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INTRODUCTION answer the question "Should the State Regulate 
Biomass Harvesting?" 

The Symposium focused on the impacts of 
biomass harvesting--cutting and skidding of whole 
trees often followed by chipping of some or all of 
the material--on forest productivity. Practicing 
foresters, land managers, and policy makers met to 
exchange information and ideas with forest 
scientists and professionals from state regulatory 
agencies. 

Session I was entitled "Regional Overview of 
Biomass Harvesting: State Policy and Outlook. " 
Representatives of New York, Vermont, New 
Hampshire, and Maine summarized the following 
information for each state, respectively: 
existing and predicted attitudes and legislation 
concerning biomass harvesting; estimates of the 
number of facilities using biomass for energy; the 
total amount of biomass harvested per year; and 
the number of operators currently conducting 
harvesting operations. In addition, results were 
presented from a survey on the influence of wood- 
fired electrical generating facilities on forest 
management and cutting practices in the Northeast. 

In Session 11, "Impact of Biomass Harvesting 
on Forest Site Quality," scientists evaluated 
removals of biomass and nutrients, site 
disturbance associated with cutting and skidding, 
and changes in nutrient cycles, soil fertility, 
and rates of decomposition of organic matter 
resulting from several harvesting procedures. 

Session 111, "Silvicultural Considerations of 
Biomass Harvesting , " presented the economic, 
s ilvicultural, and ecological considerat ions of 
biomass harvesting, and subsequent regeneration of 
coniferous and hardwood species. 

Comparisons of forest statistics for New York 
(NY), Vermont (VT), New Hampshire ( N i l ) ,  and Maine 
(ME) (Table 1) provide a useful background for the 
presentations made in this Symposium. ME has the 
largest total acreage and proportion of the state 
in forest land. Approximately the same amount of 
forest land accounts for 90% of the total land 
area of ME but only 57% of NY. On an areal basis, 
timberlands in NH or VT are less than one-third of 
those in NY and ME. The volume of timber on 
commercial timberlands is predominantly hardwood 
in NY and VT, about evenly divided between 
hardwoods and softwoods in Nil ,  and predominantly 
softwood in ME. Commercial forest land and forest 
product-related industries are of major interest 
and concern in all four states. 

Recent emphasis on intensive utilization of 
forest lands in the Northeast has resulted in an 
increase in the practice of biomass harvesting. 
Based on the data presented in Session I (Table 
21, use of whole-tree chippers and biomass 
harvesting are most extensive in ME, and least 
developed in NY. In ME, wood chips are used 
primarily to generate electricity for regional 
power grids. Elsewhere, chips are used by a 
variety of wood-processing and other industries as 
well as for space heating and generation of 
electricity. 

Both the practice of biomass harvesting and 
the availability of related data are rapidly 
changing in all states. By assembling current 
practical and scientific information, these 
Proceedings provide a regiohal prospective on 
resources, problems, and trends related to biomass 
harvesting in the Northeast. 

At Session IV, Dr. Lloyd Irland of the Maine 
State Planning Office challenged a panel of the 
representatives from each of the four states to 

Table 1. Summary of forest statistics for four states in the ~0rtheast.d 
Actual and percent of the total land area of the state in forest 
land, commercial forest land, and percent hardwood and softwood 
components of the net volume of all timber on commercial 
timberlands. 

Forest Land Commercial Hardwood Softwood ---------- x 1000 acres--------- ---------%--------- 
(%I  

State 

New York 17,218.4 (57) 14,243.3 74 26 

New Hampshire 5,013.5 (88) 4,692.0 5 4 46 

Maine 17,718.3 (90) 16,864.0 3 1 69 

~ l ~ r o m  U S M  Forest Service. An analysis of the timber situation in the 
United States 1952-2039. Forest Resource Report No. 23; 1982. 499p. 



Table 2. Summary of data on biomass harvesting in New York (D. smith), Vermont 
(B. Stone), New Hampshire (T.  att ti), and Maine (M. Cyr), presented in 
Session I of the Symposium. 

Current No. No. Whole-tree Tons of Whole-tree Operations Using 
State Operators Chippers Chips Harvested Wood Fuel 

Louise M. Tritton 
C. Wayne Martin 

d ~ ~ p r o x i m a t e  MetriclEnglish Equivalents 

1 meter (m) = 3.3feetorl.lyards 

1 kilometer (km) = 518 mile 

1 hectare (ha) = 2.5 acres 

1 kilogram (kg) = 2.2 pounds 

1 kilogramlhectare = 1.1 poundsfacre 

1 tonlhectare = 0.446 tons (of 2,000 1b)Iacre 



NEW YORK STATE BIOMASS WVESTING POLICY 
AND OUTLOOK 

David S. Smith 
Senior Forester, Utilization and Mkty. Program 
N.Y.S. Dept. of Environmental Conservation 
Rm. 404, 50 Wolf Road, Albany NY 12233-4252 

The level of use of biomass for fuel in New 
York is about 5.6 million tons in 1984. 4.6 
million tons are consumed as residential fuelwood, 
with the remaining 1 million tons consumed by 85 
industrial and institutional facilities. About 10 
of these facilities burn 250,000 tons in the form 
of whole tree chips. Support for the use of wood 
for fuel in New York has come from the State Dept. 
of Environmental Conservation's (D.E.C) technical 
assistance program, from technical support by the 
S.U.N.Y. College of Environmental Science and 
Forestry, and from funding for research, 
conferences and workshope by the New York Energy, 
Research and Development Authority. The D.E.C. is 
also developing an environmental impact statement 
entitled "Dept. Policy on Whole Tree Harvesting in 
New York," meant to help guide policy makers' 
decisions regarding potential impacts of whole 
tree harvesting. Current State regulations do not 
address whole tree harvesting, although there are 
State and local regulations which control some 
aspects of harvesting. These regulations have not 
had any specific impact on whole tree harvesting, 
so further growth in demand for biomass/whole tree 
harvesting will likely depend on the price of 
alternate fuels more than anything else. 

Biomass harvesting has been practiced in New 
York on a relatively small scale since the late 
1970's. A vast supply of low quality hardwoods 
and tope are available for consumption. 
Incentives to use this biomass are not yet strong 
enough to open a new market for whole tree chips. 
However, conditions in New York are changing. Use 
of biomass harvesting has threatened to explode in 
the past year. Many factors may inhibit this 
change, but the potential is still there. 

Biomass use in New York can be divided by 
amount of consumption into three categories: 
residential fuelwood, roundwood used by the timber 
industry, and other uses. Residential use, by far 
the largest category, consumed 4.7 million tons 
in 1983. Roundwood consumed by the timber 
industry is about 66% of residential fuel by 
weight. Use of wood for fuel by industries and 
institutions is about one-fifth by weight of 
residential fuel use (Table 1 ) .  

Biomass harvesting in New York (whole tree 
harvesting) yields traditional timber products 
plus whole tree chips used primarily for fuel. 
There are about 85 wood-burning facilities in New 
York which could handle whole tree chips, but only 
a small percentage actually use them. About one 
million tons of wood, mostly residues from 
manufacturing processes, are burned by industries 
and institutions in New York. Of this total, 

approximately 250,000 tons are whole tree chips, 
burned by 6 to 10 facilities. These chips are 
supplied by 6 or 7 whole tree harvesting 
operations working primarily in New York. In 
addition, about 20,000 to 30,000 tons of whole 

Table 1. Annual use of wood for energy in New 
York, 1983-84. 

User ~ons/Year 

** 
Res ident ial 4,672,431 

* 
Wood Processing Industries 641,825 

* 
Other Indue tr ies 203,037 

* 
Educational Institutions 56,484 

* 
Hospitals 61,163 

Total 5,634,940 

* Includes only those combustion units of 1 
million BTU's or larger. 

**Conversions from cords to tons: 
1.51 tonelcord hardwoods @ 15% MC 
1.26 tons/cord softwoods @ 15% MC 

tree chips are harvested for use in Canada and 
Vermont . 

Users of whole tree chips in New York include 
the wood processing industry, educational 
institutions, and a few other industries. Lyons 
Falls Pulp and Paper (formally ~eorgia-Pacif ic) ie 
the largest user of whole tree chips. Clarkson 
and Colgate Universities have successfully burned 
wood chips and achieved significant economic 
savinge. Successful use of wood for fuel promotes 
a positive picture of continued growth in wood- 
energy facilities in New York. 

Currently the State of New York does not have 
regulations specific to biomass harvesting, nor 
are any planned. Only a limited number of 
regulations directly affect harvesting. Theee can 
be divided into laws and regulations in affect 
statewide, and those affecting lands under 
jurisdict ion of the Adirondack Park Agency (APA) , 
a regional land use planning and control 
authority. 

Statewide 

* Stream Protection Laws - protect stream banks, 
stream bottoms, and water quality. Streams 
with water quality designations may not be 
crossed without a permit from the Department of 
Environmental Conservation. Permits usually 
specify allowable crossing method. 



Top Lopping - as part of the Forest Fire 
Protection law, harvest of evergreens in towns 
designated as fire towns must include lopping 
of branches to a 3" diameter top. 

Wetlands Law - selective harvesting of timber 
is exempt from regulation. Permits may be 
required for road construction. 

Town Harvesting Ordinances - any town may pass 
its own harvesting ordinance. Of 932 Towns in 
New York about 30 have ordinances; only 11 
include major restrictions. 

Wild, Scenic, and Recreational Rivers - a 
state, not a federal program. Harvesting along 
rivers so designated must follow certain 
guidelines for location of roads, erosion 
control, and cutting. 

Adirondack Park - &lJ Renulations 

* Clearcutting - a permit from the APA is 
required for clearcuts over 25 acres. 

* Shoreline - vegetation removal is restricted 
within 35' of the shores of all navigable 
streams, rivers, ponds and lakes. 

* Wild, Scenic and Recreational Rivers - similar 
to statewide regulations, but under APA 
regulation. 

* Wetlands Law - inside the Park and within 
wetlands, a permit is required for road 
building and clearcuts larger than 3 acres. 
Selective harvesting is exempt. 

The Department of Environmental Conservation 
(DEC) is beginning to look closely at biomass 
harvesting in New York. As a result of concern 
over proposals for wood-fired electrical 
generating plants, the DEC is developing a state 
environmental impact statement entit led 
"Department Policy on Whole Tree Harvesting in 
N.Y." This policy applies to the impacts of whole 
tree harvesting throughout New York, rather than 
site specific impacts. The intent will be to 
assemble and evaluate the implications of present 
knowledge, and to develop DEC policy addressed at 
real, not perceived, problems with whole tree 
harvesting. The study will examine the potential 
impacts of whole tree harvesting, and weigh the 
risks against policy options. 

Why did New York decide to develop an 
environmental impact statement (EIS)? 
Environmental impact statements are the most 
important part of New York'a State Environmental 
Quality Review program (SEQR) . The program has 
been in effect long enough to establish well- 
defined rules and regulations. It is also a 
convenient framework to deal with substantive and 
procedural requirements and formalize public input 
into the process. This ensures that assessments 
are thorough and include input from all interested 
part ies . 

In the short term, the drop in the price of 
oil will hurt development of wood-fired 
facilities, especially those proposing to generate 
or co-generate electricity. Utilities have 
offered developers low purchase rates for 
electricity, and they have been supported by the 
Public Service Commission's pro-consumer stand. 
As a result, few wood-fired electric generating 
plants will be built in the next few years. PSC's 
stance, probably due to its legal 
responsibilities, does not consider overall 
economic benefits of local power resources. 

There are incentives to encourage the use of 
wood for fuel. The D.E.C. has had a very active 
technical assistance program for encouraging use 
of wood for fuel. The New York Energy Research 
and Development Authority has supported use of 
wood for energy by funding research projects, 
workshops, and conferences. Governor Cuomo 
recently proposed expanding the authority of the 
Power Authority of New York to contract with 
private companies to generate electric power from 
hydro, garbage incineration, and wood-fired 
plants. Air pollution control policies have 
encouraged use of wood by limiting emissions at 
coal-burning facilities. Wood chips mixed with 
coal lower the average emission of sulfates and 
are an easy solution to emission control. These 
incentives show wood energy is supported by State 
policies. 

Biomass harvesting will probably increase in 
New York in the long term. Whole-tree removal is 
generally accepted by the public and understood to 
refer to partial cuts as well as clearcute. 
Economics are most likely to determine the extent 
of utilization of wood versus other fuels. The 
DEC environmental impact statement on whole tree 
harvesting will focus on what areas of concern 
there are and where we need more knowledge of the 
impacts. If present market conditions continue, 
potential problems can be met before there is a 
large increase in demand for forest biomass. 



REGIONAL OVERVIEW OF BIOMASS HARVESTING: STATE 
POLICY AND FUTURE TRENDS -- THE VIEW FROM VERMONT 

I 

M. Brian Stone 

Chief of Forest Management 
Vermont Department of Forests, Parks & Recreation 
Montpelier, VT 05602 

A "Governor's Task Force on Wood as a Source 
of ~nergy " and concurrent Vermont Department of 
Forests, Parks and Recreation "Study of the 
Feasibility of Generating Electricity Using Wood 
as a Source of Energy" concluded that developing 
the chip harvester technology could contribute to 
improving the quality of Vermont'a forests while 
suppling economical wood chip fuel. The Forest 
Resource Advisory Council recammended that chip 
harvesting operations in the State be monitored, 
but not regulated, to determine the extent of 
cutting and quality of fores t management 
associated with supplying an expanding biomass- 
chip fuel market. In response to the development 
of Burlington Electric Department's 50 megawatt 
biomass boiler, Vermont had 26 chip harvesters 
operating in 1984. Ninety two percent of the 
operations monitored in 1984 had technical or 
professional forestry supervision. Biomas s 
harvesting appears to provide Vermont a relatively 
low risk, high gain opportunity, with a cost- 
benefit ratio high in benefits. 

The 1968 Vermont Forest Survey Report 
stressed the need for a massive forest improvement 
effort throughout the state to remove an ever- 
increasing preponderance (49 percent) of low- 
quality trees which were clogging forest stands 
with rough and rotten culls. The report also 
stressed the need to double an exceedingly low 
growth rate to better realize the potential 
productivity of our soils. A continuing lack of 
adequate markets for loargrade material, and an 
economical means for harvesting such material were 
key problems in resolving this silvicultural 
dilemma. 

The tremendous surplus of unmerchantable 
wood, increasing costs of, and predicted shortages 
of non-renewable fossil fuel generated 
electricity, lack of cultural work in the forests 
due to limited markets, the disappearance of open 
space and wildlife habitat, and increasing tax 
rates on marginally productive woodlands, prompted 
Governor Dean Davis at the Fifth Annual Governor's 
Conference on Natural Resources in 1972 to propose 
a rather far out idea to "return Vermont forests 
to a sustained yield basis by using the current 
annual timber surplus to fuel steam generating 
plants for the production of electricity." He 
admitted the data was fragmentary but stressed 
that "the concept does not appear totally 
unrealistic." He cited a 600,000 cord "surplus 
growth" and "sal~ageable~~ood lost in mortality" 
which contained 10.8 x 10 BTUs of energy. He 
calculated that 56% of Vermont's energy needs at 

the time could be met at a 50% efficiency ratio in 
converting the surplus wood to electrical energy. 
At $0.10 per gallon for No. 6 fuel oil (those were 
the good ole days) he figured wood could compete 
at $12.00 per cord and finally cited studier 
indicating that wood-fired steam electric plants 
should cost no more than fossil fuel plants to 
build and maintain. 

The chain reaction he envisioned from such an 
event was equally fascinating. 

1. There need be no sulfur dioxide emissions, 

2. wood ashes could be recycled as fertilizer, 

3. Vermont forests could be economically 
maintained on a sustained yield basis, 

4. thinning and full tree utilization could 
become profitable, 

5. surplus hardwood, which has high BTU 
ratings, would be consumed, 

6. there could be complete utilization of 
clearcuta, 

7. yield per acre, and hence tax tolerance per 
acre of woodlot, would increase, 

8. jobs in harvesting and transportation would 
increase, .... and so on. 

After challenging participants in the 
conference to provide seminal ideas for pursuing 
such an initiative, he stated, "the opportunities 
have never been so great." 

In Vermont, burning wood for energy played a 
major role in meeting fuel and heating 
requirements well into the 20th Century. By 1972, 
new oil heating technology had pretty well become 
a way of life which was convenient, economical and 
"clean" compared to the dirty inconvenience of 
burning wood or coal. However, as oil prices 
began to rise, as our dependency upon the Arab- 
controlled oil cartel began to appear less and 
less reliable, and as air pollution from high 
sulfur fuels were starting to cause some concern, 
Governor Davis' idea began to make more and more 
sense. 

Subsequently, a "Governor's Task Force on 
Wood as a Source of Energy" and a concurrent 
"Study of the Feasibility of Generating 
Electricity Using Wood as a Source of Energy" 
sponsored by the Vermont Department of Forests and 
Parka in cooperation with the U.S. Forest Service, 
concluded that the old notion that wood was a 
viable and economical source of energy was etill 
true and that an abundance of this native 
renewable fuel was at hand. In fact, it was 
estimated that the supply of unmerchantable 
surplus wood exceeded all previous estimates, when 
data was converted to units of biomass, and could 
provide for of Vermont's heating requirements. 
It appeared that chip harvester technology could 
procure, process and deliver wood chip fuel more 
economically than ever before and that the 



technology to convert wood to energy did exist, 
though more research and development was needed. 
It was believed that proper forestry practices 
could control environmental damage. In fact, if 
carried out properly, these practices could 
benefit the health, vigor and growth of residual 
stands; although the monitoring of erosion, 
nutrient balance, wildlife habitat, aesthetics and 
air pollution should receive attention. Finally, 
these studies concluded that such a new developing 
industry could increase employment, produce 
substantial new revenues, and increase jobs and 
tax revenues. It appeared that many of Governor 
Davis' concepts, several years earlier, were 
indeed not totally unrealistic. 

It began to look like we might be able to 
have our cake and eat it too. A wood energy 
program initiative could make a significant 
contribution to the growing problem of energy 
availability and at the same time provide a 
substantial market for the large unmerchantable 
surplus of low-quality trees using biomass 
harvesting which was impeding s ilvicultural 
practices so desperately needed to increase the 
quality and growth of Vermont forests. 

Of course, there remained many unanswered 
quest ions : Many "if s " and "but 8, " many doubt s , 
skepticism and even alarmism over the prospect 
that "the chip harvesters are coming!" and our 
forests would be exploited by widespread clear- 
cutting. The need for cutting practice regulation 
was discussed in legislature and debated by the 
newly created Forest Resource Advisory Council, 
but a special study committee concluded the 
problem of overcutting and poor forest practices 
did not appear to be serious enough to warrant 
such expensive bureaucratic action at the time; 
although monitoring of chip harvesters was 
recommended. 

As the use of wood for energy increases, we 
need to watch the situation and monitor 
developments and trends to make sure this two- 
edged sword continues to be used to our advantage. 
It must not be allowed to get out of control and 
cause serious damage as has occurred in the Third 
World. Though renewable, forest resources are not 
infinite and new mechanized harvesting systems 
have the capacity to mow down large acreages of 
trees in a relatively short time. However, there 
is a temptation to overreact and call for forest 
practice regulation. Unless things start to get 
out of hand such drastic and expensive measures 
should be deferred. 

Dire predictions that the "chip harvesters 
were coming" to clearcut all the timber in ever 
increasing circles extending outward from the 50 
megawatt Burlington electric plant have not 
materialized. Our chip harvester monitoring 
program showed an increase in number of machines 
operating in Vermont from 9 in 1981 to 26 in 1984. 
These operations included broadly distributed 
thinning/improvement cuts on 1900 acres (40% of 
total), agricultural conversion clearcuts on 731 
acres and silviculturally acceptable regeneration 
clearcuts on 2300 acres. Only six of the 74 
operations visited did not have technical or 

professional forestry supervision. Our inspecting 
foresters also observed that operators were 
becoming more sensitive to wildlife and aesthetic 
concerns. Only four of the operations had any 
notable erosion problems, all of which were 
subsequently corrected with guidance from the 
inspecting forester. Conditions did not 
substantially change in 1985. 

Though the monitoring program is only that 
and not regulatory, it serves as a watchdog 
process that increases awareness of silvicultural, 
wildlife, erosion control, water quality and 
aesthetic considerations by foresters and 
operators on the job. 

Another special survey conducted in response 
to reports of widespread clearcutting in 
northeastern Vermont prompted the State Forestry 
Division to conduct an aerial survey, followed by 
ground inspections of large regeneration cuts 
completed in three pilot townships over the past 
ten years. It was found that 1.2% of the 
commercial forest land in two towns and 1.6% in 
the other had been subjected to regeneration cuts 
per year, not excessive for a 60 to 80 year 
rotation. For all forest land in the respective 
towns, regeneration by desired species was more 
than adequate on all but one of the thirteen 
selected sites. Problems noted included 
insufficient waterbarring and so-called 
shelterwood cuts that were no more than copmnercial 
clearcuts with poor quality residuals left for 
sheltering and seeding. 

To calm the fears of some who were concerned 
about excessive and poorly managed harvesting 
which would result from a single plant requiring 
up to half a million tons of wood per year, 
Burlington Electric developed a procurement 
policy, which effectively precluded the need for 
cutting practice regulation in the eyes of the 
Vermont Public Service Board in granting them a 
certificate of public good to operate. In 
consultation with the Department of Forests, Parks 
6 Recreation, cutting practice standards based on 
accepted U.S. Forest Service and state 
silvicultural practices and erosion control, 
guides were adopted, which would be met by their 
chip suppliers or their contract would be 
jeopardized. Enforced by BED f ores ters , 
violations have been few and minor and the 
harvesting requirements have posed no problem 
relative to the procurement of adequate amounts of 
chips. In fact, the silvicultural impacts of 
biomass harvesting under these controls are 
proving to be quite positive. Regionwide, 
Burlington Electric has calculated that over 75% 
of the sites from which fuel chips have been 
harvested in the last year were cut according to 
good silvicultural practices. 

