, to dispose of any 
argument for even-age management, but in reality it merely 
clouds the issue. If we remove the words "mixed" and 
"artificial," the argument collapses. There is no reason why 
artificial stands cannot be mixed, and there is no reason why 
even-age stands cannot be "naturally" established. What passes 
for argument against even-age management is actually argument 
against single-species plantations. The two are not the same. 

My assignment is not to discuss the pros and cons of 
single-species plantations. This subject was covered well by 
Baxter (3) years ago. But I must emphasize that what data we 
have on the incidence of disease in even- compared to 
uneven-age stands generally have involved comparison of natural 
stands with plantations. Such comparisons are unacceptable, if 
for no other reason than that stands established from seed have 
undergone rigorous selection and weeding out of "inferior" 
individuals; planted stands have not. I know of no studies that 
have critically explored differences in disease damage among 
suitably paired even- and uneven-age stands established natural- 
ly. 

In the absence of definitive comparisons of disease damage 
in even-age as compared to uneven-age stands, general con- 
clusions must be based mainly on deductions drawn from 
available information on the behavior of various types of 
pathogens and microorganisms. On this basis, there is no firm 
evidence that even-age forests are more liable to serious disease 
damage than are uneven-age forests, nor that the management 
procedures necessary to maintain even-age forests increase 
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disease hazard. Un the other hand, uneven-age stands may be 
extremely liable to some types of damage. In addition, the 
partial cutting of large trees necessary to maintain uneven-age 
stands may cause injuries to understory trees that increase the 
likelihood of disease damage. 

In the final analysis, each forest stand has its Own peculiar 
set of characteristics. The optimum age structure and the choice 
of management systems must depend on the sum total of these 
characteristics. Broad generalizations are usually subject to 
contradiction, and there are, no doubt, many stands in which 
even-age management is undesirable for a variety of reasons. 
One conclusion is, however, inescapable: even-age management 

-is a valuable and powerful tool-under some circumstances the 
only tool presently available-to combat what otherwise would 
be intolerable disease losses. 
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INTRODUCTION 

The purpose of this paper is to present material on some of 
the geologic and hydrologic effects of forest soil management as 
practiced today in the United States as it affects the biologic 
productivity of forest ecosystems. Some of the material is new, 
but most is derived from literature. Emphasis will be placed 
upon the Douglas-fir region of the Pacific Northwest because 
here some of the problems are illustrated best and because the 
clearcutting method of even-age management is associated 
directly with many of these problems and is used widely by 
choice. 

Currently, about 14 billion board feet of timber are 
produced annually from the Douglas-fir region of western 
Washington, western Oregon, and northwestern California. This 
timber is produced from I 6.3 million acres of commercial forest 
lands, of which 6.5 million acres are old growth (past 
physiological maturity for Douglas-fir), and 7.3 million acres are 
within the ten national forests in the region (62). In the Pacific 
Northwest, however, only 200,000 acres of forest land supply 
almost half that annual volume of saw timber (6 to 7 million 
board feet), presumably from intensively managed and old- 
growth stands located largely in the Douglas-fir region (49). 

The Douglas-fir region supplies to the sea about 22 percent 
of the surface runoff from but 1 0 percent of the area of the 
United States exclusive of Alaska and Hawaii. It includes "the 
fastest eroding of the nation's largest (river) basins" (64) within 
a country that itself, for reasons of severity of the problem, 
degree of study, and widespread publication, today probably 
has replaced China and parts of the eastern Mediterranian as the 
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most infamous of eroding nations. For instance, the standard 

1955 Soviet textbook on soil science by A. A. Rode (47, p. 
254) states: 

Today the country which suffers particularly 
from soil erosion is the USA. Its total area is 8 million 

square kilometers; on one-tenth of this area the soil 

cover has been eroded down more than three-fourths 
of its thickness, whereas over one-third of the US, 

total area erosion has carried away between one- 

fourth and three-fourths of the soil layer. 

We know that this statement is not accurate and that it is 

weighted from agricultural data; however, we also know that 
stream erosion in the Pacific Northwest, particularly as related 

to forest management, is a serious problem. 
That erosion associated with forest management is con- 

tinuing on forested lands in the Pacific Northwest no longer is 

particularly controversial (37). Nevertheless, the question of the 

ability of the forests to withstand that erosion without loss of 
productivity over periods of several rotations without fertiliza- 

tion is quite controversial. This is evidenced by professional 
reaction to my statements about finite productive lifetimes for 

some forest soils under some current management practices (1). 

I believe that this controversy is properly a question to be 

answered only by judicious inquiry through biologic as well as 

geologic and hydrologic disciplines. Forest systems include their 
substrates and are a function of them. The Soviet "forest 
biogeocoenose" concept, as presented and contrasted to the 

more general ecosystem concept by Sukachev (56) in his 1964 

book on forest ecology, aptly summarizes the problems we 

must deal with in predicting interactions between the mineral- 

ogical and biological components of the soil after forest removal 

from small clearcut patches (individual biogeocoenoses). 
In his chapter on dynamics of forest biogeocoenoses, 

Sukachev states: 

Human influence is very important in succes- 

sions of forest biogeocoenoses due to forest exploi- 
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tation. Different methods of tree-felling may lead to 
replacement of forest biogeocoenoses, but clear- 
felling, of course, plays an exceptionally important 
role. ... 

Every tree-felling system introduces some kind 
of change into a forest biogeocoenose. Clear-cutting 
changes it immediately and catastrophically. Concen- 
trated clear-cutting has a particularly marked effect. 
Selective, gradual, and other cutting methods produce 
lesser changes, these sometimes being so slight that 
one cannot describe them as successions of forest 
biogeocoenoses. 

Based largely upon forestry literature, this paper will 
attempt to show that erosion of surface soil can and does have 
marked effects upon productivity of Douglas-fir forests, despite 
the acknowledged fact that this species is a known primary 
colonizer of bare mineral soil. It will show that such erosion 
may be more widespread and long-lasting than many believe, 
because of long-term upset of geologic and hydrologic equilibria 
in areas of forested mountain slopes where storm runoff 
intensity increases as a function of soil conditions over only 
partial watershed areas. The paper will further attempt to show 
that not only can mechanical erosion and compaction of soil 
particles reduce timber growth, but that today's knowledge is 
inadequate to predict the effects of chemical erosion of ionic 
nutrients caused by biologic upset of the forest soil bio- 
geocoenose, a process that is demonstrably occurring today on 
clearcut sites in the Pacific Northwest. 

RELATION OF SOIL PRODUCTIVITY 
TO SOIL CHARACTERISTICS 

Productivity Affected by Mechanical (Soil) Erosion 

Kinds of mechanical erosion. Mechanical erosion of soil on 
hill slopes in the forested, humid coastal regions of North 
America most commonly is observed to be related to the 
geologic processes of gully formation or deepening and mass 
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transfer of soil and other surface materials (3). Surface erosion 
by sheet wash has not been observed widely in western coastal 
forest soils, a fact largely attributed to the presence of deep 
porous soil mantles able to absorb rainfall of high intensities. 
On compacted logging roads, road spoils, and tractor courses 
where soil bulk density is increased and compaction is noted 
(52, 54, 74), sheet erosion may be expected to be more 
common, but this has not been well documented in the 
literature. 

In the redwood region of California, sheet erosion is 
reported to form pedestaled stones and debris after protective 
groundcover on clearcut sites is removed. This sheet erosion is 
estimated to have removed from 1 to 2 inches of soil from skid 
trails and 0.2 inch of soil from the unskidded but logged forest 
floor in 5 years (67). Gully and till erosion is reported from Bull 
Creek in Northern California to have removed soil from 2.8 to 
3.4 percent of the lengths of two representative horizontal 
traverses to average depths of 5 to 7 feet on skid trails in about 
20 years (67). Because this kind of erosion implies concentra- 
tions of overland flow, it can be expected to occur most 
frequently in and adjacent to compacted areas. 

Mass wasting is widely reputed to be among the top two 
forms of erosion of surface materials in the Douglas-fir region 
(2, 3, 10, 17, 20, 63, 68). Many ofthese reportsreview material 
showing that forest roads and roadbuilding may be responsible 
for initiation of more than half of the mass wasting failures. In 
the H. J. Andrews Experimental Forest, Fredrikson (20) reports 
that mass wasting may have accounted for nearly 99 percent of 
the soil losses from a small patch-cut watershed during a 2-year 
period of landsliding. 

The last major source of sediment from forested regions 
frequently reported in the literature is that derived from bank 
erosion of watercourses. This contribution to total sediment 
discharge has been estimated to constitute as much as 55 
percent of the total by some authors for northwest coastal 
California (63). This kind of erosion is usually a measure of soil 
loss from watershed slopes, however, because the materials 
temporarily stored along a stream's banks ultimately are derived 
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from more general watershed erosion, from soil creep, or from 
other mass wasting failures of the soil mantle along the stream 
banks. 

Site index. For most forest tree species, growth rates are 
determined in part by soil conditions at the growing site. 
Despite its characteristic preference for mineral-rich soils, 
Douglas-fir is no exception to this observation, and it is through 
appreciation of the relations among soil characteristics, soil 
erosion processes, soil formation rates, and Douglas-fir site 
ftidices, that I believe one can demonstrate a loss of biologic 
productivity of these economically important forests through 
present dominant even-age management practices. 

Site indices for Douglas-fir are related to many climatic, 
physiographic, and geologic conditions, but chief among these 
are soil depth, clay content of the B-horizon, depth of 
A-horizon, and soil compaction. All of these factors are 
influenced strongly by two broad classes of management-related 
activities : road building and soil erosion. Sheet wash is the only 
mechanical fluvial erosion process that tends to remove surface 
soil materials more or less evenly from a watershed, selectively 
removing the lighter mineral and organic fractions. Because this 
process is not demonstrated widely, it is not possible to measure 
sediment load in streams to determine loss of forest site 
productivity except under specific conditions of known contri- 
butions by source process (3). This is especially true on the 
common straight forested mountain slopes of the Pacific 
Northwest, which some authors believe represent near angle-of- 
repose for maximum seasonal soil water loading and cohesive 
continuous living root cover (Kojan, personal communication; 
5, 28, 29, 38, 57). It is possible, however, to equate percentage 
of a watershed area that is subject to compaction associated 
with roadbuilding and logging, ri!! and gu!ly erosion, and mass 
wasting, with expected loss in productivity, because these 
processes upset determinable areas at quantifiable rates. 

A wealth of literature is available on the interrelations 
between soil characteristics and site productivity. Single factor 
and multiple regression analyses of Douglas-fir site index factors 
of stand elevation, height, age, annual precipitation, slope 
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position, slope steepness, aspect, soil moisture, gravel content of 

the soil, soil depth, soil consistency (loose to compact), 

permeability, presence of hardpan or high water tables, depth of 

A-horizon, depth of B-horizon, and clay content of B-horizon 

for study sites throughout the Douglas-fir region have shown 

the highest degree of significant correlations with those soil 

characteristics that are a function of the age and stability of the 

land surface (that is, soil depth, zonation, and clay content of 

B-horizon) and with elevation at altitudes greater than 2,000 

feet. Examples of these analyses are reviewed in Table i. 
The most comprehensive and directly applicable investiga- 

tion I have seen of the influence of soil factors on site 

productivity for Douglas-fir is that of Une who worked on 93 

sites in the coast ranges on the west side of the Willamette 

Valley (65). Through multiple regression analyses, Une found 

that the percentage of clay in the B2 -horizon had the greatest 

control in predictability of site class, so that: 

Log10 Site Index = 0.0585 + 0.252(soil depth) -I- 0.0121 (avail- 

able soil moisture) + 0.0700(percent clay in 

B2) - 0.0006(percent clay in B2)2+ 0.04 17 

(stoniness class from 1-5). 

What this means is that, by multiple regression analyses, 

when all factors such as precipitation and aspect as well as soil 

parameters are clay the B2 has 

the strongest correlation with site index, which can be predicted 

to within a standard deviation for a i 00-year-old tree height of 

24.3 feet, by the above formula. Note that the numerical 

constants in the Une formula are proportional to the import of 

that factor. Aspect and mean precipitation were not significant. 

Note also that the clay component is exponential. Une found 

that site index rose with an increase in clay in the B2 up to 55 

percent, after which further increases in clay were correlated 

with a decline in site index. Specifically, he found that depth of 

soil to the top of the C-horizon could be correlated alone with a 

65-foot difference in site index in comparing soils between i 2 

inches and 66 inches in depth. This correlation was significant 
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to the 1-percent level for the multiple regression analyses. Clay 
content of the B2 -horizon correlated as "very significant" at the 
1 -percent level with site index so that a i 5-percent change in 
clay content (from 40 to 55 percent) was responsible for a 
55-foot increase in site index of Douglas-fir growth. 

Any geologic action that reduces the effective thickness of 
the B-horizon or its clay content below 55 percent would 
appear from Urie's data to result in a diminution of growth for 
Douglas-fir on those Coast Range residual soils he studied. 

Another significant paper is that of Steinbrenner (53) 
where, for i 24 well-distributed plots in western Washington, 
clay content of the B-horizon was found to have the highest 
correlation of soil factors with site index. Elevation had the 
strongest effect of the various physiographic factors studied, 
accounting for 22 percent of the site index variation. Effective 
total soil depth, subtracting the volume of gravel, accounted for 
the highest variability of site index (41 percent), but depth of 
A-horizon, generally not analyzed by other workers, was found 
to account for 34-percent variation in site index. This correla- 
tion was highest for shallow A-horizons; if other factors were 
equal, a 50-year-old tree on a 4-inch A-horizon would be 80 feet 
high, but that on a 1 6-inch A-horizon would be 1 20 feet high. 
This is the only paper I found that indicated an A-horizon 
depth of 1 6 inches plus is needed for maximum growth of 
Douglas-fir. Physiographic factors such as precipitation, degree 
of slope, elevation, and aspect were found not significant except 
as the effects of one compounded another, such as the 
combined effects of high elevation and aspect and slope 
position, or low elevation and precipitation for some stands. 

Other workers (55) have attempted to determine some of 
the site factors that may be responsible for the observed 
correlation between Soil Survey soil series classifications and 
site index. Some circular reasoning is involved here, because 
soils are mapped, in part, on the basis of vegetation. One would 
expect the observed very high correlations, but additionally, the 
best correlations with individual soil factors within a soil series 
were found to be with soil texture and time of weathering or 
development of the soil. Such genetic developmental relations 



Table 1. Significance1 of Factors Evaluated by Regression Analyses 
for Influence on 

Douglas-Fir Site Index. 

Ore. West- South- Cent- West- Ore. West- 

and Entire em west ral em Cas- em 

Site factor Wash. region Wash. Wash. Ore. Ore. cades Wash. 

(60) (12) (25) (11) (40) (65) (55) (53) 

Elevation -- flS 
* ns 

*2 

Aspect -- ns -- ns ns ns -- 
*2 

Slope position -- ns -- ns ns ns -- 
*2 

Percent slope -- -- -- -- ns -- -- 
*2 

Annual precipitation -- ns -- * ns ns -- *3 

Seasonal precipitation -- -- -- -- ns -- -- -- t 

Mean annual temperature -- -- -- ns -- -- -- -- 
I 

Surface soil texture -- -- * * ns -- -- -- 
I 

Soil depth' -- ns 
*** ** 

I 

Soil gravel content -- ns 
** ** 

I 



Soil moisture available -- ns -- ns -- * 

Thickness of A-horizon -- -- -- -- -- -- -- ** 
Thickness of B-horizon -- ns -- -- -- -- -- -_ 
Mineralogy of B-horizon -- -- -- -- -- - - - - -- 
Clay content of B2-horizon * 

j *** ** ** 
Nutrient exchange capacity 

of B-horizon * 

Soil age -- -- -- _- ** 

Bulk density -- -- -- -- -- ns -- -- 
Macroscopic pore space -- -- -- -- -- ns 

'Ns, not significant; significant at P = 0.05; **, significant at P = 0.01; *** 
judged by authors as "most significant" at P = 0.01 to 0.001. 
2Over 1,000 feet. 
3Under 1,000 feet. 
'ITo the top of the C-horizon or restrictive layer. 
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between different soils derived from a single parent material 

have been well reported in the geologic literature and in some 

forestry literature (26, 76). Stephens (55, p. 253) established 
that site index for Douglas-fir in the Cascade Mountains 

increased as a function of the degree of soil development. 
In summary, modern multiple regression analyses suggest 

that soil texture, particularly depth of A-horizon, depth of 
B-horizon, and clay content of B-horizon all have significant 

effects upon Douglas-fir site productivity, effects that are 

greater than physiographic and climatic factors except near the 
elevational and precipitational limits of the species of the 

region. 

Productivity Mfected by Chemical (Nutrient) Erosion 

Upset df nutrient ion cycling. Tarrant (60) concluded that: 

In general, the nutrient content of forest soils in 
the Douglas-fir region appears to be too high to 
constitute a limiting factor in tree growth. 

He reached this conclusion by analyzing pH, silt plus clay, 

available phosphorus, available potassium, total nitrogen base 

exchange capacity, replaceable calcium, replaceable magnesium, 

and organic matter in A- and B-horizons and comparing these 

values to site index. Later work concentrating on young alluvial 

soils of glacial origin with low to average natural site indices for 

Douglas-fir (see, for example, 61) tended to show that this was 

not always true. Stands not located on deep residual soils could 

show a 35- to 45-percent growth enhancement through fertiliza- 

tion, which suggested that some nutrients, particularly nitrogen, 
may not be everywhere available to plants in excess. Studies 
with 2-0 Douglas-fir seedlings in forest nursery soils of various 
nitrogen contents confirmed that dry-weight seedling growth 
was 3 .4 times greater where soils contained slightly under 2 

times as much Kjeldahl nitrogen (73). 
Nutrient erosion associated with forest clearcutting has 

been well demonstrated in the Pacific Northwest by careful 
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workers such as Gesse! and Cole (26) for the Cedar River 
Watershed in Washington and by Fredrikson (21) for the H. J. 
Andrews Experimental Forest in the Oregon Cascade Moun- 
tains. This effect is noted by observation of increases in the flux 
of nutrients through or out of the forest systems under study 
after forest manipulation. It is not yet known whether such 
systems are replacing those nutrients by primary chemical 
weathering or other means as fast as they are lost. General belief 
seems to be that loss of some cations may not be important 
with respect to forest soil productivity where such cations are 
supplied in large quantities by weathering of soil parent 
materials; however, no published data seem to be available on 
such weathering of parent materials. Some ecologists, for 
instance Woodwell and Whittaker (69, 70), assume that primary 
mineral decay can be estimated for a biogeocoenose by 
measuring total nutrient input, output, and storage within the 
biomass and litter and presuming that: 

(nutrient input - nutrient output) + storage = 

primary mineral decay 

for a relatively stable system. These kinds of analyses have not 
been conducted in the Douglas-fir region and would be quite 
difficult. By the reasoning of H. T. Odum (45, 46), in simplified 
seral systems being managed as effective monocultures, the 
number of potential closed loops for cycling and retention of 
nutrients is less than it would be for a climax forest. Or, as 
Wood well and Whittaker (70) state: 

...in terrestrial ecosystems the inventory of 
nutrients retained in the system increases as succes- 
sion progresses. 

