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PREFACE 

Forestry is an important economic activity in British Columbia. Forests cover more than 
one-half of the province's land area and its softwood timber resource represents 40% of the 
Canadian inventory. About 90 million m3 of wood is being harvested annually for a manuf- 
actured value of close to $10 billion-a little over half the value of all provincial exports. The 
continued economic health of British Columbia depends on the productivity of these forests 
being maintained. However, an ever diminishing forest land base, conversion from old-growth to 
second-growth management, age-class distribution gaps, and soil degradation caused by forest 
management activities are threatening the ability of our forest lands to provide sustained wood 
supplies. In response, basic and intensive silvicultural programs have been expanded to 
improve the value and productivity of forest stands. 

Forest fertilization is one of the few silvicultural tools available for manipulating the 
growth of established forest stands. It can be used to increase long-term sustained yields, 
shorten rotations, and address age-class distribution gaps to maintain even-flow wood supplies. 
However, the uncertainty and site-specificity of response is a major limitation. Predicting the 
magnitude of response and the environmental impacts of fertilization is complicated by the 
diversity of forest ecosystems and the mechanisms regulating the fate of applied fertilizers and 
their use by trees. In addition to biological response potential, management objectives and 
economic factors must also be part of the fertilization decision-making process. Such uncertain- 
ties might be minimized if we capitalize on current knowledge. The Forest Resource Develop- 
ment Agreement (1985-1 990) provided substantial funding for a provincial operational fertilization 
program. 

The last major forest fertilization conference in the Pacific Northwest was held in Union, 
Washington, in 1979. Although a smaller forest fertilization workshop for the interior of British 
Columbia was held in 1986, a province-wide workshop seemed most timely. This was named 
"Improving Forest Fertilization Decision-making in British Columbia". 

The workshop was held at the Airport Inn in Vancouver, B.C., on March 2 and 3, 1988. 
It was directed toward those managers and planners who are responsible for proposing, 
approving, and managing forest fertilization projects. The purpose of the workshop was to bring 
together the best available information on the biological, economic, and strategic opportunities 
for forest fertilization in the Pacific Northwest, with specific reference to British Columbia. The 
workshop was a considerable success, with the 150 participants well served by the high quality 
of presented papers, posters, and commercial displays. 

These proceedings contain the papers presented at the workshop and abstracts of 
posters. These are arranged in five sections according to the organization of the workshop, with 
abstracts of the posters presented last. The first section provides an overview of the role of 
forest fertilization in forest management. The second section addresses the biological basis for 
nutritional limitations and the mechanisms of fertilizer response. Sections 3 and 4 deal with 
many of the practical aspects of assessing the economic and biological opportunities for 
fertilization; the fifth section gives a region by region overview of current fertilizer response 
information, including strategic considerations for future research. 

The planning committee apologizes for the long delay in the collection and editorial 
review of the papers. We are grateful for the patience of the authors and participants, and trust 
that these proceedings will prove to be a valuable reference. 

The Organizing Committee 
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SESSION 1 WORKSHOP OVERVIEW 

WORKSHOP INTRODUCTION 

J. Daniel Lousier 
W.F.S. Enterprises Ltd. 

Lantzville, B.C. 

On behalf of the Workshop Organizing Committee, it is my privilege and pleasure to 
welcome you to the workshop entitled, "Improving Forest Fertilization Decision-Making in British 
Columbia". 

The objectives of the workshop are twofold: first, to review the currently available 
information base used to support and rank investments in forest fertilization; and second, to 
review strategic wood supply needs and the opportunities for meeting some of these needs 
through fertilization. It is intended that the information presented and discussed will meet 
primarily the needs of those managers and planners who are responsible for proposing and 
managing fertilization projects, and those managers who are required to approve such projects. 

We are gathered here to talk about forest fertilization and its role in forest manage- 
ment-not about changes in forest management philosophies and policies/regulations in British 
Columbia, or about incentives for forest management. 

We are all aware that forest management decisions require thought, planning, resources 
and monitoring, none more so than forest fertilization decisions. We are also all aware that 
forest fertilization is tricky business. The next two days, I hope, will help crystallize the forest 
fertilization decision-making process for you. Please participate vigorously, challenge the 
speakers with questions, peruse the poster presentations, check out the displays offered by the 
commercial participants, and be active in the case study sessions. We are here to review, learn 
and develop for better decision-making capabilities. 

I would like to call on Mr. Charlie Johnson to formally begin our program by offering us 
his perspectives on forest fertilization. 



SESSION 1 WORKSHOP OVERVIEW 

OPENING REMARKS 

Charlie M. Johnson' 
B.C. Ministry of Forests 

Silviculture Branch 
Victoria, B.C. 

It is indeed a pleasure to provide a few opening comments to this conference on forest 
fertilization. 

In British Columbia, our forest fertilization program has been very sporadic. This has 
largely been the result of a variety of financial initiatives for intensive forestry. Unfortunately, the 
intensive forestry program in the province has never had a solid financial base. 

In British Columbia, Pacific Logging-now Canadian Pacific Forest Products-was the 
leader in forest fertilization using fixed-wing aircraft off runways built in the forests. They 
commenced forest fertilization in 1963 and applied 4600 tonnes of fertilizer on 11 900 ha 
between 1963 and 1975 by fixed wing. Crown Zellerbach was another major leader in 
operational fertilizer programs. 

As part of the Intensive Forestry Program, the Ministry of Forests began a large 
fertilization program in 1981 on spaced stands in the Vancouver Forest Region. The fertilization 
program for the province since its inception in the late 1970's is shown by the graph in Figure 1. 
Fertilization carried out since 1980 has largely been accomplished through helicopter application. 

In the area of forest fertilization, it is worth looking at the accomplishments of Finland 
and Sweden compared to those in British Columbia.ln Finland, which has a forest land base of 
20 million ha, forest managers fertilized 200 000 ha annually for the period 1970 to 1975, and 
they are presently fertilizing 90 000-100 000 ha annually. Two-thirds of the fertilization is on 
private forest lands and one-third on state forest lands. Fifty percent of the fertilizer is applied 
to mineral soils and the other 50% to peatland soils. As well, 50% is applied by fixed wing and 
50% by helicopter and ground application methods. In Sweden, with a forest land base of 24 
million ha, forest managers have been fertilizing 130 000 ha annually by the following application 
methods: 24% by fixed wing; 68% by helicopter; and 8% by ground tractor. 

In British Columbia, the initial fertilization program was limited to Douglas-fir stands, as 
this was the timber type for which research data were available to justify an operational 
program. Both the B.C. Ministry of Forests' forest productivity plots and the Canadian Forest 
Service Shawnigan Lake plots provided the research data on which to base a fertilizer program. 

Unfortunately, the work of the Forest Productivity Committee in the 1970's was not 
extended to the interior of British Columbia and there has been a lack of growth and yield 
information on which to base operational fertilizer programs in that area. 

'NOW President, Pacific Regeneration Technologies Inc., Victoria, B.C. 



Initially, Alberta studied fertilization in lodgepole pine more thoroughly than did British 
Columbia, with a trial established at Hinton in early 1960 and a larger installation established in 
1972. 

Simpson Lumber, the forerunner of Crown Forest, established a trial in the Okanagan in 
1968 and Dr. Ballard carried out some foliar analysis work in the Interior in 1979. Dr. Weetman 
established lodgepole pine screening trials in 1980 which, I believe, was the beginning of the 
major research initiative on interior fertilization in British Columbia. Since that time, the interior 
research program has been increasingly expanded. 

With the advent of the Forest Resource Development Agreement in 1985, it was 
apparent that an operational fertilization program could be initiated in the Interior. In my opinion, 
the B.C. Forest Service took a very responsible position to the interior fertilization program.ln 
February 1986, a meeting of researchers and silviculturists was held in Kamloops, B.C., to 
review all available data on interior fertilization from British Columbia, Alberta, and the neigh- 
bouring states of Idaho and Washington. At this meeting, guidelines on selection of priorities for 
interior forest fertilization, based on the best data available, were established and agreed upon. 

Despite this sound approach to taking new directions, there was a fair amount of 
behind-the-scenes "bitching" over moving fertilization into the Interior: 

* Some researchers thought not enough research had been done. 

Coastal foresters thought interior fertilization was not a priority. 

Some interior foresters saw interior fertilization as a low priority silviculture activity. 

The interior fertilization program has been dispatched with a maximum of efficiency over 
the past two years. Our operational interior foresters and helicopter companies have developed 
the necessary expertise to apply fertilizer in the lnterior and we are already experiencing some 
excellent immediate growth responses. 

Forest fertilization in the lnterior also provides opportunities for increased growth rates at 
the time of planting and there is a very active group of researchers and operational staff working 
to produce sound operational procedures for this type of fertilization. 

Forest fertilization provides a number of important opportunities: 

1. It is an easy forestry operation to carry out because of its low labour requirement. 

2. It is a forestry activity that can be applied to help eliminate age class gaps in our 
allowable cuts. 

3. The yield increases are generally very good. 

I believe this conference will provide a significant update on fertilization of forest stands 
in British Columbia and will also continue to demonstrate the opportunities created by this 
important silviculture activity. 



Year 
FIGURE 1. Hectares fertilized in British Columbia and Finland, 1975-1 987. 



SESSION 1 WORKSHOP OVERVIEW 

KEYNOTE ADDRESS 

ASSESSING THE POTENTIAL FOR FOREST FERTILIZATION IN 
WESTERN FOREST MANAGEMENT 

John P. McMahon 
Vice-President, Timberlands 

Weyerhaeuser Company 
Tacoma, Washington 

1 INTRODUCTION 

Good morning ladies and gentlemen, and members of the committee who have organized 
this outstanding workshop. It is an honour for me to be invited to British Columbia to describe 
some of our company's experiences in putting forest fertilization into operational practice. 

When I was asked to participate in today's session, I was advised to approach this 
subject from the perspective of a private forest manager who must justify the investment in 
forest fertilization to a corporate Board of Directors. While this hasn't made the assignment 
easier, it is in fact the most realistic way to approach the subject, since the decision to fertilize 
is an investment decision, whether performed on private or public forest land, and the sharehold- 
ers and owners of the forest will expect to know the benefits that can be realized by the 
fertilization treatment in economic, as well as in biological terms. 

I will do my best this morning to try to state the case for forest fertilization as a sound 
silvicultural investment, not for every site or species or stand condition, but in enough situations 
that it warrants serious consideration by any forest manager responsible for achieving greater 
growth from a forest land base a land base that, particularly in the United States, is becoming 
increasingly subject to demands for non-timber uses. Consequently, today's forest manager 
must understand and be able to apply technologies such as fertilization that can produce more 
commercial timber from fewer hectares in the future. 

In trying to describe Weyerhaeuser Company's perspective on forest fertilization, I should 
first explain that we have been applying fertilizer to forests in the Douglas-fir region since 1966 
and, for most of that period, in our southeastern U.S. loblolly pine operations as well. We have 
made some refinements in both prescriptions and application techniques along the way, and we 
are still learning. Our fertilization program has always been closely linked to forestry research, 
and this is as true today as it was 20 years ago. We still don't know all that we need to know, 
particularly in regard to fertilization response in whitewood stands, or on arid or high elevation 
sites with shorter growing seasons, such as are found in the inland Northwest in the United 
States or in interior British Columbia. 



2 BACKGROUND 

With the approval of our Board of Directors, we initiated fertilization of Douglas-fir in 1966 
near Snoqualmie Falls, Washington, as one of the key elements of our High Yield Forestry 
program. At that time we had several years of research plot data that indicated a potential 
volume response of approximately 3m3/ha (45 ft3/ac per year) for urea fertilization in young-gro- 
wth Douglas-fir with a Site Index of 38 m, using King's (1966)' 50-year site classification. The 
prescription for the first operational project called for urea applied at a rate of 370 kg/ha (330 
Ib/ac) at 5-year intervals beginning at a stand age of 15 years. 

Our first fertilizer applications were made using a Bell G4 helicopter with a maximum 
fertilizer payload of about 250 kg (550 Ib). The urea fertilizer was delivered in bulk from a rail 
siding to the wood's heliports in gravel trucks with slip-on hoppers. Using this system, we 
fertilized 2630 ha (6498 ac) during 1966. In the following year, we began using military surplus 
Kaman H43 helicopters with a capacity of 680 kg (1500 Ib). By the end of 1969, we had 
fertilized over 27 770 ha (53 776 ac) including 4770 ha (1 1 787 ac), of our loblolly pine tree 
farms in the southeastern United States. 

The year 1969 marked one other milestone in western forestry. In that year, increasing 
interest in forest fertilization in the Douglas-fir region led to the formation of the Regional Forest 
Nutrition Research Program (RFNRP) at the University of Washington. The goal of the RFNRP 
was to conduct research and develop response data on a wide range of Douglas-fir and 
hemlock second-growth stands throughout western Washington and western Oregon, as an aid 
to forest fertilization decision-making. Since its early beginnings, the RFNRP has become the 
principal source of research data on fertilizer response in both Douglas-fir and hemlock in 
western Washington and western Oregon. 

Until the RFNRP developed better response data, we continued to use the 370 kg/ha 
(300 Ib/ac) application rate in the Douglas-fir region, but in our southern loblolly pine operations, 
the prescriptions were different, reflecting a wider variation in soil types and nutrient needs 
across our southern tree farms. 

In North Carolina, initial fertilization takes place immediately prior to planting when 45 
kg/ha (40 Ib/ac) of elemental phosphorous (P), in the form of triple superphosphate or rock 
phosphate, is incorporated in the planting beds. Later, after the first commercial thinning takes 
place at about age 15, we apply 224 kg/ha (200 Iblac) of elemental nitrogen (N), in the form of 
urea as a ground application using a conventional agricultural spreader. This is sometimes 
supplemented with phosphate fertilizer where bliar analysis indicates a P deficiency. Elsewhere 
in the south, our most common treatment in natural stands has been 224 kg/ha (200 Wac) of 
elemental N applied as urea by helicopter. 

In eastern Oregon near Klamath Falls, we began fertilization of natural stands of 20- to 
80-year-old ponderosa pine, lodgepole pine, interior Douglas-fir, and white fir in 1972. By 1980 
we had fertilized 38 853 ha (95 966 ac) in those timber types. We suspended fertilization in 
eastern Oregon after 1980 because of uncertainty reyrding the economics, but we had obtained 
a response in Periodic Annual Increment (PAI) of 1m /ha per year (14 ft3/ac per year) at the end 
of the first 5-year measurement period, on sites that would normally produce 4.2 m3/ha per year 
without fertilization. 

'King, J.E. 1966. Site index curves for Douglas-fir in the Pacific Northwest. Weyer- 
haeuser. For. Pap. No. 8. Weyerhaeuser For. Res. Cent., Centralia, Wash. 49 p. 

6 



After our first decade of experience, some significant changes took place in 1977 in 
aerial application methods. In that year, we acquired our first company-owned Bell 212 
helicopter, with a 1134 kg (2500 Ib) fertilizer-payload capability. This ship was acquired for 
firefighting and herbicide application, as well as for fertilization, but it enabled us to improve 
fertilizer application logistics significantly by allowing the use of the "big-bag" delivery system. 
The "big-bag" system consists of a 1134-kg (2500-lb) capacity, reusable polypropylene outer 
bag, with a disposable, waterproof polyethylene inner bag, both of which are preloaded at a 
railroad siding, and taken to the woods' heliport where they are then used to load the application 
bucket. Prepositioning of there loaded bags at the heliport has significantly reduced the cost of 
rail car demurrage, as well as the cycle time associated with the older bulk handling system. It 
also allows us to transport the bagged fertilizer to the woods during dry weather, saving both 
trucking and road maintenance costs. 

Using up to three company-owned Bell 212 helicopters during the 1 9 8 0 ' ~ ~  plus several 
contract helicopters, we, by the end of 1987, have applied fertilizer to a total of 1.04 million ha 
(2.57 million ac) of company-owned forest land. Approximately two-thirds of the total area 
treated, including repeat treatments, has been accomplished in the Douglas-fir region, with the 
balance located predominantly in North Carolina. This includes ground applications, and some 
repeat treatments (Figure 1). Up to four repeat applications at 5-year intervals have been 
accomplished on some sites in the Douglas-fir region (Figure 2). 

3 ECONOMIC JUSTIFICATION 

From the beginning of our implementation of fertilization in 1966, we have had a clear 
expectation of achieving a satisfactory return on this investment, based on producing an 
increased yield per acre at final harvest. We commonly use a discounted cash flow analysis to 
determine the increased Net Present Value (NPV) of the additional volume produced through 
fertilization. 

The following example illustrates how this approach can be applied to a tree farm or 
other defined managed forest area. We are analyzing a 9300-ha (23 000-ac) tree farm, 
consisting of 65% Douglas-fir stands, and with the forest inventory equally distributed between 
age classes less than 40 years, and over 40 years of age. We will assume no fertilizer 
response on whitewood stands, and will not fertilize mature stands within 5 years of harvest. 
For this economic analysis, it costs us $148/ha ($60/ac) for the fertilization treatment, and each 
cubic meter grown and harvested will have a stumpage value of $26 ($74/cunit2). 

Figure 3 shows the fertilization schedule for the first 60 years. We begin fertilizing the 
eligible pre-merchantable age classes of Douglas-fir immediately, and eventually reach the point 
where all hectares are being fertilized at 5-year intervals. 

Figure 4 shows the projected harvest level with and without fertilization. Beyond the year 
2030, the incremental annual harvest resulting from fertilization is 18 000 m3 (5654 cunits) per 
year, or a 16% increase over the unfertilized regime. In this example, with the expectation of 
an assured annual fertilization program, harvest levels can be increased by 7%, or 8000 m3 
(2827 cunits) per year immediately because we have an excess of mature timber inventory. In 
other words, the commitment to fertilize in the future enables us to take advantage of the 
allowable cut effect (ACE). 

2Cunit = 100 ft3 (2.831 6 m3) solid timber. 



Figure 5 shows the incremental costs and revenues resulting from fertilization, with the 
additional harvest volume valued at $26/m3 ($74/cunit), with no stumpage-price appreciation 
assumed. The net cash flow, which in our example is positive for the entire planning period 
because of the immediate increase in harvest level, is the difference between the additional 
revenue and the application cost. 

Finally, we can discount the cash flow stream and calculate the Net Present Value lift 
resulting from fertilization, using a range of discount rates and comparing the effects of two 
different stumpage-price-appreciation assumptions (Table 1). Our conclusion is that the 
fertilization investment is attractive, even if we require an 8% return on our invested capital, 
since we have a positive NPV at 8% when we assume no real appreciation in stumpage values. 
Average per-hectare NPV increases for the entire tree farm range from $179 to $774/ha 
depending on the capital cost and wood value assumption. 

While the total property simulation procedure is the process we normally use to analyze 
forest management alternatives, we also use single hectare analysis to assess the economics of 
silvicultural prescriptions. In this example (Figure 6), we can evaluate the cost of wood 
produced at harvest age from one fertilization treatment for a range of capital costs, and for a 
range of years between the fertilization treatment and final harvest. 

Here we can see that at a cost of $148/ha ($60/ac) for the fertilizer application, our final 
cost of the additional wood produced depends both on our capital cost requirement and on the 
interval between time of fertilization and time of final harvest. If we want to keep our wood cost 
below $26/m3 ($74/cunit), we must harvest within 18 years of the fertilization treatment at an 8% 
capital cost, or within 36 years of treatment at a 4% capital cost. Stated differently, if alternative 
sources of wood cost us more than $26/m3 ($74/cunit), we can produce an additional 20.5m3/ha 
(2.93 cunits/ac) from our existing land base at less cost, so long as we understand our capital 
cost requirement and the effect of the interval between time of treatment and time of final 
harvest. If we wait 40 years between treatment and harvest and want to earn a real 6% return 
on our investment, we would have to receive $80/m3 ($226/cunit) net of general inflation, which 
would require a 2.85% unique wood value appreciation rate. 