Because of the limitations of harvesting with 
heavy equipment in steep terrain and the 
difficulty of maneuvering feller bunchers and 
grapple skidders in heavily stocked stands, 
partial cuts are now accomplished using 
conventional chain saw felling and skidders with 
stockpiling in concentration yards with a 
hydraulic knuckleboom for custom chipping. This 



modified harvest system also precludes much damage 
to the residual stand, and is advisable for all 
partial cuts. 

Clearcutting, whether used as an acceptable 
silvicultural method for regeneration in even-aged 
management or not, is drastic, unsightly and 
disturbing to many people, especially when it 
involves large acreages in highly visible 
locations. The shelterwood system can and should 
be substituted wherever possible and clearcuts 
should be limited to 25-50 acres, be contoured, 
cut in strips, non-contiguous and visually 
modified. 

Common problems associated with logging, 
including road layout, erosion, muddying streams, 
slash and trash, create the kind of mess which 
doesn't help the image of wood harvesting. Logger 
education, close supervision, and adherence to 
erosion control guides are a must. 

The highest silvicultural standards should be 
met. Multiple use objectives to protect or 
perferably enhance wildlife habitat, watershed, 
recreational, and aesthetic values should be given 
special attention. 

Aggressive public relation campaigns 
presenting reliable information to the public, 
legislators and administrators in understandable 
form, are especially important in gaining and 
holding public confidence in foreet management and 
biomass harvesting practices. 

In summary, from our perspective, there do 
not appear to be any significant negatives - 
associated with biomass harvesting which cannot be 
dealt with. 

Questions, risks, problems--yes, but those 
associated with harvesting and using biomass are 
not greater than those normally encountered in 
managing for, or harvesting other wood products. 
Biomass harvesting provides a relatively low risk, 
potentially high gain o~~ortunitv, with a cost- 
benefit ratio high in benefits. 

In Vermont this harvesting method: 

- has provided increased management 
flexibility by allowing forest managers to 
carry out needed silvicultural improvements 
not economically feasible even a decade 
ago ; 

- will improve income potential for paying 
taxes, investing in further cultural work 
and long-term value added for higher 
quality products; 

- has ancillary benefits such as wildlife 
habitat improvement and recreational 
opportunities possible at no extra cost to 
the landowner; 

- can help inetill a foreet management ethic 
among forest landownere; has been a 
partial answer to a forester's prayer in 
Vermont. 

We believe that biomass harvesting has had a 
past and present, and will be a tool of proper 
forest management for increasing productivity of 
our forests in the future. 
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- can benefit the local and general economy 
through increased employment, a broadened 
economic base, stabilized energy costs and 
increased indirect multiplier benefits; and 



NEW HAMPSHIRE OVERVIEW OF BIOMASS HARVESTING: 
STATE POLICY AND FUTURE TRENDS 
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Pembroke Hill Road 
RFD #4, Box 102 
Pembroke, NE 03275 

The New Hampehire Division of Foreete and 
Lande hae been aesertive in encouraging biomaee 
harvesting on small woodlots in the State. A 
cooperative reeearch project conducted during 
1981-82 determined that weedinge, thinninge, and 
eelection harveste could be accompliehed with 
reeulte that were pleasing to landowners and 
acceptable to the public. The 75 facilitiee that 
are currently burning wood for apace heating, 
process steam, or electrical production, consume 
about 1,150,000 tone of forest biomass and eawmill 
reeiduee annually. An eetimated 500,000 tone come 
from whole-tree chips. Biomaee production could 
readily be sustained at an eetimated 2,800,000 
tone per year, of which 2,150,000 tone could come 
from whole-tree chipa. The 17 chip operatore 
currently active in the State could expand 
operations ae additional markets develop. Biomaee 
harveeting ehowe great promiee for increaeing the 
quality of the forest, improving the foreet 
economy, and divereifying the energy baae of the 
State. 

The improved quality and long term 
productivity of northeaetern foreete depends to a 
coneiderable degree on the economic use of low 
grade foreet materiale. I'm convinced that we 
should continue to etrive for quality in our 
foreets, not just quantity. To achieve that goal 
will require a eubetantial increase in utilization 
of cull trees and other low quality wood. Biomaee 
harveeting repreeente the moat realistic potential 
in this regard. 

At the New Hampehire Division of Foreete and 
Lande , we are enthueiaetic about the 
poeaibilitiee. After obeerving and etudying what 
S.D. Warren Co., Westbrook, Maine, was doing in 
the late 1970'a in the field of biomaee 
harveating, we adopted an aeeertive role in 
encouraging biomaes harveeting on emall woodlots 
in New Hampshire. 

We eponeored, in cooperation with the 
Cooperative Extension Service, U.S. Foreat 
Service, and others, a biomass harveeting project 
during 1981-1982. We wanted to find out if 
bimaee harveating on small woodlote was 
economically feasible, following generally 
accepted operational and eilvicultural practices. 
Aleo, we wanted to document public reaction to 
euch harveeting proceduree. We conducted about 20 
integrated operatione totalling more than 400 
acree, moetly selection cutting. We found out 
that weedings, thinninge, and tree eelection 

harveet cute not only could be done 
eatiefactorily, but the reeulte were generally 
pleasing to the landowner and acceptable to the 
public. 

New Hampshire's foreet resources can abaorb a 
eignificant increase in removale of low grade 
wood. Here is eome 1983 foreet eurvey information 
to eupport that conclusion. 

1. Total acres of timberland = 4,812,000 acree 

2. Total green weight of all etanding treee 
502,032,000 tone 

which include8 : 

(Growing stock) pole timber and eawtimber 
treee = 275,199,300 tone 

(Non-growing stock) rough and rot ten trees, 
ealvable dead treee, eaplinge, etumpe, 
tope = 226,833,000 tone 

3. Estimated annual increment (whole tree) (a 
personal analya is 1 

4,812,000 acree x 3 tons per acrelyear = 
14,436,000 tone 

(repreeente about 3% annual increment) 

4. Estimated annual removale (in tone) (developed 
in conjunct ion with Governor'a Energy 
Commit tee) 

Tone - 
Sawt imber 1,300,000 

Shor twood 1,100,000 

Biomaee (energy wood, 
other chipa) 1 , 100,000 

Reeidential fuelwood 1 .500. 000 

Total annual removals 5,000,000 

5. Total growthldrain ratio 

14.4:s or about 3:1, leaving about 9,400,000 
tone of unueed annual growth. 

6. Preaent volume of low grade standing wood 
available for biomaee harveet in addition to 
annual growth - 

Tone - 
Rough cull trees 20,300,000 

Rotten cull treee 14,800,000 

Dead treee 12,900,000 

Tops in roughlrot ten trees 13 .OOO .OOO 

Total 61,000 ,000 

or about 12 tonslacre, on the average 



7. Reserve factor 

As much as 25% - 50% of timberland may 
not be available for harvesting for various 
reasons. There is little agreement on this 
figure, so each observer should apply his own 
limiting factor on timber availability. 

8. Present biomass consumption 

Presently in New Hampshire, approximately 
75 facilities burn wood either for space 
heating, process steam, or for electrical 
production. In total, they consume about 
1,150,000 tons of forest biomass and sawmill 
residues annually. Of this total, an 
estimated 650,000 tons are sawmill residues 
and an estimated 500,000 tons come from whole 
tree chips. 

Several new cogeneration facilities are 
being built, or are planned to be built, 
including plants in Bethlehem, Springfield, 
Alexandria, Bridgewater, and Whitefield, each 
scheduled to use about 200,000 tons of wood 
annually. Other plants of various sizes are 
being discussed in West Swanzey, Tamworth, 
Rochester, Penacook, and Bennington. 

The only thing certain is that not all 
these facilities will be built. However, it . 
is likely that biomass use will double in the 
next five years. This wood will mostly be 
derived from whole tree chips. 

9. Whole tree chip operators 

Currently, an estimated seventeen chip 
operators are active in the state, using an 
estimated twenty-nine chippers. Nine of the 
operators with thirteen machines are located 
in southern New Hampshire and the remaining 
eight operators with sixteen machines are 
found in the North. 

Indications are that existing operators 
would expand their operations as markets 
demand. Also, potential new operators are 
sitting in the wings waiting for 
opportunities. 

10. Projected biomass supply 

If markets for biomass were to expand as 
previously described, would the added material 
be readily available and would the logging 
industry infrastructure be able to produce and 
deliver the wood? 

On the basis of existing forest 
conditions, landowner attitudes about biomass 
harvesting , logging/chipping capacity, and 
assuming an adequate price structure to 
provide reasonable financial returns to the 
various interests from landowner to consumer, 
it is my estimate that biomass production 
could be readily increased and sustained at an 
estimated 2,800,000 tons per year. Sources of 
this volume are anticipated as follows: 

1. Sawmill residues 

2. Logging residues from 
25,000 acres 

Tons - 
650,000 

1,000,000 

3 .  Whole tree chips from land 
clearing, forest 
improvement operations, etc. 1,150.000h 

Total 2,800,000 

General Conc lus ions 

Short term biomass consumption could increase 
by an estimated 1,650,000 tons without stressing 
wood supply and production infrastructure. 
Sawmill residues will remain fairly constant and 
the bulk of added volume will come from forest 
operations. 

In the long term, considering an increase of 
biomass usage to 2,800,000 tons, with other 
utilization holding at current levels, forest 
removals would total about 7,000,000 tons per 
year, or about one-half the state's estimated 
annual growth. However, the available supply is 
supplemented in the first cutting cycle by the 
approximately twelve tons per acre average of 
standing rough and rotten trees. 

I think 7,000,000 tons per year total 
removals is the caution point and the time for 
detailed assessment of the state's forest 
resources and implementation of an action program 
to assure future sustained yields. 

There are presently no statutory or other 
regulatory constraints on biomass harvesting 
except several existing statutes which apply to 
all forest operations. New Hampshire does not 
regulate silvicultural practices. 

Public concerns are frequently expressed 
about nutrient losses due to biomass harvesting. 
In fact, a bill relating to this topic that was 
entered in the 1985 legislature is being quietly 
committed to interim study. If done on a tree 
selection basis, I have no great concerns about 
the impact of whole tree harvesting on nutrients, 
but this conclusion is based on casual study and 
observation. This conference can be very 
important in helping bring more understanding to 
this subject. 

It is my continuing opinion that the 
harvesting and marketing of forest biomass will do 
wonders for forests and the forest economy. It is 
an opportunity which has many positive 
ramifications - 

- for landowners in increased income 

- for loggers in more business 

- for foresters to practice what they preach 



- for the public in their improved 
perception of timber harvests 

- for the forests in upgrading quality 

- for the state in contributing to a 
diversified energy base. 

For further information on forest biomase, 
you may contact J.B. Cullen, Chief, Foreet 
Information and Planning, Division of Forests and 
 land^, 105 Loudon Road, Box 856, Concord, NE 
03301, Tel. 603-27 1-3456, or Richard 
Schondelmeier , Governor's Energy Off ice, 2 112 
Beacon Street, Concord, MI, Tel. 603-271-2711. 



BIOMASS HARVESTING AND ENERGY PRODUCTION: 
THE MAINE EXPERIENCE 

Michael F. Cyr 

Director, Forest Marketing and Assessment 
Department of Conservation 
State House Station 322 
Augusta, ME 04333 

The Small Power Production Facilities Act of 
1979 and the Forest Marketing and Assessment 
Program of the Maine Department of Conservation 
are reviewed for their impact on developments in 
biomass harvesting for generation of electricity. 
Recent estimates of biomass demand and supply in 
Maine indicate that 3.1 million green tons of 
whole-tree chips may be produced each year by 
1988. The State of Maine has been active in 
addressing research needs and policies relating to 
biomass harvesting, in addition to promoting 
development of whole-tree chip markets in the 
State. 

Backnround 

The Public Utilities Rate Policies Act 
(PUBPA) which became federal law in 1978 
deregulated the nation's electric utilities. This 
legislation gave independent, privately-financed 
power producers access to power grids which were 
previously monopolized by public utilities. In 
1979 the State of Maine enacted related 
legislation, Small Power Production Facilities 
Act, which set the ground rules for deregulation. 
This law gave authority to the Public Utilities 
Caammission (PUC) to establish the fair market 
value of electricity generated from new sources. 

The PUC determined that utilities were 
obligated to pay a price comparable to the coats 
of financing and constructing new generating 
capacity from traditional fuel sources. The PUC 
began establishing prices for new power in 1984 
based on the avoided cost of Seabrook I1 and 
precipitated a rash of new power proposals for 
hydro, wood and trash recycling projects. The 
biomass energy facility at the S.D. Warren mill 
in Westbrook was one of the earliest projects to 
take advantage of the opportunities presented by 
PURPA. By mid-1984 over 20 projects were under 
development. 

Current Status 

There are approximately 15 operating 
installations using wood fuel of saole sort to 
generate electricity for sale to the grid. 
Seven new plants now under construction are each 
capable of producing 10 HW or more; 3 of those 7 
are rated at 25 MW or more. 

1988. This is about 15% of the State's total 
generating capacity. It essentially replaces the 
10% investment (230 MW) that Maine's 3 utilities 
had in the Seabrook project. The turnaround time 
for most of these projects is extremely fast 
compared to large, centrally located nuclear or 
coal-fired plants. The Signal-Sherman 18 MU power 
plant in Sherman Station started construction in 
the spring of 1985. It will produce steam by June 
of this year and be fully operational this fall. 
Ultrapower's two 25 MW plants will be constructed 
in approximately 12 months. 

Where is the Wood Cominn From? 

The 1982 U.S. Forest Service inventory of 
Maine's timber resources showed a substantial 
increase in growing stock volume (7%) and 
sawtimber (20%). Much of the increase in 
sawtimber occured in the lower construction 
grades. Now one out of every 5 growing stock 
trees is considered inadequate for industry 
specification. There has been close to a 20% 
increase in the number of cull trees over the last 
10 years. Frequently density of growing stock 
trees per acre exceeds maximum productivity. 
Furthermore, Maine has the smallest average 
diameter of all the 14 New England states and the 
6" size class makes up 45% of the resource. 
Hardwood species have increased in the past 10 
years as a percentage of the total resources. In 
short, Maine has a resource which could stand a 
lot of improvement. 

According to the 1982 USFS inventory, there 
are 1.5 billion green tons of wood and bark above 
ground or about 88 tons per acre on the average. 
About half that volume occurs as tops, branches, 
culls, saleable dead trees, saplings, and stumps 
above ground level. According to Maine Forest 
Service analysis, about 400,000,000 tons of this 
total biomass could be considered available for 
energy. This figure includes accessibility, 
landowner attitudes, higher value uses, and 
prudent utilization standards with respect to 
measures of stand improvement. Over 20 million 
tons of the resource are added to this standing 
inventory each year. 

In 1985 about 1.6 million tons of whole tree 
chips were produced in Maine. Capacity of the 
proposed new plants will increase by another 1.5 
million tone. 

Sawmill residues will play a part in this new 
market for wood. Most sawmill residues are 
marginally profitable because of such factors as 
transportation distances and contract terms. 
Consequently, sawmill residue could be reallocated 
to the new power plants as they come on line. In 
addition, about 500,000 tons of sawmill residues 
from Quebec and New Brunswick may enter the Maine 
market . 

Total resource availability is substantial, 
and the new plants are spaced well enough apart to 
prevent unnecessary competition. 

The PUC estimates that close to 400 HW of 
power derived from wood will enter the grid by 



In 1985 there were 38 whole tree chipping 
firms operating 47 chippers. By January of 1986, 
the number had increased to 40 firms with 50 
machines. 

Statewide 1,647,000 tons of chips were 
produced from 41,309 acres. A registered 
professional forester was involved in harvests 
covering 87% of this area or 36,174 acres. 
Management practices included selection, 
shelterwood and diameter limit methods, 19,665 
acres (48%) ; thinning and weeding in plantations 
and natural stands, 3,914 acres (9%); clear- 
cutting with site preparation for planting, 7,355 
acres (18%); clear-cutting followed by natural 
regeneration, 6,995 acres (17%) ; and conversion 
from forest to non-forest uses such as pasture and 
house lots, 3,380 acres (8%). Considerable 
variation was noted in types of practices between 
regions. For instance, land use change was the 
reason for 19% of the cut in Southern Maine but 
only 2% of the cut in Eastern Maine. Clear- 
cutting followed by site preparation for planting 
was the cutting method used on 64% of the area in 
Western Maine but only on 4% of the area in 
Southern Maine. 

Firms involved with whole tree chipping 
operat ions have about $4O,OOO,OOO in capital 
investment, account for about 620 jobs in Maine 
and provide $13,000,000 worth of annual payroll. 

Forty percent of the operations are fully 
mechanized with the possible exception of use of 
an individual with a chain saw on the landing. 
Twenty percent do not use feller-bunchers to cut 
trees, but rely instead on hand crews. The 
remaining 40% use a combination of hand crews and 
feller-bunchers. 

The chippers were operating at about 54% of 
their designed production capacity. Limited chip 
markets was the number one problem faced by 
contractors, along with the associated problems of 
fluctuating delivery schedules and low chip 
prices. Over one half of the operators sold their 
chips to only one market. Firms delivering to 
more than one market still sold most of their 
production to a single market. Additional markets 
opening within the next two years are expected to 
consume another 1,500,000 tons of chips. 

Chips accounted for 44 percent of total wood 
production with round pulpwood, fuelwood logs and 
boltwood representing the other 56 percent. 
Optimum product utilization is enhanced by 
availability of markets for chips and other 
products, a product price structure that rewards 
good utilization, and an efficient wood handling 
system in the woods and on the landing. 

The State's Initiative: Policy. Education & 
Research 

Ever since the late 70's Maine's PUC has made 
a definite commitment to encourage small, 
independent sources of power and avoid the large 
generating plants that most utilities were 
accuetomed to building and operating. The PUC has 

endorsed an overall policy based upon 
"conservation, cogeneration, and a greater 
reliance on the state's wood resource". 
Apparently the policy has been successful: There 
was so much new capacity from wood sources under 
contract in 1985, the PUC felt justified in asking 
Maine's three major utilities to eel1 their shares 
in the Seabrook Project. 

In 1983 Cammissioner Anderson set up a Forest 
Marketing and Assessment Program within the 
Department of Conservation. The program was 
designed to develop new markets for Maine's 
inventory of low grade and unmerchantable fiber. 
Through this positive cammitmant to market 
development, the DOC was able to play a key role 
in making the PUC energy policy a distinct 
reality. Over a two year period DOC helped over 
15 major developers determine if, how, and where 
they could locate and license a wood-fired power 
plant in Maine. 

On another front, the DOC had to rerpond to 
the many issues that were raised as a result of 
all these new and expanding demands on the 
resource. The Cammissioner felt obligated to 
respond to two important questions in particular: 

1) What actions are necessary to make sure 
that fuel chips are harvested properly? 

2) What are the research priorities with 
respect to whole-tree harvesting? 

In January, 1985 the Cammissioner appointed 
two separate committees of leadere from industry, 
state government, the College of Forest Resources, 
and appropriate environmental organizations to 
analyze these issues and make recommendations to 
him. 

The Biomass Strategy Task Force addressed the 
first question. In its final report it urged the 
DOC to pursue an active educational program. They 
discouraged the State from taking any regulatory 
approaches to whole-tree harvesting, and felt that 
whole-tree harvesting did not belong in a class by 
itself since it was merely one of many valid 
harvesting systems. In response to these 
recommendations DOC began to experiment with 
biomass harvesting demonstrations as a possible 
tool for educating the public, and well as 
professional foresters who were eager to learn 
more about the subject. 

A new Biomass Coordinator position was 
created within the Maine Forest Service and 
staffed by an experienced service forester. The 
forester acts as a eource of information and gives 
advice and assistance to the general public 
regarding biomass issues . This position 
effectively provides the continuous cammittment to 
education that the Biomass Stratenv Task Force 
requested. 

The Biomass Research Committee took charge of 
the second question--what are the research 
prior it ies? 



The committee recommended a comprehensive 
literature review of whole-tree harvesting from 
all regional, national, and international sources 
to determine if more research was warranted. The 
committee insisted that researh needs had to be 
defined in the context of the biological, 
economic, and technological aspects of whole-tree 
harves t ing . 

Finally, working from the assumption that 
some additional research needs would ultimately be 
iCeqtified in the review, the committee went on to 
recommend how those new goals should be achieved. 
A formal program or research institute needed to 
be established to address all the biological, 
economic, and technological issues in an 
integrated and comprehensive fashion. The 
committee envisioned this institute as a preferred 
alternative to a piece-meal or random approach 
lacking direction and coordination. Ideally the 
institute would function not only as a center for 
research but as a valuable library of data for 
extension services. 

The committees response to this question 
reflected the members' convictions that whole-tree 
harvesting was certain to play a greater role in 
all areas of forest management in the future. 
Well-defined and balanced research goals were 
essential to make certain that comprehensive 
information on the proper application of whole- 
tree harvesting systems was available on a timely 
basis. 
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have a potential capacity to consume more than 1.5 
million tons of chips annually, and they represent 
the forerunners of wood-fired electrical- 
generating facilities in the northeastern United 
States. The BED plant is apparently the largest 
wood-fired power plant in the world built 
explicitly to generate electric-ity for sale to the 
public. Similar types of plants, proposed for N e w  
York and Maine, could dramatically increase the 
consumption of wood in this sector. In Maine 
alone, new or planned wood-fired electrical- 
generating facilities would require a new supply 
of approximately 1.5 million green tons of chips 
in the next 3 to 5 years. 