Woodwell's Brookhaven site on Long Island was found to 
have about i i percent of its inventory of cations circulating 
annually, and loss from the system was minimized for climax 
communities. What this implies, of course, is that mineral 
weathering occurs most rapidly with high fluxes of nutrients in 
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early sera! communities such as coastal Douglas-fir. Thus, upon 

upset, the potential losses from the system can be high when 

nutrient cycling loops are broken, even for short times. The 

limited data available from the West Coast seem to suggest that 
this may be true. In the Oregon Douglas-fir forest studied by 

Fredrikson (2 1 ), loss of nitrogen as measured in stream outflow 
after clearcutting and burning was measured to be 2 pounds per 

acre dissolved nitrogen, a value about equal to the input 
measured in rain. 

Total annual losses of some nutrients after clearcutting and 

burning are summarized in Table 2. The area of this study was 

logged from 1963 through 1966, so the general lack of 

Table 2. Increases in Dissolved Chemicals in Streams 
Draining Adjacent Clearcut and Control Watersheds 
for the H. J. Andrews Experimental Forest, Oregon 
Cascade Mountains (Adapted from Fredrikson, 21). 

Nutrient 

Mean 
output, 
control 

1966-68 

Increases in output, 
adjacent clearcut 

1966 1967 1968 
Logging Slash 

only burning Recovery 

Lb/acre 

NH3-nitrogen < 0.025 -- 53.6x --' 
O3-nitrogen 0.034 3.3x 24.8x 307x 

Sodium 17.7 1.7x l.9x -- 
Potassium 2.5 l.6x l.9x l.9x 
alcium 22.8 2.3x 3.lx 2.6x 

4agnesium 5.3 2.8x 3.5x 3.3x 
O+-phosphorus 0.16 l.4x 3.8x -- 
CO3-carbon 25.6 2.Ox 2.lx l.7x 

'Amount in control watershed was too low for 
measurement. 
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diminution of nutrient loss effect for the several years of 
followup data (through i 968) is significant. The output of the 
control watershed is also significant in that this value gives a 
minimum value for rate of weathering of primary mineral 
matter. The weathering may be higher if there is increasing 
storage of nutrients in the standing crop and litter or in 
exchange sites within the soil. In other words, a soil's maturity 
determines its efficiency for storage of nutrients. Because the 
control watershed is an old-growth stand of mixed species, it 
may be possible to assume that storage is low in comparison to 
weathering and that output values of the control watershed 
represent some major portion of the nutrient supply. If this is 
so, we can see that, except for nitrogen which is not derived 
from mineral weathering, losses are about two to three times 
the rates of supply and that, except for nitrogen, losses are 
about proportional to rates of supply. Differential loss of 
divalent cations is larger than that for monovalent ions, possibly 
because cations derived from the litter are largely enriched in 
divalent cations. 

To determine whether such losses will have an effect on 
net productivity of a site, one needs to know the total available 
nutrient capital of the sites under investigation. Unfortunately, 
this information is not available and may be difficult to 
determine accurately. Present research into mechanisms of 
potassium release during laboratory weathering of the soils of 
the Cedar River watershed, under the partial direction of Dale 
Cole of the University of Washington (7), indicates that 
standard methods of establishing potassium cation-exchange 
capacities of soils may not deal with partly weathered materials. 
Another problem is that of changes in soil pH that may 
accompany some management practices and the effects of this 
change on cation nutrient availability. In other words, the 
nutrient reservoir under changing field conditions may be 
difficult to measure. 

We would not expect to find field evidence in the 
Douglas-fir region that nutrient ions may become limiting to 
growth of forest trees under continuous even-age management, 



150 
Even-Age Management 

because the management practice has been carried on for only a 

matter of decades at most and soils are deep and have relatively 

high probable natural nutrient fluxes. We must look to other 

similar regions where clearcutting practices have been carried on 

for longer periods. There are, however, no precisely similar 

regions of maritime climates with high winter precipitation and 

weak or absent summer precipitation with long-term clearcut- 

ting. 
The forests of southern Austria and some in Japan have 

developed on similar substrates in similar periods of time and 

with about equal mean annual precipitation, but their summer 

precipitation most closely approximates that of only the 

northern part of the Douglas-fir region. Some Japanese work 

suggests that some maritime soils respond dramatically to 

clearcutting with marked reduction in long-term recovery of 

conifer species (71, 72). In an experiment (72) in which soil 

properties and vegetative recovery were monitored before, 

during, and after clearcutting on Forest Podsol and Brown 

- 

Forest soils, less productive soils with lesser geologic develop- 

were degraded rapidly when the forest canopy was 

opened, but the rich, deep soils were enriched temporarily and 

revegetated rapidly. 
Although the Japanese work is not as comprehensive as 

that carried out by Likens, Bormann, and others (42, 43) at 

Hubbard Brook, New Hampshire, it does reveal many of the 

same general soil changes, and without herbicide or other 

nonsilvicultural artificial manipulations. In the Japanese work, 

podsolization is demonstrated dramatically after clearcutting, 

humus levels decline, silt and clay contents of the A- and 

B1 -horizons decline, and changes in soil chemistry occur 

throughout the profiles that one would associate most directly 

with marked changes in soil microorganisms. Interesting particu- 

larly is the Japanese author's opinion, based upon comparative 

changes in soil chemistry, that those soils that revegetate most 

rapidly after clearcutting suffer the greatest ultimate degrada- 

tion by that management practice. 
This may be explained, I believe, by using the Woodwell- 

Whittaker ecosystem models wherein the low-stage seral com- 
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munity with high closed-cycle nutrient flux would, upon 
interruption of that nutrient cycling, be left in a state of high 
nutrient availability and thus result in high regeneration. But 
here we have conditions for maximum loss through solution and 
transfer away from the site and through upset of soil microbio- 
logical equilibria. On the other hand, in a climatic climax 
community, such as some western ponderosa pine stands, there 
is a low nutrient flux, little site loss upon clearcutting, and utter 
failure of regeneration after clearcutting. In other words, if 
clearcutting apparently is working satisfactorily, chemical site 
degradation probably is going on more rapidly than where this 
management practice fails to achieve vigorous regeneration, 
such as on marginal sites where reproduction fails directly for 
biologic or meteorologic reasons. Thus, from a geologic sense 
over many forest generations, it appears not to be valid to state 
that clearcutting is a suitable option for even-age management 
where regeneration is successful, because greater maintenance of 
natural soil productivity can be had for longer times on these 
sites by other techniques, such as strip cutting, that do not leave 
forests without some viable tree-root cover and some overstory 
protection, or unless conditions closely approximating those 
found after wildfire of natural frequency can be implemented 
before logging. 

The Japanese work also demonstrates that organic matter 
and the silt- and clay-sized mineral fractions are removed 
selectively on the clearcut sites, with a 30-percent drop in 
organic matter at the forest floor and no concurrent enrichment 
in organic residues at depth within I 7 months of cutting, and a 
concomitant drop in silt plus clay content in the B1 -horizon to 
70 percent of its precutting values. The loss of these compo- 
nents is not explained, but the published photographs and data 
suggest chemical leaching and microbial breakdown rather than 
mechanical erosion. 

Data from other regions are only suggestive of chemical 
upset and simultaneous site-quality degradation. In the Mondsee 
district of Austria where clearcutting or even-age strip-cutting 
had been practiced for many generations of forest trees, 
Kotschy (39) found that: 
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Change from large-scale clear-fellings with arti- 
ficial regeneration to group, strip, and single tree 
selection systems with natural regeneration raised 
mean annual cuts from 15,000 to 29,000 m3 and, 
despite excessive war-time drains, increased the mean 
growing stock from 268 to 285 m3 /ha in an upper 
Austrian state forest of nearly 4,000 ha, chiefly 
spruce and beech. 

In Czechoslovakia, Zakopal (75) has recommended change 
from clearcutting to selective cutting systems for increased 
forest productivity based upon biologic arguments in spruce-fir 
forests. Grunda (30) evaluated the effects of clearcutting on soil 

microorganisms in Moravian spruce-fir forests and determined 
that clearcutting increased acidification of soils, narrowed the 
carbon/nitrogen ratio, and increased nitrification, among other 
things, by the soil organisms. This apparently occurred in the 
Hubbard Brook, New Hampshire, clearcut sites investigated by 
Likens and Bormann (42), even on those particular sites where 
vegetation was not suppressed by herbicides and on sites logged 
commercially in the New Hampshire mountains (personal 
communication, G. Likens). 

The Chinese have been investigating the wisdom of 
clearcutting in light of observed changes in soil or productivity. 
Li, Liu, and Ch'en (4 1 ) judged that clearcutting reduced site 
productivity for pine by increasing the soil moisture in a forest 
of 70 percent pine and 1 5 percent spruce-fir. 

Nutrient erosion thro ugh log export. Removal of logs from 
forest results in a quantifiable drain of nutrient ions from the 
system. So long as that export selects only those 'excess' ions 
that normally would depart from the system under investigation 
by stream or groundwater drainage, no net decrease in 

productivity can be expected. Nutrient exchange within forest 
systems is not understood well enough presently, however, to 
attempt to regulate outflow pathways for excess nutrients. 
Until accurate data on the total available nutrient budgets of 
western soils are gathered and until more data such as those of 
Fredrikson (2 1 ) are available on natural and disturbed rates of 
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loss of these elements from forest systems under various 
management options, it is not prudent to state that log export 
cannot affect site productivity. Cole, Gesse!, and Dice (13), 
working with their accurate data on mineral cycling in a part of 
the Cedar River experimental forest watershed in Washington, 
conclude that in a second-growth Douglas-fir forest in 35 years 
of development, the vegetation, dominantly the trees, has 
accounted for 46 percent of the available ionic potassium, 28 
percent of the potentially available organic and ionic calcium, 
I 0 percent of the total nitrogen, and 2 percent of the available 
phosphorus. They conclude that: 

These data suggest that a depletion at the rate of 
34.6 kg/ha of phosphorus, 19.9 kg/ha of potassium, 
and I 1 .5 kg/ha of calcium is occurring annually in the 
soil. If this rate is continued the soil could become 
rapidly depleted in these mineral elements. 

The Chinese have been investigating the wisdom of 
clearcuttirig in light of observed changes in soil or productivity. 
Li, Liu, and Ch'en (4 1 ) judged that clearcutting reduced site 
productivity for pine by increasing the soil moisture in a forest 
of 70 percent pine and i 5 percent spruce-fir. 

Nutrient erosion through log export. Removal of logs from 
forest results in a quantifiable drain of nutrient ions from the 
system. So long as that export selects only those 'excess' ions 
that normally would depart from the system under investigation 
by stream or groundwater drainage, no net decrease in 
productvity can be expected . Nutrient exchange within forest 
systemsis not understood well enough presently, however, to 
attempt to regulate outflow pathways for excess nutrients. 
Until accurate data on the total available nutrient budgets of 
western soils are gathered and until more data such as those of 
Fredrikson (2 1 ) are available on natural and disturbed rates of 
loss of these elements from forest systems under various 
management options, it is not prudent to state that log export 
cannot affect site productivity. Cole, Gesse!, and Dice ( i 3), 
working with their accurate data on mineral cycling in a part of 
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the Cedar River experimental forest watershed in Washington, 

conclude that in a second-growth Douglas-fir forest in 35 years 

of development, the vegetation, dominantly the trees, has 

accounted for 46 percent of the available ionic potassium, 28 

percent of the potentially available organic and ionic calcium, 

10 percent of the total nitrogen, and 2 percent of the available 

phosphorus. They conclude that: 

These data suggest that a depletion at the rate of 

34.6 kg/ha of phosphorus, 19.9 kg/ha of potassium, 

and 11 .5 kg/ha of calcium is occurring annually in the 

soil. If this rate is continued the soil could become 

rapidly depleted in these mineral elements. 

When these authors consider input to the system by precip- 

itation, and return of nutrients to the soil by litter, stem flow, 

and stem wash, they estimate finite supplies from the soil to the 

standing crop of 125 years for nitrogen, 582 years for 

phosphorus, 1 2 years for potassium, and 64 years for calcium. 

Because natural old-growth Douglas-fir forests store nutrients 

for longer periods than these nutrient-availability limits, albeit 

at considerably reduced rates over that of a 35-year-old 

second-growth forest, mineral weathering and precipitation 

must be supplying the needed nutrient ions. If the figures 

derived from Fredrikson's data for the Oregon Cascade Moun- 

tains are close to weathering rates for the Washington Cascades 

(see Table 2), then, for instance, calcium depletion at i 1.5 

kg/ha in Cedar River will not be limiting even if the entire tree 

was removed from the forest-including all slash and litter- 
because the supply is around 20.3 kg/ha. On the other hand, a 

potassium supply of about 2.2 kg/ha is much less than the 19.9 

kg/ha soil depletion measured annually at Cedar River, and 

phosphorus and nitrogen appear to be in drastically short 

supply. Total nitrogen flux cannot be estimated accurately from 

outfiowing or down-percolating water alone, but the Oregon 

data suggest annual accumulation rates possibly as low as 0.052 

kg/ha, compared to soil depletion rates of 34.6 kg/ha. This 

condition is known to be limiting, because nitrogen fertilization 
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at Cedar River increases site productivity. More realistically 
assessable is the potassium balance, with weathering input of 
about 2.2 kg/ha annually and uptake of 19.9 kg/ha. Cole, 
Gessel, and Dice (13) give another mean value for total net 
annual uptake of potassium into the tree bole of i 0.5 kg/ha. 
Export of tree boles from a forest ecosystem in excess of 20 
percent of the total boles is thus suggestive of a fundamental 
net loss of requisite availability of this nutrient, based upon 
these limited data and their extrapolations. 

Fortunately, fire is a frequent companion of the forest in 
the Douglas-fir region and a major factor in short-circuiting the 
energy flow systems for nutrient transfer. Additionally, logging 
slash volumes in the Douglas-fir region are the highest in the 
west, especially those on the national forests-up to 3,156 cubic 
feet per acre (35)-which would amount to 4 1 percent of the 
total above-ground standing forest were that rate of slash to be 
left at the Cedar River site after export of its logs of known 
nutrient content. 

Clearly, much more work must be done to assess the threat 
to site productivity of log export, but it is definitely unwise to 
state that nutrients are available in excess throughout the 
Douglas-fir region and that 100-year rotations can be tolerated 
indefinitely. 

GEOLOGIC AND HYDROLOGIC EFFECTS OF FOREST 
CUTTING 

Effects on Soil Depth and Structure 

Within the Felling Area 
Roads and Compaction. Roads affect forest soil productiv- 

ity in three general ways. Permanent haul roads and access roads 
remove area from potential colonization by vegetation, and 
secondary skidroads, tractor trails, and temporary roads com- 
pact the soil and disrupt its structure, resulting in decreased site 
productivity. Roads also upset soil hydrology through several 
processes and often weaken slope stability by cut and fill and 
changes in soil water loading. These changes result in slope 
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failures that affect areas larger than the actual road right-of- 
way. 

In the Douglas-fir region, various published estimates are 

available for percentage of originally forested area now road ed. 

Permanent main access and haul roads are estimated in the 
Douglas-fir Supply Study (62) to comprise a length of 3.92 

miles/mi2 of forest for the 7.3 million acres of commercial 
national forest land. As of 1967, this system was only 

41-percent complete, but was expected to be fully complete in 

20 to 50 years (62). In 1954, Anderson (2) used a figure of 20 

feet as the assumed width of such roads but, based upon my 

own measurements of the projection to a horizontal plane of 
roadbed, cut and fill for graveled access roads built in national 
forests of Oregon and California (27 on-site measurements, six 

national forests) within the i 960's, I estimate that average 

widths are more reasonably 45.9 feet, which means that, 
ultimately, national forest haul roads in the Douglas-fir region 

will comprise some 3 .4 percent of the forest land area. Primary 
haul road areas appear, from aerial photo investigation of 
Oregon Coast Range sites, to be somewhat higher for private 
lands today, but I could find no published information. More 

information is available on the total areas of cutover forests that 
are roaded . The different experimental cutting sites in the Alsea 

watershed of Oregon varied in percentage of area roaded from 
3.4 to 1 2 percent as studied by three Oregon State University 
graduate students (9, 27, 32, 36). These were on sites 20- and 

42-percent clearcut, respectively (8). On the Weyerhaeuser tree 
farms in southwestern Washington, tractor logging roads in the 
early 1950's covered 26.1 percent of the logged area (54), 
which is equivalent to the area reported as "disturbed" by 
tractor logging in the ponderosa pine forest of eastern Washing- 

ton and Oregon in 1 950 (24). Wahrhaftig and Cox (67) estimate 
that "bulldozer cuts" cover about 30 percent of redwood 
logging sites on the Middle Fork of Lost Man Creek in northern 
California. On the patch-cut experimental watershed on the H. 