These examples illustrate the fact that fertilization can be a financially attractive means of 
increasing growth and yield from a finite forest area, or tree farm. The key requirements in 
making fertilization a successful investment are: 

1. having an understanding of expected growth response based on species, soil/site, 
and stand age; 

2. having a conviction about expected future stumpage value or cost, in relation to the 
current cost of the fertilizer application; and 

3. understanding the importance of the interval between time of initial application and 
time of final harvest in relation to the cost of capital required by a given company or 
public agency. 

4 CURRENT PRESCRIPTIONS 

Having described how we approach the economic justification, I would like to explain to 
you how the combined results of such economic analysis, together with a steadily expanding 
response data base developed both internally and through the RFNRP, have allowed us to 
refine our fertilizer prescriptions in recent years. 



In 1983, the RFNRP surveyed 25 co-operators, representing 75% of the forest land in 
Washington and Oregon. They reported a total of 1.26 million ha (3.1 1 million ac) fertilized or 
projected to be fertilized through 1987. This survey found that the general prescription used by 
the co-operators in fertilizing Douglas-fir stands called for applying 493 kglha (440 Iblac) or urea. 
Priority was given to fertilizing stands within 7-10 years of harvest, with decreasing priority 
placed on treatment of higher sites. Weyerhaeuser Company prescriptions generally follow 
these survey results. We do, however, impose an age restriction and limit fertilization to 
predominantly Douglas-fir stands between 20 and 60 years of age. Once a stand has been 
fertilized, repeat applications are made at 5-year intervals until 5 years before final harvest. 
Because of limited and variable response experience, we currently make no applications in 
hemlock species types. As I mentioned earlier, we are not fertilizing on our eastern Oregon tree 
farm, but are continuing to measure response, and are periodically reviewing the economics in 
the expectation of fertilizing there when our view of stumpage values in that region is more 
clear. 

5 FUTURE DIRECTION 

By now it should be apparent that the co-operative RFNRP at the University of Washingt- 
on has helped us immensely in refining our operational prescriptions in the Douglas-fir region. 
This has to be one of the outstanding success stories in co-operative university, state and 
federal government and private sector forestry research in the U.S. However, as productive as 
this effort has been, several aspects of forest fertilization still warrant further research, including: 

Development of methods to identify non-responsive sites and the causes of 
non-responsiveness. Approximately 30% of the regional plot installations have had 
no significant response to additional N, and further research to determine the soil, 
nutrient, or other environmental factors involved is desirable. 

Further determination of the effects of fertilization on wood quality characteristics, 
including branch size, specific gravity, and strength properties. Some research 
shows that wood quality changes can occur in fertilized conifer stands. 

Continuation of long-term studies of multiple fertilization treatments in second-growth 
stands and plantations. The RFNRP has maintained installations with two and three 
applications in natural stands, but more information is needed from plantations. 

More research into the factors which are limiting the response of hemlock to 
fertilization. Many of these need to be better understood, including whether hemlock 
may respond to nutrients other than N. 

Determination of the response of high-elevation true firs to fertilization. Above 1000 
m in western Washington, true fir species predominate and thus warrant further 
research as harvest and regeneration takes place in this species type. 

Formulation of nutrient prescriptions for genetically improved plantations. With the 
trend toward increasing use of first-generation improved Douglas-fir planting stock, 
genetic-fertilization interactions need to be investigated. This spring, 92% of our 
Douglas-fir sowing order for company regeneration will be provided from improved 
seed. 

More study into the effect on long-term site productivity resulting from repeated 
fertilization. Research reported in the late 1970's and early 1980's indicated that 



available N in the forest floor was increased and remained elevated following 
repeated fertilization. Studies to assess the impact of these preliminary results on 
long-term site productivity are needed. 

Extensive research into the whole subject of response to fertilization in the interior 
regions. Our experience in eastern Oregon shows that low sites with short growing 
seasons can respond. This should be the subject of co-operative research in years 
to come in the inland northwest of the United States and in interior British Columbia. 

6 SUMMARY 

In summary, at Weyerhaeuser Company we remain enthusiastic about the economic 
opportunity represented by forest fertilization. Biological response data that have been develop- 
ed over the past 25 years support the continuation of fertilization as an important part of 
intensive forest management in Douglas-fir and loblolly pine. The reduction of logging costs 
associated with larger stem sizes, and the opportunity to capture current and future stumpage 
value on increased volumes per hectare convince us that forest fertilization is a sound silvicul- 
tural investment on appropriate sites, and that it provides a means of improving growth and yield 
in an increasingly constrained timber supply environment. I hope that some of our experience 
will be of value to you as you consider the role of forest fertilization in British Columbia. Thank 
you. 



TABLE 1. A Douglas-fir region example of total property financial summarya 

Capital cost (%) 
("A) 

Unique stumpage 6 
appreciation at 0% 

8 

Unique stumpage 6 
appreciation at 1 % 

8 

Total unit NPV increase 
NPV increase per hectare 

($1 ($1 

'Net present value increase from fertilization program. 



Phousand Hectares) 

Other South 

Douglas-Fir Region 

Total - 1 041.0 M Hectares (2 571.3 M Acres) 

FIGURE 1. Weyerhaeuser forest fertilization, total area treated. 

Applications (M Hectares) 

Tobl: 669.1 M Hectares (1 652.8 M Acres) Treated 

FIGURE 2. Weyerhaeuser forest fertilization, Douglas-fir region. 
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Hectares Treated /Year 

Year of Treatment 

FIGURE 3. A Douglas-fir region fertilization example showing fertilization treatment schedule. 

Hararest Level 
(M m3/year) With Ferlillzallon 

Without Ferlilization 

FIGURE 4. A Douglas-fir region fertilization example showing projected harvest levels. 



Incremental Revenues 
I 

Incremental 
Net Cash Flow (M $US.) 

FIGURE 5. A Douglas-fir region fertilization example cash flow analysis (no stumpage value 
appreciation). 

Cost of Capital 

Years Between Treatment and M ~ M @ S ~  

FIGURE 6. Compounded cost of wood produced by one fertilizaton treatment, Douglas-fir single 
acre example. 
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I have been asked to tell you about forest fertilization in Sweden. In my country, 
fertilization is part of a forest management program that supplies the raw material for a strongly 
export-oriented wood-processing industry. That industry has many features in common with 
what you have here in British Columbia. We manufacture large quantities of paper pulp, we 
make newsprint and liner, we have a large production of sawn timber, and so on. Most of our 
raw material consists of pine and spruce. 

Although there are many similarities between the biological conditions for forestry in 
Sweden and here in British Columbia, there are also considerable differences in terms of 
practical operations. Forest fertilization has been one of our recognized production factors for 
more than 20 years. The purpose of this meeting is to discuss the prospects for wider use of 
fertilization. We have already covered some aspects of that subject today, and we shall cover 
more tomorrow, so I shall not go into the details of how we fertilize our forests in Sweden now, 
though I shall be glad to do so in the course of our discussions later if anyone is interested. 
Instead, I would like to tell you about some of the things that prompted us in Sweden to develop 
the extensive fertilization programs we have today. I would like to raise some points of a more 
general nature that are worth considering and taking into account, now that you too, as I 
understand it, are about to move on to the more intensive kind of forest management where 
fertilization has its place. 

But first, let me say a few words about Sweden. The environment in which we live there 
resembles in many ways the environment in large areas of British Columbia. There are 
similarities in how society at large operates, in our way of life, and in our standard of living. 
There are similarities in topography and climate, too, though I must confess that you have a 
considerable edge over us when it comes to the sheer grandeur of nature. We do not, except 
in some limited regions, have the lofty glaciated mountain chains so characteristic of your 
landscape. We have nothing like your rain-drenched coastal forests with their gigantic trees and 
superb growth conditions. Nor do we have any counterpart of the dry valleys in the south of 
British Columbia. But much of Sweden is very like the interior wooded regions of your province, 
and conditions in the far north of Sweden are reminiscent of some parts of the Yukon. 

Extensive pine and spruce forests, mountains and lakes are the dominant features of the 
Swedish landscape. In addition, we have excellent farmland that supplies us 8 million Swedes 
with much more food than we can eat. We have the same problem of farm surpluses that 
bedevils so many other economies in the western world. 

Sweden's prosperity, like that of British Columbia, is supported to a high degree by 
forests and their products, And there, as here, the initial and dominant phase of forest 



management is the business of exploiting virgin forest. That exploitation began less than 150 
years ago, when the industrialization of Europe created a growing demand for sawn timber. 
Here in British Columbia that kind of forestry started about half a century later than in Sweden, 
so the forest provided free of charge by nature has lasted longer here. 

For us in Sweden, the 1940's in particular were a time of turmoil. It was then that a 
drastic revision of our principles of forest management took place. We were forced to take 
active steps to safeguard the survival of our forests and guide their development in the right 
direction, in order to create new timber resources to make up for what we were cutting down. 

One of the consequences of that change was that we started supplying extra nourish- 
ment to older and middle-aged forests. This began on an experimental scale in the 1950's, and 
has now been practised on an extensive scale for more than 20 years. Forest fertilization is 
very important to some Swedish forest owners. In my own company, SCA, fertilization has 
enabled us over the years to harvest extra wood to supply the needs of our mills for almost 2 
years. In Sweden as a whole, fertilization has hitherto given industry extra supplies of wood 
sufficient for production of 3 million tons of newsprint, plus 2 million tons of bleached sulphate 
pulp and an additional 6 million m3 of sawn timber. The export value of this mix at present-day 
prices is something like $5 billion Canadian. 

Thus it was that the critically depleted state of Sweden's forests, a consequence of over 
exploitation of virgin forest, compelled us less than half a century ago to start treating our 
woodlands as a biological production resource instead of simply as a stockpile of timber. The 
situation demanded a huge effort to restore deforested land. Hearing some of the issues being 
debated in Canada now is like rereading the history of the Swedish forests from those days. 

Over the past 40 years in Sweden we have planted trees on about 40% of our forest 
land. Most of the plantations are conifers, particularly pine and spruce. The rest of our 
standing forests today, the old and the middle-aged ones, are remnants of the age of exploita- 
tion. Thanks to the healing powers of nature, assisted by thinning and to some extent by 
fertilization, the vitality and quality of these older forests are also largely satisfactory today. The 
increment and timber volume of the Swedish forests are increasing rapidly-indeed they have 
never been greater than they are now. In fact, the big inventory of wood has in its way become 
something of a national problem, but that is another story. 

Increment and age distribution, together with future production targets, are decisive 
factors in determining the size and nature of the output in the new phase of forest output 
management. Measures that give a higher increment should, of course, make it possible to 
harvest more wood sooner or later. We have found by experience that the new forests resulting 
from a planned program of soil preparation, planting, clearing, and so on, have given production 
results that have exceeded our initial expectations by a wide margin, and I am sure that you will 
find the same thing happening here in British Columbia. 

However, a sizeable gap of some 40 or 50 years has arisen between what is left of our 
original forest resources and the newly created ones. There are therefore problems involved in 
trying to run a long-term program of forest management to meet a demand for sustained yield 
where area conditions differ widely between stands of different ages. The situation here in 
British Columbia is fairly similar. 

In Sweden, there are wood-processing companies which also own large areas of 
woodland, and SCA is one of them. Our projections and analyses warned us at an early stage 
that in the future we would have problems with the age structure of our forests, and that we 
would have to try to find ways to alleviate those problems. In the fifties we started experiment- 
ing with various fertilizers, doses, methods of application, and so on, and found that our forests 



responded very favourably to nitrogen as fertilization. We got the best results with ready-grown 
middle-aged and older forest, whereas fertilization of young stands was pointless. 

But the question was how we ought to dimension our fertilization program, and how we 
were going to justify it in economic terms. What we had to do was to raise our sights and 
consider the forests as a total resource instead of thinking in terms of individual stands, as 
economists were apt to do in those days. Forest fertilization had to be regarded primarily as a 
means of enhancing the total increment of the forest; the secondary issue was then to decide 
which parts of the forest ought to be fertilized in order to achieve the large-scale effect we 
wanted in the most profitable way. In our case, we found that the new and improved increment 
situation brought about by a continuous supply of nourishment would permit an immediate 
increase in timber output without endangering long-term production targets. So we tested 
various fertilization programs iteratively and checked them against effects in the form of 
increased outflow of wood from the forests. We were able to determine the profitability and 
optimum scope of the operation. 

Our calculations showed that with fertilization we could release large extra volumes of 
wood from our own forests at favourable prices. Ever since the 1960's we have been fertilizing 
20 000 ha of forest annually. Our harvest of wood in that time has been 10% higher than what 
would have been possible without fertilization. At present, forest fertilization is giving us a net 
annual savings of about $7 million Canadian through our not having to pay outside suppliers for 
the extra wood we get by fertilization. 

The reasoning by which we justified our fertilizing operations was quickly accepted by 
other forest-owning companies; and that, in a nut shell, is the history of how forest fertilization in 
Sweden took shape over 20 years ago. Since then, fertilization has been applied mainly to 
forests owned and harvested by companies with wood-processing industries of their own, though 
it is also practised on a large scale in State-owned forests, and to a lesser extent, by private 
landowners who sell wood to industry. 

Fertilization, however, is not a cheap operation. The current cost is about $210 
Canadian per hectare, and that cost must be covered by the added value from increased felling. 
The fact that forest fertilization is a sound economic proposition in Sweden therefore suggests 
the conclusion that timber on the stump commands high prices. And such is indeed the case; 
the price level is much higher in Sweden than in Canada. 

There are several reasons for our high timber prices. We have a variegated ownership 
structure; there are large companies that own forests and use the wood in their own mills. The 
State also owns a lot of forests and sells the wood to industry. The majority of Sweden's 
forests, however, are in the hands of small private owners. So, we have an extensive timber 
trade with prices controlled by market forces. About 57 million m3 of timber are sold annually to 
a value of $5 billion. 

The timber trade is undoubtedly one of the reasons why our prices are so high. But 
another reason, at least as important, is the new era of forest management. The forests and 
their owners need to survive if the industry is to be sure of getting its raw material supplies in 
future, and this sets a lower limit to wood prices. Silviculture is expensive. For example, SCA, 
is spending $1 1 Canadian on silviculture per cubic metre cut, of which $1.50 Canadian is spent 
on fertilization. More than a third of all the work we do in our forests, including logging and 
transportation, is devoted to things such as seedling production, planting and clearing. Most of 
our workforce spends most of its time on silviculture work during the 6 months of the year when 
the ground is free of snow. Very few Swedish forest managers 40 or 50 years age could have 
seen such a massive redeployment of resources from logging to silviculture, and possibly many 



of those present here today doubt whether such a thing could happen in British Columbia. But 
the day will come, believe me! 

But how, you may ask, does the industry manage to live with the economic burden of 
higher timber prices? The answer is that the wood processing has gradually had to adapt itself 
to new realities. Wood processing in Sweden today is a stable and reasonably profitable 
industry which, in many cases, goes in for a high degree of forward integration. The Canadian 
industry is also moving in the same direction, but the process is farther advanced in Sweden. 
For example, SCA, not only manufactures paper and paperboard, but it is also a large-scale 
producer of wood fibre-based hygiene products such as tissues, diapers, and sanitary towels, 
which are manufactured and sold in a large number of countries. We convert nearly all our 
wood fibre into value-added manufactured products. 

Forest fertilization as an aid to wood production must, then, be viewed against this 
background. A wood-processing company in Sweden can usually obtain some of its raw 
material from its own forests, but it will also have to buy substantial amounts of wood on the 
open market or on the stump. Home-grown wood is nearly always cheapest; and although 
fertilization adds to the cost, it can still be an advantageous alternative to buying wood from 
outside sources. 

The fertilization equation is different, of course, from the point of view of the forest owner 
who sells his timber. The price it fetches must cover the cost of fertilization and still produce a 
profit. Pulpwood and saw timber are sold separately in Sweden, and saw timber is more 
profitable for the seller. It can therefore be to his advantage to fertilize stands that contain or 
will contain-wood quality timber. The beauty of forest fertilization is that the extra yield is 
produced just where the fertilizer is spread, so a forest owner can use it to effect a quicker 
transfer of growing stock to those parts of his forest that give the best yield in terms of volume 
and quality. He can log off the inferior parts of his forest, and invest some of the proceeds in 
fertilizing the superior parts. 

I have tried to describe that circumistances that led to the growth of forest fertilization in 
Sweden. Let me recapitulate: 

1. Industry owns forests and uses the output in its own mills. 

2. We have a flourishing timber market, where sellers try to get the highest possible 
price from industry. 

3. Our forestry operations are relatively expensive and can only be viable if they cover 
costs and give a return on tied-up capital. 

The situation is different in some respects to what it is here in British Columbia. But 
there can be no doubt that forest management here is slowly but surely moving into a more 
intensive phase similar to the present one in Sweden. Against this background I have formu- 
lated some postulates regarding the basic conditions for forest fertilization, which I believe are 
just as valid here in British Columbia as they are in Sweden: 

1. Forest fertilization is "buying timber on the stump". Whoever benefits from it should 
also pay for it. 

2. Forest fertilization should be integrated into an overall plan for long-term utilization 
of forest resources. So, whoever plans to benefit from it must have long-term 
security tenure. 



3. Forest fertilization can be justified on economic grounds: 

for forest owners who sell timber, if it results in production of additional timber 
at a cost (including the cost of fertilization) which is lower than the selling 
value of the timber; and 

for forest owners who also operate wood-processing industries, if it improves 
the industry's raw material supply position at a cost (including the cost of 
fertilization) which permits profitable production; or if it permits harvesting of 
quantities of timber which, allowing for the cost of fertilization, are cheaper and 
can therefore do away with the need to obtain timber from other, more 
expensive, sources. 

Postulates (1) and (2) involve no problems for the owner who manages his own forests, 
for it is he himself who bears the economic responsibility. That is the way things are in 
Sweden. The Canadian system of leasing forests could, I think, be an obstacle to fertilization, 
at least the way leaseholds have been handled previously. A forest owner who wants to fertilize 
his leasehold and otherwise manage the forest in a responsible manner must be guaranteed a 
very large measure of security. He must have the right to the extra volume he creates. 

As regards postulate (3), the economic motives for fertilization, the situation for forest 
owners who produce wood exclusively for sale is not the same as for timber-buying industries 
who are also forest owners. Fertilization can be a very attractive proposition for Swedish forest 
owners who sell their timber, in view of the level of prices there. Private ownership of forests is 
not as common in British Columbia, although some privatization is now taking place, so I shall 
refrain from making any judgements about the pros and cons of fertilization for that category of 
owner. 

As I have told you, Swedish companies which own both forests and wood-processing 
industries regard fertilization as highly profitable. In particular, they use it so that they can buy 
extra wood on their own land instead of buying more expensive wood from somebody else's 
land. The fact that we are gathered here to discuss forest fertilization can be taken as an 
indication that the same situation can be envisaged here too. If the distance that wood must be 
hauled to existing mills has grown progressively longer with time, the prospect of being able to 
generate raw material closer to hand by fertilization may seem desirable. It may also be 
desirable to broaden the whole base of wood supplies by fertilizing in areas where forests have 
been exploited too hard. 

So far I have described forest fertilization in Sweden as a successful operation. In 
fairness, I ought also to mention some problems connected with it. These problems have 
mainly to do with the environmental effects, actual or supposed, of forest fertilization, especially 
against the background of the wider scenario of environmental pollution now unfolding in Europe. 