A survey was conducted to characterize the 
impacts of four northeastern wood-fired electric 
generation plants on forest management practices. 
The survey focused on the fuel procurement systems 
for each plant, predominant harvesting methods 
being used to supply fuelwood chips and the site 
and residual stand quality resulting from the 
operations, and the opinions of foresters, 
loggers, landowners, and chipbrokers about the 
impact of fuelwood-chip harvesting on foreet 
management. These plants receive large amounts of 
fuel from land clearing operations for 
agricultural or development purposes. The 
predominant harvesting system supplying these 
plants is a mechanized, single-entry, integrated- 
product removal system involving hot-yarding 
procedures. The increase in fuelwood chip markets 
does not appear to have had an impact on the 
quality of forest management being practiced. The 
public-sector foresters must continue to monitor 
trends in fuelwood chip harvesting so that they 
can anticipate forest management issues and 
improve forest management practices. 

Many forest products companies have been 
using bark, sawdust, slabs from sawn timber, and 
other by-products to generate energy at their 
sawmills and pulp and paper factories on a small 
scale for years. The first large energy-specific 
demand for chips developed in the late 1970s at 
S.D. Warren in Maine (1979 and 1980) and the 
Burl ington Electric Department (BED) in Vermont. 
These plants were constructed with the idea of 
selling power to the public sector, although S.D. 
Warren actually uses up to half of its power for 
cogeneration, in this case for pulp and 
papermaking. 

This report discusses the procurement systems 
that supply fuelwood chips to private corporations 
and public utilities for production of electricity 
and/or power for manufacturing. These consumers 
have the potential to rapidly affect both forest 
resources and markets in their supply areas or 
"wood-sheds . " 

The study focused on four demand centers: 
Procter and Gamble, Co. (PIG) facilities on Staten 
Island, New York; P&G in Baltimore, Maryland; 
Scott Paper Company's S.D. Warren plant in 
Westbrook, Maine; and BED'S McNeil power station 
in Burlington, Vermont. Together, these plants 

This study focused on the impacts of the wood 
procurement systems of four wood-fired power 
plants on future forest management practices. On 
the one hand, these plants (and others like them) 
have been advocated as a means of drastically 
improving both the quality and intensity of forest 
management in the Northeast. On the other hand, 
they have been criticized for their potential to 
reduce the quality of forest management by 
encouraging more clear-cutting and the 
inappropriate conversion of high-quality sawlogr 
into wood chips, or ultimately, causing rampant, 
uncontrolled harvesting. 

Study data gathered were principally from 
people who are directly involved in wood chipping 
for energy and, to a limited degree, examined 
actual forest management activities in the field. 
Data collection included: 1) descriptive case 
studies of four wood-fired power plants--BED'S 
McNeil plant in Burlington, Vermont, the S.D. 
Warren plant in Westbrook, Maine, and two PLG 
plants in Baltimore, Maryland, and Staten Island, 
New York; 2) formal structured surveys with 45 
foresters, 20 loggers and 12 private, 
nonindustrial forest landowners; 3 )  unstructured 
interviews with 21 wood-chip brokers, transporters 
and suppliers ; and 4) pos t-harves t s tand 
examinations of 37 logging sites in northern New 
York and New England. 

Wood Supply - 
Both P&G plants receive their wood supply 

through a procurement system that keeps very 
little, if any, information on where the wood 
actually comes from. Neither PIG plant has staff 
foresters to manage their procurement programs. 
Instead, PIG forestry staff from other facilities 
helped set up the procurement system, but now have 
little input in daily program activities. 

BED is probably the best-known and most 
visible example of a stand-alone, wood-fired, 
electrical power plant in the United States, if 
not the world. It is primarily a public facility, 
and has been subjected to more study, regulation 
and public review than any of the other plants. A 
staff of foresters guide its wood-procurement 
activities, led by a forester with experience in 
private-sector forest industry. Though not part 
of the traditional forest products industry, it is 
quite different from other non-forest products 
energy facilities because of the degree to which 



it emphasizes forest management in its supply 
system. 

S.D. Warren has one of the longest records of 
wood procurement prior to 1978. Now, as part of 
Scott Paper Company, it is procuring wood for use 
in manufacturing. The company owns little 
forestland, but for years, it has had a staff of 
foresters to manage the wood procurement program. 
Its procurement system has served as an example to 
BED and other plants. S.D. Warren is the best- 
known case where a private-sector power plant with 
forestry expertise is not regulated to the extent 
that BED is. 

The supply networks for these.power plants 
usually include loggers, foresters, landowners, 
companies involved in the transportation or 
chipping business, and chip brokers. BED depend8 
on 10 logging companies and S.D. Warren on 14, and 
these figures have not changed since the start-up 
of the plants. This study found that most of the 
loggers involved in chip harvesting for the power 
plants are very experienced--70 percent had over 
10 years of experience and 65 percent have been 
working with the plants for over 2 years. These 
loggers learned their trade on the job, rather , 
than in the classroom or other training programs. 
They also appear to rely heavily on the power 
plants' demand for chips. For example, 11 out of 
the 20 loggers interviewed indicated that over 50 
percent of their work is devoted to supplying the 
power plants. S.D. Warren officials state that a 
typical logger signs a contract that is written 
for 5 years and may call for delivery of 20,000 
tons per year (or 386 tons a week for 52 weeks), 
or about $7,000 per week in gross income for the 
operator. 

In S.D. Warren's case, about 20 percent of 
the wood supply comes through brokers, and most of 
it is in the form of forest-products residues 
(e .g., bark and sawdust). BED maintains supply 
agreements with two brokers and gets most of its 
sawmill residues (15 percent of the plant's total 
supply) through brokers. According to PbG 
officials, neither of their plants currently 
purchase through brokers, although Staten Island 
previously used up to two brokers. 

The P&G/Staten Island plant is in the unique 
position of serving as an alternative to landfills 
for the dumping of wood waste. Between 150 and 
200 different trucking and demolition firms (of 
all sizes) have delivered wood waste to PLG rather 
than pay fees at local landfills. In most cases, 
PbG pays little, if anything, for this ample 
supply. In contrast, Pb~/~altimore relies on the 
land-clearing business for most of its wood 
supply 

Data from Vermont's Department of Forest, 
Parks and Recreation (DFPR) chip-harves t 
monitoring program and a survey of loggers in 
Maine indicates that most chip harvests in those 
two states involve foresters. In Vermont, 
foresters work on all of BED's chip harvests and 
87 percent of chip harvests in the state, 
according to the DFPR data. From a recent survey 
of chip producers in Maine, roughly 87.6 percent 

of all chip harvests there appear to involve 
foresters. In terms of sheer numbers, more 
foresters work with the different power plants 
than loggers. However, foresters are generally 
less dependent on the power plants than loggers. 

Neither PbG plant has information about the 
types of landowners that provide their wood 
supply. However, a large percentage of their 
supply comes from land clearings for development, 
on land that probably is privately owned. 

Both the S.D. Warren and BED design studies 
used 40 tons per acre as a working figure to 
calculate the expected volume of wood on a per 
acre basis. S.D. Warren estimates that woodlot 
thinning operations yield approximately 40 to 50 
tons an acre, whereas land conversions and/or 
clear-cuts produce between 60 and 80 tons per 
acre. BED would not commit to any specific per 
acre estimate. Very general figures from the 
recent chip supplier survey in Maine show that 
approximately 1,647,000 green tons of chips were 
harvested from 41,309 acres, or just under 40 
tons per acre (Maine Forest Service, 1985). 
Loggers indicate that if chips are the primary 
product, between 20 and 30 tons an acre are 
required to make their operation profitable. 

Conventional cost limitations on 
transportation, which were expected to define the 
supply radius for each plant, meant little or 
nothing overall. The logger survey found that 
distance from the demand center was much less 
important in making a harvest profitable than 
other variables, such as skidding distance, 
distance from access roads, site topography and 
stand conditions. All of the power plants 
received some of their supply from over 150 miles 
away. It is estimated that in some cases, as 
little as 50 percent of their supply may come from 
within the commonly expected 50- or 75-mile 
radius. Thus, a 50- or 75-mile radius is useful 
for examining the availability of wood supplies at 
a general level, but a significant amount of the 
supply comes from outside those limits. Future 
wood supply studies for regional planning or 
analysis should carefully consider larger supply 
areas. 

In BED's case, a more substantial proportion 
of the supply probably comes from outside the 
state of Vermont than originally anticipated. 
Also, as is discussed in greater detail below, a 
great percentage of the current wood supply comes 
from clear-cut8 of one sort or another. This has 
important implications for the public's perception 
of harvesting, value of regulations and reputation 
of those involved in chipping operations 
(particularly foresters and loggers). 

Predominant Harvestin8 Methods 

Fully mechanized, single-entry, integrated 
harvesting is the predominant harvesting method 
for fuelwood chip suppliers at this time. The 
harvesting site is entered one time, and all 
merchantable material is removed and skidded to a 
landing for sorting and processing. Whether for 



energy or pulp and papermakiug, this type of chip 
harvesting usually involves "hot-yarding , " a 
process where, in most cases, whole trees are 
skidded to a central landing place, run through a 
chipper and immediately blown into waiting chip 
vans for transport to the demand center. The key 
to this rapid and large-scale production of chips 
is maintaining a continuous supply of stems from 
the forest moving at a high rate so that expensive 
chipping and transportation equipment is not 
sitting idle. However, unless a site is being 
clear-cut or heavily thinned, the logger is under 
a lot of pressure to keep up with the chipping and 
transportation equipment. This pressure may 
translate into a hurried logger, greater 
likelihood of damage to the site or remaining 
trees, and more safety problems particularly where 
chain saws are being used. 

While hot-yarding is still common and 
probably remains the predominant harvesting 
method, more "cold-decking" appears to be taking 
place. Cold-decking involves the stacking of 
trees on a landing, with chipping at a later time. 
The advantage of cold-decking is that it reduces 
the pressure on the logger for rapid production 
and facilitates easier sorting of logs into piles 
for different product markets (e.g., chip logs for 
pulp and paper or energy, pallets, sawtimber, and 
veneer logs 1. Also, conventional operat ions, 
using a chain saw and skidder rather than a 
feller-buncher, operate at less of a disadvantage. 
Interviews with BED foresters indicate that 5 
years ago about 10 percent of harvests came from 
conventional operations involving stockpiled logs. 
Today, BED estimates that as much as 50 percent 
comes from such operations. 

In addition to the switch from hot-yarding to 
cold-decking, loggers have moved away from owning 
chipping equipment to subcontracting the chipping 
and transportation to other operators. The 
decision by some loggers to avoid owning, leasing 
or maintaining chippers appears to have been made 
for three main reasons. First, loggers want to 
reduce high initial capital and recurrent costs-- 
chippers and feller-bunchers are expensive pieces 
of equipment that require constant and costly 
maintenance. Second, many loggers do not want to 
spend time away from the woods and on the 
telephone making contacts and scheduling to keep 
the chipper busy. Third, the volatile nature of 
chip demand often translates into production lulls 
that are costly because either chipping equipment 
is sitting idle or operating at little, if any, 
profit. However, the results of the logger survey 

indicate that this is far from a universal trend 
(15 to 20 loggers interviewed had their own 
chippers ) . 

Logger and forester interviews, as well as 
the post-harvest stand exam, suggest that 
integrated harvests are the rule. Integrated 
harvests involve product separation and the 
sorting of higher-value products ( sawlogs , veneer 
logs, pallet wood and tie logs) in association 
with fuelwood chip harvesting. Seventy-eight 
percent of the foresters and 68 percent of the 
loggers interviewed indicated that integrated 
harvests are the rule in fuelwood chip harvesting. 
Similarly, 84 percent of the foresters and 61 
percent of the loggers said that they separate 
high-quality and low-quality logs during fuelwood 
chip harvests. This was further supported in 
forester interviews conducted for the post-harvest 
stand exam. Other survey research conducted in 
Maine (1985 WHOLE TREE CHIPPING OPERATIONS SURVEY 
AND REPORT, Department of Conservation) indicates 
that higher-grade material may be the only 
profitable forest product for some logging 
operators. The Maine study and the Coalition of 
Northeas tern Governors (CONEG) pos t-harves t stand 
exam also confirm that, if chipping of higher- 
value products occurs, it is most likely to be 
marginal sawlogs, and pallet wood or tie logs (for 
railroads). Chipping of higher-value products 
increases when chips are the main product being 
sought in a harvesting operation or when regional 
markets for sawtimber, veneer logs or pallets are 
weak. 

Impacts of Biomass Energy Facilities gg Forest 
Mananemen t 

In practice, neither PCG plant knows (beyond 
some general percentages) what type of forest 
management or practices are involved in 
procurement of its wood supply. This is not the 
case with BED or S.D. Warren. Both of these 
plants have staff foresters, and in the case of 
BED, the documentation on its harvesting 
operations in the state of Vermont is exceptional. 

Using data developed in the CONEG case 
studies, Table 1 shows a static illustration of a 
highly dynamic wood supply system. 

Table 2 is a specific, and probably more 
accurate, representation of the implications of 
fuelwood chip harvesting for forest management. 
It presents information on all chip harvesting in 

Table 1 -- Supply Characteristics of Four Wood-Fired Power Plants 

Source BED S.D. Warren P&~/~altimore ~ d G / ~ t a t e n  I. 

----------- ( %  of total supply to plant)----------- 
agricultural/development 
clearing 17 35 67 76 
forest product residues 15 13 33 0 
industrial waste 0 2 0 24 
silvicultural harvests 68 50 0 0 



Table 2 -- Vermont Chip-Harvesting Program Monitoring Data for 1981-1985 

# of chipping machines 9 10 
total acreage cut 2,073 4,163.5 
# of chip harvests 26 5 4 
average # acresichip harvest 79.7 78.5 
% with forester involved 57% 7 4% 
% harvested for thinning 23% 17% 
% regeneration cuts 7 1% 67% 
% non-forestry clear-cut8 5% 16% 

Vermont, gathered through fieldwork and interviews 
with loggers by the state's DFPR chip-harvesting 
monitoring program, which has been in place since 
1981. 

From a forest management perspective, it is 
important to note that clear-cuts for forestry, 
agriculture and development are the source of a 
large percentage of the wood supply for these 
power plants. This observation is reinforced by 
data from Maine, where a 1985 chip supplier survey 
found that approximately 43 percent of the chip 
harvesting followed a clear-cut of one type or 
another. Many foresters and loggers have pointed 
to the benefits of clear-cutting for the purposes 
of regenerating a new, improved forest, and the 
poor quality of much of the existing northeastern 
forest makes it ideal for regenerative clear-cut 
harvesting. 

Two important issues concerning clear-cutting 
should be addressed: 1) regardless of the 
purpose of clear-cutting, the public does not have 
a generally favorable impression of it--this 
practice is accepted when it is used to open up 
farmland or areas for development, but this has 
little if any direct relationship with forest 
management; and 2)  there are long-term 
silvicultural concerns with clear-cutting. Clear- 
cutting usually, but not always, results in the 
same species of trees growing at the site. In 
some cases, however, there is concern that the 
species which will predominate after a clear-cut 
are not commercially favorable (e.g., red maple 
versus such higher-value hardwood species as sugar 
maple or black cherry, or pine-cherry versus 
spruce or fir). Also, unless subsequent thinning 
and selection treatments are done, there is no 
guarantee that the regenerated forest will be any 
better than the present one. 

To date, it appears that no dramatic change 
in either silvicultural concepts or the intensity 
of forest management have resulted from fuelwood 
chip harvesting. The post-harvest stand exam did 
not find stands of small-diameter, pioneer species 
that need silvicultural treatment. Extensive 
thinning or TSI of high-value stands is not 
happening on a large scale. The logger, forester 
and landowner surveys and post-harvest stand exam 
did not unccver examples of poor, uncontrolled 
chip harvesting. Interviews with foresters 
suggested that fuelwood chip harvesting is 

generally an aid to better forest management, 
although there are some concerns relating to 
wildlife habitat impacts. 

Forester supervision has often been suggested 
as a guarantee of good forest management, under 
the assumption that forester involvement will 
probably result in better forests and harvesting 
practices. If, in fact, forester supervision is 
an indicator of better forest management, then 
fuelwood (in fact, all) chip harvesting should 
result in better forest management. Loggers 
indicate that less than 10 percent of their 
harvests are "logger's choice,'' and data from 
research in Maine and Vermont show that foresters 
are involved in 80 to 90 percent of all chip 
harves t s . 
Forest Management Im~acts of Biomass Energy 
Proiects Versus Traditional Harvesting Practices 

This study focused on comparison of fuelwood 
chipping with traditional round-wood harvests, not 
related to chipping. In practice, fuelwood chip 
harvesting methods do not appear to be generally 
different from chip harvesting for pulp and 
papermaking or composite board product ion. 
However, fuelwood chip harvesting is different 
from other chip harvesting in at least two major 
ways. First, chip buyers pay a lower price for 
fuelwood chips than pulp chips. Those who 
purchase fuelwood chips are also less 
discriminating about what they buy because any 
tree can be chipped for energy use and will have 
roughly the same energy value per ton. Chip 
harvesting for fuel significantly broadens the 
market for wood fiber and ultimately increases the 
total volume of wood harvested in the region. 
Second, according to the BED case study, more 
fuelwood than pulp and paper chips come from 
agricultural and development clearing. 

Foresters and loggers were asked to compare 
fuelwood chip harvesting with traditional round- 
wood harvesting. In terms of soil erosion, only 
15 percent of the loggers and foresters 
interviewed believe that fuelwood chip harvesting 
has resulted in increased erosion problems. There 
was a slight increase in concern about residual 
stand damage, as 42 percent of foresters and 30 
percent of loggers indicated that there was a 
noticeable increase in residual stand damage with 



fuelwood chip harvesting. Most of the problems 
observed during the post-harves t s tand exam (e .go, 
random, erratic silvicultural systems, poor tree 
selection with logger's choice, low-grade coppice 
regeneration and high residual damage from 
mechanical harvesting operat ions) are not specific 
to fuelwood chip harvesting, but rather, are 
characteristic of most conventional operations as 
well. 

Foresters were also asked if fuelwood 
chipping increased either the number or average 
size of clear-cuts in the region. 'ho-thirds of 
those interviewed indicated that fuelwood chipping 
has had no effect on the size of clear-cuts. From 
Vermont's chip-harvest monitoring data, the 
average size of BED'S harvests was 31.1 acres, 
compared to 59.9 acres for other chip harvesting. 
However, 40 percent of the foresters surveyed 
think that the number of clear-cuts has indeed 
increased with fuelwood chip harvesting. 

Another potentially important difference 
between fuelwood.chip and traditional harvesting 
is the relative input of foresters into the 
procurement process. Same energy facilities 
(e.g., P&G/~altimore and Staten Island) do not 
have f oresters managing their procurement 
operations. As noted, forester involvement is 
often suggested as a way to ensure good forest 
management. For BED and S.D. Warren, staff and 
public foresters have beeen active in gathering 
information on chip harvesting. When no one with 
forestry expertise is involved in chip procurement 
operations, there will likely be little 
information about the type of harvesting being 
practiced in supply areas. Unless the public 
sector takes an active role, the impacts and 
implications of forest management may not be 
known, acknowledged andfor dealt with until same 
public disturbance or reaction requires such 
action. This may be entirely appropriate, but it 
may also leave the door open for more inaccurate 
and potentially damaging claims about negative 
impacts of fuelwood chip harvesting. 

Overall, fuelwood chipping still represents a 
small portion of all the forest harvesting taking 
place in the region. However, what appear to be 
insignificant trends could become important 
concerne, if the rate of increase in fuelwood 
chipping continues. Monitoring important 
variables, such as percentages of agricultural 
clearings and TSI cuts, will allow public-sector 
forestry specialists to anticipate forest 
management issues and work with the private sector 
to improve forest management. 

First, a large portion of the wood supply for 
each of the four power plants comes from private, 
nonindustrial forertland outside the previourly 
accepted norm of a 50- or 75aile supply radius. 
Second, all four plants receive large amounts of 
wood from agricultural and development clearings-- 
17 percent at BED, 35 percent at S.D. warren, 67 
percent at P&G/Baltimore and 76 percent at 
P&G/ Staten Island. Third, highly mechanized, 

single-entry harveeting (with hot-yarding) remains 
the predominant harverting method; however, more 
cold-decking is now taking place. Fourth, two 
important wood procurement trend8 are discernible: 
1) chip suppliers are subjected to constant 
fluxes in the demand for chips by both the energy 
and pulp and paper sectors; and 2) a large 
percentage of the fuelwood chip supply comes from 
clearing land of one type or another. (The 
authors of this study were unable to determine 
whether the high proportion of clearing will be a 
short- or -long-term trend.) Fifth, no dramatic 
change in the intensity of quality of foreet 
management has occurred due to fuelwood chip 
harves t ing . Sixth, fuelwood chip harvesting does 
not appear to be different from chip harvesting 
for pulp and paper or composite board production. 
Finally, there is no clear or conclusive 
information to indicate either positive or 
negative impacts on forest management from 
regulations specific to chip harvesting. 
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I4UTRIENT CYCLES AND FOREST PRODUCTIVITY Nutrient C ~ c l i n ~ ?  