J. Andrews forest, Rothacher (49) found that 8 percent of the 
land area was in road right-of-way in that steep west-slope 

Cascade Range site. On a commercial clearcutting with "loggers- 
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choice" road selection in the Fernow, West Virginia, experi- mental forest, 3.6 percent of the area was in bulldozed skidroads, but 7.3 percent was in "total roads" (18). Thus, we see that the estimates vary-the highest values are given for older, 1 00-percent tractor logging and the lowest values from highline and cable operations of various types. Using aerial photographs randomly selected on cutover areas in eight national forests and on private lands in western Washing- ton, western Oregon, and northwestern California for a total of only 40 sample sites sampling about i 60 mi2 , I estimate that patch-clearcutting within about the last 10 years (estimated visually by recovery) has resulted in 6 1 linear miles of road, skid trail, lay, and landing areas per square mile of area logged, for a total of 30 percent of the area disturbed by roads and similar features. The sample clearly is too small and may be weighted by inclusion of three sites within redwood forests where air-photo estimates yield local mean values of 5 5 -percent roaded area. Some 1 -mile-square sites were 80-percent disturbed by tractor tracks breaking the A-horizon. If we ignore, as past mistakes, the values for older tractor logging areas and use only the values of 8- to 1 2-percent roads for 25- and 42-percent clearcut watersheds as representative (Alsea watershed, Oregon), and assume that to recover ultimately all the timber from a watershed on a rotation 30-percent patch-cut basis we would have to conservatively increase this roaded area to i 1 to i 4 percent depending on slope steepness, we then can calculate that a not-at-all-insignificant 1 3 percent of the 1 6.3 million acres of commercial forest land in the Douglas-fir region is damaged through log extraction. 
What is the extent of this damage? Steinbrenner (52) observed that four trips with an HD2O tractor with blade, drum, and crawler-arch reduced soil permeability by 80 percent and macropore space by 50 percent on dry forest soil in southwest- em Washington and states that one trip was equivalent to four when the soils were wet. Further study with Gessel (54), revealed that areas cutover by tractor methods (but unroaded) suffered a mean loss of 35 percent in soil permeability, with a range of 19.4- to 76.7-percent loss. Road beds had a 93-percent 
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loss in permeability (range, 78 to 96 percent), a 15-percent 

increase in bulk density, and a 53-percent loss of pore space. In 

other words, he found on the 26 percent of the area roaded that 

permeability rates on the roads ranged from 1 .5 to 22 percent 

of those on adjacent matched unlogged control areas. These 

data were for silty-clay-loam soils derived from marine sedi- 

ments. In general, compression of the soil was more marked for 

soil of higher initial clay content. No information is given on 

persistence of such effects or even on the delay times between 

logging operations and sampling. Youngberg (74), working on 

reddish brown latosols in the Cascade Mountains of western 

Oregon, determined that Douglas-fir seedlings planted in the 

spring of 1955 on areas tractor-logged and burned in 1951-52 

had good survival but diminished growth response. He found 

bulk densities to be 0.88 to i .0 on road berms and cutover areas 

and i .5 to i .7 on roads. He found total nitrogen, organic 

matter, exchangeable magnesium and calcium, and available 

potassium and phosphorus all to be diminished on roads two to 

four times as compared to the cutover sites. This growth 

response was noted for two seasons, 4 and 5 years after logging, 

as shown in Table 3. 
It is not known whether these decreased growth responses 

resulted only from decreased availability of nutrients, or also 

from the increased compaction and high soil moisture and 

Table 3. Responses in Height Growth of Douglas- 

Fir Seedlings on Tractor-Logged Soil (from 

Youngberg, 74). 

1955 1956 

Inches In ches 

Road 1.66 3.94 

Berm 1.94 5.34 

Cutover but 
"undisturbed" 2.40 6.81 
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temperatûres found by other workers in cutover sites in 
Douglas-fir forests (3 1 ). Nor is it known how long such effects 
will persist. It would seem reasonable to assume that the flush 
of available nutrients on a disturbed forest road might sustain 
growth of seedlings at rates partly compensating for bulk 
densities only until such nutrients are either leached away or 
taken up by vegetation adjacent to the roadway. The so-called 
release effect of forest roads, where young trees adjacent to 
roads have better growth response than those not so located, is 
seen not to be an effect of removal of competition so much as 
of accelerated nutrient availability and resultant growth in 
much of the Pacific Northwest. This effect is shown by 
comparison of growth responses of equally "released" trees on 
up-slope and down-slope sides of forest roads in clearcut areas. 
Especially prominent at elevations below 2,000 feet in south- 
western Washington is the observed growth response of second- 
growth trees just below roads and skid trails where growth is 
i ¡3 to i /2 again as fast as for those trees just above the roads. 
This drainage effect is best seen in oblique aerial photographs of 
dense second-growth Douglas-fir and has been noted by 
foresters (51). It can only be a nutrient-drainage effect and 
must mean that to young trees, nutrient availability is limiting 
to growth, and nutrients are lost from forest roads and skid 
trails. 

Mass wasting. Slope failure is associated with forest roads 
and has a direct effect on site productivity. Slope failure also 
occurs in cutover areas even without roads (44). Causes of slope 
mstability after logging are presented most clearly by Gray (28, 
29) and by Swanston (57, 58, 59). Briefly, increased water 
content of soils resulting from decreased transpirational de- 
mands after clearcutting causes soil loading associated with 
simultaneous decrease in cohesive strength and increased pore 
water pressure. Root decay contributes to the loss of cohesive 
strength where clearcuttings are larger than mean root span. 

Because both increases in soil moisture and decreases in 
root cohesion generally take from 2 to 4 years to achieve 
maximum values after clearcutting, slope failures may be 
delayed several years past cutting. In western Oregon and in 
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Idaho, road building has been implicated directly as the greatest 
single cause of soil mass failures. Dyrness determined that 65 

percent of the mass failures that occurred in the H. J. Andrews 

study area of Oregon could be attributed to roads and road 
building (1 7). In Idaho along the South Fork of the Salmon 
River, 90 percent of the 89 slope failures of a storm period were 

associated with roads (Megahan, as reported in Swanston, 59). 

These road-induced failures are usually the result of upset of the 
hill slope and soil hydrology through poor drainage design, 

decreased road-surface permeability, removal of support, and 

saturation of soil adjacent to less permeable roads. 
Such mass wasting failures do not occur under random 

meteorologic conditions but are most likely during infrequent- 
event storms. Such storms occur on the average of at least once 

during the period of rotation ofa Douglas-fir forest (100 years) 
and may occur much more frequently, as for instance in 

western Oregon and northwestern California where such major 
storms have occurred on the average of once every 8 years since 

1861 for a total of 13 major flood events for western Oregon 
(23). 

For a storm to be considered "major" with respect to 
forest slope stability, it merely need have antecedent conditions 
and rainfall intensities such that soil moisture conditions locally 
exceed those permitting stability for forested angle-of-repose 
slopes. Naturally, when the slope is not forested, the angle-of- 
repose is decreased and the slope temporarily is 'oversteepened' 
with respect to vegetation and hydrologic conditions, and a 

storm of lesser intensity-or no storm at all-may trigger its 

release. Many of the steep mountain slopes in the Douglas-fir 
region are believed by engineering geologists to be in this 
potentially oversteepened condition (Gray and Kojan, personal 
communication). 

Data on total areas of mass wasting associated with forest 
management options on various terrain conditions throughout 
the region are not presently available. Personal observation of 
slope areas undergoing failure by shallow (less than 10-feet) 
debris flows or slumps and earth flows range from O to over 50 
percent of watershed areas (the latter in the mixed Douglas-fir 
and redwood areas of Redwood Creek, California, personal field 
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work). Because slope failures may not be associated with 
logging or may be delayed for long after the logging, analysis of 
the decrease in site productivity of this factor must be 
probabilistic to some degree. Landslide volumes on cutover and 
adjacent unlogged sites have been estimated for the H. J. 
Andrews forest and are indicated by visual estimation of the 
maps presented by Fredrikson (19, 20), as covering about 9 to 
10 percent of the logged areas of both the patch-cut and totally 
clearcut experimental watersheds. 

Beyond the Felling Area 
Stream aggradation. The aggradation of forest streams 

generally does not remove much land directly from productivity 
in V-shaped, low-order headwater stream courses but, in these 
sites, may have considerable effect on slope stability through 
undercutting of normal colluvial forest soil mantle along stream 
sides. 

Cause of stream aggradation is increased bed load, gener- 
ally caused by landslides along stream courses. When this 
happens, a sequence of events is set in progress that may 
disequiibrate a watercourse-hillslope system for centuries or 
millenia. As landslides or road building or both supply colluvial 
slope materials to a stream course at rates faster than the stream 
can remove such materials, aggradation of the stream bed 
occurs. This has been well documented for some well-studied 
watercourses in the region, such as those in northwestern 
California (10, 34, and R. J. Janda, U.S. Geol. Survey, personal 
communication). 

It has been observed also on less well-studied streams such 
as the Sixes River in coastal Oregon and Redwood Creek in 
California, where frequency of overbank flooding is increasing 
for given storm intensities because of increases in thicknesses of 
channel fill of about 5 feet (personal observations). The stream 
gravels, of course, are stored only temporarily in the channels 
and are moved out during high flows as supply diminishes 
during site recovery. 

In the steep, nearly straight-sided headwater watercourses 
of the coast ranges and western Cascade Mountains, however, 
once the stream begins to aggrade, the channel width-to-depth 
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ratio changes to accommodate the greater portion of bedload it 

must transport, and lateral bank cutting begins. This cutting 
oversteepens slopes that, if unlogged, may be at the angle of 
repose for forest-covered colluvium, and shallow debris flows 

then propagate upsiope from the watercourses, ultimately 
encompassing an entire vertical swath through otherwise un- 
touched forest. 

If the streams cut laterally into logged hillsides, even more 
upset is assured because the slopes lack the cohesion of roots 
and may contain more antecedent soil moisture. As the debris 
flows and debris avalanches enter the stream courses, further 
aggradation is assured . The result is further lateral cutting , and 
the process will not stop until susceptible, loose soil mantle is 

carried into the watercourses and away from the site. The 

Douglas-fir Supply Study (62, p. 50), uses a value of 25 feet of 
stream course per acre for the region, which would be 
equivalent to 3 miles of watercourse per square mile. 

In steep terrain, with slopes greater than 60 percent (27 
degrees) in the coast ranges, this process can be seen today to be 
damaging sites downstream from partly logged watersheds. The 
best studied examples are on the Six Rivers National Forest 
(Kojan, personal communication) but similar activities can be 

noted throughout the Douglas-fir region. A physiographic guide 
for judging the susceptibility of a watercourse to this action on 
a large scale is the presence of fluted surfaces on hillsiopes that 
extend upward from the watercourses and that generally do not 
reveal any sign of having been formed by running water. These 
"shallow dry gullies" usually are timbered even in their 
apparent thalwegs. They are probably old , healed debris flows 
or debris avalanches. 

On the larger rivers in the region, such as those of fourth 
and fifth order, this aggradation goes on, but the channel 
widening usually can take place by encroachment into alluvial 
flats, such as those that support site classes I and II redwood 
groves in California. At the outsides of meanders or where the 
older alluvial fills (presumably formed at times of similar 
large-scale hydromorphic upset in the past) are lacking, slopes 
along even the major watercourses such as the Umpqua, Alsea, 
and Eel are undercut and fail. 
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Debris dams. Because logging debris does exist in such 
large volumes in this region-465 million ft3 on 258,000 
clearcut acres (35)-a particularly severe problem may arise here. This acreage comprises only 1.6 percent of the region, 
mostly on private land, but it is the concentration of debris that 
results in problems. The cascade effects of flood surges breaking through successive downstream debris dams, whether caused by 
landsliding, stream aggradation, or "nonmanufactured " forest 
debris, can have a significant effect upon effective flood heights and erosion for runoff of a given magnitude. Rothacher (48) 
describes an occurrence of this sort in the Oregon Cascades and 
Froehlich (23) describes the logging debris problem in general. 

Import of Partial-Area Contribution to Storm Flow 

Extremely pertinent to the combined hydrologic effects of 
clearcutting on stream flow and resultant slope instability are the results of recent studies documenting that only small 
portions of watershed area may contribute directly to peak 
storm flows. Dunne and Black (14, 15, 16) have conducted 
research in a carefully instrumented watershed in northeastern 
United States to determine the mechanisms of generation of 
storm flow. 

Because this is the only flow that is geomorphically 
significant in most watersheds, especially those of the Pacific 
Northwest, these flow-generation mechanisms are quite im- 
portant. The northeast study sites were similar to many 
watersheds in the northwest in that there is no evidence of 
overland or sheet flow occurring during even the most intense 
storms. This has led many forest hydrologists to conclude that 
deep porous soils can absorb high-intensity rainfall and must 
transfer it to the streams via subsoil routes, because hydro- 
graphs in such watersheds show rapid rise in discharge upon 
initiating of rainfall, high snowmelt, or both. 

Dunne and Black showed that, indeed, overland flow did 
develop, but that it did so for only a very small part of the 
watersheds immediately adjacent to watercourses and in swales. 
They found that about 50 percent of the storm flow could be 
accounted for by direct precipitation into the open and swelling 
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stream channels and that an approximately equal volume was 

supplied by return flow from the saturated zone along the 

stream banks, which effectively doubled the channel area. Only 

i to 5 percent could be accounted for by subsurface flow. 

Hewlett and Helvey (33) analyzed hydrographs for the 

Coweeta Experimental Forest in North Carolina and concluded 

that clearcutting of mature hardwood forest had a definite 

effect on downstream flooding, even where the soil infiltration 

capacity was not impeded. They mention consideration of the 

"variable source area concept" but do not have adequately 

detailed upsiope discharge-measurement stations to substantiate 

that the partial-area concept is indeed correct in their watershed 

study. 
The truly critical factor that makes an understanding of 

partial-area contribution vital to understanding and predicting 

the effects of forest clearcutting upon hydraulic variables is 

that, in the Douglas-fir region, soil moisture levels are raised so 

much during summer and fall for successive years after cutting 

(3 1 , 50) that the potential size of the partial contributing area 

thus increases progressively , even assuming steady-state ante- 

cedent storm conditions. 
For some storms in Dunne's study, only 8 percent of the 

slope area was responsible for almost half the storm discharge. 

His watersheds are pasture-vegetated and underlain by well 

drained Brown Forest soils. Where evapotranspiration was less 

on clearcut sites and soil moisture higher, a greater partial area 

would be expected to result. This would increase the storm 

peak, thus undercutting banks, causing mass wasting, and 

beginning the stream aggradation cycle. 

There is simply no evidence in the Pacific Northwest that 

storm peaks are not increased on clearcut watersheds. Decrease 

in infiltration capacity need not be implicated. Statements to 

the effect that clearcut logging does not significantly increase 

major floods (flood peaks) in the Douglas-fir area under normal 

logging conditions in which there is no significant decrease in 

infiltration capacity (50) simply are not borne out by either 

empirical evidence or theoretical analyses. 
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High storm-yield contributions from small portions of logged areas can account for observed storm peaks alone and, in addition, infiltration rate is seriously impaired on forest roads, ultimately comprising i i to i 5 percent of a logged watershed. Because Dunne 's figures suggest that around 8 percent of the area of his watersheds is responsible for that half of the stormflow derived from the hillslopes, well engineered, drained, and culverted road systems alone could cause a 33 percent increase in storm flow, without any logging. 
Analyses of mean annual flow increases after clearcut logging is of interest to those potential water users downstream, but it does not reveal much about how the watershed is responding and producing those excesses. It is analyses of storm-peak hydrographs, such as that done for the Alsea watershed (32) that are most meaningful. In that instance, the results were that significant increases in storm peaks were observed after completion of a logging road system on only i 2 percent of the area and that these peaks increased still further upon clearcutting. I believe that the general "mystery" (22) of lack of overland flow on the porous soils of the Pacific Northwest could be solved directly by instrumentation such as that of Dunne and Black. 

Increased peak storm flows in the Douglas-fir region would be expected to oversteepen slopes downstream and propagate mass wasting failures, rendering soils mobile and difficult to revegetate until slope-profile stability is reached at lesser slope steepnesses. This occurs as water-demanding partial revegetation occurs, perhaps by alders, to decrease soil moisture, slow down mass failure, decrease partial area contributions, and ultimately reduce lateral stream erosion. It also might occur during a series of unusually dry years. 

Effects on Soil Chemistry 

Soil chemical changes do occur after clearcut logging ( i 3, 21 , 25) to a degree that one may expect some effects upon long-term soil fertility. Several geologic and hydrologic consid- 
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erations bear upon interpretation of results from the generally 

high-quality work of Gessel, Cole, and Fredrikson. 

Bormann et al. (6) summarize their interpretations of the 

effects of clearcutting upon forest ecosystems, based upon their 

New Hampshire studies, as: 

1 ) Clearcutting tends to deplete the nutrients of 

a forest ecosystein by (i) reducing transpiration and 

so increasing the amount of water passing through the 

system; (ii) simultaneously reducing root surfaces 

able to remove nutrient from the leaching waters; (iii) 

removal of nutrients in forest products; (iv) adding to 

the organic substrate available for immediate mineral- 

ization; and (y) in some instances, producing a 

microclimate favorable to rapid mineralization. 

I find nothing in this statement that cannot be said of the 

forests in the Douglas-fir region. The Bormann work at Hubbard 

Brook was carried out on a watershed that was assumed to be 

impermeable to downward percolation of waters. To measure 

nutrient flux through an entire forest system by analyzing its 

outgoing stream waters, this assumption must be made. Cole 

and Gessel at Cedar River avoid the problem by use of tension 

lysimeters within the soil (1 3, 25). The Oregon site reported by 

Fredrikson (21) uses the unit-watershed assumption that 

streamfiow equals precipitation minus evapotranspiration losses. 

The validity of this can be tested, because we can estimate the 

evapotranspiration losses by removing the forest and seeing how 

much the mean streamfiow increases. That increase should 

nearly equal the evapotranspiration loss, reduced by the slight 

amount expectable as increased soil evaporation loss. 

For the H. J. Andrews forest, Thornthwaite evapotranspir- 

ation was estimated at 18 to 21 inches (50), annual precipita- 

tion is 90 inches, and average discharge is 57 inches (49). Yield 

of water increased by I 8 inches upon forest removal, so an 

evapotranspiration figure of 21 inches may be quite close to 

correct. This means that there is a 1 2-inch deficit in surface 

runoff that cannot be accounted for by interception loss, 
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evapotranspiration, or evaporation. Thirteen percent of the 
precipitation is lost from the system without measurement. At 
Coweeta Hydrologic Laboratory, a 60-inch mean annual dis- 
charge from a watershed with a 90-inch precipitation area had a 
10.4-inch increase in water yield upon forest cutting, for a 
19.6-inch deficit (33). Hubbard Brook, with a 39-percent 
increase in discharge after forest treatment, had a 9-inch deficit 
in runoff. 

Two explanations are possible: Soil evaporation is much 
higher than expected after clearcutting; or, water is being lost 
from the systems by groundwater recharge (66). I believe the 
latter to be a genuine possibility in all instances and a 
probability for Coweeta laboratory and H. J. Andrews forest. 
These sites are on porous bedrock materials with permeabiities 
adequate to carry away fully the deficit discharges. Although 
ground temperatures are higher on clearcut soils, higher 
expected humidity in the soil macropores should somewhat 
reduce upward transfer of water vapor unless free water surfaces 
occur at the ground surface during the summer (see Berndt, 4). 