Innumerable studies have been made in Sweden over the years to establish the effects 
of forest fertilization on soil and water. I think I can say that we now know quite a lot about the 
situation in this respect. The methods and the fertilizers used in practical forest fertilization 
programs are acceptable under most conditions as an isolated phenomenon. However, winds 
blow over Sweden carrying pollutants from Central Europe which are mixed with our own 
domestic ones. The levels of sulphur (S) and nitrogen (N) affecting the forests in southern 
Sweden are now too high for comfort. In some parts of the country, for example, so much N 
has been deposited that excess nitrates are starting to leak out into the ground water. 

Nitrogen fertilization is meaningless in such conditions, and forest fertilization has 
therefore been discontinued in those regions. Fortunately, the air is less polluted farther north, 



where fertilization is still proceeding normally; but even there the situation has affected fertiliza- 
tion in some respects. There is a theory-never actually proven-that pure ammonium nitrate, 
the most widely used fertilizer for many years, has a slight tendency to acidify the soil. It is 
now being replaced by fertilizers containing calcium. 

In view of the problem of acidification, there has also been discussion of the possibility of 
using new fertilizers that would actually make the soil more alkaline, although no feasible 
alternative has yet been found as far as I know. 

I gather that you do not have any serious problems of that kind in British Columbia. Nor 
are you likely to have any if you manage your forests and your environment in a far-sighted 
way, and learn from the mistakes of us Europeans. You have a long way to go before 
industrial smoke from Japan and China blows over here in such quantities as to endanger your 
forests. 

The transition to biologically oriented intensive forest management is a laborious process 
for both industrialists and foresters. The rules of the game of wood production and wood 
processing need to be revised to match the new phase. The new style of forest management 
can, of course, take different forms, and its intensity may vary according to prevailing conditions. 
But one feature of the new phase must always be that a sizeable proportion of the added value 
generated by the forest through wood processing is reinvested in measures for maintenance, 
regeneration and improvement. Biologically oriented operations will assume increasing impor- 
tance alongside logging. 

It has been my privilege to be one of those who have been able to influence the 
development of forest management in Sweden. It has been a fascinating experience. Great 
changes for the better have taken place, but much remains to be done. The extensive planting 
of new forests in Sweden over the past 40 years has triggered growth forces of a magnitude far 
greater than we could imagine at the outset. At the same time, many of our older forests have 
been revitalized more and more. Fertilization has played its part in that process, and the forest 
environment as a whole has improved out of all recognition in most respects. I sometimes wish 
I could live my life over again as an active forest manager, and live it here in British Columbia. 
With the conditions you have here, you can do great things. 
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SUMMARY 

Thirteen mineral nutrients are commonly considered essential for the growth of trees. All 
of these are equally important. A nutrient deficiency in a tree can be inferred when growth is 
improved by the introduction of more of the nutrient into the tree. Special fertilizer trials 
rigorously proving deficiency in this way can be used for calibrating deficiency diagnoses inferred 
by other methods, such as visual symptoms, soil analysis, and foliar analysis. Visual symptoms 
tend to be less sensitive and more ambiguous than other diagnostic methods. Toxicities, which 
may involve non-nutrient elements as well as nutrients, are another important consideration in 
tree nutrition. 

Estimating the quantitative nutrient requirements of forest stands is problematic. If one 
nutrient is growth-limiting, it is likely that other nutrients have been taken up in excess of current 
requirements. If the growth limitation is relieved, the demand for all nutrients increases. Soil 
physical conditions strongly influence nutrition and growth. 

Important soil properties influencing the forms, availability, and amounts of nutrient 
elements include aeration, texture, pH and mineralogy. Such properties are readily evaluated in 
the field, but their effects are interpretable mostly in qualitative terms. Mycorrhizae may affect 
several nutrients, and are often crucial for phosphorus nutrition of trees. 

Timber harvesting, slashburning, mechanical site preparation, and even biocide application 
can influence tree nutrition. Fertilization may influence nutrition, not only by supplying a deficient 
nutrient, but by affecting other nutrients through such processes as mass ion effect and colloid 
dispersion. 

An overview of tree nutrition is necessarily superficial. Understanding detailed mech- 
anisms and relationships demands time-consuming study, yielding information and concepts 
useful in management decision-making. 

An effective forest fertilizer prescription requires diagnosis of nutritional problems and 
understanding of site processes affecting stand nutrition. Without these, a fertilizer prescription 
may lead to uneconomic or even negative responses. 



The objective of this paper is to provide an overview of nutrients and nutrient processes, 
and so identify some considerations which may be useful in nutritional evaluation of forest sites, 
stands and management practices. The references cited do not represent an exhaustive review; 
rather they indicate sources where more detailed treatment of individual topics can be found. 

2 NUTRIENTS REQUIRED FOR TREE GROWTH: TOXIC ELEMENTS 

Table 1 lists the 13 mineral nutrient elements commonly considered essential for the 
growth of trees, and indicates some of the functions of these nutrients. Although a review 
(Mortvedt et a/. 1972) found that the only known enzymatic function of molybdenum (Mo) in 
plants is in nitrate reductase, it noted that Mo appears to be needed even by plants which use 
only ammonium as a nitrogen (N) source. (Molybdenum is also needed by nitrogen-fixing 
symbionts in root nodules of most legumes, alder, Shepherdia, Ceanothus, etc.) Boron (0 )  is 
another element for which the precise role is not yet well known, although essentialness of B 
and its importance for normal plant tissue development are clear. 

Some nutrients are needed in larger amounts than others. Some are also more commonly 
growth-limiting than others. However, essential nutrient elements cannot be ranked in terms of 
relative importance for tree growth: all are equally essential. 

Although rigorous tests have not been done with all species, most researchers agree that 
the elements listed in Table 1 are needed by all plants. Some elements not listed in Table 1 
may also be important in a few plants. For example, cobalt (Co) is required by the Rhizobium 
bacteria responsible for symbiotic nitrogen fixation in root nodules of legumes. Silica (Si) is 
required by some members of the grass family. Some additional nutrient requirements may not 
yet have been identified. A requirement is difficult to demonstrate in the case of elements that 
are normally very hard to remove completely from an experimental environment. 

Nutrients and several non-nutrient elements may be detrimental to plants if present at 
extremely high concentrations. Some toxicities suspected in plants of uncontaminated environ- 
ments in British Columbia include aluminum (Al), arsenic (As), chromium (Cr), copper (Cu), 
nickel (Ni), and thallium (TI) (Table 2). Contamination from smelters or other sources sometimes 
raises concerns about other elements, too. Many of the natural toxicity problems are associated 
with specific minerals or mineral assemblages in specific parent materials; however, high levels 
of Al in plant tissue occur on acid soils derived from a wide range of materials. 

3 NUTRIENT DEFICIENCIES AND THEIR DIAGNOSIS 

The existence of a nutrient deficiency can be proved by demonstrating that putting more of 
the nutrient into the plant results in a statistically verified growth increase, if one can show that 
the growth response is not due to some secondary effect (e.g., a pH effect) of the treatment. 
Ordinary fertilizer trials seldom provide rigorous proof of nutrient deficiency, because they lack 
the design features necessary to reject hypotheses of secondary effects. 

Special fertilizer trials to test for nutrient deficiency are not always conclusive, for various 
reasons. The investigator, for instance, might not have selected the most sensitive measure of 
response. (Response of height growth, diameter growth, or even foliar biomass may be 
measured, but these are not always strongly correlated with each other.) The variability of 
trees, microsites, and fertilizer application rates within study plots, as well as imperfect accuracy 



and precision of biometric procedures, sometimes makes it difficult to detect response or to 
confirm it with statistical confidence. 

The special fertilizer trials necessary to obtain proof of deficiency are not always ap- 
propriate, for one or more reasons: cost; the time required to detect a response; and the stand 
and site disturbance involved. Nutrient deficiencies are commonly inferred from results obtained 
with quicker, cheaper methods that involve less disturbance, relying on diagnostic inferences 
calibrated elsewhere by means of fertilizer trials. These alternative methods (e.g., check for 
visual symptoms, tissue foliar analysis, and soil analysis) offer presumptive 
evidence--not proof-f deficiency. 

Visual symptoms (Table 3) are sometimes useful indicators of deficiencies, but often 
unreliable. Although some deficiencies have relatively unique symptoms, several are charac- 
terized by general chlorosis (yellowing) of foliage, which could also result from drought stress or 
some other non-nutritional problems. Inferences about multiple nutritional problems are 
especially problematic; and visual symptoms are almost never useful indicators of marginal 
nutrient status. However, visual evidence, if present, is immediately available and costs nothing 
to evaluate. Thus, despite their limitations, visual symptoms can be useful, sometimes providing 
the first indication that there may be a stand nutrition problem. 

Foliar analysis is a diagnostic tool commonly employed for quantitatively evaluating forest 
stand nutrient status. Its expense can usually be justified only where management decision- 
-making will depend on the result. The precision and reliability of foliar analysis interpretations 
vary among nutrients and among species. Because not all foliar nutrient interpretations have 
been calibrated for all species of interest, diagnoses for one or more nutrients usually must be 
based on extrapolations from other species. A deficiency interpretation may be based on a 
measured nutrient concentration being low relative to a "critical level"; such an interpretation may 
be unreliable i f  more than one nutrient is at substantially sub-optimal levels. Alternatively, 
deficiency interpretations may be based on the relationship between measured and optimum 
nutrient ratios; such an approach may examine individual nutrient pairs (e.g., NISI ZnIP), or use 
an elaborate examination of multiple nutrient pairs (e.g., "DRIS" analysis [Beaufils 19731). A 
serious limitation of DRlS application in British Columbia is the lack of reliable optimum nutrient 
ratio data for most nutrient pairs in nearly all tree species. 

In foliar analysis, an important consideration is that the sampling criteria to be used should 
correspond closely to those which were used when the interpretations to be applied were 
calibrated. Sampling criteria and interpretations for several British Columbia conifers have been 
presented in a review by Ballard and Carter (1986). In recent years, interpretations of foliar 
analysis data have become easier, faster, and more consistent through the use of computer 
programs for deficiency diagnosis. Letzsch and Sumner (1983), for example, describe a DRlS 
program. Programs for evaluating foliar nutrient concentrations and some ratios in British 
Columbia conifers include FNA (Ballard and Carter 1986) and DIAGFOLI.' These programs, 
usable with desktop microcomputers, can display and print comprehensive diagnostic evaluations 
for stand foliage data, by species. 

Comprehensive soil chemical analysis is less reliable than foliar analysis as a method of 
diagnosing deficiencies of most nutrients in forests (Ballard and Carter 1986). There are several 
reasons: dissimilar kinds of soils may require different calibration studies; data From dissimilar 
horizons are difficult to integrate for whole-soil interpretations; interpretation of results from soil 
analysis for some elements is problematic; several methods are useful only for certain kinds of 

'Ballard, T.M. 1987. DIAGFOLI, a computer program for interpreting bliar analysis data. 
Univ. B.C., Dep. Soil Sci., Vancouver, B.C. Unpublished. 



soils; variation of soil physical conditions can affect nutritional interpretation of soil chemical 
data; and different tree species may respond differently to the same soil conditions. The cost of 
replicated sampling, sample preparation, and analysis is often higher for soils than for foliage. 
In some cases, however, the most likely deficiency involves a nutrient which can be effectively 
evaluated by soil analysis at reasonably low cost. An example is soil mineralizable N analysis, 
often used in the coastal Douglas-fir region for assessing N deficiency and for estimating the 
likelihood of obtaining a large growth response to N fertilizer application. 

Inexpensive field characterization of soils can be useful for diagnosing, understanding or 
correcting nutritional problems. For example, the presence of ultramafic parent materials 
suggests a possibility of Ni or Cr toxicity; high soil pH suggests a possibility of Fe deficiency. 

4 NUTRIENT REQUIREMENTS AND NUTRIENT UPTAKE 
OF BRITISH COLUMBIA CONIFERS 

The quantitative nutrient requirement of a tree or a stand is satisfied by a nutrient supply 
just large enough to avoid deficiency. The requirement for nutrients increases with increasing 
growth rate. Consequently, relief of a non-nutritional limiting factor (e.g., soil temperature or soil 
moisture) will increase a tree's nutrient requirement. Similarly, the relief of one nutritional limiting 
factor (e.g., N deficiency) increases the requirement for other nutrients. Where growth is not 
nutrient-limited, nutrient uptake nearly always exceeds requirements. 

For these reasons the nutrient requirements of British Columbia conifers are not known 
and are difficult or impossible to determine. Even if determined for one site, they would not 
necessarily be relevant for another. 

Nevertheless, nutrient uptake can be estimated. One can calculate net nutrient uptake 
(represented by nutrient amounts contained in stand biomass), and estimate gross nutrient 
uptake (which equals the net uptake plus whatever is lost by such processes as crown wash, 
stem flow, and litterfall). Gross nutrient uptake rates are useful, because they indicate the 
amount of nutrient being taken up in available form from the soil each year. Cumulative net 
uptake data are useful, because they represent the nutrient amounts removed from the soil over 
the past life of the stand. 

Young et a/. (1965) published tables of nutrient content in trees of various height and 
diameter classes for seven eastern tree species. With these tables, a user could estimate 
nutrient amounts in standing biomass of stands characterized by various tree size distributions. 
Although British Columbia species are mostly unrepresented among Young et al.'s data, the 
tables have been used to make estimates based on extrapolations between similar species (e.g., 
using red spruce data for white spruce; eastern hemlock data for western hemlock; balsam fir 
data for subalpine fir; etc.). Biomass nutrient data (not necessarily tabulated by tree height and 
size class) have been collected for some stands in British Columbia. 

Gross nutrient uptake rates have been estimated for only a few sites, because of the time, 
expense and difficulty involved in measuring losses. Such estimates should not be considered 
highly accurate, because nutrient loss via root sloughing has seldom, if ever, been estimated, 
and because a calculation of current net nutrient uptake rate involves some assumptions which 
usually cannot be validated. Cole et a/. (1967) measured nutrient cycling in a 35-year-old 
Douglas-fir stand (100-year site index: 40 m). The stand had accumulated about 205 tonnes of 
dry biomass (172 tonnes of above-ground biomass)in 35 years. Cole et a/. (1967) estimated 
that for N, P, K and Ca, gross annual uptake at age 35 amounted to 38.3, 7.2, 29.4 and 24.4 
kglha, respectively. Net annual uptake values were 23.5, 6.6, 14.4 and 8.7 kgha, respectively. 



Since the stand was N-deficient, the measured N uptake data probably represent the N supply 
necessary to sustain the observed growth rate. 

5 AVAILABLE NUTRIENT FORMS AND THEIR UPTAKE BY TREES 

What nutrient forms are available to trees? What processes influence the amounts of 
these available forms? What factors influence the actual uptake of these forms? 

5.1 Available Nutrient Forms 

The nutrient elements are available to plants mostly in the forms listed in Table 4. Most 
nutrients are taken up as ions, and are more concentrated in the plant cell than in the soil 
solution. The cell membrane acts as a barrier to the ions but an active uptake mechanism, 
fuelled by metabolic energy, can take ions in across the membrane. Some ionic forms are 
taken up in small amounts simply because they are not abundant at normal soil pH; examples 
are the trivalent phosphate ion (PO:-) and the monovalent bisulphate ion (HSO;). Small, 
un-ionized, nutrient-containing molecules may be able to diffuse across cell membranes, 
obviating the ion carrier system. For this reason, undissociated boric acid (which dominates the 
borate fraction at ordinary soil pH) is listed as an important nutrient form. Free ammonia [NH,] 
can also diffuse across membranes, but at the pH of most forest soils, it is not abundant 
enough to be quantitatively significant for N uptake. 

5.2 Properlies and Processes influencing the Amounts of Available Nutrient Forms 

Release of available nutrients by weathering occurs at the surfaces of mineral particles. 
Coarse-textured soils have relatively small particle surface area in comparison to fine-textured 
soils. This is one reason why silty soils are often more productive than sandy soils, even if the 
total content of nutrient elements is not necessarily higher. Of course, sandy soils are often 
dominated by quartz, so that mineralogy as well as specific surface may be more favourable for 
plant nutrition in many finer-textured soils. 

In the case of N, several biochemical processes influence the amount of available NH,' 
and NO; in the soil (Figure 1). Several non-biological processes (Table 5) also affect the soil N 
status. Like N, S is subject to several biochemical processes (Figure 2). 

Oxidation and reduction of Fe and Mn are affected by soil aeration and pH (Figure 3); the 
oxidized forms of these metals tend to be unavailable because they form insoluble precipitates. 
However, oxidized Fe can form complexes with "siderophore" molecules produced by certain soil 
microbes; in complexed form it can be transported to tree roots. The relative positions of the 
boundaries in Figure 3 help explain why Fe deficiency is more common than Mn deficiency. 
Very high pH and good soil aeration can cause Mn deficiency; high soil pH can cause Fe 
deficiency, sometimes even in poorly aerated soils. 

Some pH effects on availability of nutrients and toxic elements are summarized in Table 6. 
After chemical equilibration, soil phosphate is not very soluble at any pt4, but it is most soluble 
at about pH 5.5-6.5. At lower pH it forms Fe and Al phosphates, and at higher pH it forms Ca 
phosphates, none of which is very soluble. Molybdate reacts very much like phosphate, except 
that Ca molybdates are fairly soluble. Consequently, Mo is more available at high pH than at 
low pH. Most of the micronutrient metals are most available at low pH (zinc and Cu, for 
example, tend to form hydroxide precipitates at high pH). Release of nutrients from primary 
minerals by chemical weathering tends to be enhanced by low pH, replenishing nutrients in 
solution and on ion exchange sites in the soil. (High temperature and moderate to high soil 



moisture content also enhance chemical weathering.) The solubility (and hence the toxicity) of 
Al tends to increase with decreasing pH. 

Mineralization (the release of nutrients from organic matter) and nitrification (the conversion 
of NH,' to NO,.) are usually most rapid near neutral pH. At high soil pH, NH,' is converted to 
NH,. Ammonia is subject to volatilization loss, but while it is present in the soil solution, it may 
diffuse across the cell membrane, and become converted to NH,' inside the cell, where pH is 
lower. This tends to raise the cell pH. If NH, is very concentrated in the soil solution (for 
example, because of recent application of much urea fertilizer), NH, uptake may be enough to 
cause a large change in cell pH, impairing physiological processes and reducing growth. This is 
the mechanism of ammonia toxicity. 

Boron availability to plants is often said to be higher at lower pH levels. This generaliza- 
tion may have been based on the common (but not invariable) observation of reduced B uptake 
where liming has been carried out. 

5.3 Other Factors Influencing Nutrient Uptake 

Without favourable soil physical conditions, tree nutrition will be limited. Physical 
conditions are of such overriding importance that plant nutrition and growth are not always well 
correlated with soil chemical properties. The energy for active uptake of nutrients is made 
available by aerobic respiration of carbohydrates in the roots. Respiration rate is enhanced by 
favourable soil temperatures and a high concentration of oxygen in the soil atmosphere. 
Diffusion and mass flow are responsible for transporting dissolved nutrients to tree roots (or to 
hyphae of the trees' mycorrhizal fungi). Both of these transport processes are enhanced by 
high soil temperature, as well as by high soil water content, which provides more conductive 
cross-section and a more direct transport pathway. Tree nutrition is thus favoured by warm, 
moist, but well-aerated, soils. 