James W. Hornbeck 

USDA Forest Service 
Northeastern Forest Experiment Station 
~oncord/Mast Roads, Durham, NH 03824 

Biomass harves t ing , which may involve 
increased product removal, shortened rotations, 
and greater soil disturbance, raises legitimate 
concerns about effects on nutrient cycling and 
future stand productivity. Selected processes 
from the nitrogen cycle are used to illustrate how 
forest managers can apply knowledge about nutrient 
cycling to maintain forest productivity. The 
first 10 years after harvest are an especially 
critical period. Two important goals are to 
protect the forest floor from severe disturbance, 
and to provide for rapid reestablishment of 
vegetation. 

Most foresters have been exposed to some 
aspect of nutrient cycling during their college 
training. This exposure may vary from a passing 
mention of the 16 essential plant elements to a 
complete course focused on biogeochemical cycling. 
Unfortunately, no matter the extent of expoeure, 
nutrient cycling considerations seldom find their 
way directly into forest management. 

Since knowledge about nutrient cycling has 
broadened in the past 10 to 20 years, it seems a 
good time to ask if nutrient cycling might now be 
more directly involved in management decisions. 
bome urgency is added to this question by the 
rapidly expanding use of biomass harvesting. 
Increased product removal, shorter rotations, and 
potential for greater site disturbance raise 
legitimate concerns about nutrient cycling effects 
and future stand productivity. 

Nutrient cycling ie the movement of nutrient 
elements into, within, and out of a forest. 
Nutrients accumulate slowly in forests, often with 
large expenditures of energy. For forest 
managers, the challenge is to keep as much of the 
nutrient capital as possible within the forest and 
available for plant growth. Fortunately, the job 
is made easier by the fact that forests tend to 
have "tight" nutrient cycles. For example, 
compared to agricultural ecosystems, forests 
accumulate large stores of nutrients in organic 
matter, and lose few nutrients to erosion or as 
dissolved solids in streamflow. However, when a 
forest is harvested, not only is some of the 
capital removed, but the nutrient cycle can become 
"leaky," especially for the f irst few years after 
harvest. The concern then becomes whether there 
will be an adequate supply of nutrients for 
optimum productivity in the regenerating forest. 
By understanding nutrient cycling, steps can be 
taken to ensure that productivity is maintained, 
and possibly even enhanced. 

Nitronen as an Example 

Nitrogen is a logical element for 
illustrating how nutrient cycling considerations 
might be used in forest management. Harvests both 
remove a substantial amount of nitrogen in forest 
products and trigger processes that increase 
losses of gaseous or dissolved nitrogen from the 
forest ecosystem. These losses may be critical, 
especially since fertilizer trials have shown that 
nitrogen is often limiting to tree growth in the 
Northeast. Consequently, research has focused 
more on nitrogen and nitrogen cycling than on 
other plant nutrients. 

Data on nitrogen capitals are available from 
four sites in the Northeast where the USDA Forest 
Service and others are studying the impacts of 
biomass harvests (Table 1). These data suggest 
that forest managers have about 5,000 to 7,000 kg 

Table 1. Nitrogen data for mature foreltr in NW England. The data were derived from Borrrmnn st al. (19771, Bornbeck and Kropelin 
(19821, Tritton et al. (19821, and Smith et al. (1986). 

Nitronen in: 
Forert type and Total rite Uineral Forert Above-ground Merchantable Input in Output in Net 
location capital horizonr f loor whole trees bole8 precipitation streamflow gain 

Northern hardwoodr, 
Hubbard Brook 5,051 3,600 1,100 3 51 
Experimental Forert, Nli 

Northern hardwoods, 6,735 4,802 1,738 255 
Success, NIi 

Central hardwoods, 
Cockaponrett State 4,868 3,570 995 303 
Foremt. CT 

Spruce-fir, 
Waymouth Point, ME 7,162 5.833 91 9 410 



ha-' of total nitrogen to work with. Between 70 
and 80 percent of this total comprises one pool 
located in the mineral soil horizons, and 13 to 26 
percent forms another pool in litter and humus or 
forest floor. 

The above-ground, whole trees contain 4 to 7 
percent of he total nitrogen capital, or 255 to E 410 kg ha- . The merchantable boles o trees at f the study sites contain 97 to 166 kg ha- . Thus, 
a biomass harvest that removes most of the above- 
ground vegetation may more than double the 
nitrogen removed in traditional bole-only 
harves t s . 

Because bedrock and glacial till do not 
supply nitrogen (though they do supply other 
elements), precipitation is a major source for 
replacing har est osses, with inputs ranging from 
4 to 8 fg ha:: yr-' (Table 1). In turn, up to 4 
kg ha- yr are lost as dissolved nitrogen in 
streamf ow. The net gain to the forest of 3 to 8 
kg ha-' yr-l is small in relation to harvest 
losses, so much of the nitrogen in the regrowing 
forest must be made available from the existing 
site capital. 

A variety of pools and pathways are involved 
in supplying available nitrogen for tree growth. 
These have been defined by Bormann et al. (1977) 
at the Hubbard Brook Experimental Forest as part 
of detailed research on nutrient cycles of mature, 
northern hardwood forests. Their research shows 
that the nitrogen cycle is extremely complex, with 
9 major pools and 13 interrelated pathways for 
transfer of nitrogen from one pool to another. 

Each of these pools and pathways is affected 
by forest harvest. Other symposium papers 
elaborate on these changes, and provide data. 
These data, together with the general 
understanding of nitrogen cycling that has been 
provided by research, form the core information 
available for managing the nitrogen cycle. Figure 
1 is an attempt to condense this information into 
a form useful to forest managers. The figure 
shows hypothetical rates for important nitrogen 
cycling processes before, during, and immediately 
after harvest, and through 10 years of 
regeneration. These processes are discussed in 
the context of providing forest managers with a 
basis for considering how to manage forest 
nutrients to maintain optimum productivity. The 
discussion empharizes the first few years 
following harvest, an especially critical period 
for protecting forest nutrient cycles. 

In mature forests, annual uptake by vegetation is 
the largest of the various paths which nitroge 
fol ows, usually ranging from 80 to 100 kg he- -1 f 
yr . With harvest, uptake plummets to near zero 
(Fig. I), and begins to rise only upon regrowth of 
vegetation. During this period of reduced uptake, 
leaching losses to streams and groundwater usually 
increase, depleting the supply of available 
nitrogen. 

Thus, to conserve nitrogen, it is important 
to encourage rapid regeneration and renewed 
uptake. In the Northeast, this is usually taken 

Stand ago 

Figure 1.--Hypothetical curves of changes in fluxes of nitrogen. 



care of naturally by a variety of pioneer species 
that rapidly occupy harvested sites until woody 
species become established and form a closed 
canopy. A main role of the manager is to ensure 
that harvest practices do not disturb the site to 
the extent that nutrient supply to regeneration is 

1 hindered. Another symposium paper discusses the 
potential for soil disturbance during biomass 
harvesting, and offers guidelines for protection. 
Managers also must be aware that more intensive 
site preparation, such as scarification or use of 
fire or herbicides, may prolong the period of 
decreased uptake and increased leaching. 

Vene tat ive Accumulation 

Only about 10 to 20 percent of annual uptake 
accumulates in above- and below-ground vegetation. 
The remainder is returned to the site capital, 
mostly in the form of litterfall and root litter 
(Fig. 1). To achieve maximum accumulation of 
nitrogen in regenerating forests, and thus 
minimize opportunities for leaching losses , 
perennial or woody vegetation must be 
reestablished quickly. The forest manager can 
promote a rapid transition from invading annuals 
to more desirable woody species by planning 
harvests to coincide with good seed years, leaving 
seed trees, or using other schemes to take 
advantage of reproductive and growth strategies of 
the various species that will inhabit the site. 
Papers in Session I11 discuss these strategiee in 
detail. 

Litterfall and Forest Floor Accumulation 

Most nitrogen taken up but not permanently 
stored in living biomass is returned to the forest 
floor (the combined litter, fermentation, and 
humus layers) via litterfall. In mature forests, 
the forest floor annually accumulates a small 
amount of the nitrogen added in litterfall. For 
example, under northern hardwoods at Hubbard 
Brook, the rate of accumulation of nitrogen in th 
forest floor is estimated at about 8 kg ha-I yr-r 
(Bormann et al. 1977). 

After a biomass harvest, litterfall stops 
temporarily. At the same time, the forest floor 
undergoes a rapid decline in weight, depth, and 
nutrient content as a result of logging 
disturbances, increased moisture content, and 
exposore t o  rig3tPand heat, Covington (1981) 
showed that the forest floor in northern hardwood 
stands declines by about 50 percent in weight, and 
by more than 800 kg haw1 of nitrogen in the first 
15 years after clearcutting. In bole-only 
harvests, a considerable amount of slash is left 
on site and serves as a source for replenishing 
some of the depleted nitrogen. However, in 
biomass harvests, this material, which can contain 
100 to 300 kg ha-I of nitrogen, is removed. 

To minimize nitrogen losses from the forest 
floor, the manager's job is again to protect the 
forest floor during logging and promote rapid 
regeneration. Protection of the forest floor 
requires some judgment. Disturbance is not 

necessarily a harmful impact since some mixing of 
the forest floor and mineral soil helps create a 
favorable seedbed for future regeneration. The 
trick io to prevent severe disturbance that 
results in excessive compaction, exposure of large 
amounts of mineral soil, rutting, and eventual 
erosion. Harvesting during winter snowcover and 
avoiding the spring mud season are ways 
minimize severe disturbance to the forest floor. 
As a further precaution, the-manager must consider 
the importance of nutrients contained in tops, 
branches, and leaves, and evaluate the advantages 
and disadvantages of removing them. The paper 
that follows provides some insights for making 
such evaluations. 

Mineralization 

Mineralization is the process by which 
organic matter in the forest floor and mineral 
horizons decomposes and provides available 
nitrogen for plants. In mature forests, the final 
product, ammonium (N?14) , is available for direct 
uptake by plants and also is held tightly by 
soil and organic matter. 

Upon harvest, soil temperature and moisture 
rises, creating a favorable environment for a 
rapid increase in mineralization. Since uptake is 
simultaneously reduced, some surplus ammonium is 
produced and either becomes mobile in soil 
solution or is further oxidized to nitrate (No3). 
This explains in part the loss of nitrogen from 
the forest floor that was discussed earlier. 

Mineralization is obviously a beneficial 
process, but only to the extent that it meets 
plant needs. The forest manager can attempt to 
control increases in mineralization after harvest 
by arranging the cutting configuration to provide 
some shade (using shelterwood cutting , for 
example), by promoting rapid reestablishment of 
vegetation as discussed earlier, and by following 
known guidelines for protecting the forest floor. 

Nitrification 

Ammonium serves as a substrate for the 
process of nitrification, the oxidation of 
ammonium by microorganisms to nitrate (NO3). 
Unlike ammonium, nitrate is not held tightly by 
eoils. I f  not taken up quickly by plants, nitrate 
is readily leached to streams and groundwater and 
lost from the site. 

The nitrification rate usually is extremely 
low in mature forests. However, harvesting of 
vegetation rapidly accelerates nitrification 
(Fig. 1). Within a few weeks of growing season 
harvests, nitrate concentrations begin to rise in 
soil solution and streams. As an added concern, 
the process of nitrification also produces two 
hydrogen ions for each nitrate ion. The hydrogen 
ions replace or mobilize other nutrient ions held 
by the soil, such as calcium, potassium, and 
magnesium, freeing them to be leached from the 
system. Thus, nitrification is a major factor in 



determining losses of nutrients to leaching after 
!harvest . 
1 The response of nitrification to harvest is 
highly variable, depending on soil characteristics 
and cover type. It is well documented that 
podzolic soile under northern hardwood forests 
have a strong tendency to nitrify after harvest. 
By contrast, podzolic soils under conifere seem to 
have less tendency to nitrify. Recent research 
has suggested that nitrification also may be 
controlled by soil drainage, responding much more 
slowly to harvests on poorly drained soils. 

Forest managers can apply the kinds of 
information described when making decisions about 
harvest intensity. For example, sites with 
shallow and relatively infertile soils and a high 
potential for nitrification are not good 
candidates for biomass harvests. 

Streamflow Output 

Nutrient outputs in streamflow occur as two 
forms: dissolved inorganic ions such as ammonium 
and nitrate, and as particulates and bedload such 
as soil and organic matter. In older, undisturbed 
forests, the dissolved forms of nitrogen exceed 
particulate and bedload forms by a ratio of 4:l or 
greater. After harvest, this ratio urually 
narrows, and in cases of substantial increataes in 
soil erosion, can even fall well below 1:l. Tlhere 
ia little excuse for this happening as there are 
known precautions for protecting against erosson 
during and immediately after logging, no matter 
what the intensity of harvest (Bornbeck a. 
1986). If managers ensure that these precautions 
are followed, then the main concern is to minimize 
outputs of dissolved ammonium and nitrate. 

As shown in Table 1, outputs of dissolved 
nitrogen in streams from mature, u disturbed f forests ranges from 0 to 4 kg ha yr- . These 
outputs increase substantially after harvest, 
often quadrupling by the second year. The 
increases are a concern from the standpaint of 
being direct losses from the plant-available pool, 
and also as a potential source of stream 
eutrophication  artin in et al. 1985). 

The forest manager's role is to first 
understand the mineralization and nitrif icstion 
procases L T k e s e  are-discmsrre&irr greater thtaia 
in other papers at this symposium, Appliestion of 
this knowledge involves many of the guidelines 
already mentioned. The major objective i e  to 
suppress nitrification and leaching losses as 
quickly as passible after harvest, which is best 
done by reestablishing uptake and a closed canopy. 

Meteorolmic Xn~ut 

One of the few ways in which nitrogen can be 
added from outside the ecosystem is by 
meteorologic inputs, either as dissolved ions in 
precipitation, as aerosols, or as a gas. Gaseous 
and aerosol additions are extremely difficult to 
measure and not much is known about them, though 

the Hubba d Br ok studies suggest that as much as 
14 kg haef p-' of nitrogen could be added through 
fixation from the atmosphere (~ormann et al. 
1977). Additions of dissolved nit ogen in 
precipitation range from 4 to 8 kg hamf yr-l in 
New England (Table 1). Industrial and automotive 
emissions are a significant source for much of the 
dissolved nitrogen in precipitation. 

The forest manager has relatively little 
control over meteorologic inputs. Removal of the 
canopy affects interception of airborne aerosols 
and probably changes the rate of nitrogen 
fixation. But too little is known about these 
processes to make management recommendations. 

Conclusion 

The nutrient cycles of mature forests, with 
the nitrogen cycle being a good example, are 
relatively conservative. That is, nutrients are 
pretty much maintained on site with only minor 
losses to erosion and leaching. Biomass 
harvesting is a severe disruption to nutrient 
cycles. The first 10 years after harvest are 
especially critical in terms of nutrient 
transformation, movement, and loss from the 
ecosystem. During this period the forest manager 
can play a decisive role in protecting the 
nutrient cycle, and, in turn, assuring future 
productivity. 

As mentioned a number of times, there are at 
least two primary goals: rapid reestablishment of 
vegetation, preferably with a maximum of perennial 
species, and protecting the forest floor and its 
associated nutrient capital from severe 
disturbance. Neither of these goale is new to 
foresters, but new information relating to 
nutrient cycling is available and should be merged 
with the usual economic and practical 
considerations to enhance forest productivity. 
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AN EVALUATION OF THE NUTRI T REMOVALS ASSOCIATED f7 WITH WHOLE-TREE HARVESTING- 
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The significance of the nutrients removed 
with whole-tree harvesting to site fertility and 
future forest productivity has been estimated 
using a variety of approaches. These approaches 
have included static comparisons of harvest 
removals with soil reserves of nutrients, 
estimates of nutrient budgets following harvest to 
determine which nutrients might be replaced by 
natural processes, computer simulation of forest 
productivity following various combinations of 
rotation length and biomass utilization, and 
empirical evaluation of stand growth following 
various utilization levels. All these approaches 
indicate the importance of conserving site 
fertility by minimizing nutrient removals, where 
possible; however, it is difficult to predict the 
level of biomass removals that various sites can 
sustain without reducing future forest 
productivity. 

Introduction 

Whether increased levels of biomass 
utilization may reduce forest productivity has 
been a subject of debate since the early 1800's 
(Alway and Zon 1930). One of the earliest reports 
of experiments on forest litter removals was 
published in 1876 by Ebermayer. These studies, 
and others initiated in the United States in 1925 
and 1930 (Cope 1925; Jemison 19431, were initiated 
because foresters were concerned that annual 
forest litter removals for animal bedding and 
agricultural mulch would probably cause a decline 
in forest productivity due to removals of organic 
matter and associated elements necessary for tree 
growth. There has been little reduction in the 
intensity of the debate in the 110 years since the 
publication of Ebermayer's book, and in fact 
forest biomass utilization and its effect on 
forest productivity continues to be the subject of 
numerous studies, computer simulation models, and 
lengthy review papers. At one time or another, 
the same concerns about forest productivity have 
been raised with respect to annual litter 
removals, prescribed burning, a variety of site 
preparation treatments, clearcutting, whole-tree 
harvesting when used in both intermediate cuttings 
and final rotation harvests, and complete tree 
harvesting (Young 19681, where stump and root 
systems are utilized in addition to the above- 
stump portions of trees, 

X'scientif ic Contribution No. 1428 from the New 
Hampshire Agricultural Experiment Station. 

In the Northeast, increased utilization of 
forest biomass has occurred recently because of 
interest in 1) offsetting foreign oil requirements 
of industry and electric utilities, 2) improving 
stand quality and increasing rotation yields 
through increased utilization of rough, rotten and 
cull trees, and 3) reducing the impact of a 
predicted timber shortage, caused by age class 
imbalances, through the increased utilization of 
existing biomass. This has renewed the 
productivity debate and indicates that we do not 
understand .as much about forest ecosystems as is 
necessary to objectively evaluate the impact that 
biomass removals have on the factors that 
contribute to forest productivity. 

Three factors contribute to the lack of 
finality in the debate. First, is the seemingly 
endless combination of levels of ecosystem 
variables such as species composition, soils, and 
climate. Second, in many forest ecosystems there 
have been no adequate studies, relating biomass 
utilization to forest productivity. Third, in one 
way or another, increased utilization usually 
involves maximization of profits in a commercial 
venture with forest products. One of the most 
difficult costs to quantify in comparing forest 
management alternatives is the cost associated 
with potential reductions in future yields as a 
result of current increased utilization. The 
inability of forest scientists to place a number 
on this cost seems to place the debate in the 
philosophical arena, and makes it impossible to 
resolve with complete objectivity. Forest 
managers, and others involved with forest resource 
management issues, are not able to incorporate 
realistic yield informat ion into their management 
decisions given the current level of uncertainty 
associated with these issues. 

The objectives of this paper are to 1) review 
the major questions to be answered in evaluating 
the impact of biomass utilization on forest 
productivity, 2) discuss the approaches that have 
been taken to answer these questions, and 3) 
summarize our current understanding of the 
relationship between forest productivity and 
biomass utilization in northern forest types. 

Cjuantifving the Impact 

The impact of harvesting on site 
productivity can be analyzed under the categories 
of 1) removals and redistributions of biomass and 
elements necessary for plant growth, 2) 
disruptions to forest ecosystem processes caused 
by the removal of all or part of the forest, 3) 
machine impacts and mechanical disturbance of the 
site, and 4) changes in forest stand structure. 
This paper will focus primarily on analyses 
relating to the first and second categories. 
Studies evaluating harvest removals of organic 
matter and nutrients may address one or more of 
the following questions. 

1. What quantities of biomass and nutrients 
are removed with different utilization 
practices? 



2. What proportion of site reserves of organic 
matter and nutrients is removed by the 
harve s t ? 

3. What other nutrient losses occur as a 
result of harvesting (i.e., leaching, 
volatilization)? 

4. How do harvest removals affect the capacity 
of the site to supply current and future 
developing stands with adequate amounts of 
nutrients? 

a. Where do plant nutrients come from? 

b. What are the key processes involved in 
making nutrients available for plant 
uptake? 

c. How will changes in nutrient 
availability affect forest growth 
rates? 

d. How do nutrient uptake requirements 
vary between trees and within a stand 
over the length of the rotation? 

5. What is the relative importance of 
nutrients to stand growth when compared 
with soil physical factors and stand 
structure? 

6. Do intermediate cuttings significantly 
increase biomass and nutrient removals over 
those associated with end-of-rotation 
harvests? 

7. What management decisions will be made 
regarding future number of intermediate 
cuts and rotation lengths? 

Questions 1 to 3 can be answered using 
relatively straightforward, though costly, 
methods. Answers to questions 4 to 6 can only be 
obtained with more complex and expensive studies 
extending over a long period of time and requiring 
extensive replication. Several studies exist that 
can answer questions 1 to 3 for northern forest 
types. Answers to questions 4 to 6 are not 
generally available for the Northeast, but various 
studies provide first approximations that require 
further validation. 

General approaches to evaluating the effect 
of biomass harvesting on site productivity 
include a) a static balance sheet approach, where 
nutrient removals from bole-only (conventional) 
and whole-tree harveeting are compared with site 
nutrient reserves (Weetman and Webber 1972; 
Hornbeck and Kropelin 1982; Weetman and Algar 
1983; Boyle and Ek 1972; Smith et al. 1986; White 
1974; Freedman et al. 1981; Johnson et al. 1982); 
b) a dynamic balance sheet approach, where 
nutrient input-output budgets are used to estimate 
which nutrient removals might be replaced by 
atmospheric inputs during successive rotations, 
ueually in addition to estimates made in the 
static approach (Norton and Young 1976; Johnson & 
al. 1982; Smith et al. 1986; Freedman a. - 

1981); c) a computer simulation approach, which 
generally combines models of nutrient cycling and 
tree nutrient uptake to predict forest 
productivity (Weetman et al. 1979; Kimmins and 
Scoullar 1983; Swank and Waide 1979; Aber et al. 
1982) ; and d) empirical studies, comparing growth 
rates between stands (or plots) that have been 
harvested using varying levels of utilization, 
usually on a replicated-plot basis (Andersson 
1984a, 1984b; Andersson 1985; Bjorkroth 1984). 