If soil moisture is being lost, even in small amounts, from 
the systems under measurement, and if, as the work of Dunne 
and Black suggests, travel times for soil water from subsurface 
upslope areas to the watercourses are very long, there is no basis 
for belief that the discharge of nutrients from streams measures 
loss of nutrients from the soil and litter by downward 
percolation. Because several years are required for maximum 
increases in soil moisture contents of hill-slope surfaces (49), 
one would expect likewise that the nutrients dissolved in that 
soil water could not enter the stream water courses for many 
more years, except from the areas included in partial area 
contributions to storm flow. In other words, the soil zone of 
increased nutrient concentrations after clearcutting moves 
slowly down into the forest soil, but the storm runoff waters 
are derived from areas immediately adjacent to the stream 
channels. 

So long as subsurface flow was thought to produce a major 
portion of a stream's flow, it was possible to sample that stream 
flow for a period of a few years after logging to ascertain the 
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chemical effects of that logging. In the Douglas-fir region, 
however, the base flow of the streams is low, comprising only a 
few percentage points of the total annual discharge for first- and 
second-order headwater streams. Thus, many decades may be 
required to estimate accurately the magnitude of mobilized and 
leached nutrients from a forest biogeocoenose by the unit- 
watershed method. 

The increased nutrient-output values noted by Fredrikson 
(21) for the H. J. Andrews after logging may be increases largely 
from the partial area contributing the bulk of the stream flow. 
If this were so, one would expect these values to decrease 
within the first few years to a base level that continues to be 
higher than the control. This increased base level of nutrient 
should then continue for a longer period of time as the deeper 
nutrients from upslope positions make their way by slow 
throughflow to the watercourses. Some of that nutrient increase 
may never reach the watercourses but directly enter the 
groundwater to arise in base flow in a lower stream. 

Because clearcut sòils remain wetter throughout the 
summer ii the Douglas-fir region, there are more opportunities 
for nutrient uptake and chemical weathering of surface hori- 
zons. The lysimeter study method used on the Cedar River 
watershed largely avoids the pitfalls of the total unit-watershed 
studies, but it requires more complicated analyses for an 
understanding of the functions of a complete watershed unit, 
which is in turn necessary for an understanding of the total 
mineral flux into and out of a system. If downward fluxes and 
mineral weathering were everywhere uniform within a water- 
shed and partial-area hydrology was not significantly important, 
microplot lysimeter data might offer the best opportunities for 
obtaining the maximum total flux data in the shortest time. 

CONCLUSIONS 

Site productivity is not a 'fixed' characteristic of forest 
soils. Total net loss of biologic productivity of forest soils after 
clearcutting cannot be quantified accurately from data available 
today for the Douglas-fir region. If one considers only the 
observed increases in nutrient outflows, however, such as those 



Productivity of Fo7est Soils 
169 

revealed by the H. J. Andrews Experimental Forest in Oregon (2 1 ), or the increases in specific conductivity of waters draining logged area elsewhere (18), it is possible to predict that productivity will decline to the extent that nutrient outflow exceeds natural primary mineral weathering and precipitation input. Data on such weathering inputs are being sought by workers such as Cole, and more accurate predictions of effects of clearcut logging should be available in the next decade. Overall site-productivity degradation by chemical erosion may well be offset by fertilization (see Gessel, Cole, and Turner, this volume), but costs and consequences of such intensive forest management seldom are considered accurately in discussions of maintenance of long-term site productivity. 
Considering productivity as affected only by roading and landsliding, a value of 15- to 10-percent loss in area for forest growth seems a reasonable estimate of the ultimate consequence of log extraction. To this loss must be added long-term effects of soil nutrient loss, which, based upon limited evidence from some soils, may be considerable for some limiting nutrients when sites are clearcut. Hydrologic effects of clearcutting are great and affect site productivity well outside the areas being logged through increases in slope instability. Such degradation is slow and progressive and may not be apparent for years or decades after watershed disturbance, especially when geomor- phicaily significant storms occur at infrequent intervals. Once slope equilibrium is upset, degradation tends to be seif-perpetu- ating until new equilibrium conditions are achieved for less vigorous forest growth on less steep slopes. 

Erosion of soil materials, especially soil organic matter and fine mineral fractions, markedly reduce site productivity over the area eroded. Deep soils on shallow slopes are much less subject to site degradation than are shallow zonal soils on steeper slopes. Straight slopes over 60 percent bordering watercourses are subject to combined upset of stream and slope equilibria such that loss of commercial productivity for Doug- las-fir ultimately may be total and remain so for centuries. In terms of the life spans of mankind, soils are a nonrenewable geologic resource, and as they erode chemically and physically, so also does site quality. Such effects may be 
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partly offset through fertilization, but both the environmental 

and financial costs of this essentially permanent action may be 

great. 
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It is encouraging and scientifically stimulating to be part of 
a symposium on forest management that considers soils and 
nutrient requirements of forest trees as worthy subjects for 
discussion. This is perhaps further evidence that forestry has 
progressed from single-purpose considerations to recognition of 
the complete forest ecosystem. The present concern that soils 
are being destroyed under some systems of forest management 
and that trees may not even be a renewable crop do illustrate a 
change in both scientific and public thinking about forests. 

In the following discussion we do not lay claim to all the 
answers regarding soils, elemental needs of trees, mineral 
cycling, and total forest productivity. We have accumulated 
considerable data from the Thompson Research Site along with 
information from many other areas, however, and wish to 
examine this information in relation to current questions. Other 
speakers have stressed the long-term approach necessary to 
consider forestry problems and especially forest productivity 
and forest soil interrelations. Many conflicting views about 
forest soil problems have been introduced into recent literature. 
These range from the need for drastic treatment to renew 
so-called degraded soils that result from natural processes such 
as podsolization or laterization to the view that any disturbance 
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of the forest destroys the soil and the capacity of the system to 

produce. 
We do not propose to give specific answers to all the 

questions now being asked about the role of soils and elemental 
cycling in forest management, but we believe our data allow 

discussion of the following topics: nature and role of elemental 
cycling in the forest; pathways, rates, and processes of the 
cycling system; impact, of clearcutting and fertilization on the 

elemental cycle; effect of even-age management on soil develop- 

ment and productivity; and conclusions and uncertainties. 

NATURE AND ROLE OF ELEMENTAL CYCLING 

Nutrients within a forest ecosystem generally follow a 

cyclic pattern with variations in the absolute quantities and 

transfer rates within and among components of the system, 
depending upon the physiological fate of the element and its 

physiochemical properties. For forest growth, i 3 mineral 
nutrients are essential. These are accumulated by trees in 

various quantities ranging from about i percent ovendry weight 

for a variety of elements to several ppm (parts per million) for 

copper. Much work has been done on the role of limiting 

nutrients and how these can be added in fertilizer, but in 

mineral cycling other aspects have to be considered. One of 
these is that there may not be-and probably will not be-a 
single limiting element, but growth will be limited by a omplex 
interaction of factors. Rather than trying to determine nutrient 
limitations, the more meaningful approach to this question is to 
examine the magnitude of the various nutrient poois (soil, litter, 
trees, and understory) and the rate at which these are cycling 

within the system. 
A primary consideration in any study of nutrient cycling 

concerns the amounts of nutrients coming in and going out of 
the system. This has been studied at various times, and the 
results have shown that the natural forest system approaches a 

closed system. Obviously, this cycle does not remain closed 
under management practice because the removal of timber also 
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will remove nutrients from the system, and fertilization 
certainly will add them. 

An example of how closed a system can be is shown in 
Table i , from data taken in the Douglas-fir plantation at the 
Thompson research site (2). 

The relatively closed nature of an ecosystem in nutrient 
cycling can be placed in even better perspective if we compare 
cycling rates to the total nutrient capital present within the 
ecosystem. For example, at the Thompson Research Center the 
total accumulation of nitrogen within the second-growth 
Douglas-fir forest amounts to about 3,300 kg/ha (kilogram per 
hectare). This accumulation has taken place over the 13,000 
years since the recession of the Vashon glaciation. We currently 
find slightly more than I kg/ha of nitrogen added to this 
nutrient pool by precipitation each year, an annual input flux 
of only 0.03 percent. Similarly, the output flux by deep 
leaching is even less, 0.02 percent each year, reflecting a slight 
net annual accumulation of nitrogen in this specific ecosystem. 
Table 1. Annual Transfer of Nitrogen, Phosphorus, 
Potassium and Calcium (kg/ha) Among Components of 
the Ecosystem (2). 

L 

N P K Ca 

Input 1.1 trace 0.8 2.8 
(precipitation) 

Uptake by forest 38.8 7.23 29.4 24.4 

Total return to 
forest floor 16.4 0.60 15.8 18.5 

Leached from 
forest floor 4.8 0.95 10.5 17.4 

Leached beyond 
rooting zone 0.6 0.02 1.0 4.5 
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PATHWAYS OF CYCLING 

What are the pathways and mechanisms of cycling? The 
complexity of this system can be seen in part in Figure 1 , which 
illustrates the various pathways and processes of elemental 
transfer and accumulation within a forest ecosystem. The major 
carrier for elemental cycling as indicated in this figure is water. 
This is illustrated in the diagram in the form of leaf wash and 
stem flow and in the transport of ions through the forest floor 
and soil horizons. Water is also essential for carrying minerals 
back up into the tree. A further mechanism of transport is 

litterfall from trees and subsequent microbial breakdown. 
Within these broad groupings the magnitude of movements can 
be seen in Table i , but, because the elements included have 
different physiochemical properties, the rates and specific 
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Figure 1 . A visual model of pools and pathways for mineral 
cycling in a forest ecosystem. The major mechanism in this 
model is water and organic transfer. 
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pathways of transfer are different. For example, potassium 
remains in a soluble form within the plant and, consequently, 
its transfer through the system is regulated largely by the 
transfer of water and the presence of exchange sites. Calcium 
and nitrogen are strongly bound chemically or biologically 
within plant systems so that processes of decomposition must 
precede the leaching and rapid transport of these elements. The 
various routes in which elements move from the forest to the 
forest floor are shown in Table 2 . Similar studies that illustrate 
this relation have been made in a wide variety of ecosystem 
types, for example, the work of Attiwell (1), Will (15), and 
Yamamoto and Sanada (16). 

Looking at the mechanisms of ion transfer in more detail, 
we can see in part the relation between the biological and 
physical components of an ecosystem. Obviously, the elements 
are not simply flushed through the ecosystem by percolating 
water. If this were true, the greatest rates of transfer would be 
associated with periods of highest precipitation in December 
and January at the Thompson site. Quite to the contrary, we 
find leachate waters at a minimum concentration during these 
months, and the highest levels occur earlier in the fall. 

Table 2. Annual Uptake and Return of Nitrogen, 
Phosphorus, Potassium and Calcium (kg/ha) by 
Second-Growth Douglas-fir Forest. 

Component 
[ 

N P K Ca 

Annual uptake 
Foliage 24.3 4.7 16.2 17.8 
Branches 4.2 0.8 2.7 2,6 
Bole 10.3 1.7 10.5 4.0 
Total 38.8 7.2 29.4 24.4 

thnual return 
Litterfall 13.6 0.2 2.7 11.1 
Stemflow 0.2 0.1 1.6 1.1 
Throughfall 1.5 0.3 10.7 3.5 
Total 15.3 0.6 15.0 15.7 
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To have ions transported actively through the ecosystem 
by way of leaching requires two quite separate reactions. 
Initially, most elements must be changed to an ionic form by 
mineralization through the action of decomposers or mineral 
weathering from the soil parent materials. Some elements, such 
as potassium, remain in an ionic state throughout the cycling 
process, as indicated earlier, and thus do not require this initial 
ionization step. Once an element is in an ionic state it still is not 
free to leach actively through the soil. It can be retained 
biologically by reentering the elemental cycle and physically by 
the negative potential at the colloidal fraction of the soil. This 
physical retention by the exchange potential of the soil is again 
not a simple relation. 

For any positively charged ion (cation) to leach through 
the soil, it has to be accompanied by an equivalent number of 
mobile negative charges (anions). There are several potential 
sources of these anions in a soil system. We have found in the 
glacial region of the Puget Sound lowlands that the principal 
anion in the soil solution that governs leaching losses of cations 
(for example Ca K , NH4 ) is the bicarbonate . The presence 
and activity of the bicarbonate ion in these soils can be 
explained as follows. Carbon dioxide accumulates in the soil 

atmosphere and solution through the processes of respiration 
and decomposition of organic matter. A small part (perhaps less 

than 1 percent) of this carbon dioxide undergoes hydrolysis to 
form carbonic acid, which in turn ionizes to either the 
bicarbonate or carbonate anions. 

Where the bicarbonate comprises the major portion of the 
total anions of the soil solution, which is typical, the associated 
hydrogen ion can replace readily available cations (such as 

NH4, K, and Mg) from the soil exchange complex. 
These cations then can be transported along with the mobile 
HCO3 ions through the soil into'the stream or river system. 
The amount of HCO3 - in the soil solution is primarily a 

function of the pH. A critical set of relations exists, therefore, 
between the leaching of cations in the soil system and soil 
respiration, formation of carbonic acid, ionization of carbonic 
acid, and the acidity of the soil solution. Any process that adds 
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anions to the system will react in the same way. For each anion 
equivalent added to the system, one cation equivalent can be 
lost in the leaching process and thereby added to the ground- 
water drainage system. 

IMPACT OF CLEARCUTLNG AND FERTILIZiNG 
ON THE ELEMENTAL CYCLE 

With the above description of how leaching occurs within a 
forested ecosystem, we can now examine some of the implica- 
tions of even-age forest management upon these processes. 
Obviously, land-management practices in even-age forestry can 
influence the various mechanisms that regulate elemental 
cycling. In this discussion, we will consider the specific impact 
of clearcutting and fertilizing on this cycling system. Examples 
will be taken largely from our research program at the 
Thompson Research Center in the Cedar River Watershed. The 
forest ecosystem of this site is one quite compatible to the 
theme of this symposium, a 42-year-old second-growth forest 
plantation. The soil, a gravelly outwash from the Vashon 
glaciation, is found throughout the glacial region of western 
Washington and is associated commonly with young conifer 
stands. 

Clearcutting 
Removing the trees from the ecosystem has several obvious 

influences on elemental cycling. The most immediate change 
resulting from clearcutting is a marked redistribution of the 
elements contained in the biomass of the forest. Should the 
research area at the Thompson site be logged, about i 25 kg/ha 
of nitrogen, i i 7 of calcium, and 96 of potassium would be 
removed from the site as part of the merchantible crop. As we 
can see from Table 3, this can represent less than 4 percent 
(nitrogen) or up to 20 percent (potassium) of the nutrient pool 
of the site. Not included in these calculations as part of the 
nutrient pool are those elements associated with the mineralogi- 
cal structure of the soil system. The mineralogical research 
conducted on these soils shows that mineral weathering is a 



Table 3. Distribution of Nitrogen, Phosphorus, Potassium and Calcium Among 

the Major Components of the Second-Growth Douglas-fir System (2). 

Component N 
¡ 

P 
J 

K 
[ 

Ca 

kg/ha 9 kg/ha ? ' kg/ha 9 kg/ha 

Bole, bark 125 3.78 19 0.48 96 19.47 117 9.59 

Branches, foliage 163 4.92 41 1.03 100 20.28 179 14.67 

Roots 32 0.97 6 0.15 24 4.87 37 3.03 

Forest floor 175 5.29 26 0.65 32 6.49 137 11.23 

rota], ecosystem 3,310 -- 3,971 -- 493 -- 1,220 -- 

1Based on total amount of nutrient present. 
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continuous and positive source of base elements to the 
elemental cycle and theoretically should be included in these 
calculations. Its absence represents simply .a lack of information 
dealing with these weathering rates. Based on total amount of 
nutrient present, Table 3 also shows that a considerable 
quantity of potassium and calcium in foliage and branch 
materials would be deposited on the forest floor by harvesting, 
which actually would more than double the amounts of these 
elements contained in this ecosystem compartment. This influx of new materials to the forest floor is followed immediately by 
a rapid acceleration in the rate of organic decomposition in the 
surface layer (7). The change in rate of decomposition is caused 
both by the addition of a substrate and a change in the 
microclimate. In all probability, the actual species composition of the microfauna of the forest floor itself also is altered 
drastically, as suggested in another paper in this symposium. 

The ' accelerated decomposition probably results in two 
important side effects, an increase in the level of nutrients in 
ionic form and a greater quantity of CO2 (carbon dioxide) and its hydrolysis products. Referring to our discussion of the role of CO2 in nutrient leaching, we can recognize that these 
changes could lead to a nutrient leakage into the drainage 
waters. A nutrient leakage seems even more likely if the 
nitrogen is oxidized biologically into nitrate, which would 
provide yet another mobile anion source such as found at Hubbard Brook (12). 

The probability of a significant increase in ion loss through 
leaching because of acceleration in CO2 production is low. The 
reasons for this are several. As we discussed before, little of this 
increased CO2 will reflect itself in an increase in the production of carbonic acid (H2CO3). In addition, the ionization of carbonic acid is itself pH dependent and at a low pH (below about 4.5) will remain largely in the non-ionized form. 
Consequently, the results that we have reported from our 
Thompson Research Center studies, which indicated little increased leaching losses after clearcutting, should not be 
surprising. In fact, the only way we could imagine that 
significant losses could develop would be for some other mobile 
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anion to be introduced into the system. At Hubbard Brook, 

NO3 and SO4 anions acted in this capacity after clearcutting. 

Although NO3 can form biologically through the nitrification 

of NH4 , few instances have been reported of any significant 

occurrence of this reaction in . the temperate forest region. In 

the Pacific Northwest, there have been no reported examples of 

nitrates accumulating in forest soils or in significant amounts in 

water from forested areas. One likely source of these anions is 

from atmospheric pollution as reported by Fisher, et al. (4) for 

the Hubbard Brook area. 

Forest fertilization 
In the past few years, forest fertilization has played a 

major role in the management of even-age forest stands in the 

Northwest. In general, fertilization has been almost exclusively 

with nitrogen in the form of urea. Although the selection of 

urea was made from purely an economical decision (it is 47 

percent nitrogen), it also makes, as we will see, some excellent 

sense from an environmental point of view. This can be 

appreciated by examining the interaction of this fertilizer with a 

soil system. Urea fertilizer can undergo the following transfor- 

mation: 

(NH2 )2 CO - crystalline urea 

)2C0 - urea dissolved in the soil solution 

NH4 HCO3 - the most likely ammonium salt formed through a 

hydrolytic reaction by the enzyme urease 

NO3 - formed by the nitrification of the ammonium ion 

The likelihood that nitrogen will leach from a fertilized 

forest soil depends upon which of the above forms urea is 

converted into. As long as urea does not hydrolyze into the 

ammonium forms, it can leach quite readily through the soil, 

carried by the drainage water and unaffected to any extent by 

the exchange potential of the soil colloids. The reason for this 
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mobility is simply that urea is highly soluble and very poorly 
ionized in a water system. 