Mycorrhizal fungi also affect tree nutrition. Members of the Pinaceae, Salicaceae, 
Fagaceae, and Betulaceae and a few other families can have ectomycorrhizae (Molina 1977), 
which usually enhance uptake of P, N, K and some other nutrients. Thuja, Chamaecyparis, and 
most (but not all) angiosperms can have endomycorrhizae, which usually enhance uptake of P 
and some micronutrients. In natural stands, the major nutritional effect of mycorrhizae is 
enhancement of the host's P uptake, also partly because the hyphae exploit nutrients which the 
roots cannot reach; partly because fungal acid exudates may solubilize some inorganic 
phosphates; but also partly because fungal phosphatase enzymes enable the mycorrhizae to use 
organic phosphates inaccessible to uninfected trees. Ectomycorrhizae tend to be suppressed 
under conditions of good N or P status. 

6 MANAGEMENT IMPACTS ON FOREST TREE NUTRITION 

Timber harvesting, slashburning, mechanical site preparation, and biocide use may have 
nutritional effects. Forest fertilization often affects nutrients other than the ones contained in the 
fertilizers. 

Nutrient export in harvested crops can deplete site nutrients. Some of the macronutrients 
(e.g., N, P, K and S) might be of particular concern in this respect. For example, from data 
collected at Seattle's Cedar River Watershed (Cole et a/. 1967), one can calculate that depletion 
of K might become especially serious after several rotations. If the tables of Young et a/. (1965) 
are used to estimate cropping losses relative to the exchangeable cation reserves found in many 
British Columbia soils, the same concern about K depletion arises, particularly where whole-tree 



logging is practised. However, an important question, not yet satisfactorily resolved, is whether 
weathering release of K from soil minerals is commonly fast enough to replace losses in 
harvested trees. Several cases of K deficiency in forests of Europe and North America have 
been found on sites where repeated agricultural or forestry cropping losses have occurred. 

Slashburning may deplete large amounts of N and S (and smaller amounts of other 
nutrients) by volatilization from fuels. Significant amounts of many nutrients may be lost in fly 
ash. Burning results in higher soil pH, which could reduce availability of many nutrients. 
However, ash nutrients are usually more soluble and more available than nutrients in unburned 
fuels, so the nutritional effect of fire is often positive, at least in the short run. Some studies of 
planted white spruce in interior British Columbia have found that deficiencies of N, Cu and Fe 
are especially likely to be induced or aggravated by slashburning (Ballard 1985). On south- 
western Vancouver Island, Knight (1964) found that very poor N status of Douglas-fir occurred 
as a result of slashburning. On some salal sites of eastern Vancouver Island, Vihnanek and 
Ballard (1988) found that foliar status of several nutrients in 5- to 15-year-old planted Douglas-fir 
was not significantly worse, and for several nutrients, was significantly better where prescribed 
burning had been used. Such dissimilar results illustrate that sweeping generalizations about 
nutritional effects of burning are inappropriate. However, there may be similarity of effects on 
biogeoclimatically similar sites. 

Organic layers and Ah horizons commonly represent a more concentrated source of 
available nutrients than other kinds of horizons. Thus mechanical site preparation which results 
in scalping may be physically advantageous and improve seedling growth, especially on cold 
sites (Dobbs and McMinn 1977). Such growth improvements often obscure the possibility that 
even better growth might be obtained if the same physical advantages could be obtained without 
nutrient losses (e.g., by other site preparation methods). 

Herbicide applications often appear to result in rapid mineralization of nutrients from killed 
vegetation. This may provide some short-term nutritional benefits, but it might also contribute to 
increased leaching losses, as suggested by Bormann et a/. (1967). Fungicide applications to 
soil (e.g., in forest nurseries) may impair P nutrition and depress tree growth by causing damage 
to mycorrhizal fungi (Trappe and Strand 1969). 

Fertilization may have several effects on nutrients in soils and vegetation. It may result in 
increased leaching of some non-fertilizer nutrients as a result of mass ion effect (displacing 
exchangeable ions from soil particle surfaces) or, in the case of urea, dispersion of colloidal 
micronutrient metal-organic complexes (Otchere-Boateng and Ballard 1978, 1981). Because 
improved N status tends to suppress ectomycorrhizal development, N fertilization may in turn 
become growth-limiting. For example, although S is seldom if ever deficient in unfertilized 
forests of western North America, there are some stands where S appears to have become 
deficient as a result of N fertilizer application (Turner el a/. 1977), and numerous stands where 
such effects would be expected. 

7 CONCLUSIONS 

Tree nutrition is a dynamic, complex field. In spite of the rapid developments, there is a 
body of basic information which the forester can use when considering nutritional problems in 
the field. Familiarity with visual symptoms, soil pH and aeration effects, and processes involving 
N and S can be especially useful in field evaluations. In addition, it is important to be aware of 
the possible nutritional effects of various management practices, such as harvesting, slashburn- 
ing, and mechanical site preparation. Wherever tree growth is nutrient-limited, forest manage- 
ment necessarily involves nutrient management. 



TABLE 1. Essential nutrients in tree nutrition, and some of their functions 

Element Some functions of the element in plants 

Nitrogen 
(N) 

Phosphorus 
(PI 

Potassium 
( K) 

Calcium 
(Ca) 

Magnesium 
(Mg) 

Sulphur 
(S) 

Manganese 
(Mn) 

Iron 
(Fe) 

Copper 
(Cu) 

Zinc 
(Zn) 

Boron 
(B) 

Molybdenum 
(Mo) 

Chlorine 
(CI) 

Component of enzymes, other proteins, nucleic acids 

Component of nucleic acids and energy transfer 
compounds, membranes 

Carbohydrate and nitrogen metabolism, activation of 
some enzymes, meristematic activity 

Meristematic activity 

Component of chlorophyll 

Component of proteins 

Activation of several enzymes 

Some enzymes (e.g., catalase; cytochromes a, b, c) 

Some enzymes (e.g., cytochrome oxidase, several 
dehydrogenases) 

Some enzymes (e.g., carbonic anhydrase) 

Essential for cell division 

Nitrate reductase 

Ion balance and N metabolism 



TABLE 2. Some non-nutrient elements that may be toxic in soils of some uncontaminated 
environments in British Columbia 

Element Some conditions that might contribute to toxicity 

Aluminum Low soil pH 
(All 

Arsenic Parent materials containing arsenopyrite 
(As) 

Chromium Ultramafic parent materials (e.g., peridotite fragments containing chromite) 
(Cr) 

Copper Parent materials containing copper ore (e.g., chalcopyrite) 
(Cu) 

Nickel Ultramafic parent materials 
(Ni) 

Thallium Parent materials containing crooksite, lorandite, hutchinsonite, certain 
(Ti) pyrites, and certain lead and zinc ores 



TABLE 3. Visual symptoms of nutrient deficiencies in conifers (condensed from review by 
Ballard and Carter 1986) 

Nutrient Common deficiency symptoms 

General chlorosis (yellowing), usually occurring first on older 
needles 

P Purplish foliage, especially of older needles 

K Variable symptoms, needles usually short and chlorotic, especially 
near the needle tips (moderate deficiency); necrotic (severe 
deficiency); oldest needles may be most severely affected 

Chlorosis, followed in severe cases by necrosis of needles; 
symptoms usually appear first at branch tips; top dieback (severe 
deficiency) 

Yellow tipping or banding of needles; needle bronzing; needle tip 
necrosis (severe deficiency); symptoms appear first in older 
needles 

General chlorosis 

Variable symptoms, usually involving chlorosis 

Chlorosis, especially of young foliage. Very severe deficiency may 
involve reduced leader growth and/or shoot dieback 

Twisted needles; chlorosis or bronzing, especially at needle tips; in 
severe cases: distorted (sometimes drooping) leaders and twisted 
shoots 

Chlorosis or bronzing of needles, especially at tips; in severe 
cases: extremely stunted growth, top dieback, rosetting 

Top dieback, leader may turn reddish brown before dieback. 
Secondary shoots may proliferate. If leader survives, it may be 
distorted. Pith may be brown or necrotic. Needles may be 
chlorotic or necrotic, or bronzed at tips, and may be somewhat 
stunted. 

Variable symptoms. Often chlorosis, followed by necrosis, 
proceeding from needle tip to base. 



TABLE 4. Nutrient forms that are commonly important for tree nutrition 

Cations Anions Un-ionized 

Ammonium 
NH,' 

Potassium 
K+ 

Calcium 
C%+ 

Magnesium 
Ms,' 

Manganese 
Mn,' 

l ron 
Fe,' 

Zinc 
Zn,' 

Nitrate 
NO; 

Boron 
H3BO3 

Phosphate 
HPO," 

Phosphate 
H,PO; 

Sulphate 
so:- 
Molybdenum 
MOO," 

Boron 
H,BO, 

Chlorine 
Cl- 

Copper 
cu; 



TABLE 5. Some non-biological processes affecting soil and nitrogen status 

Losses of total or available N Gains 

Export by hawest of crops Fertilizer input 

Leaching Precipitation input 

Non-biological denitrification NH, absorption 

NH, volatilization 

Volatilization during combustion 

NH,' fixation by clays 

Erosion 

TABLE 6. Soil pH effects on availability of some nutrients and aluminum 

With increasing pH, availability Maximum availability 

commonly at intermediate 

Increases Decreases pH (e.g., pH 6) 
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FIGURE 1. Major processes in the biochemical nitrogen cycle. 
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FIGURE 2. Major processes in the biochemical sulphur cycle. 
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FIGURE 3. Effects of soil aeration and pH on forms of iron and manganese (simplified 
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AN OVERVIEW OF FOREST NUTRITION PROBLEMS IN BRITISH COLUMBIA 
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ABSTRACT 

Methods of evaluating forest stand nutrient status are identified and discussed. The role 
and relative merits of nutritional assessment techniques, such as visual ssymptoms, foliar 
analysis, pot trials, soil analysis, and fertilizer trials, are compared with particular reference to 
the literature. Foliar analysis, in combination with information on site quality and stand growth 
performance, is suggested as the most suitable technique for assessing forest stand nutrient 
status. 

Nutritional problems, both tentatively diagnosed and confirmed through response to fertilizer 
amendments, are reviewed inforest stands of British Columbia. Where possible, information 
relatin nutrient problems to species, site or stand characteristics is presented. Nitrogen 
deficiency is recognized as the most common nutrient deficiency in plantations and stands, 
although deficiencies of P, S, K, Mg, Cu, Zn, Fe, and B have been either confirmed or 
diagnosed. 

1 INTRODUCTION 

Assessment of forest stand nutrient status can have both practical and scientific value. 
Several approaches for forest stand nutrient status assessment are in common use. These 
include: 1) identification of visual symptoms; 2) foliar analysis; 3) soil analysis; 4) pot culture 
techniques; and 5) fertilizer trials. The techniques within each of these approaches have 
somewhat different applications and vary greatly in their ease of use and cost. Considerations 
involved in choosing the appropriate diagnostic approach and the strengths and weaknesses of 
each approach have been compared in several review papers and manuals. The first part of 
this paper provides a brief review of the major subject areas within the broad theme of 
assessing forest stand nutrient status. 

Deficiencies of nitrogen (N), phosphorus (P), sulphur (S), potassium (K), calcium (Ca), 
magnesium (Mg), iron (Fe), copper (Cu), zinc (Sn), and boron (B) have all been tentatively 
diagnosed in commercial tree species of British Columbia. However, with the exception of N 
deficiencies and a limited number of studies involving other nutrient elements, few of these 
diagnosed deficiencies have been confirmed. Even fewer studies have correlated the occur- 
rence, distribution and response to treatment of specific nutritional probsems with site or stand 
conditions. The second part of this paper will provide an overview of possible and proven 
nutrient deficiencies in forest stands of British Columbia. Available information relating these 
deficienceis to site and stand conditions will also be provided. 



2 DIAGNOSTIC AND PREDICTIVE METHODS 

Diagnostic methods of deficiency identification generally involve identification of factors 
influencing growth. Predictive methods provide information that can be used to forecast growth 
response to changes in growing condition brouight about, for example, by fertilization and site 
preparation techniques (Morrison 1974). The following sections introduce five general diagnostic 
approaches and briefly review the literature for each subject area. 

2.1 Visual Symptoms 

This method uses field observations of anatomical and morphological abnormalities to 
identify nutrient deficiencies. The appeal of the method resides in its simplicity and the fact that 
laboratory facilities are not required. However, although needles appear to be particularly 
sensitive indicators of deficiency, not all deficiencies exhibit distinctive symptoms. An absence 
of visual symptoms does not necessarily imply that deficiencies are not present: nutrient 
deficiencies severe enough to impair growth are not always severe enough to cause visible 
symptoms (Ballard and Carter 1986). Visual symptoms can also be misleading. Foliar 
symptoms can be caused by physiological stress, pathogens, insects and herbiicides, although 
these alternative causes are often readily identifiable. Visual symptoms should be considered a 
useful first indicator of nutritional disorders. 

Colour pictures and common visual symptoms of nutrient deficiencies in forest crops can be 
found in Benzian (1 965), Bengston (1 968), Baule and Fricker (1 970), Morrison (1 974), Kolari 
(1 979), Will (1 985), and Ballard and Carter (1 986). 

2.2 Foliar Analysis 

Foliar analysis provides an index of the amount of nutrients actually taken up by the tree. 
At present, foliar analysis is most useful for identification of severely deficient nutrients, though it 
can be used to identify certain incipient deficiencies and nutrient inter-relationships. 

The actual methods and analyses recommended for routine foliar analysis are outlined in 
dstail in Morrison (1974), Ballard (1985), and Ballard and Carter (1986). For routine operational 
use, the methods recommended in Ballard and Carter (1986) should be adequate. Several 
papers have examined seasonal and spatial variability of nutrient elements in foliage. These 
studies have generally concluded that between 10 and 30 trees should be smapled according to 
the nutrient(s) of interest. Samples of the current year's foliage should be collected from the 
upper half or third of the live crown. The following references provide further information on 
sampling: 

Crown position - Lavender and Carmichael 1967; Morrison 1974; White 
and Jokela 1980; Maclean and Robertson 1981 ; 

Foliage age - Wells and Metz 1963; Lavender 1970; Lowry 1970; 
Morrison 1974; White and Jokela 1980; 

Collection technique - Robinson and Freeman 1967; Turner et a/. 1978; White 
and Jokela 1980; 

Between-tree variation - Wells 1968; Wells 1969; Lowry and Avard 1969; 
Lavender 1970; Everard 1973; Bickelhaupt 1979; van 
den Driessche 1979, Ballard 1981; Richter 1983. 



There are several approaches commonly used in evaluating foliar chemical data. The most 
common is the use of critical levels. This method compares the concentration of each element 
in the foliage of the trees of interest to interpretive criteria normally developed from fertilizer or 
pot trials. The technique is very popular but somewhat simplistic for several reasons: 

1. interpretive data are associated with considerable imprecision; 

2. foliage samples collected at the end of the growing season may not accurately reflect 
nutrient status during the growing season, particularly for nutrients that are subject to 
periodic, acute deficiencies; and 

3. interpretations cannot stand alone; they must be related to stand growth performance 
and site ecological characteristics. 

Ballard and Carter (1 986) describe critical levels for each nutrient element for five com- 
mercial coniferous species in British Columbia. Several alternative approaches currently gaining 
popularity examine critical nutrient ratios and interrelationships (Beaufils 1971; lngestadt 1971; 
Shutz and de Villiers 1986; Carter and Klinka 1988). The central theme in these techniques is 
that it is not the absolute concentration or content of each nutrient that is important, but the 
relative amounts of nutrients to each other. Graphical analysis, which examines relationships 
between foliar nutrient contents and concentrations, is also becoming a common diagnostic tool, 
although primarily as a method for assessing the effects of different silvicultural treatments on 
foliar nutrient levels (Timmer and Stone 1978; Timmer and Morrow 1984; Weetman and Fournier 
1986a, 1986b). 

Analyses suggested for routine evaluation of foliage samples generally include total N, P, K, 
Ca, Mg, S, SO,-S (sulfate-sulphur), Cu, Zn, Fe, "active" -Fe, Mn, and B. Considerations 
involved in selecting a reputable laboratory and analytical methods are given in Ballard and 
Carter (1 986); analytical accuracy is discussed in (Ballard 1981 , 1982). 

2.3 Pol Trials 

The techniques that fall into this category are known variously as pot cultures, soil cultures, 
greenhouse trials, biological assays, and bioassays. In general, these methods attempt to 
assess the productive potential of soils using test organisms usually seedlings. Pot trials can 
be used to determine whether a particular species receives an adequate supply of nutrients from 
a soil. They can also be used to determine the nutritional requirements of tree species by 
controlling the concentraiton of single elements from otherwise complete solutions. 

The primary shortcoming of pot trial techniques lies in relating results found for seedlings in 
the laboratory or greenhouse, to natural environments and mature trees. Nutrient requirements 
change with soil and air temperature, humidity, soil moisture availability, and the period of tree 
and stand development. The usefulness of pot trials depends on the degree of correlation 
between pot diagnoses and field trials (Morrison 1974). Consequently, pot trials should be 
regarded as a research tool. 

Examples of pot trial approaches in conifers can be found in Walker e l  a/. (1955), Voung- 
berg and Dyrness (1965), Swan (1966), Will and Knight (1968), Mead and Pritchett (1971), and 
lngestadt (1 982). 

2.4 Soil Analysis 

Soil analysis is widely used in both forestry and agriculture. There is an almost infinite 
number of analytical techniques available for nutritional evaluations. Most of these methods are 



both time- and cost-intensive. Common methods used in soil analysis for forest stand nutrient 
status evaluation are reviewed in Binkley (1 986) and Ballard and Carter 1986). 

Soil analyses will likely be restricted to research rather than to routine diagnostic appli- 
cations for at least the near future. There are five main reasons for this: 

1. the often prohibitive cost of soil sampling and analysis; 

2. the often extreme variability of forest soils may require that an excessive number of 
samples be taken to provide a representative sample; 

3. decisions as to which part of the soil to sample (i.e., specified depths versus named 
horizons) are difficult and can rarely be standardized; 

4. relationships between soil properties, growth, and growth response tend to have poor 
portability outside the range in which they were developed; and 

5. few empirical relationships have been developed between soil physical and chemical 
properties, nutritional status, and response to fertilization of forest stands in British 
Columbia. 

Some of the most promising empirical relationships developed to date have involved the 
study of N mineralization using both anaerobic and aerobic incubation of soils either in situ or in 
the laboratory. Several studies have shown relationships between mineralizable-N incubated in 
an anaerobic environment and response to N fertilization (Shumway and Atkinson 1978; Powers 
(1980). Peterson et a/. (1984) found correlations between Douglas-fir response to additions of 
urea and CIN ratio of the forest floor and mineral soil in unthinned stands and N content of the 
forest floor in thinned stands. Radwan and Shumway (1983) found extractable-P was able to 
give a good response prediction for N fertilization of western hemlock (Tsuga heterophylla (Raf.) 
Sarg.). Empirical relationships between soil tests for other elements and treatment response for 
tree species found outside British Columbia are reviewed by Binkley (1986). Integrated 
ecological approaches to developing and testing possible relationships between soil and site 
characteristics and response to fertilization are presented in Carter and Klinka (1988); and are 
being examined in the Cooperative Research in the Forest Fertilization Program in the south- 
eastern United States (Stone, E.L. pers. commun.). 

2.5 Fertilizer Trials 

Field fertilizer trials provide the ultimate proof of the benefits to be obtained through the 
application of fertilizer amendments. Fertilizer trials can be designed in many different ways to 
meet a multitude of short- and long-term objectives. 