The static balance sheet approach can be used 
to answer questions 1 and 2. The dynamic balance 
sheet approach can be used to answer questions 1, 
2, and 3. The computer simulation approach is 
capable of addressing questions 1 through 7, 
depending on model complexity, and data quality. 
Empirical studies in the most important forest 
types are necessary to provide validat ion 
feedback for simulation models. 

Static Balance Sheet --- 
The static balance sheet approach is a first 

step that must be taken in a variety of forest 
ecosystems. Such studies form the basis for 
relating utilization levels to biomass and 
nutrient removals, and establishing base-line 
information on soil nutrients. They may be used to 
evaluate economic gains due to increased biomass 
relative to the removal of increased nutrients 
(Table 11, in stands of different ages, species 
composition and biomass. 

Table 1 summarizes biomass and nitrogen- 
removals study data for conventional and whole- 
tree harvesting in the red spruce-balsam fir- 
hardwood, mixed northern hardwood, and mixed 
upland oak forest types. This summary indicates 
that for the spruce-fir-hardwood type, a change 
from conventional to whole-tree utilization 
increases biomass removals between 29 and 61% 
(avg. 45%) while increasing nitrogen removals 
between 122 and 390% (avg. 201%). 

Changing from conventional to whole-tree 
harvesting causes similar increases in biomass and 
nitrogen removals in the mixed northern hardwood 
type. Biomass removals increase between 34 and 
64% (avg. 47%), while nitrogen removals increase 
between 72 and 374% (avg. 159%). 

For mixed upland oaks the magnitude of the 
percentage biomass increase is much larger (avg. 
155%) than for the other types, while increases in 
nitrogen removals are about the same (range 83 to 
184%, avg. 133%). 

Table 1 also reveals that the percentage 
increase in biomass removed is smaller in mature 
stands than in pole-sized stands. This can be 
seen in the inverse relationship between total 
stand biomass and the percentage increase in 
biomass removed due to the switch in utilization. 
This relationship was significant ( a 0.01) 
for both spruce-fir-hardwood (r = -0.78) and mixed 
northern hardwoods (r = -0.93). 



Table 1. Biomass (oven-dry tiha) and nitrogen (kg/ha) removals, and weighted mean nitrogen 
concentration (kg Nit) in the harvested biomass, for conventional and whole-tree 
harveating in spruce-fir-hardwood, mixed northern hardwoods, and mixed upland oaks 
forest types. 

Conventional harvest 
Biomass (t/ha) N (k~iha) & N/t 

6 8 79 1 .16 

Whole-tree harvest 
Biomass (t/ha) N (knlha) 

101 218 
119 263 
117 26 0 
132 387 
144 339 
152 239 
155 335 
180 322 
224 46 9 
243 47 5 

Spruce-f ir-hardwood 

% Increased - 
Remova 1 

Biomass N 
49 176 
49 196 
43 225 
6 1 3 90 
55 20 5 
45 144 
45 179 
38 232 
34 144 
29 122 

Mixed northern hardwoods 

Mixed upland oak 

d l .  Freedman et 81. 1982. 
2. Norton and Young 1976. 
3. Weetman and Webber 1972. 
4. Freedman a. 1981 . 
5. Smith et al. 1986. 
6. Hornbeck and Kropelin 1982. 

For all forest types there is a greater 
percentage increase in nitrogen removals than 
biomass removals, with any shift from conventional 
to whole-tree harvesting (Table 1). This is 
because crowns contain a greater proportion of 
stand nitrogen than do boles, even though boles 
contain a greater proportion of stand biomass for 
all stand8 (Figures 1 to 4). The weighted mean 
concentrat ion of nitrogen (kgN/ t ) in the harves ted 
material ia always greater for whole-tree, than 
for conventional harvests (Table 1). The average 
increase in the weighted mean concentration 
associated with increased utilization is 107% for 
spruce-fir-hardwoods, and 77% for mixed northern 
hardwoods. 

In general, Toung stands with low total 
biomass contain a hrgher proportion of biomass in 

7. Whittaker et al. 1974. 
8. Bormann et al. 1977. 
9. Boyle and Ek 1972. 

10. West and Mann 1983. 
11. Hornbeck (this publication, previous 

paper 1. 

their crowns than do older stands with greater 
total biomass (~igures 1 and 2). This implies 
that whole-tree harvests in young stands will 
remove more nitrogen per ton of harvested biomass 
,than in older stands, as a result of "bolewood 
dilution". This was demonstrated by Switzer et 
al. (1978) for loblolly pine (Pinus taeda L.). 
However, for the studies investigated here, there 
is no statistically significant trend in weighted 
mean nitrogen concentrations (Table 11, or in the 
distribution of stand nitrogen between crowns and 
boles (Figures 3 and 4). The lack of a 
statistically significant relationship between 
stand biomass and the distribution of stand 
nitrogen is probably due to variation among study 
areas in stand age, species composition, stand 
density, and site quality. For example, the 
composition of the mixed northern hardwood stands 
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Figure 1. Relationship between total above-stump stand biomass and the proportion of that biomass 
contained in crowns and boles for red spruce-balsam fir-hardwood stands (data from 
Table 1). The correlation coef ficients are highly (**I signif icant (O( = 0.01). 
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Figure 2. Relationship between total above-stump stand biomass and the proportion of that biomass 
contained in crowns and boles for mixed northern hardwood stands (data from Table 1). 
The correlation coefficients are highly (**I signif icant (d = 0.01). 
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Figure 3. Relationship between total above-stump stand biomass and the proportion of total stand 
nitrogen contained in crowns and boles for red spruce-balsam f ir-hardwood s tands (data 
from Table 1). The correlation coefficients are not significant (NS) at d = 0.05. 
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Figure 4. Relationship between total above-stump stand biomass and the proportion of total stand 
nitrogen contained in crowns and boles for mixed northern hardwood stands (data from 
Table 1). The correlation coefficients are not significant (NS) at O( = 0.05. 



had variable proportions of beech (Fanus 
grandifolia Ehrh. ) , sugar maple (Acer saccharum 
Marsh.), red maple (Acer rubrum L.) , yellow birch 
(Betula allenhaniensis ~ritton), and white birch 
(~etula pa~yrifera Marsh.)  reedma man et al. 1982) ; 
and the composition of the spruce-fir-hardwood 
stands had variable proportions of red spruce 
(Picea rubens Sarg . ) , white spruce (Picea glauca 
[Moenchl Voss), balsam fir (Abies balsamea [L. 1 
Mill.) and northern hardwoods. Experimental 
control over these variables may clarify the 
inverse relationship between stand age and 
nutrient concentrations in harvested biomass. 

The amounts of nutrients removed with these 
end-of-rotation harvests have generally been found 
to be small compared with total site nutrient 
reserves, but quite large when compared with 
"exchangeable" soil reserves, as determined by 
various accepted extraction methods (Table 2). 

This static balance sheet approach is useful both 
for highlighting those nutrients which are in 
short total supply, as indicated by the ratio of 
total reserves to harvest removals, and for 
identifying the nutrients for which various 
cycling processes may be critical to site 
productivity, as indicated by the ratio of 
exchangeable reserves to removals. 

The major limitation of these comparisons as 
a potential index of future productivity 
reductions -is the lack of calibration studies 
relating the various ratio values to forest 
productivity. Another limitation is inherent in 
the static nature of the harvest removal and soil 
reserve values. Harvest removal values indicate 
the amount of nutrients the stand contained at a 
certain harvest age, but do not directly indicate 
the amount of a certain nutrient the stand needs 
at any specific younger age to achieve adequate 

Table 2. Comparison of ratios of soil nutrient reserves to whole-tree harvest removals for 
selected studies (from Smith et al. 1986). 

Ratio of soil reserves 

Soil to harvest removals 

depth 

Source Forest tvve (cm) N P K Ca Mn 

Total nutrient rererver 

Smith et al. (1986) mature red spruce-balsam fir 54 21 60 53 25 823 

Freedman et al. (1981) mature red spruce-balsam fir 40 20 36 101 17 48 

Weetman and Webber (1972) mature balsam fir-red spruce 26 5 4 66 2.5 35 

Weetman and Algar (1983) 200-yr old black spruce 55 10 9 40 0.4 16 

Hornbeck and Kropelin (1982) 

Hornbeck and Kropelin (1 982) 

Boyle et al. (1973) 

Johnson et al. (1982) 

Smith et al. (1986) 

Freedman et al. (1981) 

Weetman and Webber (1972) 

Weetman and Algar (1983) 

Rornbeck and Kropelin (1982)d 

Hornbeck and Kropelin ( l982)u 

Boyle et al. (1973)u 

Johneon et al. (1982)H 

40-yr old northern hardwoods~l 86 

40-yr old northern hardwoodelf 86 

45-yr old mixed northern hardwoodsbl 20 

50-120 yr old upland mixed oakhi 45 

28 102 71 42 - 
35 132 83 47 - 
8.7 - - - - 
9.5 62 202 5.6 - 
Exchangeable nutrient reserves 

- 5 0.8 0.9 5 

0.2 3 0.6 0.3 1 

0.04 0.1 0.4 0.3 0.8 

0.2 0.8 1.1 0.2 1.4 

- -- - - 

a/ tree* with leaves 

trees without leaves 



growth rates. Soil reserve values can not be used 
directly to determine the rate at which nutrients 
were available for tree uptake over the length of 
the rotation. 

Dynamic Balance Sheet 

The dynamic balance sheet approach goes one 
step beyond the static approach by estimating 
input-output budgets of nutrients on a watershed 
basis. Input-output budgets are useful because 
they suggest which nutrients tend to accumulate in 
a watershed over time, and which nutrients tend to 
be depleted. If a nutrient accumulates naturally 
over time, then harvest removals may be gradually 
replaced during successive rotations. Input- 
output budgets for northeastern watersheds 
typically show that nitrogen and phosphorus 
accumulate in the uncut forest, while calcium, 
potassium, and magnesium are naturally depleted 
because leaching losses exceed atmospheric inputs 
(Freedman 1981 ; Johnson gl-. 1982; Hornbeck 
[unpublished data]). 

Input-output budgets are also useful because 
comparisons can be made between uncut and 
harvested watersheds to determine if harvesting 
causes increased leaching losses of nutrients. 
Studies conducted in the spruce-fir-hardwood, 
northern hardwood, and mixed upland oak types 
generally indicate that harvesting results in 
increased leaching losses of nutrients for several 
years after harvest. These studies have found 
that harvest removals of nitrogen and phosphorus 
may be replaced over time, and have indicated the 
importance of quantifying the rates at which 
nutrients like calcium, magnesium and potassium 
are made available to plants from soil minerals, 
recycled organic matter, and precipitation, 
because harvest removals of these nutrients will 
not be replaced over time. 

The results of several studies may be 
applicable to extensive areas of New England. For 
example, the Becket-Lyman soils studied by 
Hornbeck and Kropelin (1982) at Mt. Success, New 
Hampshire, and also found at the Hubbard Brook 
Experimental Forest, New Hampshire (Bormann et al. 
1977), are typical of the foothills of the White 
Mountains and the hills and low mountains in 
northern, central, and southwestern regions of New 
Hampshire, comprising some 1.2 million acres (20%) 
in that state alone. These studies may also apply 
to extensive areae of New Yotk, Vermont and Maine 
with deep, well drained soils formed in compact 
sandy glacial till derived from granite, gneiss, 
and schist parent materials. 

The Chesuncook catena soils studied by Smith 
et al. (1986) in north-central Maine are typical -- 
of some 3.5 million acres of the rolling, hilly 
parts of Maine between Mt. Kat~.~din and the New 
Hampshire and Quebec borders, m d  the results 
could probably be applied to other areas with 
deep, poorly to moderately well drained soils 
formed in glacial till derived from dark gray fine 
grained quartzite, slate, shale, and some 
calcareous sandstone parent materials. 

The Chatfield-Canton-Hollis soils found on 
the Cockaponsett , Connecticut study area (West and 
Mann 1983) are found in approximately 9% of New 
Hawshire, and are also found in extensive areas 
of Connecticut, Massachusetts, Rhode Island, and 
New York that have mixed upland oak forests. 

Com~uter Simulation Em~irical Studies 

The perennial nature of trees and relatively 
long rotation length of forests require complex 
and lengthy studies to piece together the 
relationship between harvesting, site fertility, 
and forest productivity. This is where computer 
simulation models, in conjunction with empirical 
validation studies, become useful. Model 
development requires us to conceptualize and 
quantify how various processes function, and how 
these processes and forest productivity are 
affected by management practices. This 
development process should help to clarify the 
factors that are most limiting to tree growth, and 
to point out those areas where more research is 
needed. Until empirical results become generally 
available for major forest regions, forest 
managers only have output from simulation models 
to evaluate the interactions between biomass 
harvesting and forest productivity. The few 
existing attempts at simulating forest growth and 
yield following biomass harvesting have generally 
indicated reductions in yield due to soil nitrogen 
depletions following either shortened rotation 
length or increased utilization levels (Swank and 
Waide 1979; Aber &. 1982). However, the 
results of these simulation studies are difficult 
to interpret on the basis of our limited knowledge 
of many ecosystem processes related to the 
nitrogen cycle. This is especially true in the 
absence of empirical validation studies in the 
forest types being simulated. In addition, these 
simulation models would not be useful in 
ecosystems where the supply of nitrogen is 
adequate for plant growth, or where some other 
factor may be limiting productivity. 

An examination of the literature from 
Australia (~eeves 1966) and New Zealand (Whyte 
1973) indicates that second rotation reductions in 
yield have occurred with Pinus radiata. In some 
cases, these reductions have occurred on 
phoephorus - deficient sites; however,, the yield 
declines can not always be fully explained by 
harvest-related declines in site fertility, since 
soil compaction and diseases can also be important 
causes of post-harvesting declines in yield. 

The studies compiled for Table 3 from the 
United States and Scandinavia indicate that 
removals of litter, thinning slash, and whole-tree 
harvesting have caused reductions in second 
rotation yields ranging from 5 to 25 percent. In 
many cases, these declines in yield have been 
attributed to reductions in site fertility; 
however, there is no firm support for these 
conclusions . 

Northeastern forests typically are second or 
third generation forests growing on lands that 
have been subject to farming, pasturage, coppice 



Table 3. Experimental r e su l t s  of s tudies  comparing productivi ty following various leve ls  of biomass u t i l i z a t i on .  

Date study 
Sourcq established 

Ebermayer (1876) 1860 

Cope (1925) >I925 

Jemison (1943 1 1930 

Andersson (1984)d  1928 

1964 

1972 

1977 

Bjorkroth (1984) 1960's 

Loca t i og  

Germany 

Maryland, USA 

North Carolina, USA 

Norway 

Sweden 

Norway 

Nomay 

Sweden 

S ~ e c i e s  

Pine, beech, spruce 

Pinus taeda - 
Pinus echinata 

Pinue sv lve s t r i s  

Pinus ev lves t r i s  

Pinus sv lve s t r i s  

Picea abiee 

Picea abies 

Removal 

L i t t e r  

L i t t e r  

L i t t e r  

Thinning s l a sh  
( 0 / 2 x W  

Thinning s l a sh  
(01 1x) 

Thinning s lash  
( 0 1 1 ~ )  

Thinning s l a sh  
t 01 1x1 

Thinning s lash  

Change i n  
Product i v i t v  

Decrease 

-25% 

Decrease 

-10 t o  -20% 

-10 t o  -12% 

-5% 

-1 1% 

-21% 

1960's Sweden Picea &gg Whole-tree harvest  -20% 

&'see a l s o  Folke Andersson (1985) 

u011x i nd i ca tm  treatments of s l a sh  r e o v a l  versus s l a sh  l e f t  i n  place. 

012. ind ica tes  treatments of s l a sh  removal vereus double s lash  applicat ions.  

production for charcoal, or wildfire. These now- 
forested ecosystems are considered to have 
recovered their fertility and to show no growth 
losses due to these disturbances. Current forest 
management alternatives, including shorter 
rotation lengths and increased biomass 
utilization, are viewed as mild compared with past 
ravages. However, the point should be made that 
no studies using replicated plots currently exist 
in the Northeast that were designed to evaluate 
the effect of increased utilization or past land 
management practices on forest productivity. The 
establishment of such studies should be a high 
priority of forestry research since the results 
from simulation studies and empirical results from 
Australia, New Zealand, and Scandinavia have 
indicated fertility declines following biomass 
harvesting may be responsible for second rotation 
yield reductions. Future studies must obviously 
combine soil fertility research with empirical 
yield results following various biomass 
utilization levels. 

Sunnnarv and Conclusions 

A review of studies conducted in the spruce- 
fir-hardwood and mixed northern hardwood forest 
types indicate that whole-tree harvesting with 
shorter rotations will substantially increase the 
rate of nutrient removal from the site and the 
rate of nutrient depletion from the soil. 
Nutrient removals are small when compared with 
total soil reserves, but much more significant in 
relation to plant-available supplies of nutrients. 

depletion of eoil nitrogen levels, and that this 
will cause yield reductions. However, the results 
of these simulation studies should be interpreted 
with caution. For simulation models to be useful 
across a variety of ecosystems and harvesting 
systems, they must be able to accurately simulate 
the relationships between forest productivity and 
a wide array of site-related factors. These 
factors include soil compaction, moisture levels, 
macro- and micro-nutrients, insects and diseases, 
since these have all been shown to affect post- 
harvesting productivity. 

Empirical validation studies combining 
nutrient cycling and growth and yield studies will 
probably be needed in the Northeast before forest 
managers can objectively balance increased 
utilization and shorter rotations against 
increased nutrient removals and potential 
reductions in productivity. Various studies in 
Europe, Scandinavia, Australia, and New Zealand 
have found second rotation reductions in yield; 
however, the reasons for these declines in yield 
are not well established. 

All the studies conducted in our northern 
forest types have dealt with end-of-rotation 
harvests. Future studies also must evaluate 
whole-tree harvesting during intermediate cutting, 
a practice which will increase both biomass yield 
and nutrient removal per rotation, and which has 
been associated with yield reductions in 
Scandinavia. 

Simulation studies indicate that increased 
utilization and shorter rotations will cause 
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BIOMASS HARVESTING, SOIL DISTURBANCE, AND 
REGENERATION 

C. Wayne Martin 

Research Forester, USDA Forest Service 
Northeastern Forest Experiment Station 
P.O. Box 640, Durham, NH 03824 

Soil disturbance caused by mechanized whole- 
tree harvesting was estimated at a central 
hardwood site in Connecticut, a northern hardwood 
site in New Hampshire, and a spruce-fir site in 
Maine. Undisturbed soil covered 29% of the 
central hardwood site and about 8% of the other 
sites. Mineral soil was exposed on 8 to 18% of 
the sites after cutting, and wheel ruts greater 
than 30 cm deep occupied less than 3%. Results 
indicate that mechanized whole-tree harvesting 
caused a greater proportion of soil disturbance 
than other harvesting systems, and may impact 
regeneration to a greater degree. 

Introduction 

In forest soils, the organic matter at the 
top of the mineral soil, known as the forest 
floor, is a continuing source of available plant 
nutrients. It contributes to the water-holding 
and infiltration capacity of the soil, prevents 
erosion, and contains a bank of buried seeds vital 
for regenera tion ( ~ormann and Likens 197 9) . 
Harvesting of forest products can disturb the 
structure and subsequently the function of forest 
soils. Disturbances range from light 
scarification, often beneficial and even essential 
to some types of reproduction (Marquis 19651, to 
severe compaction and deep rutting that may 
adversely affect tree growth (Moehring and Rawls 
1970) and cause permanent loss of forest soils 
through erosion (Patric 1976). Compaction of the 
soil by logging equipment may reduce soil pore 
space, which in turn may affect root penetration 
of seedlings and subsequent seedling growth 
(Hatchell et al. 1970). Compaction also affects 
infiltration, leaching, and storage of soil water 
(Lull 1959). Compaction is most severe in truck 
roads, landings, and major skidroads, and may take 
large areas out of production for many years 
(Kochenderfer 1977 ; Case and Donnelly 1979). 

The objective of this study was to determine 
the extent and severity of soil disturbance 
following whole-tree harvesting of central 
hardwood, northern hardwood, and spruce-fir 
stands, to assess the potential impacts on 
regeneration, and. to develop recommendations for 
forest managers. The study by Holman a. 
(1978) in the spruce-fir forest of Maine seems to 
provide the only other data on soil disturbance 
following mechanized harvesting with whole-tree 
removal in the Northeast. 

Harvested Sites 

At the central hardwood site in Connecticut, 
stems less than 30 cm at the stump were felled by 
hydraulic shears mounted on a modified front-end 
loader. Sawtimber and trees on slopes greater 
than 30% were felled by chain saws. Whole trees 
were hauled to a landing by rubber-tired skidders. 
Skidding was in the winter, mainly on frozen 
ground with little or no snow cover. The soils 
were moderately deep, somewhat excessively drained 
Chatfield and well-drained Canton, very stony fine 
sandy loams on 3 to 25% slopes; shallow, somewhat 
excessively drained Hollis-Chatfield-rock outcrop 
complex on 8 to 50% slopes; and poorly drained 
Leicester, a very stony fine sandy loam on 0 to 3% 
slopes. 