Fortunately for the conservation of the fertilizer and the 
quality of drainage waters, urea does not remain as urea for ány 
appreciable period in a soil system. The enzyme, urease, is 
always present in our soils. Consequently, the conversion to the 
ammonium form is rapid, typically completed in a few days. 
Once the nitrogen is in this state, leaching is far more difficult. 
This is because of the ionization of ammonium bicarbonate to 
ammonium and bicarbonate ions. When nitrogen is in the NH4 
form, any leaching of it must contend with the negative- 
exchange sites of the soil. In addition, it can be fixed 
biologically by the entire living phase of the soil and fixed 
mineralogically by some of the clay colloids. 

The mobility of the nitrogen is restricted for yet another 
reason, one that we discussed earlier in this paper. For NH4 to 
leach through the soil, it must be accompanied by an equivalent 
number of anions. The anion added indirectly by the urea 
fertilization was, of course, HCO3 . The amount of HCO3 that 
will remain in an ionic state depends primarily on the pH of the 
system. There will be more HCO3 in the soil solution only so 
far as the fertilization has caused an increase in the pH. Crane 
(3), in his recently completed dissertation on the interactions of 
urea with the forest soil at the Thompson site, found that the 
leaching of urea nitrogen was limited to the top 20 cm of the 
soil even with high rates of fertilization and irrigation (Figure 
2) . 

Unless NH4 is converted to NO3 by the process of 
nitrification, there is little likelihood of leaching loss of 
nitrogen. The probability that NO3 will form in most North- 
west coniferous soils is low and has not been observed in any of 
our tests (4). 

EFFECT OF EVEN-AGE MANAGEMENT 
ON SOIL DEVELOPMENT AND PRODUCTIVITY 

Now that we have covered some of the general principles, 
we will go on to discuss the more general effects of even-age 
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management on the productivity system and on soil develop- ment. Even-age management implies a final harvest of a forest crop and possibly a number of intermediate partial cuts. This system, then, generally means that the soil will be devoid of the influence of forest cover and perhaps other major plant cover for some time. Obviously, this period is related to other environmental factors that govern establishment of plants and also to the actions of man in managing the forest. Changes in the soil system during the period of reestablishment, ignored previously in forestry, now are being described as anywhere from being necessary for the next crop to succeed to causing almost complete destruction of the potential of the system for future growth. The question of rate of soil formation also has been raised, with some widely publicized claims that forest land soils are being destroyed faster than they are formed inder present management. 
To discuss and answer these various questions on a completely rational basis with conclusions reached on good scientific information would be nice. Unfortunately, such information is not currently available and, although research is in progress at several institutions, not for years will sufficient information be available to lay the many arguments to rest. Some of the interactions of even-age management on soil development and productivity can be understood in part by considering the following generalizations: 

In most forests, the soil system constitutes the major nutrient pool, but distribution within the soil can change with different types and ages of forests, especially the relation between surface organic matter and mineral soil. 

The form, and therefore, the availability of elements may change slowly or dramatically within the system, as discussed in the previous section. Certain soil-forming processes actually result in reduced availability of elements or movement within the system and will cause imbalances within certain soil horizons. For instance, either podsolization or laterization frequently are viewed as processes that, if carried to the 
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extreme, result in soils of low productivity-soils on which 

many forestry problems can develop. In fact, European for- 

esters long have recognized the need to perform their silvicul- 

ture so as to reduce podsolization. In some areas of the world, it 

is considered necessary to alter these soils and the soil 

environment drastically to ameliorate conditions for tree 

growth, especially for regeneration. 

Rate of soil formation is a most elusive concept, and the effect 

of soil formation on forest production is uncertain. The rate has 

to be judged in relation to rate of change in specific soil 

properties as a function of soil-forming factors. Jenny (10) 

clearly elucidated relations between soil-forming factors and soil 

properties years ago. Individual soil properties change at quite 

different rates, and therefore soil maturity occurs at different 

times for different properties. Under these circumstances, we 

know of no studies that clearly give rate of formation of forest 

soils in the Northwest for any but very short periods. 

Even if we had exact information on rate of formation of 

forest soils, to relate this to forest productivity would be 

difficult. Actually, most of the good forests of the Northwest 

and many other areas of the world are on young soils, and 

forest vegetation rapidly invades what is called parent material. 

There is also a considerable volume of literature that indicates 

forests grow very well after major soil disturbance, for 

example, the growth on old fields or the windrow effect in 

Australia. We also know that some species need disturbed soil 

surfaces to establish themselves and then apparently can 

ameliorate the soil to produce normal growth rates; red alder 

is a good example. Forestry literature is also replete with 

instances of regeneration and growth problems related to 

particular kinds of soil rather than young or old soils. In fact, 

one generalization seems to be that forest nutritional problems 

are found as often in mature or very old soils as in immature or 

disturbed soils. In fact, in tropical forest ecosystems the theory. 

has been advanced that continual erosion of highly leached soil 

material is necessary to continue production of forests. Hol- 
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dridge, et al. (9) reached this conclusion by observing that the 
most productive forests in many areas are on ridges and steep 
slopes. 

There is no clear indication of the impact of even-age 
management on soil and forest growth. Obviously, if the 
management results in massive loss of the soil system, then a 

series of changes must ensue. Normal nutrient drain through 
removal of a portion of the plant material by thinnings and a 

final cut apparently does not constitute a serious problem 
because of the nature of elemental cycling and retention of 
elements in a forest ecosystem as documented in the beginning 
section of this paper. Site preparation in establishing a new crop 
may play a role in long-range forest production, but, outside of 
the much discussed role of fire, these procedures have not been 
investigated. 

A theoretically complete removal of a forest crop alters 
many of the basic soil-forming factors, and one could argue that 
a new set of processes ensues. In other words, the soil system 
starts at time zero again, and if the soil system was in some sort 
of equilibrium, this equilibrium will be shifted. Depending upon 
the state of the system at the time of removal, these changed 
processes may be more or less favorable for establishment and 
growth of a new crop. As knowledge about soils is applied to 
forestry at present, however, we believe each instance must be 
judged on its merits and peculiar problems. Broad generaliza- 
tions that complete removal of the forest either does not 
change the system or drastically damages it may be seriously 
misleading. 

The needs of forest production and management intensity are 
continually changing. Generally, we are forced to grow our 
forests on the less fertile soils for reasons apparent to everyone. 
We also are faced with the necessity to produce more on each 
acre of land set aside for wood production because of 
withdrawal of more acres of this land for other purposes. We 
have, therefore, intensified management practices on these 
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acres, including removing more of the material produced. We 
also insert other species or more rapidly growing strains of the 
natural species. An example of. this kind of forestry is even-age 
management of Finus radiata in Australia. 

Even-age forests in Australia consist mainly of exotic 
species planted with more regard for the market location than 
the natural requirements of the species. As occurs in most forest 
situations, forests are planted on poorer soils because these are 
the only ones that remain after agriculture and other land uses 
have made their selection. Further, Australian soils are inher- 
ently poor in nutrients, especially phosphorus. When this 
inherent phosphorous deficiency is corrected, deficiencies may 
and do occur in other nutrients, for example, sulfur, boron, 
calcium, potassium, magnesium, and zinc. Nitrogen is generally 
in good supply, but responses to it sometimes are gained when 
other deficiencies are corrected. 

Native Australian species naturally have low phosphorus 
demands, but species used for plantation forestry are high 
demanders. A typical plantation of Eucalyptus would have 
foliar concentrations of 400 ppm (E. pilularus), but Pinus 
radiata would have from 1,100 to 1,500 ppm of phosphorus. 
Besides increased demands, plantations generally are stocked to 
a higher density than a natural forest. This total higher demand 
means that the soil-nutrient reserves are being placed under a 

much more intense stress. 
To overcome this difference between nutrient supply and 

demand, fertilization generally is carried out at time of planting. 
To correct for phosphate deficiency, super phosphate, lime 
super, or rock phosphate is applied, with ammonium phosphate 
selected in particular instances. Diagnostic techniques for 
fertilizer requirements are highly developed, and foliar analysis 
is used routinely in the plantations. Critical levels have been 
established, and a great deal of work on optimum nutrient 
ratios has been done (5, 6, 8, 1 1 , 13, 14). In contrast, little 
work actually has been done on mineral cycling and the fate of 
applied nutrients. Some indirect work of Gentle and Humph- 
reys at Wingello, N.S.W., shows that little of the phosphate is 
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lost from the system. Phosphate applied at the beginning of the 
rotation, which gave very good growth response, gave almost 
identical growth response well into the second rotation without 
further addition of fertilizer. In this situation, other nutrients 
did not become in short supply. Problems can arise when 
fertilizer application increases the demand for other nutrients. 

One final point is that with even-age stands the greatest 
nutrient demand occurs at about the time of crown closure or 
shortly after-at about IO years in P. radiata. We can expect, 
therefore, that the major problems in nutrients will occur at this 
time. The point of greatest stress can be predicted in even-age 
stands, in contrast to the relatively even, continuous stress 
found in uneven-age forests. 

CONCLUSIONS AND UNCERTAINTIES 

In this paper, we have attempted to review pertinent 
information on the impact of even-age management and 
clearcutting of forests on mineral cycling and forest productiv- 
ity. We also have tried to relate these observations to generaliza- 
tions that have emerged from the history of forest management 
both in this country and abroad. 

The informational picture is confused by the fact that only 
within the last 30 years have we begun to study and consider 
the soil as part of the forest productivity system. Our 
knowledge of soil distribution and soil-developing processes in 
forests is rudimentary, at best. Therefore, the statement that 
soils in the Cascade Mountains are being destroyed faster than 
they are formed, although of shock value to politicians, is 
meaningless to a scientist concerned with forest growth and 
conservation. The fertile valleys of Oregon and Washington are 
ample evidence that transport of weathered materials from the 
mountain areas has been a normally occurring process since the 
current general physiographical features took form. 

We believe man has the capacity to work with nature in 
the management and harvesting of forests so as to continue the 
system and even improve it. To do this, he m'ust understand the 
entire system and realize the impact of changes on all parts of 
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it. He cannot be successful by concentrating on single objectives 

and ignoring others. 
Fortunately, research programs are focused on these issues 

and are movhig toward securing necessary information. The 

programs use the best information available in producing forest 

crops-whether they be wood, water, wildlife, or recreation. 

The Coniferous Biome Program of the International Biological 

Program represents a major effort in this search for integrated 

knowledge of the ecosystem. At present, about i 25 scientists in 

the western states are conducting this research at two principal 

areas, the H. J. Andrews Forest in the Oregon Cascade 

Mountains and the Thompson Research Site on the Cedar River 

Watershed in the Washington Cascade Mountains. The objective 

of the research is to understand the coniferous forest ecosystem 

both in its natural state and under manipulation. 
This program is supported by the National Science 

Foundation and has been the subject of critical reviews by them 

before funding. We believe results from this and related studies 

will provide answers to many of the questions being considered 

today, and we invite readers to find out more about the 

program and how results may be used in answering some of the 

questions being asked at this symposium. 
We also believe the present concern for greater under- 

standing of the role of soil in even-age management of forests is 

valid . We also believe , however, that exaggeration and distortion 

of the few facts now available will do great damage to a rational 

approach in resolving natural resource conservation and 

management. 
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Management of today's forests at almost any level of 
intensity implies the extensive use of machinery, not only for 
the initial harvest or stand conversion but for the application of 
a variety of silvicultural treatments as well. The equipment has 
the potential for markedly modifying the physical properties of 
the surface soil layers, which may significantly affect regene- 
ration and future growth. Some form of crawler tractor or 
rubber-tired skidder is the primary machine used in all but the 
steepest regions of North American forests. Throughout the 
West, loggers commonly use crawler tractors or rubber-tired 
skidders on slopes up to 30 or 40 percent and occasionally on 
slopes up to 60 percent. Recently, the Forest Industries 
magazine reported on a rubber-tired skidder being used on 
slopes up to 84 percent. This is probably the exception, as most 
slopes above 40 percent supporting old-growth timber in the 
West have been harvested by some cable system, such as 
conventional high-lead or skyline methods. Until very recently, 
young-growth forests have been thinned almost exclusively by 
crawler tractors and skidders adapted from equipment used in 
harvesting old-growth timber. Now, loggers are beginning to 
develop cable systems for thinning and harvesting in young- 
growth stands. 

The change in the properties of the surface soils as a result 
of harvesting and thinning may be either beneficial or harmful. 
Some degree of exposure of mineral soil is frequently desired as 
an aid to regeneration. Beyond the soil disturbance from 
scarification by dragged logs or machine movement, there is 
often a much deeper disturbance from the construction of 
tractor trails. This becomes especially visible as the slopes 
approach the maximum for the operation of ground-based 
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equipment. Another type of disturbance that is less visible is 

soil compaction in the routes used for machine and log 

movement. The areal extent of the surface disturbance and even 

the degree of compaction may be measured easily. The actual 
effect that this has on tree or stand growth over a rotation is 

not so readily observed and many unanswered questions remain 
on the subject. 

FOREST SOIL CHARACTERISTICS 

It is impossible within the scope of this paper to attempt 
to characterize the ideal soil system for each commercial forest 
species. Some things can be said that generally identify the 
highest producing sites, however. The significance of permea- 
bility, texture, and available moisture in influencing tree growth 
is recorded by research in forested areas around North America 
(1 , 2, 4, 15, 35). Lutz (17) states that the critical apparent 
density varies with texture, and, "Optimum compactness is that 
apparent density at which the particular soil has the pore-size 
distribution that will give the water and air capacity and 

movement best suited for plant growth." The natural bulk 
density of high-site forest soils is generally quite low, normally 
increasing with depth. Expressed as bulk density, the surface 
layers of many productive soils are reported to have densities 
ranging from about 0.5 g/cc to 0.9 g/cc. Schiots, Lloyd, and 
Deardorff (29) provide detailed descriptions of 14 Douglas-fir 
soils in western Washington. The highest site-index values are on 
those soils with a porosity that permits free permeability of air 

and moisture throughou the profile. Forristall and Gessel (8) 
indicate that effective rooting depth is related to soil density 
and soil porosity and that the lower limit of the effective 
rooting depth corresponds to a marked increase in bulk density. 
Lutz' concept of an optimum compactness is supported by 
Steinbrenner's (3 1 ) findings on the relation of macroscopic pore 
space in the B horizon to site index of Douglas-fir in western 
Washington. He found that from a lower reading of 7 percent 
there is an increase in site with an increase in macroporosity up 
to 14 percent, followed by a decrease in site with an increase in 

pore space beyond this. 
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Thomas, Pomerning, and Simonson (38) provide a range of 
values for the particle size distribution for a large number of soil 
series found in Oregon as well as the site class for Douglas-fir 
commonly associated with these soil series. The most pro- 
ductive soils are found to be associated closely with a clay 
content of about 20 to 35 percent, with generally a wide range 
of particle sizes for the balance. For these soils to have the 
generally low bulk density and high porosity found under 
undisturbed conditions, a high degree of aggregation must be 
present. The loose, friable nature of these soils under natural 
conditions is the result of chemical and physical weathering and 
biological activity . Freezing-thawing, drying-wetting, root 
growth and decay, and the activity of micro- and macroscopic 
soil organisms have all played a part in forming the surface 
layers of soil into aggregates of mineral and organic material to 
provide a medium in which soil-water solutions may move 
relatively freely and adequate aeration may occur. Mechanical 
impedance of the coarse lateral and fine feeder roots under 
natural conditions is at a minimum. It is understandable that 
soils of this type would be readily subject to changes during 
logging. 

THE COMPACTION PROCESS 

A brief look at some of the equipment currently in use 
shows that many of the rubber-tired skidders weighing between 
10,000 and 18,000 pounds have a rear-wheel ground pressure of 
from 20 to 28 lb/in2 . This would be static pressure at the rear 
wheel with the machine holding a normal turn of logs. 
Crawler-type tractors may range from about 10,000 to 36,000 
lb or more, with ground pressures ranging from 6 to i 3 lb/in2 
assuming equal distribution of weight over the whole track- 
bearing surface. Some logging equipment now under develop- ment is expected to have ground pressures of near 4 lb/in2. 
These values of ground pressure are for static conditions of the 
fully equipped but unloaded tractors. The effect of the various 
sizes of loads, bouncing action, and vibration when the machine 
is in motion all add to this minimum, and the actual ground 
pressures may be increased several times. 
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Both vertical pressure and vibration change the physical 

condition of the soil. Any pressure on the soil surface greater 

than the natural internal friction will cause the aggregates to 

shift relative to each other and thus initially reduce the 

macroscopic pore space but basically retaining the aggregate 

units. With further pressure, plastic deformation will occur at 

contact points between the aggregates. Repeated trips over a 

soil surface also produce a kneading action that alternates the 

direction of pressure in a soil unit, thus accentuating compac- 

tion. Continued or repeated pressure and vibration in the 

presence of a sufficient moisture to lubricate shear planes 

within and between aggregates will cause puddled soils, a severe 

breakdown of the soil structure (20). Chancellor, Vomocil, and 

Aerf (3) provide a detailed sequence of soil change from 

compaction in their study of energy disposition in compression 

of agricultural soils. 
A standard engineering test commonly used to determine 

the optimum moisture content for maximum soil compaction 

will help to visualize the influence of moisture in decreasing the 

shear strength. In this test, the selected soil is confined in a 

cylinder and subjected to a known compactive effort. The test 

is run at several increménts of soil moisture with the results 

plotted as a curve from which the optimum moisture content 

may be read. An example of the type of curve produced by a 

clay loam forest soil is shown in Figure 1. 

this example, 95 percent of the maximum compaction 

occurs at a moisture content ranging from 14 to 30 percent. 

The absolute value of dry density would be somewhat higher 

were it not for the high organic matter content of the surface 

soils. Note that below the optimum moisture content, further 

compaction could be produced with a greater compactive 

effort. Above the optimum moisture level, the excess pore 

water pressure effectively limits the density that can be attained 

under the test conditions. Under unconfined conditions, how- 

ever, the soil will become plastic enough to flow away from the 

compactive force with a rapid loss in soil structure. A soil with a 

wide range of particle sizes may be compacted to a greater 

density than more uniform soils and will compact at a lower 



Physical Properties of Soil 

o 
o 
w 

>- 
I- 

u, 
z 
w 

-J 
D 

0.1 I I II I I I I I 

o io 20 30 40 
MOISTURE CONTENT, % DRY WEIGHT 

Figure 1. An example of the results from the 
Proctor Test of the surface layer of a clay loam 
forest soil. 
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moisture content. Sandy clays, tor example, may be compacted 
to densities of 1.7 to 2.1 g/cc at only 8- to 15-percent soil 
moisture, but the maximum densities of clays are in the range 
of 1 .5 to 1 .7 g/cc achieved at 20- to 30-percent soil moisture. 
Of course, these maximum densities seldom are achieved under 
field conditions. The Corps of Engineers, Waterways Ex- 
periment Station (40), reports that this optimum moisture 
content for compaction occurs about midway between soil 
moisture tensions of 0.06 and 1 5 atmospheres, approximating 
field capacity and wilting percentage. This general rule appears 
to be realistic for soils ranging from clays to sandy loams. 