Two approaches are commonly employed in the establishment of fertilizer trials. The first 
approach is to fertilize many single-tree plots; the second is to fertilize fixed-area plots, each 
containing a large number of trees. The single-tree approach has advantages in cost and ease 
of establishment, allowing trials to be employed over many locations. However, it does not 
provide reliable estimates of stand or volume response. Fixed-area designs generally have 15- 
50 treatment trees per plot with buffer strips between plots. The trials are usually arranged with 
treatments in complete or confounded factorial designs. Inclusion of several treatments and 
replications can quickly make the number of plots and the area required for trial establishment 
unmanageable in fixed-area designs. 

Single-tree plots likely offer the best opportunity for identifying nutrient limitations over a 
range of stand and site conditions. Fixed-area designs can then be established in "repesent- 



ative" stands or sites to identify stand response characteristics. In situations where several 
treatments or levels of a treatment are of interest, composite rotatable designs should be 
considered where only the major effects are examined (Clutter 1968). 

Several reviews have described the basic elements of fertilizer trial design. The features 
and merits of complete factorial experiments, factorial experiments with confounding and 
response surface designs are described by Clutter (1968) and Farnum (1979). Design and 
analysis of single-tree plots are described by Viro (1 967, 1970), Timmer and Stone (1978), 
Weetman and Fournier (1982, 1986), Timmer and Morrow (1984), and Binkley (1986). 
Information on the width of buffer strips, plot size and number of trees per plot, elements to be 
applied, application rates, time and method, parameters to be measured, and methods of 
measurement is presented in Gessel et a/. (1960), Carbonnier et a/. (1969), and Morrison 
(1 974). 

All of the methods described above are subject to serious shortcomings when used alone or 
outside the environmental range used in calibrating interpretive criteria. Interpretations should 
always consider the current growth performance of the stand, environmental characteristics of 
the site, and, ideally, possible interactions of soil moisture and nutrients and their effects on 
nutrient relations. 

Selection of the most suitable approaches for the evaluation of forest stand nutrient status 
should first consider the availability and reliability of interpretive data for the method and its 
applicability to the current situation. Consideration must then be given to costs associated with 
the approach. In some situations it may be desirable to forfeit some interpretive accuracy if 
reduced costs will allow a greater number of stands to be sampled. 

3 OVERVIEW OF NUTRlTlONAL PROBLEMS IN FOREST STANDS 
OF BRlTlSM COLUMBIA 

During the past decade, there has been a considerable increase in the amount of research 
devoted to the diagnosis of nutrient deficiencies and measurement and prediction of response to 
fertilizer amendments. The literature on the subject is enormous. The element of principal 
interest in most studies has been N. However, deficiencies of almost all other macro- and 
micronutrients have been tentatively diagnosed in British Columbia, and fertilizer trials involving 
N in combination with these other nutrients are now widespread. 

Conclusive proof of the occurrence of nutrient deficiencies usually involves evaluation of 
fertilizer trials. Response to additions of fertilizers depends on a large number of interacting 
factors. Variation in response may be due to interactions between nutrients, microsite differ- 
ences, and stand species composition and structure. Failure to gain a treatment response may 
also occur as a result of growth limitations due to another nutrient element not applied. 

This section of the paper provides an overview of nutrient deficiencies identified through 
research carried out in British Columbia. Comments focus on confirmation of deficiencies rather 
than on the measurement or assessment of response to treatment. Other papers to be 
presented at this workshop will discuss the objectives and results of established trials. 

3. Nitrogen 

In general, N deficiencies appear to be very common in British Columbia (Table 1). 
Deficiencies have been identified in all species examined. Most of these studies have found 
that at least 60% of all treated stands have responded to applications of urea. Deficiencies 



occur under a wide range of site conditions. Nitrogen deficiencies, for example, commonly 
result from: 1) removals of surface organic horizons through slashburning and other site 
preparation techniques (scarification, windrowing, etc.), particularly on dry sites; and 2) excessive 
accumulations of poorly decomposed, wide C/N ratio organic matter, often on moist or cool 
sites. Response of individual trees to nitrogen fertilizers has generally been greatest in 
immature stands at lower densities on medium to poor sites, where moisture and temperature 
are not limiting. 

3.2 Phosphorus 

Phosphorus deficiencies appear to be relatively uncommon in forest crops of British 
Columbia. The only proven P deficiency is in western hemlock, Sitka spruce (Picea sitchensis 
(Bong.) Carr.), and western redcedar (Thuja plicata Donn ex D. Don) growing on sites in the 
"cedar-hemlock" association on the Nahwitti Lowlands of northern Vancouver Island (Weetman et 
a/. 1987). Low foliar concentrations in several locations throughout the province suggest that P 
deficiencies may be induced through N fertilization (Ballard 1986). 

3.3 Sulphur 

Low foliar concentrations of S are common throughout British Columbia and the Pacific 
Northwest (Beaton 1966; Turner 1979; Ballard 1981, 1982, 1986; Carter and Klinka 1988). 
Many of these studies suggest that S deficiencies are likely to be induced by N fertilization. 
Significant differential responses to N + S over N alone have been identified in several 
lodgepole pine stands in central British Columbia (Yole et a/. 1989) and Sitka spruce, Pacific 
silver fir (Abies amabilis (Dougl. ex Loud.) Forbes) and western hemlock in north coastal British 
Columbia (Carter 1990). However, measurement of significant responses in other studies 
involving S additions remains elusive. Fertilizer trial designs and methods for the measurement 
of small responses will likely need to be improved before the effects of applications of S and 
several other nutrients can be properly evaluated. 

3.4 Potassium, Calcium, and Magnesium 

Many studies have examined possible deficiencies of these nutrients, and several of these 
studies have established fertilizer trials with K and Mg (Weetman and Fournier 1986; Carter and 
Klinka 1988). Although foliar concentrations of these nutrient elements are often less than 
suggested optimal levels (Ballard 1981, 1982, 1986; Carter et al. 1984), there is still consid- 
erable uncertainty over the applicability of critical limits currently used. Low foliar concentrations 
of these nutrients are most common on coarse-textured soils derived from acid igneous 
materials, often in high rainfall environments. Deficiencies tentatively identified through foliar 
analysis have not been confirmed through response to fertilizer amendments. 

3.5 Iron, Copper, and Zinc 

Deficiencies of Fe, Cu, and Zn may occur in forest stands of British Columbia. Ballard and 
Majid (1985) and Majid (1984) confirmed the occurrent eof Cu and Fe deficiencies in lodgepole 
pine. However, these results are tentative as both sample size and response to treatment was 
small. Deficiencies of Cu and Zn have also been tentatively diagnosed in several Douglas-fir 
stands growing "off-site" on western and northern Vancouver Island (Carter et a/. 1986) and in 
white spruce plantations and western hemlock stands in the Prince George Region (Ballard 
1986). Low foliar Cu levels are most common in the Cariboo and Prince George Regions on 
sites that have been mechanically treated, particularly where the treatment involved disturbance 
or removal of surface soil and organic materials. Iron and Cu deficiencies are also much more 
common on slashburned sites than on sites where no site preparation has occurred (Ballard 



1986). Reliable information on deficiencies of these nutrient elements and response to treatment 
is not currently available. 

3.6 Boron 

Boron deficiencies have been recognized on Douglas-fir and Pacific silver fir in coastal 
southwestern British Columbia (Carter et a/. 1984; Carter e l  a/. 1986), lodgepole pine in the 
central Interior (Ballard 1981, 1982; Brockley and Vole 1985; Carter and Brockley 1988), and 
possibly white spruce (Ballard 1984). Deficiencies appear to be most common on coarse- 
textured soils derived from acid igneous materials. Most B deficiencies appear to be acute 
rather than chronic, with deficiency symptoms generally occurring in years with low growing 
season moisture availability. Nitrogen fertilization and disturbance, or removal of surface organic 
or mineral horizons through burning and mechanical site preparation, can induce or aggravate B 
deficiencies. 

4 SUMMARY 

There are many different diagnostic approaches for evaluating forest stand nutrient status. 
Visual checks of symptoms and foliar analysis seem to have the greatest utility in routine 
evaluations, whle soil analysis and pot trial techniques are primarily research tools. Foliar 
analysis must be combined with site ecological characteristics, particularly growing season soil 
moisture availability, and stand structure and growth performance information, before meaningful 
interpretations can be made. 

Screening trials represent a quick and efficient approach to evaluating the responsiveness of 
stands to fertilizer amendments, and should be considered for routine use in stands where 
information on response to fertilization is lacking. However, large fixed-area trials established 
and maintained over long time periods are absolutely necessary for identifying area-based stand 
response to fertilization. 



TABLE 1. Nutritional research examining nitrogen deficiencies and response to nitrogen 
fertilization in British Columbia 

Species Study General location Response 

Douglas-fir 
Barclay and Brix 1985 

Godfrey 1986a 

Carter and Scagel 1987 

Miller et a/. 1986 

Weetman and Fournier 1986a.b 

Lodgepole pine 
Ballard 1981, 1982, 1986 

Weetman and Fournier 1986a,b 

Brockley and Yole 1985 

Western hemlock 
Godfrey 1986b 

Shawnigan Lake 

Van. I s l d . 1 ~  B.C. 

Courtney 

B.C., WA & CR 

Kamloops Region 

Interior B.C. 

Karnloops Region1 

Pr. George Region 

Good - up to 6.5 ms/ha per year (9 years) 

55-900! of stands responded to N (85 stands), 
average efficiency of 10.4 kg N/mS 

Good - up to 6.1 m S h  per year (9 years) 

60% of all stands responded to N 

No significant response to N; moist sites had 
better response than stands on dry sites 

Suggested N deficiencies are common and 
severe 

3 of 17 stands responded to N application 

Small (13%) increase in radial increment 

Pr. George Region Increased branch length with additions of N; 
further improved by additions of boron 

Van. Isld.1sw B.C. 50% of stands responded to N (3 years) 

Miller et a/. 1986 B.C., WA & OR Response generally c Douglas-fir 

Weetman et a/. 1987 N. Van Isld. Significant response to N (N 200 kglha > 300 
kgha) 

Nuszdorfer & Nuszdorfer 1988 N. Van. Isld. Fert. at planting increased hgt. and dia. by > 
100% 

Western redcedar 
Weetrnan et a/. 1987 N. Van. Isld. Significant but small response to N additions 

White spruce 
Ballard 1 984, 1986 Pr. George Region N deficiencies diagnosed. No relationships 

between deficiencies and soillsite character- 
istics identified. Burning and windrowing 
increased N deficiencies 

Weetrnan & Fournier 1986a,b Interior B.C. Negative response to fertilization, possibly dur 
to increased shrub competition 

Sitka spruce 
Weetrnan et a/. 1987 N. Van. Isld. Significant response to N expected for 4-6 

years 



TABLE 2. Nutritional research examining phosphorus deficiencies and responses to 
phosphorus fertilization in British Columbia 

Species Study General location Response 

Douglas-fir 
Weetan & Foumier 1986 Karnloops Region No significant response to P 

Lodgepole pine 
Ballard 1981, 1982, 1986 Interior B.C. Possible P deficiencies; likely inducible by N fert; 

Weetman & Fournier 1986 Interior B.C 5 of 17 installatiom show& significant response to 
P 

Western hemlock 
Weetman et a/. 1987 N. Van. Isld. 

Western Redcedar 
Weetman et a/. 1987 N. Van. Isld. 

Significant response to P at rates of 50 kg!ha and 
UP 

Small response to P 

White spruce 
Ballard 1982, 1986 Pr. George Region Possible P deficiencies; likely inducible by N fert 

Sitka spruce 
Weetman et a/. 1987 N. Van. Isld. Significant response to N expected for 4-6 years 
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SESSION 2 FOREST NUTRITION 

MECHANISMS OF RESPONSE TO FERTILIZATION 
I. FATE OF NITROGENOUS FERTILIZERS 

Valin G. Marshall 
Pacific Forestry Centre 

Victoria, B.C. 

ABSTRACT 

Nitrogen is deficient in many forest soils in the temperate region. Such deficiencies are 
often alleviated by the addition of nitrogenous fertilizers, notably urea and ammonium nitrate. 
These two fertilizers, with contrasting characteristics in their breakdown products, are useful in 
demonstrating the various pathways that nitrogenous fertilizers might take in a forest ecosystem. 
The major pathways include losses from the ecosystem, soil immobilization, and plant uptake. 
Only a small portion of the applied fertilizer (about 5-20%) is initially taken up by the crop tree, 
and because of tight internal cycling within the soil, the immobilized portion is released 
extremely slowly. Main sources of loss are erosion (el%), runoff (el%), volatilization (about 
25% mainly from urea), leaching (8-78%), and biological and chemical denitrification (5-27%). 
Soil immobilization is usually greater with urea and other ammonium-N fertilizers; nitrate-N 
fertilizers are subject to greater leaching losses. Since initial plant uptake greatly influences 
subsequent tree growth, nitrate4 fertilizers give better immediate biological responses, but are 
not necessarily the best management choice. Factors responsible for the transformation and 
movement of nitrogenous fertilizers, management options to improve crop-tree uptake and 
research problems related to fertilizer efficiency are discussed. 

Nitrogen (N) is unique among the essential elements because it is required in relatively 
large quantities for good plant growth. It is especially important in northern temperate forests 
where slow decomposition of forest litter creates N deficiency in vast areas. Such deficiencies 
are often corrected by an application of a nitrogenous fertilizer. Unfortunately, only a small 
portion of the applied fertilizer is initially taken up by the crop trees. Jorgensen and Wells 
(1986) noted that for a loblolly pine (Pinus taeda L.) ecosystem, about one quarter is used by 
the tree, one quarter is held on the site and the remainder is lost. They concluded that 
between 2 and 4 kg of N will have to be applied for every kilogram removed by harvesting. 

What proportion is assimilated by the vegetation or lost is influenced by many factors, 
including climate, soil, vegetation type, application rate, and the form of the fertilizer. Some or 
all of these factors may operate in a given situation. It is difficult, therefore, to generalize about 
the fate of the applied N for a geographical area the size of British Columbia, which has such 
varied biogeoclirnatic conditions. 

Nitrogen is currently the main element of interest, but seven others-P, K, S, B, Cu, Fe, 
and Zn-are expected to join N in the near future, as areas deficient in these elements are 
identified for treatment. For information on the cycling of these elements, the reader should 



consult Bonneau and Souchier (1982), Khanna and Ulrich (1984), Tisdale et a/. (1985), and 
Stevenson (1 986). 

The topic will be addressed by a brief discussion of: 1) the universal N cycle; 2) the main 
sources of losses that might result from the transformation and movement of various forms of N 
fertilizers; 3) factors that influence such losses; and 4) management options that might maximize 
crop tree utilization, thereby reducing environmental damage. 

2 NITROGEN CYCLING 

The cycling of N in a forest ecosystem is complex and encompasses a number of 
subcycles that integrate with the global N cycle (Figure 1). Forest systems receive gains 
primarily through atmospheric additions as nitrate and ammonium in rain water and nitrogen 
fixation by microorganisms. Weathering of soil minerals will provide very small inputs in most 
forests, although it might be important in afforested mine spoils where materials high in N are 
brought to the surface. Losses occur through crop removal, leaching and volatilization. 

Inputs into forested systems vary greatly. Atmospheric additions might range from 3 to 20 
kg Nlha per year for unpolluted to polluted areas, respectively (Mahendrappa et a/. 1986). 
Non-symbiotic N, fixation, with organisms such as Azotobacter, Clostridiurn and algae, is 
generally small, averaging less than 5 kg Nlha per year (Chatarpaul and Carlisle 1983; Kimmins 
et a/. 1985), but this contribution might be important when considered over the rotation of the 
crop (Granhall and Lindberg 1980). Symbiotic N, fixation depends greatly on the type of stand 
and symbiont. Plants such as alders, with their symbiont Frankia, can fix more than 300 kg 
N/ha per year (Chatarpaul and Carlisle 1983; Davey and Wollum 1984). Despite the ability of 
microorganisms and plants to liberate ions from primary minerals, contributions from weathering 
are likely to be small, since the I\] contained in rocks and minerals is mainly ammonium and is 
usually less than 100 ppm (Young and Aldag 1982). 

Apart from such inputs, N cycling is greatly influenced by the addition of organic matter 
from litterfall and turnover of fine roots, which might circulate over 100 kg N/ha per year 
(Kimmins and Hawkes 1978). This organic nitrogen is converted to NO; and NH,+ by the 
process of mineralization. Conversion to NH, is termed ammonification; oxidation of NH, is 
called nitrification. Utilization of NH,' and NO; by soil organisms and plants constitutes 
immobilization and uptake, respectively. Nitrogen is eventually 
returned to the atmosphere through denitrification, thereby completing the cycle. Predicting the 
actual path of an individual N atom is impossible, because of the irregular and random manner 
in which it will move (Stevenson 1986). However, N will generally flow via one of the deter- 
mined sequences outlined in Figure 1. 

A consideration of the dynamics of these processes is essential in understanding the fate 
of applied N fertilizers. Not only does available N come from the added fertilizer, but such 
additions stimulate mineralization of indigenous N the so-called "priming effect" (Heilman et a/. 
1982a; Melin 1986). Hare (1984) observed that even the nitrification inhibitor, nitrapyrin (also 
known as N-serve), was as effective as a nitrate or ammonium fertilizer in stimulating cone 
production, because it released sufficient native soil N. 



3 FERTILIZER ADDITION TO FORESTS 

The various forms of nitrogenous fertilizers commonly applied to correct N deficiencies in 
forests can be classified into two broad groups, depending on their breakdown products. 
Ammonium nitrate hydrolyzes to NH4+ and NO; ions, both of which are absorbed by plants. 
Urea hydrolyzes only to NH,', which might be oxidized to NO; and NO3-. This nitrification 
process is carried out by a number of bacteria. Typically, NH4+ is converted to NO,- by 
Nitrosomonas and then the NO; to NO; by Nitrobacter. Several of the N-cycling processes 
taking place in forest soils can be explained on the basis of the transformations and movement 
of these two sources of N. Fertilizers, such as potassium nitrate and calcium nitrate, which 
produce NO; on hydrolysis, will behave somewhat similarly to ammonium nitrate (or nitrate-N 
forms of fertilizers). Others, such as ammonium chloride and ammonium sulphate, will follow 
the pathways of urea (or ammonium-N forms of fertilizers). 

4 LOSSES FROM NITROGEN FERTILIZERS 

Of all plant nutrients, N is the most mobile and subject to the greatest loss from the 
soil-plant system. Even under the best conditions, losses of about one third of the applied N 
are not uncommon (Table 1). The six main sources of loss are through erosion, runoff, 
ammonia volatilization, leaching, biological denitrification, and chemical denitrificication. Although 
volatile losses from some plants could be substantial (45 kg Nlha per season in soyabean), 
information on forest trees is lacking. Nitrogenous compounds that could volatilize from plants 
include ammonia, amines, dinitrogen, nitrogen oxides, hydrogen cyanide and some alkaloids 
(Wetselaar and Farquhar 1980). 

4.1 Erosion 

The N lost by erosion is mainly in the organic form and occurs usually after burns on 
steep slopes. These situations are not typical for fertilizer application, and losses even from 
such susceptible conditions are about 0.2 kg Nlha per year (Helvey et a/. 1985), or approximate- 
ly 0.01% from an application of 200 kg Nlha. Erosion is damaging in localized areas because 
the eroded soil contains several times more N than does the parent material. Losses are 
difficult to measure because major erosion events often follow unpredictable storms (McColl and 
Powers 1984). 