At the northern hardwood site in New 
Hampshire, a hydraulic shear mounted on a tracked 
vehicle (Drott feller-buncher) was used to fell 
and bunch the trees. Hauling was by skidder. 
Half of the harvest was done in winter on snow and 
the other half in midsummer. The soils were an 
assemblage of excessively drained Lyman, a very 
rocky fine sandy loam on 3 to 15% slope; Becket, a 
well-drained, very stony fine sandy loam on 3 to 
15% slopes; and moderately well-drained Skerry, a 
very stony fine sandy loam on 3 to 8% slopes. 

At the spruce-fir site in Maine, trees on 63% 
of the area were cut and forwarded by a rubber- 
tired Koehring feller-forwarder. A Drott feller- 
buncher was used to harvest trees on 29% of the 
area with forwarding provided by skidders. Chain 
saws and skidders were used to harvest sawtimber 
trees as well. The remaining 8% of the area was 
occupied by a major truck road. Harvesting was in 
June and July. The soils were moderately well- 
drained to well-drained, coarse-loamy, mixed 
Chesuncook; somewhat poorly drained, coarse-loamy, 
mixed Telos; and poorly drained, coarse-loamy, 
mixed Monarda. 

Measuring Disturbance 

To assess types and degrees of soil 
disturbance at these sites, a modified line 
transect technique was adopted. At the central 
and northern hardwood sites, 50 starting points 
were selected at random with replacement at each 
site. At the spruce-fir site, 100 starting points 
were chosen at random with replacement. Random 
azimuths were selected with replacement for each 
point to avoid bias in transect alignment with 
skid trails. Line transects 2,500 cm long were 
established from the starting points along the 
azimuths. Soil disturbance was categorized by 
subjective visual placement into 1 of 10 
disturbance classes. The length of each 
disturbance and elevation change of the soil 
relative to the estimated soil surface before 
harvest were measured along each transect line in 
10-cm units. The disturbance classes were only 
visual identifications, but the depths were 
measured. The class definitions used at all three 
sites were: 

Undisturbed--no visual disturbance of any type. 



Depressed--forest floor not disturbed laterally, deep compression ruts still lined with 
but depressed by equipment or by a falling organic soil. 
tree. 

Mineral ruts--wheel or track ruts in mineral soil. -- 
Organic scarification--forest floor disturbed 

laterally, but no evidence of compression by Slash--stumps, logs in contact with the soil, or 
wheels, tracks, or falling trees. slash too dense to allow evaluation of soil 

disturbance. 
Mineral scarification--complete removal of the 

organic horizons but no disruption of the Rocks--bare rocks that occupied 10 cm or more of 
mineral soil. the transect line. 

Organic mounds-mounds of soil, still covered by 
organic material, created during harvesting -- Results and Discussion 
usually as a berm parallel to wheel ruts or 
near tree roots disturbed during shearing. Undisturbed 

Mineral mounds-mounds of mineral soil or organic -- Twenty-nine percent of the central hardwood 
soil covered by mineral soil deposits created site remained undisturbed. Only 7% of the 
during harvesting. northern hardwood site and 8% of the spruce-fir 

site were undisturbed (~ig. 1). 
Organic ruts--shallow wheel or track ruts within 

the organic horizons with lateral movement or 

Figure 1. Soil disturbance created by whole-tree harvesting of a central hardwood, 
a northern hardwood, and a spruce-fir forest by percentage of the areas 
disturbed and by disturbance types. Left of the double line, the 
percentages add to 100% for each forest type. For each bar left of the 
double line, standard errors were less than 3%. Disturbance types have 
been combined to produce the bars right of the double line. 



Depressed 

This d is turbance  occurred on 14% of t h e  
c e n t r a l  hardwood s i t e  and on 7% of t he  o the r  
s i t e s .  I n  terms of impact on regenera t ion ,  t h i s  
could be c l a s s i f i e d  a s  undisturbed. 

S c a r i f i c a t i o n  

S c a r i f i c a t i o n  occurred when t r e e  branches 
brushed over t he  f o r e s t  f l o o r  during whole-tree 
skidding. Also, i f  t he  hydraulic shears  f a i l e d  t o  
make a c lean  cu t  t he  f i r s t  t r y ,  t he  stumps and 
roo t  systems were o f t e n  l i f t e d  s l i g h t l y  and shaken 
which would d i s rup t  t he  organic horizons f o r  
s eve ra l  meters from the  stump. Six t o  24% of t he  
study s i t e s  were s c a r i f i e d .  Higher incidence of 
s c a r i f i c a t i o n  a t  t he  spruce-fir  s i t e  occurred 
because the  Koehring fel ler-forwarder seemed t o  
shake stumps more than t h e  o the r  ha rves t e r s ,  and 
the  spruce-fir  may have shallower roo t  systems on 
t h i s  s i t e  than the  deciduous t r e e s  a t  t he  o the r  
s i t e s .  The spruce-fir  tops skidded during the  
Drott  phase of t he  opera t ion  may a l s o  have scuffed  
the  a o i l  more than d id  t he  deciduous tops. This 
mixing of t he  l i t t e r ,  humus, and mineral  s o i l  
without compaction has been shown t o  be very 
advantageous t o  b i r ch  regenera t ion  (Marquis 1965). 
S c a r i f i c a t i o n  would be a d i s t i n c t  advantage a t  t he  
northern hardwood s i t e  where b i r ch  i s  t he  
prefer red  species.  However, it may be a 
disadvantage a t  t he  spruce-f i r  and c e n t r a l  
hardwood s i t e s  where b i r ch  spec ies  a r e  low-value 
competi tors  t o  t h e  prefer red  spec ies .  

Mounds 

Mounds were u sua l ly  associa ted  wi th  wheel 
ru t e .  They were more prevalent  a t  t he  spruce-fir  
s i t e  because of t he  higher percentage of poorly 
drained s o i l s .  Three t o  10% of t he  s i t e s  were i n  
mounds crea ted  during harvest ing.  Some species ,  
e spec i a l l y  yellow b i r ch ,  seem t o  be more 
productive on the  mounds (Tubbe 1963). They may 
have advantages i n  t he  spruce-fir  reg ion  by 
providing b e t t e r  drained p lant ing  s i t e s  i n  wet 
a r eas ,  which i n  t u r n  may increase  product iv i ty .  

Ruts 

The northern hardwood s i t e  had the  h ighes t  
incidence of organic r u t e  l e s s  than 10 cm deep, 
and a low incidence of deep r u t s  i nd i ca t ing  t h a t  
much of t he  skidding was dispersed over t he  e n t i r e  
watershed wi th  l i t t l e  at tempt t o  use  predetermined 
sk id  t r a i l s .  Most of t he  t r a i l s  were made by only 
one o r  two passes.  

The spruce-fir  s i t e  had the  lowest percentage 
of organic r u t s  l e s s  than 10 cm deep, t he  l e a s t  
a rea  s t i l l  covered by organic s o i l ,  t he  l e a s t  a rea  
of compaction, a lower incidence of r u t t i n g ,  but  
t he  highest  incidence of deep r u t s .  The Koehring 
fel ler-forwarder f e l l s  and t r anspor t s  t r e e s  so  it 
e n t e r s  an area  only once and makes only one s e t  of 
t r acks ,  but  they a r e  deep t r acks  o f t e n  i n t o  
mineral  s o i l .  The wheels a l s o  tend t o  p u l l  o r  
squeeze mineral  s o i l  from lower l aye r s  t o  be 
deposited on top  of organic s o i l  ad jacent  t o  t he  
r u t s .  

Ruts g rea t e r  than 30 cm deep, which occupied 
3% of t he  spruce-fir  s i t e ,  a r e  almost c e r t a i n l y  
de t r imenta l  t o  regenera t ion  and may represent  an 
eros ion  t h r e a t .  Deep r u t s  may d i v e r t  subsurface 
water flow, channelize i t ,  and lead  t o  severe 
erosion.  Ruts may a l s o  form pools of s tagnant  
water ,  t h a t  disappear only through evaporation. 
This water-logging, though o f t en  only temporary, 
may be de l e t e r ious  t o  regenera t ion  ( P a t r i c  1978). 

S lash  

The spruce-fir  s i t e  had the  l a r g e s t  amount of 
logging e l a sh  l e f t  on s i t e  s ince  a l l  dead con i f e r s  
and a l l  deciduous t r e e s  were f e l l e d  and l e f t  i n  
place.  

Rocks 

The c e n t r a l  hardwood s i t e  had the  h ighes t  
percentage of bare  rocks. This cont r ibuted  t o  t he  
lowest incidence of deep r u t s ,  t he  lowest 
incidence of exposed mineral  s o i l ,  and the  h ighes t  
incidence of undisturbed s o i l .  

Organic S o i l  

Undisturbed and depressed s i t e s  and s i t e s  
wi th  organic s c a r i f i c a t i o n ,  organic mounds, and 
shallow r u t s  were covered wi th  organic s o i l .  The 
northern hardwood s i t e  had more a r ea  covered wi th  
organic s o i l  than any o the r  s i t e  even though i t  
a l s o  had the  h ighes t  incidence of compaction and 
machine-raade r u t s  (Fig. 1 ) .  The spruce-f ir s i t e  
had the  l e a s t  a r ea  of organic s o i l  remaining a f t e r  
harvest ing.  Seventy-three t o  86% of t he  s i t e s  
s t i l l  had organic s o i l  remaining a f t e r  t he  severe 
d is turbance  of whole-tree harvest ing.  I n  t he  
g l ac i a t ed  s o i l s  of t h e  Northeast, t he  organic 
l aye r s  conta in  much of t he  f e r t i l i t y ,  buried 
seeds,  and water-holding capaci ty  e s s e n t i a l  f o r  
successfu l  regenerat ion.  Therefore, s o  long a s  
t he  f o r e s t  f l o o r  remains on the  s i t e ,  d is turbance  
i s  not  a s  c r i t i c a l  a s  i f  mineral s o i l  i s  exposed. 

Exposed Mineral S o i l  

Exposed mineral  s o i l  i s  genera l ly  considered 
de t r imenta l  t o  regenerat ion.  G lac i a l l y  derived 
mineral  s o i l s  a t  these  s i t e s  a r e  low i n  f e r t i l i t y  
and a r e  not conducive t o  vigorous regenera t ion  
(Hoyle 1965). Exposed mineral  s o i l  can became 
crus ted  and compacted, s o l e l y  by r a i n f a l l  impact, 
t o  t he  poin t  where seedl ing  roo t s  may have t rouble  
penet ra t ing  the  s o i l  (Lu l l  1959). Mineral 
s c a r i f i c a t i o n  with no compaction, mounds of 
mineral  s o i l ,  and wheel r u t s  i n  mineral  s o i l  
occupied 8 t o  18% of t he  t h r e e  study s i t e s .  

Compact ion  

A t  t he  t h ree  study s i t e s ,  48 t o  81% of t he  
a o i l  received some compaction. Compaction was 
minimal i n  a r eas  wi th  organic r u t s  l e s s  than 10 cm 
deep because only t he  f o r e s t  f l o o r  was compressed, 
thereby cushioning and not  compacting the  s o i l  
beneath. I f  we sub t r ac t  t he  organic r u t s  l e s s  
than 10 cm deep, p o t e n t i a l l y  s e r ious  compaction 
occurred on 23% of t he  c e n t r a l  hardwood s i t e ,  35% 
of t he  nor thern  hardwood s i t e ,  and 31% on the  



spruce-fir site. Even one pass of a tractor 
reduces macropore space in the mineral soil which 
in turn reduces infiltration capacity (Lull 1959). 
Soil loss from erosion and sedimentation of 
streams and lakes also may result (Lull 1959). 

Holman et al. (19781, working in 100-foot- 
wide strips cut with a Drott and hauled with 
skidders near the spruce-fir site in Maine, 
concluded that the top three inches of the mineral 
soil was compacted to a greater degree than the 3 
to 6 inch depth. They also concluded that 
compacted soils can be restored to their original 
bulk density by freezing and thawing, wetting and 
drying, root penetration, and animal activity. 
They found that in non-skid-trail areas of the 
cut, bulk density returned to pre-cut levels 
within one year. Bulk density of skid trails in 
winter cuts returned to normal after two winters, 
but skid trails in summer cuts had not returned to 
normal after three winters. 

Management Recommendations 

As mechanized harvesting becomes more 
prevalent, it seems prudent for landowners, 
managers, foresters, and loggers to consider the 
following suggestions while planning harvesting 
operations. 

Deep ruts may take a small percentage of an 
area out of production for an extended 
period. If deep rutting occurs on wet soils, 
equipment use on such soils should be 
discontinued until drier conditions prevail. 
Winter logging may be an option; or 
conversion from wheeled to tracked vehicles; 
skid trails should follow the contours. 

Mechanized harvesting can cause compaction on 
more than 90% of a site. Compaction reduces 
seedling germination and growth to some 
degree. Foresters should predetermine travel 
routes to reduce the area of compaction and 
to keep equipment on well-drained sites. 

Mineral soil in the glaciated Northeast has 
relatively low fertility with the upper 
organic layers generally containing the major 
concentrations of available nutrients. 
Practices that remove the organic soil should 
be avoided or minimized. Reduction of deep 
ruts, reduction of the area in the main skid 
roads and landings by careful planning, and 
use of forwarders that transport rather than 
drag the whole tree would reduce the exposure 
of mineral soil. 
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Soil organic matter is important for the 
maintenance of forest site productivity. Recent 
studies of eastern forests have shown organic 
matter reductions in both the forest floor and 
mineral soil following cutting and site 
preparation. Although reduced soil organic 
content may affect soil chemical, physical and 
biological properties, most concerns have been on 
possible nutrient losses or changes in nutrient 
availability. Little is known about the effects 
of decreased organic content on other soil 
properties such as water retention, structure, and 
cation exchange capacity. 

The trend toward total-tree harvesting in 
eastern forests will increase biomass removal and 
dramatically reduce the amounts of wood residue 
left on a site after cutting. Logging residues 
improve soil nutrient storage, water retention, 
and seedling establishment but may increase 
disease incidence. In some western conifer 
forests, certain amounts of logging slash are 
left after harvesting for environmental concerns, 
especially on droughty sites. The effects of 
reducing wood residue following harvesting in the 
generally moist, mixed conifer-hardwood forests of 
the East are largely unknown. 

Soil organic matter is important for the 
maintenance of site productivity because of its 
role in soil water retention, cation exchange 
capacity, and nutrient supply. Organic matter is 
also essential for the soil microflora and 
microfauna that are active in nutrient cycling, 
production of humic compounds essential for soil 
aggregation, and disease incidence (Harvey et al. 
1976). By removing woody materials from a site, 
timber harvesting alters the cycling of organic 
matter from forest vegetation to the soil. In the 
past, wood removal was not considered detrimental 
to site productivity because of long stand 
rotation ages and the large amounts of residue 
usually left after harvest. Organic matter losses 

from fire, either as wildfire or prescribed burns, 
were considered a much more serious threat to 
future stand growth (Patric and Smith 1975; Wells 
et al. 1979). However, recent trends toward - - 
shorter stand rotations, coupled with total tree 
harvesting or increased residue utilization, have 
raised concerns on the possible impacts these 
management systems have on soil organic matter and 
consequently, on site productivity (Harvey et al. 
1980b). 

Many studies have been conducted on the 
environmental consequences of timber harvesting. 
Much of this research has centered on the 
relationship of harvesting to: (1) soil 
compaction as a result of equipment traffic, (2) 
stream damage from erosion, and (3) depletion of 
site nutrients (Frederiksen et al. 1975; Bengtson 
1978; Froehlich and McNabb 1984; McColl and 
Powers 1984). The loss of soil nutrients can 
result from biomass removal, increased soil 
erosion from skid trails and landing areas, and 
accelerated decomposition of the forest floor or 
organic matter in the mineral soil following 
harvest (~ormann and Likens 1979 ; Vitousek 1983). 

While the contribution of organic matter to 
soil nutrient levels will be of major concern in 
any evaluation of harvesting effects on site 
productivity, the question also arises as to the 
importance of this soil organic component as a 
physical entity apart from its nutrient content. 
As noted earlier, organic matter influences soil 
properties such as water-holding capacity, 
aeration, drainage, and cation exchange. Changes 
in these soil physical and chemical properties 
following harvesting may be more subtle than 
losses in soil nutrients, but may be just as 
significant for subsequent stand growth. Heiberg 
(1939) emphasized the biological and physical 
effects that the forest floor and logging slash 
can have on site productivity by reducing soil 
moisture losses through a mulching effect, 
improving soil drainage and aeration by decreasing 
bulk density, and reducing frost heaving. 

Soil Ornanic Matter Content - 
The effect of logging operations on soil 

organic matter levels will depend on the intensity 
of the harvest and associated site preparation. 
Since timber harvesting would have greatest impact 
on the surface soil layers, sites having a higher 
proportion of organic material in the forest floor 
probably are affected more than sites having 
greater amounts in the mineral soil. The majority 
of organic matter in the soil of eastern forests 
is found in the mineral horizons, but as shown in 
Table 1, the amounts differ widely among stands 
depending on tree species, age, and soil type. 
The occurrence of earthworms in a soil and their 
incorporation of forest floor material into a 
mineral A horizon is a major factor in the organic 
matter distribution pattern. However, the 
presence or absence of earthworms in the soil was 
not indicated in most of the studies cited. One 
problem comparing these results was the 
variability in depth used for sampling the mineral 
soil. The shallower the mineral soil was sampled, 



Table 1. Organic matter content in selected forest soils of eastern North 
America. 

Stand 

N. Hardwoods 
N. Hardwoods 
Oak 
Oak 
Oak 
Aspen/~ap le 
Aspen 

Locat ion Organic Content 

N. Hampshire 92 256 
N. Hampshire 47 173 
N. Hampshire 36 287 
Connecticut 11 274 
New Jersey 11 238 
Wisconsin 4 84 
Minnesota 27 5 0 

Mineral 
Soil 
Depth 
(cm) 

Ref. 

Jack pine 
Jack pine 
Balsam fir 
Spruce/ f ir 
Spruce/ f ir 
W. Spruce 
Red pine 
Red pine 

Minnesota 
Ontario 
N. Hampshire 
Ma ine 
Maine 
Minnesota 
Minnesota 
New York 

(1) Alban et al. 1978; (2) Bormann and Likens 1979; ( 3 )  Federer 1983; (4) 
Lang et al. 1981; ( 5 )  Lang and Forman 1978; (6) Madgwick 1962; (7) Morrison 
and Foster 1979; (8) Pastor and Bockheim 1984; (9) Smith et al. 1986, C.T. 
Smith, personal communication. 

the greater the concentration of organic matter in 
the forest floor. Another difficulty is the 
subjectivity in separating the humus layer of the 
forest floor from the mineral A horizon (Federer 
1982). 

Losses of Soil Ornanic Matter --- 
The losses of soil organic matter as a result 

of timber harvest operations have been determined 
by several methods. The most direct and 
statistically appealing is measuring organic 
matter content in the forest floor and mineral 
soil before and at different times after harvest. 
A less satisfactory but faster method is organic 
matter measurements on adjacent cut and uncut 
stands. Results from these types of studies have 
indicated appreciable losses in forest floor 
biomass after cutting (Table 2). The losses of 
soil organic matter from these cut sites were even 
greater than shown, since appreciable amounts of 
logging slash were added to the forest floor (e.8. 
Johnson et al. 1985). However, it is not known 
how much of the forest floor and harvest residue 
were incorporated into the mineral soil and not 
lost from the site. Such organic matter changes 
in the mineral soil are not well documented. 

These types of studies have indicated short 
term losses of soil organic matter following 
timber harvest. Longer term organic matter 
changes that occur with subsequent stand 
development have been evaluated by comparing soil 
organic content in stands having different ages 

since cutting. Because the preharvest soil 
conditions in these stands are not known, sites of 
similar s tand his tory, species composition, 
topography, etc. are selected to reduce the 
inherent variability in organic matter levels 
among soils. 

Both Covington (1981) and Federer (1984) used 
this approach with northern hardwood stands in New 
Hampshire to show that the forest floor organic 
content decreased for at least 20-25 years after 
logging before recovering to preharvest levels in 
50 to 60 years. A smaller, less defined pattern 
of forest floor losses and recovery following 
clearcutting was reported by Wallace and Freedman 
(1986) for hardwood stands in Nova Scotia. These 
studies did not examine concurrent organic matter 
changes in the mineral soil. A decrease in the 
organic content of mineral soil was found by 
Durgin (1980) for 35 to 45 years after the logging 
of redwoods in California. However, possible 
problems with chronosequence studies were shown by 
the results of Silkworth and Grigal (1982) in 
northern Minnesota who reported a forest floor 
biomass of 13.4 Mg/ha in an uncut aspen stand and 
88.8 %/ha in another stand five years after a 
total-tree harvest. This difference was 
attributed primarily to the presence or absence of 
earthworms at these sitea. 