The degree of soil compaction actually achieved is thus 
strongly related to the moisture content, degree of aggregation, 
and organic content. Day and Holmgren (5) aptly described the 
soil reaction to pressure: 
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During compression the forces exerted upon an 

individual soil aggregate by the surrounding ag- 

gregates comprise a complicated force system. The 

factors which determine the shearing strength are the 
internal cohesive forces and the friction forces. Plastic 

deformation can be expected only if the applied 
stress is sufficiently great to overcome the shearing 
strength; otherwise, the aggregate will function as a 

mechanically stable structural unit. This principle is a 

necessary starting point in the interpretation of soil 
compression. 

These authors also demonstrate the effect of changes of 
moisture content and three levels of pressure on bulk density of 
a silty clay loam (Table i ). Thus at about 25-percent moisture 
content, a pressure of 14 lb/in2 increased bulk density by 64 

percent, but, at about 1 5-percent moisture, a comparable 
pressure only increased bulk density by 27 percent. 

Table 1. Relation of Moisture Content and 

Pressure to the Bulk Density of a Silty 
Loam (S). 

Water 
content Initial Final 

9 G/cc G/cc 

7 lb/in.2 
25.3 0.78 1.23 

15.4 0.78 0.93 

14 lb/in.2 
25.4 0.81 1.33 

15.3 0.78 0.99 

21 lb/in.2 
25.4 0.84 1.69 

15.5 0.78 1.07 
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PHYSICAL CHANGES IN SOIL 
PRODUCED BY HARVESTING AND THINNING 

Density, Porosity, and Infiltration 
lt is impossible to make a direct comparison of the 

laboratory compaction tests to the compaction produced in the 
field. That is, the energy applied in the Proctor test may not be 
duplicated by the tire or tread of a harvesting machine. The test 
should serve as a good index of what can occur under field 
conditions, however. Steinbrenner and Gessel (34) observed a 
35-percent increase in bulk density on tractor skidroads after 
six trips with a tractor under winter conditions on a silty clay 
loam (Olympic series). Soil density increased about 17 percent 
after six trips under summer conditions, and it required about 
seven or eight trips to achieve a 35-percent increase in density 
under summer conditions. Weaver and Jamison (41) indicate 
that the first four passes of a tractor produced the greatest 
increase in density in the agricultural soils of their study. My 
observations on tractor thinning of areas on a reddish brown 
clay (Nekia series) indicate a 25-percent increase in bulk density 
between the logged areas and the heavily disturbed areas. The 
change in density is related almost directly to the loss in 
macroscopic pore space, and this loss in pore space markedly 
influences permeability and infiltration. 

Steinbrenner and Gessel (33) found that tractor-cutover 
land had a 2.4-percent increase in bulk density, a 35-percent 
loss in permeability, and a i O-percent decrease in macroscopic 
pore space compared to undisturbed soils. Skid trails in the 
same area showed a 53-percent loss in macroscopic pore space 
and a 93-percent loss in permeability. Stembreimer (30) found 
that, although it took six trips with the tractor to reach 
maximum compaction, nearly all of the loss in infiltration rates 
occured with the first two trips. It required about four trips in 
summer to achieve the same loss in infiltration. Dyrness (6) 
noted that undisturbed forest soils in his study on the Andrews 
Experimental Forest in the Oregon Cascades had about 77- 
percent pore space, but compacted soils in adjacent tractor 
logging averaged about 63 percent. This change in pore space 
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was brought about by a change in bulk density from 0.603 g/cc 

in the undisturbed areas to 0.975 g/cc in the compacted areas of 

tractor logging. 
Perry (27) studied the soil conditions under loblolly pine 

26 years after planting. He found that infiltration for a given 

quantity of water required 3.5 min in planted fields and 18.5 

min in areas compacted at the time of planting. On currently 

compacted sites the infiltration time ranged from 80 min to 

more than 4 hr. Trimble and Weitzman (39) found that it took 

6 1 9 times longer for a given quantity of water to enter the soil 

of a skidroad than to enter the A-horizon of an undisturbed 

forest soil, and 20 times longer than to enter into the B-horizon. 

Munns (23) found that infiltration was reduced by 75 percent 

on tractor-logged sites in the pine region of California, and 

Hulisashvili (14) observed that after clearcutting of a pine- 

spruce-oak forest on brown forest soils of the eastern Georgia 

regions of the Soviet Union there was about 50 percent less 

noncapilary pore space. This loss in large pore space gave rise to 

a 3.5-fold decrease in infiltration. 

Depth of Compaction 
The depth to which the compaction is found is quite 

variable. It penetrates deeper under wet soil conditions than 

under dry, and the more porous the soil initially the greater the 

compaction depth. Munns (23) found that compaction under 

tractor logging with relatively light equipment in the pine region 

of California penetrated to at least 10 in. in depth. Lull (16) 

reviewed a number of studies that show compaction depths 

from 6 to 24 in. He concludes that the depth to which 

compaction occurs does not generally extend beyond 1 2 in. 

below the bearing surface and that laterally the effect is limited 

to 1 2 to 1 8 in. from the tire or tread. It is difficult to relate 

compaction on agricultural soils to that occurring in logging, 

because the latter is produced by a combination of tire or tread 

pressure , kneading action, and vibration from the equipment 

plus the pressure and scarification from the turn of logs. 
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Areal Extent of Soil Disturbance 
As early as 1947, Munns (23) raised the question of 

possible damage to soils when he observed that tractor trails and 
roads covered from 25 to 40 percent of a logged area in the pine 
region of California. Steinbrenner (30) reported that 26 percent 
of a tractor-logged area was occupied by tractor skidroads and 
included deep displacement of soil, surface compaction, and 
puddling of saturated soils. Dymess (6) also found that 
although up to two-thirds of a tractor-logged area may be 
disturbed during logging, about 26 percent of the area may be 
classified as compacted. His report also shows that high-lead 
cable logging during clearcutting produced about 9-percent 
surface soil compaction. 

Wooldridge (42) compared the soil disturbance produced 
by partial cutting with tractor logging and a skyline crane 
system. He reports that deep soil disturbance occurs on about 
1 6 percent of the tractor logging and only 3 .2 percent under the 
skyline crane method. Haupt (13) observed that partial cutting 
of old-growth ponderosa pine produced soil disturbance ranging 
from 3 to i 8 percent, varying with the initial stand volume, 
volume removed, and size of equipment. My observations of 
several thinnings in 50- to 90-year-old Douglas-fir lead me to 
expect that from 40 to 60 percent of the thinned sites will be 
disturbed, with from 20 to 30 percent of the area having heavy 
disturbance and compaction. 

EFFECT ON SEEDLING AND TREE GROWTH 

The literature on the effect of compaction on agricultural 
crops is quite extensive, but that dealing with forest crops is 
limited. The effect of compaction on tree roots has centered 
around three factors; physical impedence, gaseous exchange, 
and nutrient and moisture movement (28). Zimmerman and 
Kardos (44) found that root penetration is correlated negatively 
with bulk density, but that there is a wide difference between 
plant species in ability to penetrate dense soils. Forristall and 
Gessel (8) noted that in Alderwood gravelly loam, Douglas-fir 
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and western hemlock root growth is restricted significantly 
when the bulk density approaches i .25 g/cc. Minore, Smith, 
and Woollard (2 1 ) observed the effects of high soil density on 
seedling root growth of seven northwestern tree species. Soil 
columns were compacted to 1.32, 1.45, and 1.59 g/cc and 
seedlings allowed to grow for 2 years under greenhouse 
conditions. The roots of all seven species grew through the 
I .32-density soil cores. The roots of western redcedar, Sitka 
spruce, and western hemlock did not penetrate i .45-density 
cores, but roots of red alder, lodgepole pine, and Douglas-fir 
grew through them. No roots penetrated the i .59-density cores. 
Steinbrenner (3 1 ) observed that no roots were found in soil 
layers that preclude passage of air at i 5 lb/in2 . Pearson and 
Marsh (25) found that the compaction of certain soils in the 
Black Hills region had an unfavorable effect on the reproduc- 
tion of ponderosa pine because the altered soil structure 
impeded root development. The undesirable characteristics were 
accentuated by logging operations in wet weather. Steinbrenner 
(32) noted that plants on the skid trails tended to have shallow 
root systems brought about by the reduction in natural 
macroscopic pore space, lower permeability, and reduced 
oxygen capacity of the soil. Sutton (36) reviewed a number of 
papers on the form and development of conifer root systems 
and concluded that roots will grow only in that part of the soil 
where moisture, aeration, and mechanical properties are favor- 
able. Aeration has been shown to influence total root surface 
area, size of root-hair zone, and fibrousness in roots of several 
species. Pearse (26), working with Douglas-fir and western 
hemlock grown in sandy loam compacted to densities of 0.59, 
0.84 and i .02 glee, found that total root length after 8 weeks 
was least in the most compact soil. 

Hatchell, Ralston, and Foil (li), working with loblolly 
pine, also found that root weight was correlated negatively with 
bulk density over a range in density from 0.8 to 1.4 glee. 
Shoot-root ratio was correlated positively with noncapillary 
porosity and oxygen diffusion rate. Foil and Ralston (7) 
reported that compaction of a variety of soils, whether at 3.5 or 
10.5 kg/cm2 of surface pressure, greatly reduced size and 
weight of loblolly pine seedlings. Small differences in growth 
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among compaction treatments indicated that even the smallest 
pressure applied reduced soil aeration and increased mechanical 
impedence to root growth to unfavorable levels. Some height 
growth effects were observed on first-year growth of loblolly 
pine. On one area, there was a small but statistically non- 
significant height-growth difference between seedlings on a 
secondary skid trail and an undisturbed area. On a second area 
however, seedlings averaged 3.8 in. on a primary skid trail, 
compared to 4.8 in. on an undisturbed site. On primary skid 
trails there was a 43-percent loss in seedling height growth on 
the first site and a 53-percent loss on the second site. 

Youngberg (43) measured the influence of soil conditions 
after tractor logging on planted Douglas-fir seedlings. He 
showed that the average leader growth in the cutover area was 
6.8 in., compared to 5.3 in. for seedlings growing on a tractor 
trail berm and 3.9 in. for seedlings growing on a heavily 
disturbed tractor trail, a 43-percent reduction from those in the 
cutover area. The Bureau of Land Management, Eugene District, 
reported a 57-percent loss in terminal leader growth between 
undisturbed sites and tractor skidroads on 8-year-old Douglas-fir 
seedlings.1 Their data also indicate the relation of bulk density 
to leader growth (Table 2). 

Table 2. The Effect of Bulk Density on 
Leader Growth'. 

Bulk density Leader growth 

G/cc Inches 

0.84 26.69 ± 5952 
0.94 23.71 ± 4.62 
1.06 22.88 ± 4.70 
1.15 18.60 ± 6.39 
1.24 17.22 ± 7.79 

'From unpublished paper on file at Bureau of Land Management, Eugene District, 
Eugene, Oregon. 

2Plus or minus standard error of the mean. 
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Actual values for effects on residual tree growth seldom 
have been reported. Olson (24) described a "logging shock" that 
results in considerable loss of trees and arrested growth in 
residual stands of western white pine. Perry (27) measured 
growth on loblolly pine 26 years after they were planted. Data 
from 30 pairs of trees showed a significant reduction in growth 
between trees growing on compacted areas and those in 

surrounding fields (Table 3). 

Table 3. Average Growth of Trees in Compacted and 

Uncompacted Areas (27). 

Location Dbh Height Volume 

In. Ft Cu ft 

Woods road 6.3 54 4.1 

Surrounding fields 8.7 62 8.8 

In an effort to determine the combined effect of tractor 
and load on soils and tree growth, Moehring and Rawis (22) 
selected a series of loblolly pines in a 40-year-old stand. The soil 
was compacted by a small tractor pulling a load of three i 0-foot 
logs passing six times near the tree. The treatment was applied 
during wet weather, and the results were measured in terms of 
growth 5 years later. Growth was found to be affected only 
slightly when compaction was limited to one side of a tree. 
Compaction on two, three, and four sides of a tree produced 
13.7, 36.3, and 43.4 percent less volume over the 5-year period. 

PERSISTENCE OF COMPACTED CONDITION 

The longevity of the compacted condition is of major 

interest to forest managers, but data on rates of recovery still 

are limited. Of course, the same forces that were instrumental in 

bringing about the porous soil structure and aggregation will 

begin to restore the soils to their natural tilth. The process 
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sometimes may be quite slow, and possibly some threshold or 
limit exists from which a given soil may recover quickly and 
beyond which a long interval will be required. Coarse-textured 
soils apparently will recover more quickly than fine-textured 
soils. Mace reports on the recovery of a sandy soil after thinning 
of a 90- to 100-year-old red pine stand in Minnesota. Im- 
mediately after thinning, a 5-percent increase in bulk density 
was determined for the skidder trails used in a tree-length 
yarding, and an 1 1 -percent increase in bulk density was found 
in skidder tracks used in skidding full trees. The lightly 
compacted soils were markedly recovered after one over- 
wintering period. The somewhat heavier compaction produced 
by the full-tree skidding is recovering at a slower rate. In both, 
the compaction near 6-inch depth had recovered significantly in 
i year, apparently because freezing and thawing are more 
prevalent at lower depths in sandy soils and permit a quicker 
recovery(18, 19). 

In western forests, soil freezing appears to be much less 
prevalent. Hale (9, lO) notes that the forest soils of the high 
Cascade Mountains, both east and west side, remained unfrozen 
throughout the winter and spring of 1949-1950. In the 
following winter, frost occasionally penetrated to 3-inch depth 
under lodgepole pine stands and about 2 inches under pon- 
derosa pine stands. At no time during the observation were 
there extensive areas of impermeable frozen ground. In the 
Coast Range of Oregon and Washington freezing-thawing cycles 
apprently will not add significantly to natural recovery of soil 
tilth. 

Munns (23) noted little or no change in the infiltration 
rate within 2 years after logging. Tackle (37) also used 
infiltration as an index of soil condition on a silty clay loam 
after logging on western larch and Douglas-fir land in the 
intermountain region. The relative infiltration values in the first 
and fifth years after logging are shown in Table 4. The scarified 
condition listed above indicates that the litter layer was 
removed or disturbed excessively by the tractor in logging or 
piling slash. Lutz (1 7) cites an example of soil compaction from 
tractor tire pressure in orange groves and noted that the 
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Table 4. Infiltration Values in the First and 
Fifth Years After Logging (37). 

Condition 
( 

ist year 5th year 

Undisturbed 100 100 
Scarified 15.4 48 
Br6adcast burn 62.5 135' 

Tractor skidroad 4.1 4.1 

'Had recovered by 3-4 years. 

elimination of cultivation for 8 years and the growing of cover 
crops partly restored a good physical condition. 

AMELIORATION OF COMPACTED CONDITION 

Artificial means of loosening the compacted soils may be 

possible, but the results of such efforts are highly variable. Both 
the Bureau of Land Management and U. S. Forest Service have 

required certain compacted areas to be scarified, and Stein- 
brenner (32) reports that this also has been done on some 
private forest lands. The success of the scarification projects is 

not at this time, but some measure 
apparently is achieved. Experience from agricultural soils 

indicates that the condition of the soil at the time of 
scarificátion is crucial and that if the work is done under a 

moisture content near the optimum for compaction, further 
compaction may result. Hatchell (1 2) studied the effect of 
compaction and loosening treatments on loblolly pine grown in 

cores of compacted soil and noncompacted soil taken from 
adjacent sites. A randomly selected portion of each soil 

condition was loosened to O-, 3- and 6-in. depths. Loosening 
was achieved by removing the core and breaking it into particles 
no larger than i /4 in. in diameter and then loosely packing the 
soil into a soil column. The soils in their compacted condition 
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had bulk densities from i . 1 2 g/cc for a clay loam to i .62 for a 
silt loam. The author makes a special note that the greatest 
retardation in growth on compacted soil as compared to 
noncompacted soil was observed on silt loam soil. Loosening 
compacted soils did not produce a significant increase in growth 
of shoots and roots. Mean dry shoot weights for compacted 
soils loosened to O-, 3-, and 6-in. depths were respectively 184, 
21 1 , and 207 mg, and respective root weights were 66, 79, and 
74 mg; these weights are considerably less than those on 
noncompacted soils with no loosening-344 mg for shoots and 
i 05 mg for roots. Loosening compacted cores resulted in a 
percentage of seedling establishment that was almost as high as 
the percentage on cores of normal soil, however. Longer term 
studies clearly are needed to learn what effect various loosening 
or scarification treatments have on restoring desirable soil 
properties. Mechanica1 loosening, if done under proper con- 
ditions, apparently will at least make it possible for natural 
forces to act more quickly on the compacted soils. 

Some tree species and many other grass and shrub species 
can penetrate dense soil to a greater extent than some of our 
desirable commercial species. Perhaps alder, Ceanothus, or other 
pioneer species will serve a useful purpose in this fashion in the 
Northwest. Lull ( i 6) reviews papers that indicate the beneficial 
role of mustard, grasses, and legumes in improving infiltration 
rates. The increasing practice of seeding skid trails and landings 
with grass species as an erosion-control measure also should be 
beneficial in speeding the recovery of the compacted soil. 

CONCLUSION 

The problem of the effect of the harvesting and thinning 
processes on desirable physical soil properties varies markedly 
from soil to soil, but at times it can cause a serious loss in 
seedling establishment, growth, and long-term productivity. 
Some degree of soil disturbance and compaction is almost 
inevitable in harvesting, but it may be reduced significantly by 
the proper selection of equipment and the timing of its use. The 
combination of a high degree of mechanization utilizing heavy 
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equipment and the naturally porous nature of the most 

productive soils intensifies the problem. An understanding of 

the compaction process and the physical nature of the soils we 

manage will aid in reducing the degree and amount of soil 

problems from intensive use of machines. The actual physical 

change is primarily one of reduction of noncapillary pore space, 

which in turn reduces infiltration, permeability, and gaseous 

exchange. A smaller, but at times significant, area may be 

puddled, which represents a severe loss of soil structure. Various 

studies in old-growth harvesting indicate that from one-quarter 
to one-third of a clearcut area may be affected seriously by 

ground-based machines and from 3 to 9 percent of the area may 

be affected by cable harvesting systems. 
Some studies have shown that the effect of compaction on 

seedling growth varies greatly between soils and with tree 

species. There is a consistent trend toward a reduction of both 
seedling root length and shoot or leader growth. Losses in 

height growth range from 14 to 53 percent depending on soil 

type, degree of compaction, and tree species. The trend of 
growth on residual trees affected by compaction also is 

correlated negatively with density and may range from re- 

latively small reduction to over 40-percent loss in growth on 

individual trees. 
The compaction under some conditions persists for a long 

time, perhaps at least a few decades and is more persistent in 
clayey soils than coarse-textured soils. Freezing and thawing 
and drying and wetting appear to be major agents in restoring 
soil structure that act most rapidly on the least compacted soils. 