4.2 Runoff 

Most forest soils contain surface organic layers, coarse structure, and macrochannels, all 
of which encourage rapid water infiltration. Runoff from rapid thaws, as suggested by Heilman 
et a/. (1 979), might be a problem in certain areas, but data here are lacking. Surface runoff and 
subsurface flow are not usually significant, averaging less than 1% of applied fertilizer. Where 
higher values have been reported (e.g., 15% by Hetherington 1985), the exact source of the N 
was not confirmed and resulted from more than one fertilizer application. Some high levels in 
lakes and streams are caused by lack of protection of these water bodies through leave strips 
(Perrin et a/. 1984), or by direct application to streams (Sands 1984). 

4.3 Ammonia Volatilization 

Many authors have shown that volatilization as ammonia gas (NH,) could be high (about 
25% of applied fertilizer) from urea (Morrison and Foster 1977; Marshall and DeBell 1980; Pang 
and Cho 1982), but insignificant (4% of applied fertilizer) with ammonium nitrate (Craig and 



Wollum 1982; Pang and Cho 1982). Ammonia losses from other ammonium-N forms of 
fertilizers can also approach those of urea, depending on soil texture, pH, and the amount of 
fertilizer applied (Nelson 1982; Stevenson 1986). Under laboratory conditions, slightly greater 
rates of ammonia losses (2.7-3.4%) have been reported from ammonium nitrate (Sergeev 1979). 
However, earlier studies in which very high volatile losses were shown for nitrate-N forms of 
fertilizers are believed to be from sources other than ammonia, for example as N, via denitrifica- 
tion (Knowles 1975). 

Watkins et a/. (1972) and Nommik (1976) found no significant effect of prill size (1-5 mm 
in diameter) on ammonia losses. However, Nommik (1973) reduced ammonia losses by about 
50% with 16-mm diameter prills, by adding a 5% (wlw) orthophosphoric or orthoboric acid to 
these large prills to lower the pH during dissolution. He suggested that further improvements in 
slow release of ammonia might be made if such prills were enclosed in semi-permeable 
membranes (plastic-coated) and contained urease or other metabolic inhibitors. 

4.4 Leaching 

Although small quantities of N are transferred to lakes and streams through erosion and 
runoff, the major pathway for such additions is through erosion and runoff, the major pathway for 
such additions is through leaching. Nitrogen is leached mainly as NO;, although NH,' may be 
lost in the presence of excess moisture after complexation with amino acids and other organic 
matter in the forest floor. Urea is a highly soluble, non-ionic, polar compound that could easily 
be leached by excessive moisture (Cole 1979; Hetherington 1985). However, it is usually 
retained in the soil because it readily hydrolyzes to NH,' and forms unstable salts with soil 
acids, especially carboxylic acids of the soil organic fraction (Broadbent and Lewis 1964). 

The movement of ions in forest soils is best understood by the mechanism outlined by 
McColl (1972). for the ammonium cation to move down the soil profile, it must be accompanied 
by an equivalent anion charge. This charge comes mainly from the bicarbonate anion, a 
hydrolytic product of soil respiration. Since respiration is relatively low in acid forest soils, the 
ammonium cation is not easily leached. After the initial complexing with organic matter in the 
upper soil horizons, the N from urea is still tenaciously held in the soil by expanding clays, and 
in humic acids. Baker (1987) postulated that these humic substances may combine with 
polyvalent metal cations and Fe and Al hydrous oxides by reacting with their carboxyl and 
hydroxyl functional groups. Small amounts of these metals are required to coagulate and render 
mobile humic substances insoluble. Conversely, the nitrate anion moves freely with soil water. 
Therefore, leaching losses with nitrate-N fertilizers could be substantial in areas with much 
precipitation or where these fertilizers are applied at high rates. 

The degree of leaching of N follows in decreasing order: nitrate > ammonium > urea-N 
(Otchere-Boateng 1979). Urea undergoes rapid hydrolysis and the ammonium cation is held in 
the organic layer (Worsnop and Will 1980; Baker 1987). When this cation is added in am- 
monium nitrate, however, it tends to move down into the mineral soil (Craig and Wollum 1982), 
perhaps because of the neutralization of charges as mentioned above. Data summarized by 
Marshall (1986) showed that leaching losses for urea were generally less than I%, whereas they 
could be as high as 87% for potassium nitrate (Overrein 1972). At high rates of urea applica- 
tion (e.g., 1000 kg/ha), leaching could be about 30% of the applied N (Overrein 1972). 

Addition of N can also influence the leaching of other elements. Both the nitrate and 
ammonium forms of N release exchangeable bases, especially K, Ca, Mg, and Na (Nommik and 
Moller 1981 ; Pang 1 984; Melin 1986; Mochoge and Beese 1986). Nitrate-N forms of fertilizers, 
or nitrate produced from urea, enhance the leaching of metal elements such as P, S, Fe, Mg, 
Zn, and Al (Otchere-Boateng 1979; Hiiser and Rehfuess 1983). 



4.5 Biological Denitrification 

Even after a few days of water-logged conditions, NO; could be rapidly lost from soil 
through biological denitrification. This is a complex biochemical process that reduces N 
compounds to nitrogen oxides (NO and N,O) and dinitrogen (N,). Nitrate, nitrite or the nitrogen 
oxides may act as electron acceptors, allowing aerobic microorganisms to grow in the absence 
of oxygen. Denitrification in the strict sense is referred to as dissimilatory reduction. Assimilat- 
ory nitrate and nitrite reduction, on the other hand, does not involve electron transport and has 
ammonia as an end product that is assimilated by many organisms as a source of nitrogen for 
biosynthesis. Over 33 genera of bacteria can carry out dissimilatory reduction of NO; to NO; 
(i.e., nitrate respiring), but the ability to nitrify is restricted to fewer genera, notably heterotrophs 
belonging to Alcaligenes, Agrobacterium, Bacillus, and Pseudomonas (Stevenson 1 986). Since 
the process is mediated by microorganisms, it does not occur at temperatures near 0°C 
(Christianson and Cho 1983). 

4.6 Chemical Denitrification 

Usually the oxidation of NO; to NO; by Nitrobacter proceeds faster than that of NH,' to 
NO,' by Nitrosomonas, resulting in low detection of NO,' in most soils. Consequently, the 
denitrification product, N,O, from unfertilized forests is low, averaging below 2 kg Nlha per year, 
even though N,O emissions occur throughout the year and at temperatures near freezing 
(Goodroad and Keeney 1984a; Cushon 1985). However, high levels of NO; have sometimes 
resulted from the application of ammonium-N forms of fertilizers (Wetselaar et al. 1972; Chalk et 
a/. 1975). Nitrite is relatively unstable, especially at low pHs and may undergo many reactions, 
leading to the formation of N, gas. Large fertilizer pellets, high application rates, and an alkaline 
pH near the pellet favour NO,' accumulation (Bezdicek et al. 1971). Nitrite also reacts with 
nitroso and oximino compounds associated with organic matter, amino acids, and lignin and 
other soil humus preparations to yield N, and N,O gas (Stevenson et al. 1970). Such losses 
are important because they occur under aerobic conditions (Smith and Clark 1980) and even in 
cold soils (Goodroad and Keeney 1984a, 1984b). 

Biological denitrification and chemical denitrification relative to fertilization have not been 
examined as separate processes within an individual study; results are usually reported under 
the single heading "denitrification". Furthermore, quantitative data are available only from 
laboratory studies, which show that in the absence of plants, 46% of applied calcium nitrate 
could be lost through denitrification during 7 days after application (Pang and Cho 1984). 
Denitrification is stimulated by a nitrate source but not by urea (Pang and Cho 1982, 1984). 
Nitrate formation is generally low in forest soils (Morrison and Foster 1974; Keeney 1980; Craig 
and Wollum 1982; Pang 1982), and is due primarily to low pH, natural inhibitors, including 
aluminum and soluble phenols, and limitation of ammonium supply by tree uptake (Sahrawat et 
a/. 1985; Cooper 1986). However, urea will eventually produce nitrates, and repeated applica- 
tions will enhance nitrification (Otchere-Boateng 1979), because of the build-up of the initial 
nitrifying and denitrifying microbial populations (Pluth and Nommik 1981; McColl and Powers 
1984; Hetherington 1985). This in turn can lead to higher denitrification losses. 

5 IMMOBILIZATION 

Immobilization is closely associated with mineralization processes in what is sometimes 
called mineralization-immobilization turnover, or MIT (Jansson and Persson 1982). Mineralization 
is defined as the transformation of N from an organic to an inorganic form, such as to NH,'. 
Biological immobilization occurs through the incorporation of inorganic N, either from mineraliza- 
tion of organic matter or from N fertilizers, into microbial and faunal tissue. Since mineralization 



is a biological process, mediated by soil organisms, it not only produces inorganic N for plant 
uptake, but also uses N for the maintenance and multiplication of microbial and faunal biomass. 
Therefore, MlT proceeds in different directions, depending on many factors, including pH, 
organic content of the soil, and species composition of the microbial and faunal populations. 
The difference between mineralization and immobilization determines whether there is net 
mineralization or net immobilization. 

Heterotrophic microorganisms show a preference for NH: over NOia(Aulakh and Rennie 
1984). Consequently, urea application tends to stimulate the general microbial population, 
thereby increasing immobilization (Robergq et a/. 1970; Dangerfield and Brix 1979; Johnson 
1979). Faunal assimilation seems to be less than 1% of the applied fertilizer (Knowles and 
Lefebvre 1972; Marshall and McMullan 1976). With the death of microflora and microfauna, part 
of the assimilated N enters the mineralization pool, while the remainder gradually becomes 
incorporated into progressively more recalcitrant forms in the soil organic matter (Preston 1982; 
Webster et a/. 1986). 

Another form of immobilization, chemical fixation, occurs through ammonia adsorption on 
microsites and entrapment in clay minerals. From the principle of ionic movement already 
mentioned, it is to be expected that ammonium-N forms of fertilizers, such as urea, will be 
chemically immobilized more consistently than nitrate4 forms. 

Immobilization is rapid, often occurring within one growing season (Camire and Bernier 
1981 a; Ballard 1984; Foster et a/. 1985; Melin 1986), but sometimes within hours of application 
(Aulakh and Rennie 1984). Thereafter, the ammonium enters the labile pool slowly. Availability 
from organic matter is still evident after 2 years (Williams 1972) and, over a 40-month period, 
about 20% of the applied fertilizer can be available from the mineral soil (Kowalenko and Ross 
1980). 

Seven studies, summarized by Marshall (1986), gave the following immobilization series: 
urea, 61% of the applied fertilizer; other ammonium-N forms of fertilizers, 51%; nitrate forms, 
32%. The percentage of fertilizer N immobilized by the soil from urea application decreased 
with increased application rate, whereas with ammonium nitrate the percentage immobilized was 
lower and approximately the same, irrespective of rate (Nommik and Moiler 1981 ; Melin 1986). 

6 PLANT UPTAKE OF APPLIED NITROGEN 

6.1 Crop Trees 

Nitrate and ammonium ions do not remain available for very long after fertilizer application. 
With urea for example, Foster et a/. (1985) estimated that within 30 days the ammonium 
produced by hydrolysis became fixed to the organic matter. Availability after such a period 
would depend on MIT. Net mineralization results in the release of N, which originally came from 
the fertilizers and from native soil N by the priming effect (Heilman et a/. 1982a; Melin 1986; 
Webster el a/. 1986). Without the addition of nitrogen, only a small fraction of the total soil N, 
generally less than I%, is available to plants (Stevenson 1986), even though over 3000 kg/ha 
may be present in combined forms in the soil (Cole 1979; Binkley and Reid 1985; Mahendrappa 
et a/. 1986). 

Limited data from 15N studies on above-ground tree uptake, summarized by Marshall 
(1986), gave the uptake series: ammonium forms other than urea, 13%; nitrate forms, 14%; 
urea, 22%. These values are for different species at different ages and at different fertilizer 
rates and mode of application. They should therefore be viewed with some reservation. Such 



factors interact in a complicated manner to influence tree response (Keeney 1980). Growth 
response to urea has often been lower than that from ammonium nitrate (Nommik, 1973). In 
cases where urea and nitrate forms were compared simultaneously, the nitrate form was taken 
up in greater quantity (Nommik 1966; Bjorkman et a/. 1967; Brix 1979; Nommik and Moller 
1981 ; Pang 1985; Melin 1986). Poorer performance with urea, at least in the short term, is 
usually attributed to losses via gaseous ammonia and immobilization in the soil (Ballard 1984). 
On the other hand, ammonium nitrate might only be superior in situations where leaching, 
denitrification, and understory uptake are minimal. 

Although Malo and Purvis (1964) estimated the atmospheric content of ammonia in 
unpolluted areas to be only about 2 kglha, Hutchinson et a/. (1 972) speculated that plants may 
get up to 10% of their total N requirements through leaf intake of this ammonia. Foliar intake of 
ammonia by forest stands has not been well researched, but Douglas-fir is known to absorb this 
gas (Pang 1984; Nason et a/. 1988). In a closed laboratory system, this species had the 
potential to absorb all the ammonia typically volatilized from a 200 kg Nlha application. But in 
the field, ammonia availability is influenced by diffusion rates and mass flow of the gas out of 
the canopy, resulting in perhaps less than 0.00002% of the applied fertilizer being absorbed 
(Pang 1984). 

6.2 Understory Vegetation 

The amount of uptake in the understory will vary greatly by type of forest stand. Values 
range from as low as 1% of the applied fertilizer (Morrison and Foster 1977) to as high as 22% 
(Bjorkman et a/. 1967). Nitrogen source does not seem to have a significant effect on under- 
story uptake (Melin et a/. 1983). For example, in a 12-year-old lodgepole pine stand, understory 
uptake was 2.9 and 2.4% of the applied N 1 year after treatment with ammonium nitrate and 
urea, respectively (Preston el a/. 1990). Understory absorption of volatilized ammonia, which 
could be as high as 19% of the gas (Nason el a/. 1988), might be significant in some situations. 

7 FACTORS INFLUENCING LOSSES AND UPTAKE OF FERTlLlZER 
NITROGEN 

7.1 Climate 

Climate is the most important single factor that determines plant species, microbial and 
faunal activity, and litter decomposition. This is recognized in the development and use of a 
biogeoclimatic classification system for British Columbia forests, within which some of the 
general principles for fertilizer losses and plant uptake should be applied. For example, leaching 
could be a major problem in the high precipitation coastal Western Hemlock Zone, whereas 
volatilization might be the main concern in the drier Ponderosa Pine Zone. The tree uptake 
differences already observed for ammonium-N versus nitrate-N fertilizers might be further ag- 
gravated in cooler climatic zones, especially in sites characterized by limited biological activity 
associated with low native fertility, poor moisture relationships, or both (Bengtson 1977). 
Although certain exceptions might exist, the application of fertilizers to areas where annual 
precipitation is less than 50 cm is likely to result in uneconomic fertilizer response (Ballard 
1980). 

The advantages of ammonium nitrate under cooler conditions include its low volatilization 
and two ions (NO, and NH,') that become readily available for tree uptake. Urea must undergo 
enzymatic hydrolysis to NH,' which then tends to be immobilized in the soil. In areas with high 
soil temperatures and adequate moisture, this immobilized N is quickly mineralized and recycled. 



7.2 Soil 

Many soil factors govern the fate of applied N. The more important ones include urease 
activity, metabolic inhibitors, nitrification capacity, temperature, moisture, oxygen and oxida- 
tion-reduction potential, pH, organic substrate, and soil structure. 

Urease activity: Most forest soils exhibit high urease activity (Marshall et al. 1990), that 
brings about the rapid hydrolysis of urea with a concomitant rise in pH and accumulation of 
ammonium (Mulvaney and Bremner 1981). This leads to gaseous losses of ammonia, to 
retardation of microbial oxidation of nitrite to nitrate, and to the promotion of gaseous losses 
through chemical denitrification. Urease activity is especially affected by temperature and soil 
organic matter, which supports microbial activity, a major source of the enzyme. 

Metabolic inhibitors: Research on ways to reduce gaseous losses has been centred 
primarily on urease inhibitors such as quinones and dihydric phenols, and nitrification inhibitors 
such as N-serve. The urease inhibitor, nitrapyrin, shows some promise (Aulakh and Rennie 
1984; Hare 1984), in its ability to inhibit both denitrification and to release native N, but it has 
not been tested under forest conditions. Although nitrification inhibitors reduce losses from 
denitrification and leaching, they are problematic, because they promote gaseous losses as 
ammonia from urea (Mulvaney and Bremner 1981). Furthermore, poor tree response, high cost 
of material, and limited market availability of metabolic inhibitors have discouraged their 
widespread use in forestry (Ballard 1984). 

Nitrification capacity: Knowles (1981) listed many effects, apart from rate control, that 
nitrate has on the process of denitrification. For example, higher nitrate concentration might 1) 
inhibit the enzymatic reduction of NO, thus causing the accumulation of earlier intermediates 
(NO; and NO;); 2) cause a greater proportion by volume (mole fraction) of N,O in the products; 
and 3) increase the diffusion of NO; to anaerobic sites. Since nitrites compete with other 
nitrogen oxides for electrons, a high concentration of this anion might be an important mechanis- 
m for the transient accumulation of N,O and consequently gaseous loss of N. 

Temperature: It is known that losses of ammonia gas from soil increase with temperature 
up to about 45°C. This is related to stimulation in urease activity, increase in the equilibrium 
constant (K), and higher speed of ammonia gas diffusion (Watkins et al. 1972; Nelson 1982). 
From a field study, the volatilization sequence was: winter 3°C c fall 10°C < summer 27°C = 
spring 25°C (Craig and Wollum 1982). The activity of the enzyme urease increases markedly 
between 10 and 70°C, and in the laboratory can proceed at temperatures as low as -20°C in 
the presence of clay or autoclaved soil (Mulvaney and Bremner 1981). 

Moisture: Soil water status affects three important processes: leaching, ammonia 
volatilization and denitrification. 

Leaching occurs primarily when soil NO; levels are high and downward movement of 
water is sufficient to move the nitrate below the rooting zone, since the nitrate ion moves freely 
with water. Such conditions occur in humid and semi-humid regions and during rapid thaws in 
cold regions. 

Substantial loss of gaseous ammonia might occur when sufficient moisture is present in 
the forest floor and top layer of the mineral soil to dissolve the urea pellets, but not enough to 
allow the movement of the hydrolyzed ammonium into the soil (Nason el al. 1988). Soil 
moisture per se might not be as important as the amount of precipitation during fertilization. On 
sites where the soil is not saturated, substantial ammonia loss may result unless more than 12 
mm of precipitation occurs during or soon after fertilization (Marshall and DeBell 1980; Craig and 
Wollum 1982). 



Although chemical denitrification occurs under aerobic conditions, biological denitrification 
takes place mainly under moisture contents greater than 60% of maximum water-holding 
capacity, at water suctions below 20-40 cm, or water-logged, in the range from pF 1 to 2 
(Knowles 1981). Denitrification might occur during rapid snowmelt in spring as noted by Bole 
and Gould (1986). Similar losses also seem to occur under forest conditions, (Preston et al. 
1990) despite good aggregate structure that would be expected to allow an adequate oxygen 
diffusion rate. 

Oxygen and redox potential: Knowles (1 981, 1982) reviewed the relationships among 
oxygen, oxidation-reduction (redox) potential, and denitrification. He noted that the enzymes 
required for denitrification (nitrogen oxide reductases) are repressed by oxygen and that 
denitrification rate is generally inversely related to oxygen concentration. When denitrification 
occurs under aerobic conditions, it can be attributed to the presence of anaerobic microsites in 
the soil. Under high water content, the diffusion rate of 0, in the soil is reduced, thereby 
creating anaerobic zones (Smith 1980). It is known that as air-filled pores in the soil increase in 
occurrence, overall denitrification decreases and the mole fraction of N,O increases (Focht 
1974). 