Decreases in the forest floor as a result of 
timber harvesting have generally been attributed 
to increased microbial decomposition of organic 
matter due to changes in soil environmental 
conditions. Tree removal usually increases soil 



Table 2. Soil organic matter before and after timber harvest. 
- - -  - - 

N. Hardwoods - Michigan - 1 Before Harvest -- After Earvest ------------- (&/ha)------------- 
High Site Quality 60.9 17.7 
Medium Site Quality 38.3 16.9 
Low Site Quality 24.8 14.5 

N. Hardwoods - New Hampshire - 2 Cut, Herbicided 

Uncut Wood Not Removed -------- (Mg/ha)---------------- 
0-15 cm 74.8 60.7 
15-30 cm 81.7 76.9 

Forest floor sampled 30 months after harvest (Mroz et al. 1985). 
Forest floor included in 0-15 cm depth. Sampled 42 months after harvest 

(Dorninski 197 1 1. 
Forest floor sampled 28 months after harvest (Johnson st al. 1985). 
0-20 cm soil sampled 24 months after harvest ha urger and Pritchett 

moisture levels and temperature in the surface 
soil horizons  omin in ski 197 1 ; Eungerf ord 1980 ; 
Johnson st al. 1985). Changes in soil acidity 
also occur, especially if fire is used for slash 
disposal (Jurgensen et al. 1981). However, Gadgil 
and Gadgil ( 1978) attributed increased organic 
matter decomposition following harvest to the 
removal of an inhibitory effect of tree 
mycorrhizae on the forest floor microflora. 

Populations of bacteria increase in the soil 
after clearcutting, but fungal biomass has been 
reported to decline (Hendr ickson and Robinson 
1982). The levels of soil carbon dioxide on cut 
sites increase as a result of greater microbial 
act ivity (Piene 1974; Edwards and Bus 8-Todd 
1983) and could contribute to the accelerated 
nutrient leachhg losses occurring after harvest 
(~ohnson and Cole 1980). Soil microorganisms 
active in the nitrogen cycle are also influenced 
by clearcutting (Jurgensen a d. 1980). nos t 
notable is the rise in nitrification rates in both 
the forest floor and surface mineral horizons of 
many soils and the resulting increase in leaching 
losses of nitrogen (Vitousek a a. 1982). 

The disruption and mixing of the forest floor 
into the mineral soil by the logging operation is 
another factor which can reduce soil organic 
matter levels. This effect would be more 
pronounced on whole-tree harvested sites where 

logs and tops are dragged off the cutting area. 
Mroz a. (1985) attributed the greater 
reduction of forest floor on a high quality 
northern hardwood site to the impact of skidding 
larger trees with bigger.tops, as compared to the 
f orest floor losses resulting from skidding 
smaller trees with less crown from lower quality 
sites. Such forest floor disturbances are common 
on whole-tree harvested sites in New England and 
the Lake States (Crow 1985; Martin 1986). 

Incorporating forest floor into the surface 
mineral horizons does not constitute a loss of 
this organic material from the site. In fact, 
mixing of the forest floor may be a benefit to the 
underlying mineral soil. Forest floor that is 
incorporated with mineral soil is decomposed more 
rapidly by soil microorganisms than when the 
f ores t floor is left undisturbed ( Salonius 1983). 
Forest floor disturbance and resultant increased 
organic mineralization rates have been advocated 
to improve soil productivity on sites where 
appreciable nutrient capital is "tied-up" in 
slowly decomposing humus layers (Siren 1955; 
Weetman and Nykvist 1963). The mixing of forest 
floor and mineral soil has been shown to improve 
the growth of both hardwood and conifer seedlings 
(Tubbs and Oberg 1966; HcMinn 1974). 

While the benefits of enhanced nutrient 
availability in soil after harvesting, as compared 



to the negative effect of greater nutrient 
leaching, have not been fully resolved, such 
nutrient losses are normally low when the site is 
rapidly revegetated (Bormann and Likens 197 9; 
Vitousek 1983). What still is not clear are the 
changes in mineral soil organic contents which 
result from harvesting. Lower inputs of organic 
matter from litter fall would occur for at least 
ten years on the harvested sltes (Covington and 
Aber 19801, but this would be offset by increased 
root mortality from the cut trees. 

Most environmental impact studies on soil 
organic matter have concentrated on changes in the 
forest floor rather than the mineral soil. 
Bormann and Likens (1979) feel this is justified 
based on the annual organic matter inputs and 
turnover rates in these soil layers, and the 
relative unresponsiveness of the mineral soil to 
environmental change. However, Federer (1983) 
recommended that the mineral soil not be ignored 
in favor of research on the forest floor after 
finding nitrification occurred only in the mineral 
soil beneath four mature forest stands in New 
England. Deby le ( 1980) found organic matter 
changes ranging from +65% to -21% in the 0-5 cm 
mineral soil layer five years after various site 
preparation treatments were applied on a cut 
lodgepole pine site in Wyoming. Burger and 
Pritchett (1984) reported large losses of organic 
matter from the 0-20 cm soil depth after 
harverting southern pine plantations followed by 
slash burning and mechanical site preparation 
(Table 2). 

Woody Bee idues 

Timber harvesting, erpecially whole-tree 
logging, removes a large percentage of the woody 
material which would be added to the forest floor 
of an uncut stand. Woody residue is important in 
nutrient cycling, the maintenance of soil 
biological functions, and the incidence of tree 
disease. In his discussion of forest floor 
dynamics, Covington (1981) emphasized the role 
logging slash, particularly woody materials, could 
have on soil nitrogen availability. The nutrient 
relationships of woody residue removal on site 
productivity have been discussed by other authors 
in this symposium. 

Dead wood is a major component of eastern 
forests and may equal or surpass other organic 
biomass in the forest floor (Table 3 ) .  Large 
woody residue is an active site in energy flow and 
nutrient cycling in both soil and stream 
ecosystems. Downed logs are alro important for 
seedling establishment of certain tree species and 
are sites of enhanced mycorrhizae development and 
nonsymbiot ic nitrogen fixation (Larsen & 
1978; Harvey et al. 1980a; Maser and Trappe 1984; 
Harmon st al. 1986). 

Wood Decay - 
The rate and type of organic matter 

decomposition is clorely tied to the decay 
organisms involved. Woody residue decay is 

Table 3. Biomass of the Forest Floor and Dead Wood on the Soil Surface in 
Northeastern Forests. 

Stand !?a& 
(yr) 

N. Hardwoods 20 
3 0 
40 
57 
200 

Balsam Fir 3 78 

Spruce-Fir 4 65 

Uncorrected value. of Covington (1981) as presented by Fedarer (1984) 
Wood >3 cm in diameter (Tritton 1980). 
Wood >5 cm in diameter (Lang et al. 1981). 
Includes a11 litter on top of forest floor (smith 9b. 1986; C.T. 
Smith, personal cammunication). 
Wood >2.5 cm in diameter (~ang and Forman 1978). 
Not including twigs (Pastor and Bockheh 1984). 



pr imar i ly  a funct ion  of i nve r t eb ra t e  a c t i v i t y  and 
the  coloniza t ion  of wood by white-rot and brown- 
r o t  fungi  (Lareen e t  a l .  1980; Bannon & a. 
1986). I n  North America t he re  a r e  approximately 
1,700 known wood-rotting fungi  of which 1580 cause 
white r o t s  and only 120 cause brown r o t s  
(Gi lber t son  and Ryvarden 1986). Typically,  
white-rot fungi  remove c e l l u l o s e  and l i g n i n  a t  a 
s imi l a r  r a t e ,  while brown-rot fungi  remove 
ce l lu lo se  and leave the  l i g n i n  e s s e n t i a l l y  
unchanged (Highley and Kirk 1979). 

The e x t r a c t i v e  content  of heartwood and 
sapwood e x e r t s  a l im i t i ng  o r  s e l e c t i v e  inf luence  
on the  a c t i v i t i e s  of both brown-rot and white-rot 
fungi. Sapwood and heartwood of hardwood res idue  
i s  overwhelmingly decayed by white-rot fungi .  I n  
con i f e r  wood, i n i t i a l  sapwood decay appears t o  be 
of t he  white-rot type,  which eventua l ly  s h i f t s  t o  
brown-rot. Heartwood i s  u sua l ly  decayed by the  
brown-rot fungi  (Lareen e t  a l .  1980). Thus, i n  
hardwood o r  mixed f o r e s t  types wood decay by 
white-rot fungi  would predominate (Table 4) .  

Table 4. Rot type of fungi  important i n  t he  
decomposition of logging l a sh  i n  t he  ! Northeastern United S t a t e s  . 

Decay Number of Fungal Species 

White Rot 
Brown Rot 
Unknown 

' Adapted from Spaulding and Hansbrough (1944). 

Hardwood res idues  decayed by white-rot fungi  
decompose a t  a much f a s t e r  r a t e  than coni fer  wood 
decayed by brown-rot fungi  (Spaulding and 
Hansbrough 1944; Harmon e t  a l .  1986). At t he  
advanced decay s t age  white-rot ted res idues  a r e  
l e s s  ac id ,  have higher r a t e s  of nonsymbiotic 
n i t rogen f i x a t i o n ,  and have a more rapid  n u t r i e n t  
f l u x  than brown-rotted wood (Larsen e t  a l .  1980; 
Jurgensen e t  a l .  1984). However, once white- 
r o t t e d  wood i s  incorporated i n t o  t he  f o r e s t  f l o o r ,  
it quickly loses  i t s  s t r u c t u r a l  i n t e g r i t y .  I n  
con t r a s t ,  brown-rotted res idues  may p e r s i s t  i n  t he  
f o r e s t  f l o o r  f o r  hundreds of years (McFee and 
Stone 1966; Harvey e t  a l .  1981) and have a longer 
e f f e c t  on s o i l  proper t ies  than white-rot ted wood. 

S o i l  Wood -- 
When woody res idues  become incorporated i n t o  

t he  f o r e s t  f l o o r ,  they can r i g h t f u l l y  be termed 
s o i l  wood. A t  t h i s  s t age  the  wood i s  o f t e n  
covered by l i t t e r  and not not iced  a s  a p a r t  of t he  
s o i l .  However, brown-rotted s o i l  wood has been 
found t o  comprise up t o  15  percent  of t he  sur face  
30 cm of s o i l  i n  northern Rocky Mountain f o r e s t s  
(Harvey e t  a l .  1980a). Brown-rotted wood volumes 
ranging from 14 t o  30 percent  of t he  f o r e s t  f l o o r  

were found i n  a mixed hardwood-conifer s tand  i n  
northern New York (McFee and Stone 1966). I n  
subalpine balsam f i r  f o r e s t s  of New Hampshire, 
s o i l  wood amounted t o  3.9 Mg/ha, a s  compared t o  a 
f o r e s t  f l o o r  biomass of 92.2 Mg/ha and 13.5 Mg/ha 
of woody res idues  on the  s o i l  sur face  (Lang e t  a 1  
1981). The r e l a t i onsh ip  of s o i l  wood t o  n u t r i e n t  
cycling i n  t hese  balsam f i r  s tands was discussed 
by Lambert R ~ L  a l .  (1980). 

The impacts of brown-rotted s o i l  wood on the  
f o r e s t  s o i l  ecosystem a r e  considerable.  S o i l  wood 
is usua l ly  wet te r  and cooler  than the  surrounding 
f o r e s t  f l o o r  (Hungerf ord 1980). Consequently, 
root  a c t i v i t y  i s  favored i n  s o i l  wood, 
p a r t i c u l a r l y  on dry s i t e s  (Harvey e t  a l .  1980a). 
Because of i t s  high moisture-holding capaci ty ,  
brown-rotted s o i l  wood i s  a l s o  an exce l l en t  
seedbed f o r  coni fer  regenera t  ion and f o r  
nonsymbiotic n i t rogen f i x a t i o n  (Lees, 1972 ; Larsen 
e t  a l .  1982; Harvey e t  a l .  1983). -- 

Disease Incidence 

As noted e a r l i e r  t he re  a r e  near ly  1,700 
spec ies  of fungi  i n  North America t h a t  decay wood 
(Gi lber t son  and Ryvarden 1986 1. However, t he  
numbers of fungi  t h a t  decompose woody res idues  and 
cause s i g n i f i c a n t  l o s se s  i n  l i v e  standing timber 
a r e  r e l a t i v e l y  few. Spaulding and Hansbrough 
(1944) l i s t e d  16 fungi  capable of causing s l a s h  
decay and hea r t  r o t  i n  t r e e s  of New England. 
Harvey e t  a l .  (1976) reviewed the  implicat ions of 
timber harvest ing and res idue  management on f o r e s t  
d iseases  and concluded t h a t  a reduct ion  i n  woody 
s l a s h  l e f t  on a s i t e  a f t e r  c u t t i n g  would genera l ly  
reduce d isease  incidence i n  t he  following 
ro t a t i on .  However, such a d isease  - res idue  
r e l a t i onsh ip  may be l imi t ed  f o r  t he  hear t - ro t  
fungi. Removal of woody s l a s h  by in tens ive  
harves t ing  techniques would l i k e l y  have a minor 
e f f e c t  on the  incidence of hea r t  r o t  i n  the  
subsequent s tand ,  because adjacent  f o r e s t  a reas  
have many fungal f r u i t i n g  bodies with spore- 
producing po ten t i a l .  Unfortunately, s p e c i f i c  
s tud i e s  r e l a t i n g  heart-rot  incidence t o  t he  kinds,  
q u a n t i t i e s ,  and d i s t r i b u t i o n  of logging res idues  
have not  been done. 

I n  con t r a s t ,  res idue  removal may be more 
e f f e c t i v e  i n  reducing the  incidence of root  r o t  
caused by Armil la r ia  mellea. This white-rot 
fungus i s  widely d i s t r i b u t e d  i n  ea s t e rn  f o r e s t s  
due t o  i t s  a b i l i t y  t o  r ap id ly  colonize stump-root 
systems and o ther  woody res idues  i n  contac t  wi th  
t he  s o i l .  The rhizomorphs of mellea a t t a c k  
both hardwood and con i f e r  seedl ings ,  t he  
s u s c e p t i b i l i t y  of which i s  dependent on 
p red i spos i t i on  of t he  seedl ing  (wargo and Shaw 
1985). Since A. mellea can use logging s l a s h  a s  a 
food base from which t o  i n f e c t  regenerat ion,  a 
reduct ion  i n  woody res idue  by in tens ive  harves t ing  
p rac t i ce s  should be of some benef i t .  Other 
important root-rot  fungi  i n  ea s t e rn  f o r e s t s ,  such 
a s  Phaeolus schweini tz i i ,  Heterobasidion annosum 
and Iaonotus tomentosus, would be l e s s  a f f ec t ed  by 
improved r e s  idue u t i l i z a t i o n ,  s ince  they pr imar i ly  
colonize stump-root systems. 



Stump pulling has been advocated to reduce 
the incidence of root-rot diseases after 
harvesting, particularly for A. mellea. (~0th and 
Ralph 1978). In the Pacific Northwest, stump 
removal has received limited use for control of 
laminated root-rot caused by Phellinus yeirii 
(Theis and Russell 1984). Approximately 4,000 
acres have been treated in the state of Washington 
and 500-1,000 acres in Oregon. Stump harvesting 
is widespread in the Southeast for the production 
of naval stores, with disease considerations being 
secondary (W .G. Theis, personal communication). 
At present, stump removal as a disease control 
protocol is time consuming, labor intensive, and 
not cost-effective, 

Iumlications fol: Management 

Recent studies on radiata pine plantations in 
Australia have indicated that losses in soil 
organic matter following harvesting and subsequent 
site preparation resulted in site deterioration by 
lowering soil cation exchange capacity, reducing 
moisture retention, and increasing soil 
compaction. This reduction in soil productivity 
was particularly evident on coarse-textured, 
droughty soils (Flinn et al. 1980; Sands 1983; 
Squire 1983). The importance of soil organic 
matter to the productivity of pine plantations on 
droughty soils in the southeastern United States 
was also stressed by Burns and Hebb (19721, 

The relationship of the forest floor to soil 
hydrological properties and site productivity was 
emphasized by Sands (1983). Litter removal has 
been shown to increase moisture stress in longleaf 
pine plantations and reduce growth in jack pine 
stands (Ginter et al. 1979; Weber et al. 1985). 
Tree roots are concentrated in the forest floor 
and surface mineral soil, and would react to 
disturbance or enviromnental changes in these soil 
layers (Saf ford, 1974). Annual litter removal 
from a radiata pine stand in New Zealand caused 
the zone of major root activity to move from the 
forest floor and surface five cm of mineral soil 
to the 5 - 10 cm soil depth. Such root 
displacement would reduce nutrient uptake from the 
forest floor and surface mineral layer, and may be 
partially responsible for a 12 percent reduction 
in stand volume increment (Ballard and Will, 
1981). 

Timber harvesting methods have a considerable 
impact on the integrity of the forest floor and on 
the amounts and type of woody residue remaining on 
a site after cutting. The trend toward whole-tree 
harvesting in northern hardwood forests will 
reduce the amount of organic materials returned to 
the soil. Whole-tree logging, as its name 
implies, would remove more tree biomass than so- 
called "conventional" harvest s . When stands are 
whole-tree logged, additional biomass yields 
generally range from 15 to 100 percent higher than 
in conventional cuts   reedm man & a. 1981; 
Hornbeck and Kropelin 1982; Phillips and Van Lear 
1984). 

With greater wood removals resulting from 
harvest operations, the amount of woody material 

left on the site can be quite small. Residues 
remaining after whole-tree logging a northern 
hardwood stand in New Hampshire averaged only 4 
Mg/ha out of a total above-ground tree biomass of 
115 Mg/ha (Hornbeck and Kropelin 1982). 
Harvesting red spruce-balsam fir in Maine with 
total aboveground biomass of 232 Mg/ha added 39 
%/ha of woody residue to the forest floor (Smith 
a. 19861, In a total-tree harvest of central 

hardwoode in Connecticut, less than 13 percent of 
the above ground biomass was left as residue (L.M. 
Tritton, personal communication). Whole-tree 
harvesting a mixed hardwood-aspen stand in 
northern Michigan left 19.5 Mg/ha of wood residue 
on the site. In comparison, 3.8 Mg/ha of organic 
matter remained in the forest floor of the same 
site after cutting (G.D, Mroe and M.F. Jurgensen, 
unpublished data), 

Most environmental concerns on wood removal 
and forest floor disturbance have been on 
possible soil nutrient losses or changes in 
nutrient availability (White and Harvey 1979; 
Smith 1985). However, as discussed earlier, the 
decomposition and subsequent incorporation of 
litter and/or logging slash into the forest floor 
have important implications for soil biological 
and physical properties, especially of droughty 
sites (Harvey et al. 1980b; Jurgensen et a. 1982; 
Sands 1983). Even on moist sites, increased 
organic matter decomposition following harvesting 
has caused appreciable reductions in soil cation 
exchange capacity (Dominski 1971). Stone (1979) 
emphasized the need of determining the effects of 
such harvest-related changes in cation exchange 
capacity and its impact on soil nutrient 
retention. 

In final analysis, many studies have shown 
that organic matter levels in the forest floor and 
mineral soil decrease for an appreciable time 
following timber harvest. Subsequent site 
preparation and slarh disposal will further lower 
soil organic matter levels. The implications of 
such reductions in the soil organic resource on 
site productivity are largely unknown, but would 
seem to be detrimental, particularly in dry or 
shallow soils, The significance of increared 
removal of woody residues on site productivity in 
eastern forests is unclear. Woody residue8 and 
soil wood have been shown to be an important 
factor in soil water and nutrient availability in 
many western coniferous forests (Harvey & 
1980b; Harmon et g&. 1986). In the Intermountain 
West, changes in harvesting and site preparation 
practices are being implemented to ensure adequate 
amounts of organic matter remain on the site 
following cutting (Harvey et a&. 1986). Whether a 
similar practice will be beneficial in the 
generally moist, mixed conifer-hardwood forests of 
the East remains to be seen. 
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uptake increased mineralization, greater water 
flow and, in some cases, increased nitrificatip 
leading to an elevation in nitrate ( ~ 0 3 )  
concentrations in soil solution (Likens & &,. 
1969). However, the magnitude and duration of 
these increases vary widely from site to site, and 
in same cases the enhancement of leaching by 
harvesting is very minor ( e .g . , Richardson and 
Lunt 1975). 

Natural leaching is being increased by both 
acid deposition and harvesting in northern forest 
ecosysteme. Acid deposition is increasing the 
rates of calcium (Ca), potassium (K), and 
magnesium (Mg) leaching, but def iciencies of these 
elements are, as yet, rare. If deficiencies of a 
particular nutrient arise, both chemical and 
biological processes will act to conserve that 
nutrient. 

Harvesting usually causes a temporary 
increase in nutrient mineralization from litter 
and soil organic matter. This flush of nutrients 
is beneficial to nutrient-demanding regenerating 
vegetation, but if mineralization exceeds uptake, 
leaching losses will temporarily increase. This 
is especially common with respect to nitrate (~03) 
and, consequently, Ca, K. and Mg leaching, 
especially in nitrogen-rich northeastern forests. 
In most cases, however, this post-harvest increase 
causes less nutrient export than that removed in 
biomass. Nevertheless, excessive NOg leaching 
should be avoided to protect water quality. 
Nitrate leaching can be influenced by forest 
management practices, such as the type of cut, 
amount of woody residue left, and rate of 
regeneration. Accelerated leaching by acid 
deposition cannot be controlled by forest 
management, but fertilization can be employed to 
offset cation nutrient losses if they become 
critical. 