Mechanical means of loosening compacted soils appear to hold 
some promise under some conditions but primarily as a means 
of aiding natural forces to act on the soil mass. Biological means 
of improving soil conditions are probably more certain, and the 
use of selected plant species to pioneer the recovery of the 
affected soil shows considerable promise. 

A major question still to be answered is: What is the effect 
of the disturbance and compaction on a forest stand over a 

rotation? It may be that those trees in the vicinity of 
compacted sites may be able to compensate for some loss of 
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rooting space and the release from competition from the 
disturbed area may still allow accelerated growth. Seedlings or 
planted stock on the skid trails clearly appear to suffer growth 
losses, but it has been suggested that those planted adjacent to 
compacted areas may not suffer serious growth loss if the soil 
condition is ameliorated by the time the root development of 
the young stand requires the use of these areas. Because the 
potential for growth loss appears to be substantial, however, 
especially under intensive forest management, every effort to 
minimize the impact is warranted. 
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GENETIC IMPLICATIONS OF MONOCULTURE 
IN FOREST MANAGEMENT 

Bruce Zobel 
Professor, Forest Genetics 

North Carolina State University 

INTRODUCTION 

The idea of growing forest trees with relatively similar 
genotypes in large acreages causes considerable concern among 
foresters. Yet these same foresters will look over an agricultural 
field with millions of plants of nearly identical genotypes and 
show no concern whatsoever. What is the reason for this 
difference in attitude? Partly, it is a lack of understanding of 
the environment and man's capabilities to control it. Environ- 
mental manipulation is practiced to a much greater extent in 
agriculture than in forestry, making it possible to better control 
those factors that can cause catastrophic losses. As forest 
management is intensified, the forester can move in the same 
direction for greater environmental control and thereby some- 
what reduce the danger of loss that results from a narrow 
genetic base. But no matter how well man tries to manage the 
environment in forestry, nature will prevail, and adverse 
conditions will always be encountered for a crop planted over 
wide areas and requiring many years to reach maturity. 

When a catastrophe happens in agriculture, the crop is 
damaged or lost, but possible adjustments are made and the 
farmer starts again next season. The agriculturist usually grows 
his crop only for a short period of the year, during which the 
environment is optimal for development of that crop. But in 
forestry the plants must survive for many years over all seasons, 
giving a much greater chance for an unusual happenstance to 
damage or destroy the crop. When a forest is destroyed, the loss 
is cumulative from time of establishment to the time of 
destruction, and loss is heavy. 

It can be expected that as the genetic base in forestry is 
narrowed, the possibility for environmental losses becomes 
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greater. Although potential yields may be enhanced, the 

forester must face the decision, "How much risk of loss or 

destruction can be tolerated for a given amount of additional 
product uniformity, volume, or quality?" This complex ques- 

tion will be answered differently by different people and 

organizations ; a major point to be stressed in this paper is that 
such a decision will be easier if proper attention is paid to the 
genetic makeup of the forest trees used in regeneration. 

There is no agreement on what constitutes a narrow 

genetic base but I will discuss the subject in light of our 

knowledge of the southern pines. In my treatment, even-aged 

forest management is not equated with monoculture, although 
the two are often associated. My idea of a monoculture relates 
to extensive planting of similar and rather homogeneous 
genotypes; plantations consisting of a single species do not 
automatically fall in this category. 

RESTRICTING THE GENETIC BASE 

Kinds of Losses 

Two kinds of trouble can result from an interaction of an 

adverse environmental condition and the genotype of the plant. 
The first is death or severe damage, which is easily recognized 
and generally understood; indeed, many persons think of 
adverse effects of monoculture only in these terms. It is 

represented by a dramatic loss such as that resulting from kill 

by cold, insects, or drought. The second kind of loss, which 
results in a reduction in growth and vigor, may be of 
considerably more overall importance than outright kill. It 
often goes unnoticed except by the keenest observer, and 
assessment of the damage is exceptionally difficult. Often it is 

ignored or even passed over with a comment I've repeatedly 
heard overseas about Monterey pine grown on marginal sites, 
"I'd rather have unhealthy Monterey pine than healthy species 
'X' because Monterey pine still grows faster." The insidious 
aspect of poor adaptability is that the blame is often placed on 
a secondary causative factor, such as insects or fungal infection, 
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rather than on the primary cause of incompatibility of the plant 
and the environment. 

Care must be taken not to equate problems from using the 
wrong species, or the wrong geographic source of a species, to 
losses from genic restriction through monoculture. Use of the 
wrong species or geographic source can be avoided with proper 
understanding and care, and troubles such as those resulting 
from using Monterey pine in the southeastern United States or 
in central Brazil were caused by a basic lack of species 
adaptability, not because they were planted as a monoculture. 
Likewise, use of an eastern source of Douglas-fir in the western 
Cascades should fall under the category of carelessness or 
foolishness but not under the adverse effects of monoculture. 
The concern with monoculture in this paper is related to the 
dangers from reducing the genetic potential of an otherwise 
well-adapted species, which may result from a tree-breeding 
program and development of improved strains. 

The danger from growing restricted genotypes of forest 
trees over large acreages hardly needs to be documented. 
Disasters from using certain Cryptomeria or Populus clones have 
been both of the dramatic and insidious types. Kills of large 
stands have occurred occasionally, and decline of the stand with 
resultant slowdown in growth caused by changing environments 
or attack by pests has been quite common. Examples of such 
troubles in sexually propagated stands have been less commonly 
documented, probably because most are of the insidious type; 
however, losses are more widespread than is usually recognized. 

Restricting the Base 
The most common restriction of the genetic base is related 

to vegetative propagation in which one superior genotype is 
planted over large acreages. It is not unusual to find all members 
of one clone destroyed by disease, insects, cold, or drought 
while another apparently similar clone remains healthy. Restric- 
tion of the genetic base by cloning carries the greatest danger 
with a monoculture forest system because each individual is 
genetically identical with all others. Few foresters argue with 
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the danger of using a single clone over large acreages and 
warnings against such a practice have been sounded for many 
years. 

The real problem facing the forester working with sexually 
propagated trees is to determine what constitutes a "too 
restricted genetic base." Is it necessary to leave mediocre or 
"less than the best" parents in a seed orchard to achieve a 

broader base? For example, if four of 20 loblolly pine clones 
are really outstanding, is it safe to remove the inferior 16?1 

Woùld two-clone orchards be satisfactory for special problem 
areas-or even for fairly widespread planting? Answers to these 
questions are not yet known and any decision must be based on 
a knowledge of the heterozygosity of the characteristics of 
importance and how this will affect the response of a plantation 
to some adverse environment or pest. For example, in our seed 
orchard program we narrow the variance for certain character- 
istics such as wood, straightness, or growth rate, but at the same 
time broaden the base for adaptability to varied environments. 

In the southern pines, there is an inherently broad genetic 
base in wild stands. The original trees used in a seed orchard are 

from parents relatively unselected by man although they may 
have been strongly selected by nature for survival and growth. 
Thus, strong pressures for adaptability may have occurred, but 
selection for other characteristics of interest to the forester may 
have been minimal. There are considerable differences in 
variability among parent trees. We find all members of some 
full-sib families quite similar, but members of other families are 

highly variable ; this is especially true for characteristics such as 

wood properties, straightness of bole, or growth rate. 
Another complication in defining the size of the genetic 

base is that response to pests or environmental extremes often 
changes with tree age. Thus, results from young trees can be 
very misleading in determining the response of the same trees 
with advancing age to similar environmental extremes. A tree 
must survive and grow through a complete cycle to be a 

1Thjs question is concerned only with performance of the progeny in field planting; 
it does not refer to a sufficient base for future generations of breeding. The latter is 

handled by means of a research clone bank in which the necessary broad base is 

maintained. 
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successful member of a natural population. How much danger is 
there, then, in inadvertently breeding a strain of trees quite 
adaptable for most of its life span but not for one specific life 
stage? We already have experience that this can be serious in the 
juvenile period but have less experience on potential loss of 
growth or death at a later period in life. It is clear, however, 
that just because a monoculture may grow well for the first few 
years there is no guarantee that it will continue to do so later in 
life. 

Based on observation of extensive progeny tests2 over 
many years, it is my opinion that fears of disaster as a result of 
narrowing the genetic base and planting in monocultures of the 
southern pines have been overplayed, at least for the first two 
cycles of breeding. We do not have the ability to reduce the 
genetic base for complex, multigene characters that quickly. 
Dangers may not be large even with two-clone plantings, but 
uniformity varies greatly depending upon the individual parents 
involved. Certainly wholesale monocultural planting with only 
two parents could not be recommended. 

Strong genotype-x-environment interactions usually are 
not found under normal environments, and many full-sib 
families have been outstanding on quite diverse sites. Although 
strictly not a monoculture as defined earlier, our progeny tests 
are established in a pattern such that decline or death of whole 
families has resulted from extreme environments, indicating the 
serious loss that would have occurred if extensive plantings had 
been made with a single family. For example, if progeny from a 
restricted number of clones were not tested for resistance to 
fusiform rust and were then planted as a monoculture without 
regard to incidence of rust, wholesale growth loss and death 
within a stand could occur. One member of our Cooperative 
collected open-pollinated seed in the wild from a mother tree 
outstanding for growth and form and planted many acres to this 
source. The stand was so severely attacked by fusiform rust that 
it had to be clearcut by age 10 to salvage the wood before all the 

2Over i ,000 acres of control-pollinated progeny tests have been established under 
widely differing environments in ten states in the N. C. State-Industry Tree 
Improvement Cooperative. 
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trees broke off or died from the disease. We have found specific 

families subject to cold damage so that some trees were 

completely killed and others badly deformed. The vigor of the 

damaged trees is so poor that they are readily attacked by pests. 

When one considers the many hundreds of families tested, 

however, wholesale damage of one family while others remain 

unharmed is quite the exception. 
The heterozygosity of southern pines indicates that a 

reasonable number of genotypes intermixed in a seed orchard 

greatly reduces the chance for damage. I believe, therefore, that 
although there is some risk, one should not hesitate to use as 

few as six proven good parents in a first-generation orchard 

planting if they will produce greater growth and yield in a 

suitable geographic area. We now use as few, as 10 to 15 clones 

for individual cooperators, each of whom has a planting 

program of 5,000 to 30,000 acres per year. We are not 

recommending widespread monocultural planting of progeny 

from two clones except under special circumstances necessary 

to overcome serious problems or for areas that will be especially 

intensively managed, giving a greater control of environmental 

fluctuations. Therefore, as a general rule in the southern pines, 

we would not consider the risk of monoculture planting too 

great if at least six to ten parents from divergent backgrounds 

are used to produce seed. 

GENIC RESTRICTION FROM A TREE IMPROVEMENT 
PROGRAM 

Most breeding programs have the goal of keeping the 

genetic base broad for adaptive characteristics such as survival, 

pest resistance, and resistance to environmental extremes. This 

is essential if losses from monocultural planting are to be 

avoided. If a tree improvement program is to be successful, 

however, some restriction of the genetic base must occur if 

characteristics such as growth rate, form, and wood qualities are 

to be changed in the desired direction. Dangers related to these 

changes of economically important characteristics are mostly 
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that they may be in turn linked to characteristics affecting 
adaptation or growth. 

In the N. C. State Cooperative we are trying hard to reduce 
the variability of economically important characters while still 
keeping a broad adaptive base. No more than one tree in a 

production seed orchard is ever used from a given stand.3 This 
results in a broader adaptive base than can be obtained from 
wild seed collections. Because of the history of land use in the 
South, most mature stands of pine were established on old 
fields and originated from one or a few trees that occupied a 

position along a fence row or road. Collection of seed from such 
stands comes from trees that may have been initially related and 
have produced flew forests after intermating for an additional 
one to three generations. Such trees will have a narrower 
adaptive base than those from a seed orchard in which all 
parents are definitely nonrelated and are from different 
environments. We suspect that some of the unexpectedly large 
improvements in volume growth being obtained from our 
first-generation seed orchards are the result of crossings among 
unrelated parents, as compared to commercial collections from 
the related individuals within a given stand. 

If reasonable care is taken, danger of losses from mono- 
cultural planting with a resultant restriction in genetic potential 
should be small from first-generation seed orchards; with care, 
we foresee no particular problems from second-generation 
orchards. Without a conscious and strong effort, however, 
danger will increase sharply in following generations, because of 
an intentional narrowing of the genetic base to achieve breeding 
objectives and unwanted relatedness among the parent trees. 
Specialty orchards, bred specifically for a certain product or to 
help overcome a given problem, must be suspect, and one must 
weigh the potential dangers against the benefits to be derived. 

A conscious effort should be made to interplant genotypes 
that are compatible. For example, in vegetatively propagated 
trees, a clonal mix should be used. If seed from an orchard has a 
narrow base it can be diluted by other orchard seed to prevent 

3A stand may be from a few to as many as 50 acres. Part of the reason for restricting 
selection to one tree per stand is to prevent matings among related individuals. 
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having more than about 30 percent of the genotypically similar 
seed in the mix. 

Obviously, I do not greatly fear losses from monoculture 
in plantations from genetically improved seed orchard seed. 
This is contrary to the commonly expressed idea that planta- 
tions containing a single species constitute a monoculture. For 
some species, such as red pine, a general species planting could 
be considered a dangerous monoculture, but not so for species 
such as the southern pines. Therefore, it is not correct to 
assume that a plantation of a single species over large acreages 
will automatically constitute a dangerous monoculture ; al- 
though the heavy incidence of fusiform rust which is associated 
with the widespread planting of slash and loblolly pines is 

credited to monoculture, the most probable causes are manage- 
ment practices such as prior cultivation and fertilization, 
protection from fire with an increase of the alternate host oaks, 
infection in the nursery from a careless spray schedule, and 
collection of seed from susceptible mother trees that are usually 
heavy cone producers. Monoculture alone cannot always be 
blamed for catastrophic loss, as witness the American chestnut 
which has been decimated by disease even though it occurred 
almost exclusively in mixed stands. 

Our job in tree breeding is to keep the adaptive base broad 
enough that catastrophic damage from the use of monocultures 
will not occur. This requires planning several generations ahead 
and, in certain circumstances, sacrificing some immediate gain 
for longrun insurance. We prefer to look at production seed 
orchards as essentially "dead-end," that is, the genetic base may 
be reduced to the limit of safety for field planting but not 
retain enough variability for future generations of an ongoing 
program. Paired with the production orchards are the research 
clone banks where many genotypes are held and crossed to 
serve as a broad base from which future production orchards 
will be drawn. Development and maintenance of proper 
research clone banks require a lot of money and effort and real 
skill to develop to their fullest potential. 

Danger of loss from a breeding program related to 
monoculture planting is real but can be avoided by conscious 
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effort and much work on the part of the plant breeder. In our 
Cooperative, this is easily accomplished by exchange of desired 
material among its members and by an overall crossing design to 
keep a broad and varied genetic base. For example, wide crosses 
have been made with loblolly pine from a ten-state area ; these 
are then tested for adaptability and growth in the desired areas 
before being incorporated into the overall breeding program. 
Such genetic combinations should help still fears of losses from 
monoculture. 
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The assigned title for this paper indicates that the author 
should attempt to take an overall view of the clearcutting 
problem. Fortunately, the chairman of the symposium has given 
his assurance that an overall view is not synonymous with an 
all-inclusive view. The attempt, therefore, is to present some 
frameworks for analysis, not to review and synthesize all 
available information on the subject. 

In organizing our efforts towards such an overall view, we 
can receive much guidance from general systems theory ( 1 2). In 
particular, we can list a few freely adapted principles of general 
systems : The only completely general system is the universe ; all 
other systems are really subsystems of a larger system, thus a 
heirarchy of system levels exists; and the higher the level under 
consideration the more general and abstract the view- 
conversely, lower levels can be treated in more detail and more 
specifically. 

Thus, we will progress in our view of clearcutting from the 
most general to the most specific. At each step we will examine 
clearcutting from the precepts of that level and mention ways 
of analyzing the problem. 

THE VIEW FROM THE UNIVERSE 

Authorities on the universe include all theologians and a 
subset of astronomers. Astronomers have been professionally 
silent on the clearcutting problem. On the other hand theolo- 

1The concept of the hierarchical and interrelated structure ofgaming, optimization, 
and simulation models presented here was developed in part under National Science 
Foundation grant GI 133370 for the Regional Analysis of Grassland Environmental 
Systems. 
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glans, particularly those of Judeo-Christian cultures, have been 
accused of promoting various destructive practices. Although 
their most widely circulated documents do mention a juniper 
tree, they have not commented generally on the subject of 
clearcutting. Thus, it appears safe to leave the view from the 
universe and proceed to the next level. 

THE VIEW FROM THE MILKY WAY GALAXY 
AND OUR SOLAR SYSTEM 

The only possible effect here seems to be a disturbance of 
the sun's energy dissipation by reduced photosynthesis. The 
effect is probably not discernible, however, so we may proceed 
to the next level. 

THE VIEW FROM THE GLOBE 

At the global level, we have several more definitive 
documents to draw upon (6, 7). They do not treat the 
clearcutting problem specifically. Nor has a brief survey of 
international news items revealed a worldwide interest in the 
problem. 

THE VIEW FROM THE NATION 

At the national level, available literature on the subject 
increases markedly. In fact, the subject matter has been 
discussed so widely that it cannot even be well reviewed at this 
time. Certainly, one of the most definitive statements is the 
proceedings of a Senate subcommittee on clearcutting practices 
(10). This comprehensive document covers a wide range of 
concerns, from national housing needs and demand for wilder- 
ness to timber management practices and ecological effects. It 
also contains copies of many important reports on the subject. 
Further professional treatments and information sources are 
included in Barney and Dus (2) and Dus (4). The extensive 
bibliography of these reports, over 700 references, indicates 
clearly the scope of information that needs to be assimilated. 
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The magnitude of the task dictates the use of a systematic 
attack. Several possible systems are outlined here. 