Denitrification also increases as the redox potential (Eh) drops below +300 mV. Nitrate is 
reduced at about Eh +200 and nitrite at about 180 mV. Since there is a direct relationship 
between Eh and oxygen content, Eh is a convenient method of measuring denitrification 
potential of soils, because it is more convenient to estimate than 0, diffusion rate or N20 
production 
(Knowles 1981). 

Although oxygen supply and redox potential, as related to denitrification, are primarily 
important in submerged soils, they also apply during anaerobic conditions after heavy rains or 
during spring runoff. 

pH: Soils with high pH will encourage more ammonia volatilization from urea (Watkins et 
a/. 1972). The major factor governing ammonia losses is the amount of aqueous ammonia in 
solution (Otchere-Boateng 1979). Below pH 7 the amount of ammonia produced is small, but 
above pH 7 the amount produced is estimated to increase 10-fold for each pH unit up to pH 9. 
Although the pH of the soil following fertilization might not exceed 6 (Nommik and Moller 1981; 
Radwan el al. 1984), higher values are possible in microsites near the urea prill (Morrison and 
Foster 1977; Craig and Wollum 1982; Tisdale et a/. 1985). Also, urease activity is optimal in 
the pH range from 6.5-9.0 (Mulvaney and Bremner 1981). 

The optimum pH for denitrification is between 7.0 and 8.0, but denitrification could be 
significant even at a pH as low as 4, because of NO; accumulation (Knowles 1981). This nitrite 
is then susceptible to loss through biological and chemical denitrification, as already discussed. 

Organic substrate: The amount and type of organic matter are important for runoff and 
leaching, and have a major influence on urease activity, ammonia volatilization, denitrification, 
and mineralization. 

It is well established that the numbers of urease-producing microorganisms in soils are 
related to the quantity of organic matter (Mulvaney and Bremner 1981). The quality of the 
substrate is also important. Sergeev (1979) found that the nature of the litter, as influenced 
especially by pH, N content, urease activity and base saturation, affected the rate and quantity 
of ammonia volatilized, with total ammonia losses decreasing in the order: spruce > aspen > 
pine > sprucetbirch > birch > larch. For denitrification, organic carbon is an important controlling 
factor by being a source of available electrons (Knowles 1981). 



The C/N ratio is of primary importance in regulating MIT. Although there is no fixed ratio 
for N release, ratios in forest soils below about 35 lead to an irrcrease of mineral N through net 
mineralization (Edmonds and Hsiang 1987). In the Pacific Northwest, C/N ratios for soils range 
from 17 to 67 in the organic layer (Peterson et a/. 1984). High ratios are greatly reduced by 
application of N fertilizers, but such changes last only about 30 months (Adams and Attiwill 
1984). In soils with low C/N ratios and high amounts of decomposable organic matter, 
denitrification will be stimulated, especially after freezing (Stevenson 1986). 

Soil structure: Ammonia losses are greatest in sandy soils. Clays and humus absorb 
NH,' and prevent its volatilization. Heavy-textured soils also tend to accumulate more organic 
matter, which has more sites for ammonia absorption (Stevenson 1982; Theodorou 1986). 
Although influenced by other factors such as soil type (Scherer and Mengel 1986; Baker 1987), 
leaching of nitrate is greatest from coarse-textured soils (Otchere-Boateng 1979; Webster et a/. 
1986). 

7.3 Fertilizer Form 

Comparisons have already been made between losses from ammonium-N forms and 
nitrate-N forms of fertilizers. Approaches to reduce such losses have included the use of 
slow-release fertilizers such as urea-formaldehyde, plastic-coated urea and sulphur-coated urea. 
Slow-release forms have many theoretical advantages and have proven useful in nurseries 
(Ballard 1984) and sometimes in outplantings (Tiarks and Haywood 1986; Arnott and Burdett 
1988). However, they have not been demonstrated to be beneficial when applied to forest 
stands. For example, response to slow-release forms of urea by slash pine (Fisher and Pritchett 
1982), jack pine (Camire and Bernier 1981b), and black spruce (Salonius and Mahendrappa 
1983) has not been greater than that from ordinary urea. 

7.4 Season of Application 

The season is not as important as the weather conditions under which the N is applied. 
The ideal season of application is when roots are actively growing, temperatures are low, soils 
are wet, and precipitation is frequent, because under such conditions opportunities for losses are 
greatly reduced. Cooper (1986) found that the presence of a forest cover substantially reduced 
the amount of nitrate in leachates. The type of fertilizer has a significant influence on the most 
effective time of application. Moller (1982) found no influence on the time of application for 
ammonium nitrate anytime during the growing season, but in one study which compared spring 
and fall application of urea and ammonium nitrate on southeastern Vancouver Island, the highest 
foliar uptake occurred from the early November application of ammonium nitrate (Nason et a/, 
1990). Nevertheless, nitrate-N forms of fertilizers, which are subject to severe losses from 
leaching and denitrification, should not be applied in late fall, winter or early spring in British 
Columbia, especially under humid conditions or areas where snowmelt is rapid. They are best 
applied just before heavy crop demand in late spring when the soil is no longer saturated 
(Camire and Bernier 1981b; Webster et a/. 1986). 

The ammonium from urea hydrolysis is not easily leached; therefore, urea could be applied 
during wet conditions from autumn to early spring. Biological denitrification should not be a 
problem, provided that soil temperatures remain below 5°C. In general, late spring application 
of urea is not advisable, because of dry soils and high temperatures that would enhance 
ammonia losses. However, local guidelines, similar to those developed for Washington State by 
Heilman et a/. (1979), are required for British Columbia. 

Despite Paavilainen's (1 973, 1977) results, urea seems ideally suited for application on 
snow, because volatilization is virtually eliminated, leaching is low, and immediate denitrification 
is not as high as with nitrate-N forms of fertilizers. Lipas and Levula (1980), for example, found 



good response from snow applications and their data showed no influence of depth of frozen 
ground or snow, which were as deep as 40 and 115 cm, respectively. Other data also support 
urea application on snow. In one study, an average volume increase of 23 and 40% over 
controls was obtained with urea off snow and on snow, respectively, for Douglas-fir in two 
coastal sites.' Comparative DBH values for thinned lodgepole pine in interior British Columbia 
were 19 and 37% over controls. For both species, fertilizer effect was statistically significant; 
season of application was not significantly different. Large-scale operational trials should be 
undertaken to confirm these preliminary results for British Columbia. 

When fertilizers are applied for reasons other than wood production, timing is more critical. 
For example, N application must be made at the time of bud break to optimize cone production; 
and when frost hardiness is desired high rates of N must not be applied late in the season 
(Ballard 1984). Late season application, however, has been effective for N loading to improve 
outplanting performance (Margolis and Waring 1986). 

7.5 Rate of Application 

The major determinant of the appropriate rate of fertilizer N is the tree species and its 
probable yield. Addition of a limiting element results in uptake by the plant that can be 
described in four zones: deficiency, critical, luxury, and toxicity. Efficiency of crop tree 
utilization may decrease with increasing rate (Barclay and Brix 1985), especially when available 
N exceeds the critical need of the plant and promotes luxury consumption. Hence, wood 
production for each added unit of N is a useful method of determining suitable rates. Weetman 
and Fournier (1986) stated that for Scots pine, the amount of fertilizer N required to produce 1 
m3 of wood was lowest at about 180 kglha and increased rapidly above 500 kglha. General 
efficiency for wood production of other species in coastal British Columbia was about 10 kg/m3. 
However, at a poor Douglas-fir site near Shawnigan Lake, which received 224 kg Nlha, the 
efficiency was high, requiring only 5 kg N to produce 1 m3 of wood (Barclay and Brix 1985). 
Application costs, efficiency figures, and current value of the extra wood produced can therefore 
give an estimate of the benefit that might result from fertilization. Empirical data suggest that 
there is little advantage in applying more than 300 kg N/ha (Miller 1986). High rates do not 
generally increase the percentage uptake, although the absolute amount used might be greater 
(Mead and Pritchett 1975; Turner 1977; Nommik and Moller 1981). 

Fertilization with high rates of urea, which acts somewhat as a slow-release fertilizer, might 
be economical under certain conditions. Tree response from immobilized N has been varied, 
with little uptake (in the years following fertilization) by slash pine (Mead and Pritchett 1975), 
radiata pine (Nambiar and Bowen 1986), and Douglas-fir (Heilman el a/. 1982a, 1982b), but 
significant uptake by Scots pine (Nommik 1966), Norway spruce (Hijser 1971), and Douglas-fir 
(Barclay and Brix 1985; Pang 1985). Although post-fertilization mineralization might increase 
tree growth, it has been postulated that such responses result primarily from physiological 
changes triggered by the initial fertilizer pulse (Nommik 1966; Fagerstrom and Lohm 1977; Miller 
1986; Brix, in this volume). Initial growth response with ammonium nitrate fertilizer is usually 
higher than with urea, but this is not always the case and depends on species and stand 
structure (Weetman 1983; Barclay and Brix 1984). In addition, high application rates of nitrate4 
forms of fertilizers are inadvisable, because of relatively low tree response (Nommik and Moller 
1981) and possible denitrification losses and contamination of water systems from leachates. 

'Marshall, V.G., H.J. Barclay and E.D. Hetherington. Tree-growth response to nitrogenous 
fertilizers applied on and off snow and to associated damage by small mammals. 35 p. 
(unpublished). 
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7.6 Crop Trees and Understory Vegetation 

The forest stand will directly influence the fate of the applied N through uptake and 
indirectly through the internal cycling by the vegetation. The impact of these two factors will 
depend on spatial distribution of the trees and the composition of the stand. Damaged stands 
or heavily thinned stands might not respond (Ballard 1984). Excess N not taken up by the 
vegetation will be lost through immobilization, denitrification, and leaching. Ideally, application 
rates should be adjusted to reflect crop requirements and the potential of the soil to provide 
available N. The latter might be estimated through N mineralization rates (Keeney 1980; 
University of Washington 1984). 

After the initial uptake of fertilizer, further cycling of N will be affected by MIT, which might 
be influenced by throughfall (leaching of nutrients from the canopy), stemflow (nutrients moving 
down the stem in precipitation), retranslocation within trees and litter additions. The amounts 
that are redistributed in the stand by throughfall and stemflow are difficult to measure, but seem 
negligible, ranging from a b u t  2-4 kg Nlha per year at rates below 300 kg Nlha (Turner 1977; 
Matzner et a/. 1983). At dosages above 1000 kg Nlha, this value might double (Mahendrappa 
and Ogden 1973; Khanna and Ulrich 1981). Retranslocation of nitrogen also occurs within the 
trees (Mead and Pritchett 1975; Turner 1977; Binkley and Reid 1985; Mahendrappa et a/. 1986). 
Before litterfall, a considerable portion of the N is withdrawn from the foliage and redistributed 
within the tree (Miller 1986; Nambiar and Bowen 1986). Retranslocation is estimated to supply 
41% of the N annually required by a 73-year-old Douglas-fir stand (Turner 1975, cited by van 
den Driessche 1984). 

Fertilization, especially at rates above 200 kg Nlha, could increase the quantity of N in the 
needles (Mahendrappa and Ogden 1973; Binkley and Reid 1985). For a Douglas-fir plantation 
near Shawnigan, 5 years after fertilization, the percent N in green needles just before abscission 
to percent M in litter was 0.73:0.49 and 0.73:0.58 for unfertilized and fertilized plots, suggesting 
a withdrawal of 33 and 21% re~pectively.~ Thus, litter with a higher N concentration was 
returned to the soil in fertilized plots. The quantity of N returned in the litter following fertilization 
depends, however, on amounts retranslocated before abscission and the retention time of 
needles (Turner 1977). 

The effect of thinning on available N is not clear, but the N content in litter returned to the 
soil may be reduced in thinned stands (Brix, in this volume). Peterson et a/. (1984) speculated 
that there could be an interaction between thinning and urea fertilization that might reduce C/N 
ratio in the litter. Decomposition might then be accelerated due to the increased surface 
temperatures and moisture brought about by the thinning. 

The understory vegetation might take up more than 20% of the applied N and this could 
be important in reducing leaching (McLaughlin et a/. 1985) and in supplying the captured 
nutrients after crown closure (Stanek et a/. 1979). However, the exact role this released N 
plays in tree growth has not been established. It depends on species composition and the 
vigour of the understory, and the impact is not believed to be great in most of the Douglas-fir 
region, because the amount returned to the soil is a small proportion of what is already 
immobilized there. 

'~r ix,  W. 1988. Forestry Canada, Pacific Forestry Centre, Victoria, B.C. Unpublished 
data. 



8 MANAGEMENT OPTIONS 

The cycling of N in a forest ecosystem is subject to major losses, some of which cannot 
be eliminated completely, but certain losses can be minimized by proper management practices. 
Other constraints might also influence attempts to minimize losses. These include: 

1. inaccessibility of certain areas during winter and early spring; 
2. short winter days that might increase operational costs; 
3. environmental concerns involving fisheries and drinking water; or 
4. spending constraints at the end of fiscal years. 

However, the following considerations could improve fertilizer efficiency where these constraints 
and non-nutritional limiting factors are absent. 

Clearly, sites susceptible to other limiting factors, including erosion, excess moisture 
(wetlands), and overstocking should not be fertilized. Some young stands, though, especially 
those on severely burned sites or those stagnated by ericaceous vegetation might respond 
because of their high demand for N, limited translocation within the tree, and low mineralization 
from litter. 

With urea, the following factors are important: 

1. Non-acidified urea should not be applied to soils with pH 6 and above, because these 
pH levels enhance ammonia volatilization. 

2. Nitrification inhibitors such as N-serve have not proven practical because they 
promote ammonia volatilization from ammonium-N forms of fertilizers. 

3. Urea could be applied during wet periods from autumn to spring. Application might 
be made on snow 1 m deep, but areas where there is rapid spring melt, especially 
over frozen ground and crusted snow surfaces on slopes, should be avoided. 

4. Provided that the prill can be dispersed satisfactorily from an aircraft, prill size does 
not seem to have a significant effect on ammonia volatilization. Larger prills, 
containing metabolic inhibitors or semi-permeable membranes to facilitate slow 
release, have not yet been tested under operational conditions. 

5. The application of urea with boric acid or with sulphur, to minimize ammonia 
volatilization, might be useful, especially under conditions where these elements are 
deficient. 

Since most soils in British Columbia are either sandy or of other coarse materials, season 
of application is also important for nitrate4 forms of fertilizers. They should be applied in the 
spring just about the time tree growth begins. Late fall or winter application is not advisable, 
because of the leaching and possible denitrification that occur during spring thaw when soils 
become saturated with moisture. 

It is evident that losses of fertilizer N through leaching and denitrification are not related 
directly to the absolute amount applied, but rather to crop requirements. Therefore, a key to 
minimizing losses is to adjust the rate to reflect potential yield requirements and the ability of the 
soil to supply the needed quantities. This approach has implications for high sites and stands to 
be thinned. Stands on high sites that are unable to use the supplied N might lose substantial 
quantities through leaching and denitrification. Fertilization should preferably be done after 



thinning when the stand is better able to absorb the added nutrients, but heavily thinned stands 
might not be suitable for fertilization. In some situations, small repeated applications instead of 
one large dose should be considered. Such situations include dry sites, soils with low cation 
exchange capacity and little organic matter, or stands that have stagnated. 

Finally, improved efficiency in operational fertilization requires further research in many 
areas. For example: When is a thinned stand best able to absorb the added fertilizer? What 
is the rate of turnover and availability of the nitrogen immobilized following fertilization? What 
will be the nitrifying capacity of soils where repeated applications with urea are anticipated? 
What are the exact denitrification losses from urea and ammonium nitrate? What is the extent 
of nitrification from urea and its potential to contaminate water systems? 
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TABLE 1. Distribution of fertilizer N in forest ecosystems 

% of N applied as 

Urea Ammonium-Na Nitrate-N Referencesb 

LOSSES 

Erosion 
Runoff 
NH, gas (Spring) 

(Summer) 
(Autumn) 
(Winter) 

Leaching 
Denitrification 

IMMOBILIZATION 38 - 77 24 - 63 13 - 56 3 

PLANT UPTAKE 

Crop tree 
Understory 

" means no information is available. 
b References: 1. Welvey e l  a/, 1985; 2. Wetherington 1985; 3. Marshall 1986 [summarized from 

various sources]; 4. Morrison and Foster 1977; 5. Paavilainen 1977; 6. Bjorkman et a/. 
1967; 7. Mead and Pritchetl 1975; 8. Craig and Wollum 1982; 9. Marshall and DeBell 
1980 [estimated by difference]; 10. Pang 1985 [estimated by difference]; 11. Melin 1986 
[estimated by difference]; 12. Perrin ef a/. 1988. 
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SESSION 2 FOREST NUTRITION 

MECHANISMS OF RESPONSE TO FERTILIZATION 
I!. UTILIZATION BY TREES AND STANDS 

Holger Brix 
Pacific Forestry Centre 

Victoria, B.C. 

ABSTRACT 

An understanding of the mechanism of tree and stand response to fertilization is needed to 
refine our fertilizer prescription and response prediction for different site and stand conditions. 
This paper discusses: 1) fertilizer use in relation to stand thinning, citing results from the 
Shawnigan Lake installation as an example; and 2) the relative importance of foliage area and 
efficiency in fertilizer response and how this information can be used to explain, in part, the 
response pattern with time, as well as thinning-fertilization interactions and refertilization effects. 
The influence of environmental conditions on growth response to fertilization is discussed with 
emphasis on soil water deficits. 

1 INTRODUCTION 

Most of the forest fertilization research in the Pacific Region has dealt with establishment 
of empirical relationships of growth to fertilizer source and application rate, for stands of different 
ages and on different sites. Interaction with stand thinning has also received attention. This 
background has been sufficient to initiate successful operational fertilization programs in coastal 
Douglas-fir. Although response on average has been satisfactory, it has varied greatly and this 
is largely unexplained. More research is therefore needed on the mechanism of the response 
and on factors affecting it, to refine site and stand selection criteria so that fertilizer operations in 
Douglas-fir can be optimized. Even less research has been devoted to the mechanism of the 
response in other commercial species in the Pacific Region, so our discussion draws mainly on 
examples for Douglas-fir. The basic principles, however, are the same for other species. 

The first paper on response mechanisms (Marshall, in this volume) dealt with the fate of 
nitrogenous fertilizers in terms of losses, availability and cycling. The emphasis in this second 
paper is on outlining the physiological mechanism by which N feriilization affects tree and stand 
productivity, and on relating this to some important operational variables such as stand density, 
timing of fertilization following stand thinning, and refertilization. Environmental influences on the 
response are also discussed. 

2 NUTRIENT UTILIZATION 

2.1 Uptake 

Uptake of nutrients from the soil depends on root distribution and on movement of nutrient 
ions to the root surface by diffusion or mass flow. Most of the ion uptake occurs close to the 



root tips and involves, for the most part, active, energy-requiring processes before nutrients enter 
into the xylem sap and are translocated by mass flow in the transpiration stream to the tree 
crown. In conifers, inorganic N ions taken up (ammonium and nitrate) are primarily metabolized 
in the roots to organic forms before being translocated to the crown. Uptake by roots, metaboli- 
sm in roots, and translocation to crowns depend on environmental conditions, in particular soil 
moisture and temperature. They therefore vary seasonally and between sites. For example, 
nutrient uptake may be limited in summer by soil moisture and in winter by soil temperature. It 
also depends on many stand factors, which are discussed ip the following section. Other 
aspects were dealt with in the paper by V. Marshall in this volume. 