Introduction 

In this paper we will briefly review soil 
leaching processes as they are naturally and as 
affected by acid deposition and harvesting, with 
emphasis upon northern forest ecosystems. Soil 
leaching is the major mechanism of nutrient export 
from most undisturbed foreat ecosyrtesrs. Leaching 
by naturally produced acids (primarily carbonic 
acid and organic acids) is a major cause (along 
with tree nutrient uptake and soil humus buildup) 
of soil acidification. In northern forest 
ecosystems, where Spodosols dominate, organic 
acids are the major natural soil leaching agent 
(Johnson et al. 1977). In the northeastern United 
States (and northern Europe) this natural leaching 
rate has been accelerated by acid deposition 
(Cronan et al. 1978; Mollitor and Raynal 1982). 
Since acid deposition is a relatively new 
phenomenon, its contribution to total soil acidity 
is minimal as yet, but the historical rates of 
soil acidification have probably been increased. 
It has also been known for some time that leaching 
can be temporarily increased following harvesting, 
as a result of a combination of reduced plant 

Natural Soil Leaching in Northern Forest -- 
Ecosvstems 

Many strong and weak acids are produced 
naturally in forest soils, but three major 
naturally produced acids (one of the three is 
actually a group of acids) have been identified as 
major causes of leaching in undisturbed forest 
ecosystems : carbonic acid (H~CO~), organic acids 
(so-called fulvic acids as well as smaller 
molecules) and, most recently, nitric acid (HNO~) 
(McColl and Cole 1968; Johnson et al. 1977; Van 
Miegroet and Cole 1984). The former two are 
referred to as "weak acids", since they do not 
release H+ (i.e., do not contribute to acidity) at 
low pH, but they can nevertheless create very acid 
soil conditions during soil development. Carbonic 
acid is produced when Cop, which accumulates in 
the soil atmosphere due to root and microbial 
respiration, combines with water: 

When soil solutions reach pH 5 or lower, H CO no 
longer significant ly dissociates and thus 2 n 2  H* 
(acid) is produced. Organic acids of numerous 
kinds are released into crown wash and soil 
solution from tree canopies and decomposing 
litter. Their chemistry is much more complex than 
that of carbonic acid, because they range from 
short-chain acids like citric and malic to very 
complex molecules with phenolic cores (so-called 
fulvic acids; Schnitzer 1980). A very general 
representation of their acidifying effects 'in 
solution is: 

4- OH + 40- + H+ Phenolic hydroxyl group 

R-COOH + R-COO- + H+ Carboxyl group 

where R an organic group and 9.. phenolic group. 
Same of these organic acids can release 
significant amounts of H+ below pH 5, and are 
therefore not as weak as carbonic acid. 

Nitric acid has been found to be produced in 
nitrogen-rich ecosystems regardless of whether the 
nitrogen (N) has been added naturally (e.g., by N 
fixation) or artificially (fertilization or 
atmospheric pollution). Nitric acid can also be 
produced in disturbed ecosystems, as will be 
discussed further in the next section. The 
general reaction for nitric acid production is: 

ammonif icat ion 

H2° nitrification 
R-NH2 2-> R-OH + NH; --> 28' + NO; 

H+ 312 O2 



Van Miegroet and Cole (1984) found very high rates 
of nitric acid leaching in a stand of red alder 
(Alnus rubra), an N-fixing species, in western 
Washington. There have not been any other studiee 
in N-fixing forests as yet, but some northern 
hardwood forests also appear to have a moderately 
elevated rate of nitric acid production, as 
evidenced by soil solution 10; concentrations 
(Foe ter 1985 ; Cronan 1985). 

In unpolluted, cold coniferous forests in the 
high-elevation Cascade mountains of Washington and 
in coastal southeastern Alaska, we found a pattern 
of organic acid production and leaching from tree 
crowns through upper soil horizons (~ig. la; 
Johnson 1975; Johnson et al. 1977). Organic acids 
precipitate in the Bh or Bsh horizons during the 
podzolization process, allowing the pH to rise and 
carbonic acid to become the dominant natural 
leaching agent. This pattern might be expected in 
unpolluted coniferous forests of the northeastern 
United States, also; however, as will be shown in 
the following section, atmospheric inputs often 
dominate leaching in these ecosystems. 

Effects of Atmospheric Deposition on Soil Leaching -- 

Numerous reviews and several books have been 
written on the controversial subject of 
atmospheric deposition effects on leaching, and 
thus only the briefest summary can be presented 
here. Two elements of atmospheric deposition - 
sulfur (S) and nitrogen (N) - have the major 
effects on soil leachiog, and thus the following 
discussion is limited to them. 

(a) PRISTINE 

Deposition of S as either H2S04 or gaseous 
SO2 (which oxidizes and hydrolyzes to %SO4 on 
plant and soil sur aces) will cause increased 5 leachiag unless 504-is immobilized by uptake or 
adsorption in soils. Since total cations must 
balance total anions in so ution, the removal of 1 an anion (in this case, SO4') results in reduced 
cat ion concentrat ions and leaching (Johnson and 
Cole 1980). This henomenon is illustrated 
schematically for an SOI-adsorbing soil in Fig. 2. 

Nitrogen deposition in excess of plant and 
soil heterotrophic (decomposer) organism uptake 
usually results in nitrification, internal HNOj 
product ion, and NO; leaching. Fortunately, there 
are few known cases where atmospheric N inputs 
exceed forest N demand, and therefore atmospheric 
N inputs are beneficial in most cases. There are 
exceptions, however, where N inputs are very high 
and/or tree demand is very low (e.g., Van Breemen 
et el. 19821, and it appears as if at least some -- 
northern hardvood forests have a rather low 
atmospheric W retention rate (Martin 1979; Foster 
1985; Cronan 1985). Whether these forests are 
naturally N rich or have been enriched by 
atmospheric N inputs is currently unknown. 
However, judging by current rates of N input, it 
seems most likely that these systems are simply 
naturally N rich. 

The interactions of atmospheric H2S04 and 
HMO with natural leaching by organic and carbonic 
a c d s  are depicted in Pig. lh. The introductions 
of A2S04 and HN03 greatly depress precipitation 
pH; however, they only slightly depress 
throughfall and soil solution pH, because of 

(b) ELEVATED S AND N INPUT 

.,, 4.2 @SULFURIC ACID 

NITRIC AClD 

BSH HORIZON 
pH 6.8 CARBONIC AClD 

Figure 1. Schematic representation of leaching by organic and carbonic acids 
in (a) unpolluted and (b) polluted northern/subalpine forests. 



EFFECTS OF SOlL SULFATE ADSORPTION ON ANION AND CATION LEACHING 

NON-SULFATE 
ADSORBING SOILS 

SULFATE 
ADSORBING SOILS 

/Fo, A1 OXIDES 

H+, AI=+ sop 

INPUT 

SOlL 
INTERACTIONS 

OUTPUT 

BASE 
CATIONS 

BASE 
CATIONS 

2- 
Figure 2. Schematic representation of effects of SO4 adsorption on soil leaching 

by H2SO4. Soil at left does not absorb SO$- and therefore cation 
leaching equals K' input. Soil at right absorbs SO$-, and charge balance 
requires an equivalent reduction in potential cation leaching. 

buffering by cation exchange and organic acids in 
tree crowns and soil. This slight pH depression 
reduces the contributions of organic and carbonic 
acid anions to leaching (via protonation of the 
weak acids; Krug and Frink 19831, but overall 
leaching rates increase nevertheless (e.g., Cronan 
et al. 1978). 

Effects of Harvesting on Leaching -- 
The combined effects of increased nutrient 

mineralization from litter and soil organic 
matter, increased water flux, reduced plant 
uptake, and in some cases, increased nitrification 
rate following harvesting usually result in short- 
term (2- to 10-year) increases in leaching. 
Several studies have documented substantial 
in reases in NO- (and associated ca2*, K', and 5+ Mg ) leaching jollaing harvesting in forests of 
the northeastern United States (~ikens gg &. 
1978; Pierce et al. 1972; Martin and Pierce 1980; 
Hornbeck and Kropelin 1982; Smith 1984). On the 
other hand, studies in the northwestern (Cole and 
Gessel 1965; B r m  et al. 1973; Fredriksen et al. 
19751, southwestern (McColl 19781, north central 
(Richardson and Lunt 19751, mid-south (Aubertin 
and Patric 1974) and southeastern United States 
(Swank and Caskey 1982; Johnson and Todd, in 
press) have ahom much smaller increases in NO; 
leaching than in the northeastern United States. 
Reasons for this apparent regional phenomenon are 
not clear, but probably relate to the generally 
better N status of northeastern sites discussed 
earlier. Vitousek et al. (1979) concluded from 
an intensive interregional study on N cycling 
processes in disturbed forest ecosystems that four 
major processes exerted the most control over NO- 
leaching: (1) N uptakeby vegetation, (2) 8 
immobilization by soil heterotrophic organisms, 

(3) lags in qitrifier response, and (4) lack of 
water for NOg transport. They further conclude 
that more fertile sites have a high potential for 
NO3 leaching following disturbance. Thus, the 
greater NOS leaching following harvesting in 
northeastern sites may reflect a generally better 
N status of those forests, in particular a large 
reservoir of forest floor N which, upon 
harvesting, is subject to accelerated 
decomposit ion and N mineralization. This 
explanation certainly does not explain post- 
harvest leaching patterns in all cases, however: 
Biggar and Cole (1983) noted drastically lower NO3 
leaching following harvesting in red alder stands 
in Washington state, even though these alder sites 
had very large N reserves and high pre-harvest NO5 
leaching rates. 

Summary and Conclusions: Implications for Forest 
Management 

Leaching plays a major role in the export of 
Ca, K, and Mg over a full harvest-regrowth-harvest 
rotation, often exceeding the effects of even 
whole-tree harvesting on the export of these 
nutrients (Johnson et al. 1985). In the eastern 
United States, leaching has been substantially 
increased as a result of acid deposition. While 
the leaching losses of base cations by acid 
deposition and natural causes cannot be 
effectively controlled by forest management, 
fertilization with K, Ca, or Mg is a long-lasting 
and effective means of overcoming any potential 
deficiencies caused or exacerbated by leaching. 
Fortunately, Ca, K, and Hg are seldom limiting to 
forest growth (with exception in same sandy 
northeastern soils noted; Heiberg and White 1953; 
Stone 19531, and nutrient budget studies suggest 
that while leaching has been increased by acid 



deposition, soil reserves are ofte lar e enou h 
to preclude any rapid decline in Calf+, Kt, or Mg !I+ 
fertility (Krug and Frink 1983; Johnson et d. 
1985). Furthermore, if the soil reserves of a 
particular nutrient (such as K+ for example) are 
low, both chemical and biological mechanisms will 
act to conserve this nutrient (e.g., Stone and 
Kszys tyniak 1977 1, while allowing more abundant 
(and therefore more readily 1 achable) nutrients 'i to leach from the soil with SO4, NO-, organic, or 
carbonic acids (Johnson and Richter 1984). 

Harvesting usually causes a temporary 
increase in nutrient mineralization from litter 
and soil organic matter. This flush of nutrients 
usually benefits nutrient-demanding regenerating 
vegetation, but N mineralization in excess of 
plant uptake can result in N loss via NO- 
leaching. While NO3 leaching can be increases 
substantially for a tune following harvesting, the 
total nutrient exports during this period usually 
account for less than export in biomass itself 
(e .go, Hornbeck and Kropelin 1982). There 
remains, however, an additional reason to avoid 
103 leaching: the EPA drinking water standard is 
10 mg of NOT-N per liter. Thus, it is important 
from a water quality perspective to minimize post- 
harvest N0j leaching even if total nutrient 
exports durmg this period are not excessively 
large. 

Post-harvest NO; leaching can be strongly 
influenced by forest management in a number of 
ways. Encouragement of rapid regeneration will 
help minlize NOS leaching by maximizing water and 
N uptake. Strip cutting (i.e., leaving strips of 
uncut forest between clear cuts on a watershed) or 
leaving buffer strips by streams has been shown to 
reduce potential NO? losses via streamflow, 
presumably because of N uptake by uncut forests 
(Martin and Pierce 1980; Hornbeck et al. 1975). 
Woody residues immobilize N as they decompose, and 
they may play a major role in conserving Fl 
following harvesting (e .g . , Vitousek and Matson 
1984). Much more research is needed on the 
optimal amount of residue to be left, however, 
since too much N immobilization could cause a 
temporary N deficiency ( Johnson 1983 1. 

Finally, it should be emphasized that 
nutrient losses due to either leaching or biomass 
removal can be compensated for by judicious 
fertilization, if necessary. In the cases of P, 
K, Ca, and Mg, fertilization usually has a long- 
lasting effect and has little effect on water 
quality. In the case of N, however, more research 
is needed to optimize treejecovery and minimize 
ground and surface water NO3 pollution. 
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Impacts of whole-tree harvest on site 
productivity are complex and poorly understood. 
The results of forest fertilization trials in the 
Northeast can be used to make inferences of the 
impact of intensive biomaas harvests on the soil 
chemical resource. These results indicate that 
whole-tree harvesting would aggravate existing 
potassium and magnesium deficiencies on coarse- 
textured outwash sands, and phosphorus 
deficiencies on sites where this element is 
limiting tree growth. Sites that are shallow to 
bedrock on hardpan, or that have high seasonal 
water tables, or high percentages of coarse 
fragments, are also sit- that are prone to having 
productivity declines following whole-tree harvest 
nutrient removals. The impact of whale-tree 
harvesting on calcium, magnesium, potassium and 
nitrogen supplies should be small on relatively 
fertile sites with medium to high productivity. 

The impact of whole-tree biomass harvesting 
on soil productivity is currently an emotional 
subject . In mee tinge concerning biomass 
harvesting it becomes readily apparent that 
technological advances in removal of woody biomass 
from the forest have far outstripped research and 
knowledge on the environmental impact of such 
intensive harvests. Although consideration has 
been given to the long-term. effects of such 
harvesting upon future forest soil productivity, 
the hediate, short-term economic advantages of 
biomass harvests have taken precedence over 
environmental concerns. Scientists, researchers 
and environmentalists have questioned the impact 
of such harvesting practices on future soil 
productivity. 

I do not support extractive industries, and 
do not defend them; however, the hard data. that 
many researchers and environmentalists use to 
defend their case is inadequate and open to 
interpretation. For example, suppose a. soil 
analysis in a timber stand has determined there 
are 200 lbsla of extractable or available 
phosphorus, and the standing biomaes contains 
about 40 lbs of P per acre at time of harvest. It 
is not permissible to divide the 40 pounds into 
the 200 pounds and claim the site will be 
exhausted of phosphorus in five rotations of 
trees. The relationship between nutrients and 
forest productivity is more complex than such a 
simple calculation assumes. Yet individuals have 
done such simple calculations and are making 
claim opposing total tree harvesting. The answer 
is not a blanket "NO" to tree cutting. We need to 
understand the ecological processes and encourage 

practices that will have a minimal detrimental 
impact on future soil productivity and design 
ameliorative practices to maintain productivity 
for future generations. 

However, the use of nutrient budgets and 
simulation models do indicate that intensified 
biomass harvests dramatically increase nutrient 
removals from forest sites (Marion 1979; Morrison 
and Foster 1979). Ballard (19791, i n a  major 
rwiew indicated that there is currently no 
definitive field evidence to relate the increased 
nutrient drain by whole-tree harvests to any 
reduction in site productivity. He concluded that 
the lack of a growth decline is not an indication 
that nutrient depletion associated with biomass 
harvest is not of significance to forest site 
productivity but rather that it reflects lack of 
experimentation on the subject and the technical 
difficulty of quantifying any productivity decline 
that may occur some 50 to 100 years in the future. 

In spite of the lack of knowledge, 
inferences of the impact of intensive biomass 
harvests on the soil chemical resource can be made 
from the data base that exists with forest 
fertilization trials in the Northeast. At the 
very least, caution can be exercised in harvesting 
stands from sites and soils that have been shown 
to be nutrient deficient and strongly responsive 
to increasing productivity by the addition of 
various fertilizers. 

Generally, the fertilizer responses in 
established stands in the Northeast have been with 
conifers, i.e., red pine, white pine, and spruces 
on the widely distributed potassium (K) and 
magnesium (Mg) deficient glacial outwash sands 
(Leaf 1970) as represented by the long-term 50- 
year data base developed at the Pack Experimental 
Forest, Warrensburg, New York. This research has 
clearly demonstrated that a single application of 
K fertilizer to pine or spruce corrected a 
limiting nutrient deficiency and sustained a long- 
term 50 year increase in productivity. This K 
deficiency has been shown to be a wide-ranging 
problem on coarse textured outwash soils in the 
Northeast and eastern Canada (Stone and Leaf 
1967). Clearly, one would not advocate whole-tree 
biomass harvest on such soils, i.e., coarse- 
textured, low organic matter content, low cation 
exchange capacity, low buffering capacity and low 
inherent fertility. This practice would aggravate 
an already serious nutrient deficiency. Previous 
research has demonstrated a critical Mg deficiency 
on many of these same coarse-textured outwash 
sands (Stone 1953) that could be aggravated by 
whole-tree biomass harvests. 

Numerous fertilization experiments and 
reports indicate that nitrogen and phosphorus are 
often the limiting factors in tree growth in 
eastern hardwood forests (Auchmoody and Filip 
1973; Auchmoody 1986; Stanturf and Stone 1985) . 
Auchmoody (1982, 1986) has indicated that such 
responses in black cherry stands may be large and 
last five years or more. These responses are 
affected by species, agf, stand structure and 
stocking and other site limiting factors 
(Aucbmoody 1986). 



At first impression it would appear that such 
nitrogen responsive stands should not be whole- 
tree harvested since large amounts of nitrogen 
would be removed in the biomass. However, the 
amounts of nitrogen removed by whole-tree harvest 
are a small proportion of the total nitrogen 
capital on most forest sites in the Northeast. 
The nitrogen economy of sites is not dependent 
upon soil parent material. Annual wet and dry 
atmospheric inputs of nitrogen are relatively 
large, on the order of eight to ten pounds per 
acre per year. The amounts of nitrogen inputs 
from non-symbiotic, and symbiotic N-fixing 
organisms, while poorly understood, are generally 
thought to be large, i.e. 30 to 200 pounds per 
acre per year (Davey and Wollum 1979). The impact 
of whole-tree harvest would be related to the 
balance between mineralization of nitrogen from 
organic matter on the site and nitrogen 
immobilization. In general, higher temperatures 
and moisture conditions on harvested sites, versus 
those on uncut sites, results in relative large 
increases in mineralization of nitrogen following 
whole-tree harvest. Assuming rapid, adequate 
regeneration, much of this mineralized nitrogen 
may be taken up by regrowth and be retained on 
site (Outcalt and White 1981). 

Whole-tree harvest impacts on phosphorus 
should not be ignored especially on sites of 
demonstrated phosphorus deficiencies within the 
Northeast. The supply of phosphorus to trees 
depends largely upon weathering inputs from parent 
material and primary soil minerals and there is no 
similar process in the phosphorus cycle analogous 
to N-fixation to aid in return of phosphorus to 
forest ecosystems. In addition, atmospheric 
inputs are generally low and phosphorus is easily 
fixed into unavailable forms in the soil. The 
phosphorus removal from sites by whole-tree 
harvest certainly is an area of concern that must 
be explored. 

Potassium, calcium, and magnesium reserves, 
with the exception of the outwash sands, on most 
sites in the Northeast, tend to be relatively 
large and, although the supply of these elements 
is dependent on soil weathering inputs, 
atmospheric inputs are much greater than those of 
phosphorus. Thus on relatively fertile sites with 
medium to high productivity, impacts of whole-tree 
harvest on supplies of K, Ca and Mg should be 
small. The impact of Ca removal in biomass, if 
important, most likely will be on the role Ca 
plays in modifying the soil environment, i.e. pH, 
for the various processes associated with 
microflora and microfauna populations and not as a 
nutrient element. Little information is available 
concerning this hypothesis except to note that 
trees have not generally been shown to respond to 
Ca as a nutrient element, per se, in the vast 
numbers of forest fertilization reports in the 
literature. 

Actual reductions in productivity caused by 
whole-tree harvests in the Northeast have not been 
demonstrated. General conclusions concerning the 
effects of whole-tree harvesting on soil nutrients 
and productivity must be drawn with care. Sites 
that would tend to be sensitive to nutrient 

mediated reductions in productivity caused by 
whole-tree biomass harvest are those of known 
nutrient deficiencies of elements whose supply 
depends mainly on soil reserves, i.e., phosphorus, 
potassium and magnesium. Examples are the K- and 
Mg- deficient outwash sands illustrated by the 
work from Pack Forest in New York and the 
phosphorus responsive eastern hardwood stands in 
northwestern Pennsylvania. Sites that have major 
root restricting problems would be more prone to 
negative impacts of whole-tree harvest due to 
nutrient mediated productivity declines, than 
would soils that are relatively deep with rooting 
volumes that are not restricted. Root growth is 
typically restricted on sites that are shallow to 
bedrock or have fragipan soils that limit rooting 
volume, soils with high root-restricting water 
tables and soils with high percentages of coarse 
fragments. Sites that have major portions of the 
soil nutrient capital in unavailable forms will be 
more negatively impacted by whole-tree harvest 
than sites with major portions of the soil 
nutrient capital "flowing" readily into available 
nutrient pools. 

Conc lus ions 

- Specific forest stands in the Northeast are 
currently deficient in nitrogen, phosphorus 
or potassium. 

- Impacts of whole-tree harvest on site 
productivity are complex and poorly 
understood. 

- Whole-tree harvest could negatively impact 
nutrient supply on specific sites. 

- Nitrogen, although limiting tree growth on 
many sites, probably will not be a major 
problem because a series of processes exist 
to return N to the forest ecosystems after 
harvest and through the following rotation. 

- Phosphorus may be seriously impacted on low- 
P soils and sites currently P deficient and 
fertilization may be necessary to maintain 
productivity. 

- Potassium and magnesium would be seriously 
impacted on low-K and -Mg soils and sites 
currently deficient in K and Mg and 
fertilization would be necessary to maintain 
productivity, especially on inherently 
deficient parent material. 

- Serious nutrient impacts of whole-tree 
harvest could occur on sites with restricted 
rooting volumes. 
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