The view from the nation reveals a most striking fact about 
the clearcutting controversy. A central problem is simply this: 
the demand for softwood lumber, precipitated by housing 
needs, plus the demand for the same forest to be uncut, 
precipitated by our leisure time and ability to travel, exceeds 
the total softwood production of the nation. 

Thus, from the national viewpoint we have an irrecon- 
cilable controversy between two principal views : Those who 
claim, and rightly so, that our use of lumber to supply housing 
will require an increased level of cutting in the future and a 
restriction on the cut necessarily will bring about the use of 
more expensive substitutes; and those who claim, and rightly so, 
that the natural beauty of forests, at least in their eyes, is 
spoiled by clearcutting and that other undesirable results also 
occur. 

Without attempting to answer the questions at this time, 
we can perhaps clarify the issues. To restate the national 
problem, the demand for softwood production and the demand 
for western forest areas to be uncut cannot both be met. 
Because shelter is a basic need felt by many, and the aesthetics 
of wilderness are less critical to survival, the eventual outcome 
of this controversy takes on a definite Malthusian flavor. 

The same problem does not appear to exist quite so clearly 
in the hardwood forests. Utilization of second-growth hard- 
woods is well below the total growth. Although population 
densities in the hardwood areas are much higher than in the 
western coniferous forests, the same degree of conflict does not 
seem imminent. 

Because we have a conflict in the western coniferous 
forests, let us examine how to study the conflicts. Conflicts can 
be studied by games (9). Some games, particularly some 
zero-sum two-person parlor games, are solvable, and the 
optimum strategy for both players can be found. The clear- 
cutting game may not fall into this category, but there is a 
marked similarity between guerilla warfare, which has been 
studied extensively by games, and attacks on land-management 
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agencies by proponents of various policies (1 1). It is, of course, 

generally true that an agitation group has little to lose, and an 

established group , which cannot engage in hit-and-run activities, 

has little to gain from any play of the game. 
Even though the game may not be solvable, it nevertheless 

can be studied by gaming procedures. Games relating to the 

clearcutting problem are played in congressional hearings and in 

the news media (3). 

. 

One example of such games was developed as a classroom 

exercise at the University of Michigan by John Hougaard.2 
Hougaard developed the game while on a training assignment 
from the Forest Service; appropriately, he called his game 

"Wherein Lies the Clout." The players are of several interest 
groups concerned with a western forest area. 

This game exemplifies the major advantage of such a 

procedure. By formulating a conflict in a setting where the 
players suffer no real damage, the issues of the conflict can be 

studied. The players frequently learn so much about the 
opposing view that the conflict is reduced. 

Behavior in such games revolves around coalitions. If any 

group of players can muster enough joint force to accomplish 

their mutual goals, they will form such a coalition. Once a 

particular goal is reached, however, a new coalition may be 

formed for a new issue. Thus, we might see the Sierra Club and 

the Forest Service as opponents in one case, only to become 
allies in another. In Colorado, one lumberman is even con- 

sidering joining the Sierra Club because of common interests. 
Whatever the outcome of the national clearcutting game, 

the results will be specified as requirements or gross demands to 
the next level in the hierarchy, the forest manager. 

THE VIEW OF THE FOREST MANAGER 

Demands of the public, whether for timber production or 

wilderness. eventually sift through the screen of bureaucratic 

2Other work at the University of Michigan, for example SNAFOR (Simulated 

National Forest), provides additional examples of games that can be developed for a 

vatiety of conflict areas. 
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filters to the forest managers. These filters, which act much like 
a noise filter, serve the very real function of separating 
short-term noise from long-term signals. Otherwise, foresters 
would have to shift rapidly from cutting to no cutting and back 
to cutting again. Only when the signal is of long duration can 
they make any intelligent choice. 

Given a definite set of requirements, the job of the forest 
manager is relatively simple. With a limited set of resources and 
considering long-term sustained yield and ecological constraints 
that may not be apparent to the general public, he is to meet 
the demands as efficiently as possible. Thus, the manager has an 
optimization problem that often can be treated by the usual 
mathematical programming techniques. Linear programming is 

common textbook material (8) and suitable computer routines 
can be found at practically every computer center, but 
surprisingly few forest managers have even a rudimentary 
knowledge of these simplest management techniques. 

As Barkley and Seckler (1) have said, the solution becomes 
the problem. We all demand efficiency in government, but this 
demand frequently can trip the balance to a management 
practice that, using other criteria, would not be chosen. 
Certainly, as a harvesting practice, clearcutting is less costly 
than selective cutting. Even in timber types where clearcutting 
is ecologically neutral or undesirable, it is nevertheless the most 
economical way of removing trees. Where there are regeneration 
advantages also, clearcutting becomes an overwhelmingly 
obvious choice. 

For the following example, I am indebted to a group of 
undergraduate students3 at Colorado State University. Again, 
this was a classroom exercise, but the students' careful attention 
to detail resulted in a problem formulation as realistic as any 
that might be obtained from a more extensive research effort. 

The setting for this problem was the Manitou Ex- 
perimental Forest just west of Colorado Springs, Colorado. The 
area is marginal for timber production, but in great demand for 
recreation. Nevertheless, an economic analysis based on manage- 

3David Lynch, Gary Schoolcraft, William Miller, Ricardo Gonzalez, Robert Vlahos 
and Richard Graibus. 
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ment costs and expected tangible revenues would show clearly 
that an immediate and complete clearcutting is the only logical 
practice. Demands for other outputs, particularly for recreation, 
dictate that this expedient not be followed. 

The program was based on dividing the area into seven 
management units according to soil type and management 
possibilities. Next, the content of each unit was identified as to 
timber type and volume per acre, animal-unit months of grazing 
(AUMs) per acre, acre-feet of water potential, recreation 
capacity (persons at one time, PAOT), and deer numbers per 
acre. After identification of the units' contents, management 
alternatives were prescribed without regard to revenues, but 
only to management costs. The management alternatives con- 
sisted of timber harvesting by clearcutting, selective cutting 
thinning, or no harvest and recreational development to low and 
high intensity. 

The evaluation was done by utilizing a parametric linear 
programming technique. In this technique, one of the uses was 
manipulated and the effects upon the other uses and manage- 
ment alternatives were recorded. Because the parametric pro- 
gramming technique was based on costs and not revenues, the 
objective function chosen minimized costs (Figure 1 ). The 
results of low and high requirements for each area are shown in 
Tables l-5. 

As timber harvest increases (Table 1 ), so does cost, gaming 
capacity, AUMs, water yield, and deer. Recreation capacity 
decreases, however, because of the value that individuals are 
expected to place on the appearance of clearcutting (Figure 2). 

As. grazing requirements increase (Table 2), so do water 
yield and deer. Recreation capacity decreases, however, because 
of the values placed on views of clearcutting and effects of 
heavy grazing. The increased grazing capacity resulted from 
clearcutting, irrigation, fertilization, and regulated grazing 
(Figure 3). 

As recreation capacity increases (Table 3), so do water 
yield and grazing capacity. Deer population decreases, however, 
because of the increase of people in the deer habitat. Selective 
cutting and thinning must be done to meet the high recreation 
requirement (Figure 4). 
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Figure 1 . The relation of resource system components in an 
optimization outline : (a) vector of fixed resources, (b) manage- 
ment alternative descriptors, (C) matrix of i 's and 0's linking 
management alternatives to fixed resources, (d) vector of 
management costs, (e) vector of user requirements, (f) use 
descriptors, (g) vector of use revenues, (H) matrix of i 's and 0's 
linking use types to requirements, (I) a set of production rates 
of renewable resources, (J) a set of utilization rates of 
renewable resources, (k) the budget which is to be minimized, 
(1) the lower limit of renewable resource rates (generally zero), 
(M) and (N) matrices of 0's to complete the array. 
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Table 1. Results of change in Timber Harvest. 

rtem 

Requirement 

Lowest Highest 

AUMs 0 13,270 
PAOTs 44 30 

Acre-ft water 4,184 11,229 
Deer 420 774 
Hbf timber harvested O 175,000 
Cost O $266,603 
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Figure 2. Effect of increasing timber harvest on 
other attributes of the forest system. Relative 
vertical scales of each attribute are indicated in the 
legend. 
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Table 2. Results of Change in Grazing. 
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Item 

Requirement 

Lowest Highest 

AUMs 0 17,500 
PAOTs 44 34 

Acre-ft water 4,185 11,378 
Deer 420 749 

Hbf timber harvested 0 146,600 
Cost o $237,115 
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Figure 3. Effect of increasing grazing capacity on 
other attributes of the forest system. Relative 
vertical scales of each attribute are indicated in the 
legend. 
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Table 3. Results of Change in Recreational Use. 

Item 

Re qui re ment 

Lowest Highest 

AUMs O 3,130 
PAOTs 44 125 
Acre-ft water 4,185 6,888 
Déer 420 340 
Hbf timber harvested O 22,216 
Cost O $88,557 

v,.tI,,I Sobdlvi.ion Rpresentotion -sI0000 -- I, 200,000 Board Feet -.- loo AUMS ---- Io D«r --- 20 Acri Feet 

z 
z 

z 
r 

z 
- 

/ 

/. 

. / / _/ 

PAOT 

Figure 4. Effect of increasing recreation capacity 
on other attributes of the forest system. Relative 
vertical scales of each attribute are indicated in the 
legend. 
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As water yield increases (Table 4), so do grazing and 
recreation capacity. To meet the increase in water requirements, 
however, a high timber cut and a high intensity of grazing is 
required (Figure 5). 

As deer-population requirements increase (Table 5), so do 
grazing capacity and water yield. As the deer-population 
requirements increase, however, the increased forage must come 
from a high timber cut, fertilization, and irrigation. The 
decrease in recreation capacity results from the increase in deer 
population (Figure 6). 

The planning procedure has taken into account various 
factors such as site index for timber volume or growth 
increment ; grazing capacity from forage as modified by fertili- 
zation or irrigation; water from runoff; potential for recreation; 
and potential for deer habitat. By taking into consideration how 
each factor is affected, one can make a general decision on a 
master management plan. Outlines of management problems 
such as tuis could at least clarify our needs for specific 
information. 

Thus far, we have not treated any ecological problems but 
have shown that major problems of clearcutting lie in the areas 
of conflict games and management analysis. Only if we can treat 
these areas explicitly can we expect to identify which ecological 
problems are really critical. We do realize, however, that 
ecological questions do exist and they are treated in the next 
section. 

CLEARCUTTING AS AN ECOLOGICAL VIEW 

Much clarity can be given to complex ecological problems 
by constructing a model of the ecological system. Ecological 
models as prepared by teams of ecologists and mathematicians, 
however, often do little to shed light on the real problems. The 
difficulty seems to lie in the fact that ecologists, although 
claiming to be broad in their viewpoint, are among the 
champions when it comes to myopic vision. Truly they cannot 
see the forest for the trees, nor even the trees for the needles, 
and often not even the needles for such interesting reactions as 
stomatal closure and carbon dioxide uptake. 
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Table 4. Results of Changes in Water Yield. 

Re qui re ment 

Item Lowest Highest 

AWls O 4,162.50 
PAOTs 44 88.10 
Acre-ft water 4,000 25,000 
Dèer 420 172.7 
thf timber harvested O 114,104 

Cost O $801,802 
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Figure 5 . Effect of increasing water yield on other 
attributes of the forest system. Relative vertical 
scales of each attribute are indicated in the legend. 
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Table 5. Results of Change in Deer Population. 

Item 

Requirement 

Lowest Highest 

LtJMs o 12,964 
PAOTs 44 32 

cre-ft watèr 4,185 10,663 
Deer 420 800 

lbf timber harvested O 139,941 
ost O $217,972 
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Figure 6. Effect of increasing deer population on 
other attributes of the forest system. Relative 
vertical scales of each attribute are indicated in the 
legend. 
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A cure for this difficulty is to look first at the manager's 
optimization problem demonstrated th the Manitou case. Each 

of the lower rows in the matrix deals with a particular 
ecological aspect of the forest that is important in making 

management decisions. We can designate these rows as the 
response rows. The manager must be able to predict the 
performance of each response row in the matrix as it is 

influenced by each of the management-alternative columns. 
The job for ecologists dealing with such applied problems 

is to build a model, whether it be a narrative or computerized 
equation, that includes as state variables each of the response 
rows in the manager's matrix. To do an adequate job of 
prediction, the ecologist's simulation model often must include 
more than just this limited set of state variables. The ecologist 

should proceed parsimoniously, however, and be particularly 
stingy with requests for additional detail. Excessive detail will 

add to the cost of providing necessary information and may 

complicate the research so much that no useful information is 

ever obtained. Fortunately, such models can be built simply and 

quickly. The resultant research needed to feed the model is 

usually satisfying to an adequate number of researchers. 
Although the output for the manager is certain states of 

the system, the experimental information needed for the 
ecologist-modeler is the rates and flows of the system. The 

difference between states and rates is best shown diagram- 

matically. In Figure 7, a state is shown a a box and a rate or 
flow as a solid arrow. Thus, the states are the amount of 
substance or energy in a given condition, and rates or flows 

show the transfer between these states. If the states are 

expressed as grams, the rates are expressed as grams per second. 
Rates are expressed as flow per unit of time. 

A complex system will contain many such states and rates. 

To model the system, information is needed on each rate and 

on the factors that control the rates. Controls in this approach 
are shown by dashed lines in Figure 8. In modeling ecological 
systems, it is important to remember that each flow refers to a 

particular substance. Thus, water does not become carbon, and 
carbon does not become nitrogen. States of one substance may, 
however, control the rates of flow of another. 
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STATE I FLOW 1,2 STATE 2 

Figure 7. Relation between states and flows of a 
system. 

OUTSIDE 
CONTROL 

STATE I 

____ --.__:I 
STATE 2 

Figure 8. Relation of controls to system operation. 
Controls can be provided from state variables 
within the system or from outside variables. 

As a simple example, let us contemplate a flow model to 
supply ecological information to the manager's model of the 
preceding section. To supply the needed information, state 
variables must include trees, forage, deer, recreationists, and 
water. For our example, however, we will include only the tree 
variable (Figure 9)4 

Any ecologist with a few minutes to spare could work up a 

similar model that perhaps would be more complex and more 
realistic. Many could provide appropriate information on the 
rates required and the associated controls, or could design 
experiments needed to determine not only these rates but many 
others. Unfortunately, however, few ecologists have done so ; a 

survey of some 1 500 literature citations on ecology showed 
that fewer than 2 percent dealt with the all important 
determination of rates or flows. A general restructuring of 
ecological research to emphasize the experimental determin- 
ation of flow rates appears necessary to permit the construction 
of useful dynamic models. 

Unless some performance criterion, such as the efficiency 
statement of the manager, is used, such models tend to run on 
endlessly , as they satisfy the inherent urge of all scientists for 

4Adapted from a joint workshop of the Forest Service, U.S. Department of 
Agriculture, and the Natural Resource Ecology Laboratory, CSU, November 1971. 
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Figure 9. An example of a portion of a forest ecosystem model 
(adapted from a Forest Service-CSU Workshop). 

perpetual survival. A careful look at the experimental effort 
required, however, may create the necessary sense of caution 
about detail. 

Fortunately, we have easy-to-use simulation languages that 
deal readily with the kinds of problems presented here. Perhaps 
the best known is DYNAMO, developed by J. W. Forrester and 
others at M.I.T. (5). DYNAMO recently has become famous for 
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the background work in World Dynamics (6). The basic 
concepts of DYNAMO are simple enough that any ecologist 
who can program in FORTRAN can begin constructing suitable 
models with only a few hours' training. The most difficult part 
is a thorough understanding of the ecology of the system; the 
simulation is, by comparison, very easy. 

Another and similar language developed specifically for 
ecological problems is SIMCOMP. This language was developed 
at the Natural Resource Ecology Laboratory at Colorado State 
University5 . By using subscripts rather than names for the state 
variables, SIMCOMP has eliminated the need for writing 
state-variable equations; only rate equations must be shown. 
This also helps to reinforce to the user that the key ecological 
variables are rates rather than states. SIMCOMP, with its free 
use of subscripts to reduce the number of required statements, 
is more efficient than DYNAMO in card-oriented systems and is 
particularly well suited for very large systems, but DYNAMO, 
which reorders statements, appears easier to use with interactive 
consoles. 

With such simulation approaches, a "total" view of the 
ecological effects of clearcutting can be constructed readily. 
Figure 10, for example, presents the output from a first-pass 
model of succession after clearcutting.6 The model code was 
prepared in about 2 days, even though the collection of the 
biological data, all previously published, took many months. 
(The model uses regeneration rates, growth rates, and mortality 
rates of each class of vegetation) Before beginning, however, 
one would do well to contemplate what might be found. Models 
cannot be expected to give any more precise results than the 
real world they represent ; in fact, they probably will give more 
inexact results. They can, however, reveal interactions that we 
5For an introduction to SIMCOMP and flow diagramming of ecological systems, I am 
indebted to Dr. George S. Innis, Director of systems Analysis, and Mr. Jon 
Gustafson, NREL, CSU, whose work is supported by NSF Grant GB13054 for The 
Analysis of Structure, Function, and Utilization of Grassland Ecosystems. Questions 
concerning SIMCOMP should be addressed to Dr. Innis. I hope that the need to 
interrelate the managers' optimization model firmly with the ecologists' simulation 
model does not escape the reader's attention. 

6Prepared by Dr. Dale Bartos, Intermountain Forest and Range Experiment Station, 
Logan, Utah. Questions on this research should be addressed to Dr. Bartos. 
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Figure 10. Output from a simulation model of aspen-conifer 
dynamics (adapted from Dale Bartos). 

did not expect. Thus, we should not plan on ecological models 
to replace the need for good experimental data, but we can 
expect that they will aid greatly in arranging our information, in 
outlining research approaches, and, if coupled with a manage- 
ment model or other performance criteria, help to establish 
research priorities. Such a comprehensive view might well 
clarify whether or not the ecological arguments used to defend 
and condemn clearcutting are justifiable. 

CONCLUSION 

Our review of the clearcutting problem shows that logical, 
straightforward approaches to the ecological research questions 
are possible, and efficiencies can be gained by constructing 
appropriate models if definite performance criteria are establish- 
ed. The major problems are not only ecological, but also lie in 
the areas of conflict resolution and management analysis; 
therefore, our model must be broader than simple ecology and 
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show the interrelations with management efficiency and the 
political world. Because most land managers have had little 
training in these areas, we can expect difficulties to continue. 
Ecological background information is necessary, however, and 
concepts of flow models implemented with specialized simu- 
lation languages provide an extremely helpful means to better 
research organization. 
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