2.2 Thinning Effect 

Thinning affects root distribution and nutrient requirement by reducing growing stock. It 
can therefore be expected to influence nutrient uptake. Most of the fertilization in British 
Columbia is in recently spaced stands. One concern is that these stands do not have sufficient 
root distribution and storage capacity to adequately use the fertilizer applied, particularly with 
poorly mobile ions such as ammonium. Indeed, Miller (1986) argued that only the N taken up 
during the first year after application is used by the trees and the rest is immobilized or lost. 
Unless the amount immobilized is large in relation to the soil N capital, it will not have a 
significant effect on future N supply. This agrees with the study by Heilman et a/. (1982b) in 
which most of the fertilizer N uptake in their Douglas-fir stands occurred between 6 and 24 
weeks after fertilization. Although fertilizer uptake may be limited in thinned stands as well as in 
early stages of stand development, Miller (1981) has suggested that the need for added nutrient 
supply is greatest before canopy closure. Thereafter, much of the nutrients required for growth 
comes from internal redistribution of stored nutrients (van den Driessche 1984), and trees are 
less dependent on external nutrient supplies. However, the substantial growth responses of 
closed stands of Douglas-fir and other species to N fertilization demonstrate that N deficiency 
also occurs at later stages of stand development. In any case, it is important that the stand be 
"ready" to use the fertilizer when it is applied. 

For inclusion in an intensive forest fertilization program, Peterson et a/. (1 986) identified 
timing of fertilization in relation to stand thinning as an important area requiring more research. 
Response to delayed fertilization in three precommercially thinned Douglas-fir stands has been 
reported (Regional Forest Nutrition Research Project 1986). Only a 2-year delay in stands 
thinned to 1000 stems per hectare was studied and this delay was found to have no effect over 
an 8-year response period. The Ministry of Forests' lodgepole pine fertilization trials in interior 
British Columbia include a test of the effect of delaying N fertilization two or more years after 
thinning (Brockley 1986). In addition to studying growth response, the researchers are also 
concerned about possible influences of this delay on stand damage (snow pressure and 
animals). 

Some results from the Shawnigan installation address questions on the possible inadequte 
use of N fertilizer in recently thinned stands. The net gain in above-ground N contents over a 
9-year period following N fertilization has been greater in thinned than in unthinned plots-63 
versus 27 kg Nlha (Pang et a/. 1987). The greater net gain in N in thinned stands is related to 
increased crown expansion and lower N losses in litterfall following thinning. The total N uptake 
in above-ground biomass during this period was calculated as net gain in N content of biomass, 
plus N content of litterfall (Table 1). Fertilization in unthinned stands resulted in an N uptake of 
57 kg Nlha, and in thinned stands of 71 kg Nlha. This is 13 and 16%, respectively, of the 448 
kg Nlha applied. 

It was previously calculated that urea fertilization at Shawnigan resulted in an increase of 
38 kg Nlha in foliar N content after the first growing season in unthinned stands (Dangerfield 
and Brix 1979). This then would account for the major part of the uptake during a 9-year period 



even without considering possible increases in N content of other tree components. Uptake in 
other tree components amounted to 45% of the total uptake in the study by Heilman et a/. 
(1982b). Using this figure, we would conclude that all N uptake resulting from fertilization in 
unthinned stands occurred in the first year. Given the reduction in growing stock biomass with 
thinning (two-thirds) (Pang et a/. 1987) and the finding that thinned and unthinned stands had 
the same foliar N concentration in the fall following the spring fertilization (Figure I ) ,  we can 
estimate that N uptake in thinned stands was only about one-third of the uptake in unthinned 
stands during the first year. A greater proportion of the total N uptake over the 9-year period 
must therefore have become available later in thinned stands, possibly as a result of a fertilizer 
"priming effect" on N mineralization of native organic soil N. Another possibility is that the 
immobilized N fertilizer is remineralized more rapidly in thinned stands and becomes available 
with expansion of the root system in subsequent years. Studies with the use of N-15 are 
needed for a better interpretation of the source of the N supply. The priming effect was studied 
with N-15 in Douglas-fir stands by Heilman et a/. (1982a). Their data indicated a short-term 
effect on foliar N concentration, but it is not known how long this side effect of fertilization will 
continue. 

The Shawnigan data show that in thinned stands, root absorption capacities and N 
requirements were adequate to use the N fertilizer and the N that may have become avail- 
able-presumably through the priming effect or by remineralization over the 9-year period. 
Similarly, our growth response to fertilization has been as good as or better in thinned as in 
unthinned stands, in spite of the initially lower growing stock (Barclay and Brix 1985). Our 
stocking after spacing (900 trees per hectare) was twice as high as has been used in some 
operations and the concern of fertilizer timing and utilization is still valid with very low stocking. 
If the fertilizer is applied shortly after a heavy spacing, the response would appear to depend 
greatly on the magnitude and duration of the fertilizer priming effect or on remineralization, 
because the direct uptake of fertilizer N would be low. 

2.3 Understory 

Delay in fertilization after thinning could increase the capacity of the stand for nutrient 
uptake, but, on the other hand, it could also have the detrimental effect of building up an 
understory competing for the fertilizer. Nutrients taken up by the understory, however, can 
represent a reservoir that eventually may be more readily available to the trees following litter 
mineralization than fertilizer elements which would otherwise have been immobilized in the soil 
or lost. The amount of N tied up in the understory at Shawnigan was small and not likely to 
have significantly affected the tree growth response to fertilization. The increase in N content of 
the aboveground understory (bracken fern and salal) at Shawnigan 5 years after fertilizatioon 
with 448 kg Nlha was 8.1 kg Nlha in unthinned stands and 14.6 kg Nlha in thinned stands 
(Stanek et a/. 1979), or the equivalent of 1.8 and 3.3%, respectively, of the fertilizer applied. In 
addition, the removal of the understory in one experiment did not have a detectable effect on 
tree foliar N concentrations (Brix, H., unpubl. data). 

3 FOLlAGE AREA AND EFFICIENCY 

The most important factors affecting dry matter production of plants are foliage area 
(mass), rates of photosynthesis per unit of foliage area, rates of respiration of all living tree 
components, and dry matter distribution to different tree components. By studying fertilizer 
effects on these properties, we can learn much about how dry matter production is affected and 
controlled. This information also provides a basis for studies of fertilizer interactions with site 
and stand conditions. 



3.1 Foliage Efficiency 

The rate of photosynthesis has been shown to be affected by foliage N concentration (Brix 
1971, 1981b), with an optimum rate at 1.74% N and a decrease with higher N concentrations 
(Figure 2). The gain in photosynthetic rate from a foliage concentration of 1% to optimum was 
about 30%. Following fertilization with 448 kg Nlha, this optimum concentration was reached 
during the first year, and the N concentration diminished thereafter to close to control level by 
year 4 (Figure I ) .  Fertilization had a similar effect on foliage N concehtration in thinned stands. 
Some increase in rate of respiration of shoots has also been lecorded in response to fertiliza- 
tion, which thus reduces the net carbon gain (Brix 1971). 

Crop production is often analysed in terms of dry matter production of the total plant (or its 
components) per unit of foliage weight (or area) and unit of time. This rate is usualy termed net 
assimilation rate (E), but is also referred to here as foliage efficiency. The net assimilation rate 
integrates the rate of photosynthesis over time and also takes into account losses in dry matter 
associated with respiration of plant components under consideration. Furthermore, if E is 
calculated on the basis of a component of the plant such as stem or above-ground plant rather 
than total plant, the allocation of the total plant production to that component will affect the rate. 

In our analysis of tree response to fertilization and thinning at Shawnigan, we have 
calculated E for yearly intervals based on stem as well as total above-ground production (Brix 
1983). Data for E for unthinned, fertilized plots are shown in Figure 3. We have no information 
on root production. Considering that fertilization only increased the rate of photosynthesis to a 
maximum of 30% we can only explain some of the increase in E, which was as high as 100%, 
by effects on photosynthesis. Fertilization increased respiration (Brix 1971), so this cannot be 
the reason for the high E response which was 45% above control in the first year and 100% in 
the second year based on above-ground production. An alternative explanation is that fertiliza- 
tion affected distribution of dry matter with a higher allocation to stem and above-ground tree 
parts and a lower allocation to roots. This appeared to be a temporary effect during the first 3 
or 4 years; thereafter, E values are what one would expect from changes in rates of photosyn- 
thesis alone. As discussed later, the low E values in years 6 and 7 are attributed to increased 
mutual shading in the crown with increase in foliage. The distribution effect has apparently had 
a considerable influence on stem and above-ground production during the first few years and 
conceivably more than doubled the production which can be attributed to effects on the rate of 
photosynthesis alone. The interpretation given here is consistent with studies by Grier et a/. 
(1981) and Keyes and Grier (1981), which show that a considerable proportion of net primary 
production (up to 67%) may be allocated to fine root production and that this allocation 
decreases with improvement in site nutrient status. It is not known what governs this partition- 
ing. If it is soil [\I availability, the effect is likely to last only 1-2 years following fertilization; if it 
is internal tree N status, the effect may last a few more years; if it is total carbohydrate 
production, the effect may last the entire growth response period. 

3.2 Production end Foliage Area 

Dry matter production at the stand level can be expected to increase linearly with an 
increase in leaf area during early stand development. As crown closure is approached, 
production will diminish because of increased mutual shading of foliage. With further increase in 
foliage, dry matter production will level off to a plateau or possibly decrease in production 
(Figure 4). This decrease in production with increase in foliage may not be the usual pattern for 
most crops. However, the addition of foliage and branches will result in higher respiration 
which, because of low light, may not be compensated for by an increase in the rate of 
photosynthesis. An effect of fertilization on foliage area or mass will therefore have varying 
influences on tree production depending on the initial foliage area before fertilization; and spaced 
stands are more likely to benefit from an increase in foliage area than are closed stands. It 



may be for this reason that only thinned stands of radiata pine (Pinus radiata) respond to N 
fertilization and that the response diminishes when fertilizer is applied more than 3 years after 
thinning (Woollens and Will 1975). 

The relationship between leaf area index (MI), or projected leaf area per unit of land area, 
and above-ground dry matter production (stems and total) at Shawnigan is shown in Figure 5. 
The Shawnigan stand, which had reached crown closure (LA1 5.9) at the time of treatment, was 
still able to respond in dry matter production to the increase in foliage mass resulting from 
fertilization, although with a 20% decrease in foliage efficiency (production per unit foliage), as 
seen in Figure 3. In fact, it was shown that the main effect of N fertilization on the Douglas-fir 
stem growth response was a result of influences on foliage area (mass): 63% of the response 
in unthinned stands and 73% of the response in thinned stands over a 7-year period was 
accounted for by an increase in foliage mass. The rest was caused by an increase in foliage 
efficiency (Brix 1983). Nitrogen deficient stands of Douglas-fir would appear then to have 
insufficient foliage even after crown closure for effective light utilization. This suggests that light 
measurement below closed canopies could be used to indicate stand N deficiency and potential 
growth response to increases in foliage following fertilization. 

3.3 Patlern of Response 

An analysis of the relationship of fertilizer growth response to increases in foliage mass 
and efficiency can be used to explain the pattern and the mechanism of the response over time. 
With the Shawnigan data as an example, it was shown that the stem growth response to N 
fertilization in the first and second years resulted primarily from an increase in foliar efficiency as 
a result of increases in foliar N concentration (Figure 6) (Brix 1983). In the next 3 years, foliar 
efficiency decreased and leaf mass increased. By year 5, foliar N concentration and efficiency 
were back to control level, and the growth response was entirely attributable to build-up of foliar 
mass. The influence of fertilization on foliar efficiency thus provided for the initial, short-term 
growth response and enabled an increase in foliage mass that sustained the growth response 
over a longer period. 

Nitrogen fertilization also affects the distribution of total production to the different parts of 
the tree, with a higher proportion being allocated to foliage production in Douglas-fir (Brix 1983) 
and apparently also to above-ground biomass. The duration of the growth response is 
influenced by the longevity of the foliage. Douglas-fir at Shawnigan retain their foliage for 
approximately 6 years, so an increase in foliage production in 1 year will be effective for tree 
production for the following 5 years. In contrast, species with short-lived foliage will have a 
faster percentage increase in total foliage mass with an increase in current foliage, and therefore 
a quicker growth response. The duration of the response, however, will be reduced. To 
illustrate this point we compared the Shawnigan data for N effect on total foliage mass over time 
for Douglas-fir (Brix 1981a) to the response of trees with 3-year needle longevity, but used the 
same N effect on current foliage production as shown for Douglas-fir (Figure 7). The resulting 
two types of growth response to N fertilization can be recognized in the study by Moller (1974) 
with Scots pine and Norway spruce. Norway spruce has longer-lived needles and a growth 
response with a pronounced plateau of longer duration. 

3.4 Wefertilization 

The foliar efficiency at Shawnigan decreased from the second year after fertilization until it 
was reduced to control level at year 5 (Figure 3). This was due to a decrease in foliar N 
concentration (Figure 1) and the resulting effects on rate of photosynthesis (Figure 2), and on 
dry matter distribution. Annual refertilization would appear to be needed to maintain maximum 
foliar efficiency. This is the objective of Weetman and Fournier (1984, 1986a) in their optimum 
nutrition trials with jack pine, lodgepole pine and Douglas-fir in which elements other than N are 



also supplied. Examination of Figure 6 suggests that refertilizaion at year 5 would provide for 
the optimum combination of a large foliar mass coupled with a high foliar efficiency, and 
therefore produce the maximum growth response to fertilization. However, refertilization of a 
closed stands at this time would probably not provide the best biological efficiency and economic 
return from fertilizer investment. The foliar mass would be close to optimum at year 5, so the 
benefit from fertilizer effect on foliar mass would be small. Refertilization of some plots at 
Shawnigan was done after 9 years when foliar biomass was still high. The resulting volume 
growth over the next 3-year period was increased by 34% in unthinned stand (Barclay and Brix 
1985). This is the effect one would expect on the basis of an increase in foliar efficiency alone 
(Figure 3). The response in thinned stands was 71% indicating that an increase in foliar mass 
contributed to the response. 

3.5 Foliar Graphical Diagnostic Technique 

This technique (Timmer and Morrow 1984; Weetman and Fournier 1986b) is currently 
being tested for several tree species in British Columbia as a means of detecting fertilizer 
requirement on different sites. The method uses changes in foliage weight, size, nutrient 
content and nutrient concentration one growing season following fertilization to interpret and 
predict possible tree growth responses over time. To assist in this interpretation, it would be 
helpful to know how the response of the tree species in question will depend on changes in 
foliar efficiency and foliar mass. Only the Douglas-fir response has been analysed in this way 
and similar studies for other species are needed. 

4 ENVIRONMENTAL INFLUENCES 

A main objective of forest fertilization research is to arrive at site-specific prescriptions, and 
to accomplish this, we must know how various edaphic and climatic factors affect tree response 
to fertilization. 

4.1 Periodicity of Growth and Physiological Processes 

To evaluate properly the environmental influences on growth and responses to N 
fertilization we should know the activity under way in the growth of various tree organs and in 
the important physiological processes that occur throughout the year. For instance, a drought in 
July and August will not affect height growth in the same year, since this is completed in June. 
It may, however, affect diameter growth which continues to the end of August. Similarly, 
fertilization in the spring may affect needle size in the first year but not the number of needles 
on a shoot, since this is determined during bud formation the previous year. This is one 
example of how environmental conditions in one year can affect growth in the next year. The 
timing of growth and some important physiological processes for Douglas-fir at Shawnigan Lake 
are given in Figure 8 and are probably applicable, with some modification, to other coastal 
British Columbia regions. 

4.2 Other Nutrient Elements 

Other nutrient elements may limit growth on a particular site and influence the growth 
response of trees to fertilizaition. Interactions of mineral elements such as P and S in growth 
response with N have been well demonstrated (Turner 1979), and fertilization with N may induce 
deficiency of these elements (Gill and Lavender 1983b; Radwan and Shumway 1984). These 
aspects are discussed in other presentations at this workshop. 



4.3 Climatic influences 

Climatic influences are likely important but they have not received much attention (Brix 
1989). Some fertilizer projects have dealt with climatic variations (Weetman and Krause 1979; 
Moller 1983; Peterson et a/. 1984). With regard to climatic influences on growth, we are inclined 
to consider climate only during the growing season. However, as pointed out by Waring and 
Franklin (1 979), the climate in the coastal Pacific Region is favourable for photosynthesis for 
much of the rest of the year. During that time the photosynthetic capacity remains high 
especially after N fertilization when shoots are exposed to favourable light and temperature 
conditions (Brix 1971). The effect of improved nutrition, however, is not evident at low light 
(Brix 1971) and this, rather than low temperature, may limit N effect in the "off-season". This 
question deserves further study. 

As a step towards evaluating climate, season, and associated site effects on tree response 
to N, we have studied rates of photosynthesis for N-fertilized and unfertilized Douglas-fir trees in 
relation to temperature and water stress (Brix 1971, 1972, 1981b). 

4.4 Soil Water Deficit 

Water deficit is common in many regions of British Columbia and precipitation and other 
factors affecting the soil and tree water status are therefore of special interest in their relation to 
fertilizer response. The role of water deficit in fertilizer response has been the subject of some 
studies, but more are needed before its overall significance can be evaluated (Brix 1979, 1989). 
A highly significant interaction between summer irrigation and N fertilization in the growth of 23- 
year-old Douglas-fir over a 2-year period was obtained, with increases in growth over the control 
of 15, 16 and 59% by irrigation (25 mm water per week), 448 kg N/ha fertilization, and irrigation 
and fertilization combined, respectively (Brix 1972). This indicates that growth response to N 
would be best in years and on sites with favourable soil water conditions. In an attempt to 
explain this interaction, the treatment effect on rates of photosynthesis, leaf growth and leaf 
mineral nutrient concentrations were studied (Brix 1972). An interaction was found between the 
two treatments in leaf mineral concentrations, while water stress had similar effects on rate of 
photosynthesis for unfertilized and fertilized trees. 

A water-fertilization interaction on height growth has been demonstrated on the Shawnigan 
site. Here, growth-limiting soil water deficits usually begin in June which is the month when 
height growth occurs (Figure 8). A June precipitation below 40 mm will affect height growth as 
well as the response to N fertilization (Brix 1989). 

A study with Douglas-fir in Oregon found only an additive effect of the two treatments and 
not an interaction (Strand 1964). A water-nitrogen interaction may well depend on the degree of 
water and N deficiency, and on other growth limiting factors (e.g., other deficient nutrient 
elements), but this has yet to be explored (Brix 1989). Another possibility is that N fertilization 
affects the water use of trees and the importance of this for growth would depend on site water 
conditions. By increasing foliar biomass (area), transpiration could be increased and on dry 
sites or dry years the water stress of soil and trees may be increased to the extent at which no 
response or even a negative response to N would occur. For example, N fertilization of radiata 
pine in Australia increased growth the first year, but the increase in foliage that year combined 
with drought the following year increased the water stress of the trees to the extent that growth 
was reduced in the second year compared to that in unfertilized trees (Landsberg 1986). 

This possible problem has been addressed for Douglas-fir at Shawnigan where tree and 
soil water stress has been recorded over a 10-year period since fertilizer-thinning treatments in 
1972. Fertilization did not have any significant adverse effect on soil and tree water stress in 
spite of large increases in leaf area, possibly because of better stomata1 control of transpiration 



(Brix and Mitchell 1986). Although some effect of June precipitation on height growth response 
to fertilization has been demonstrated, good volume responses have been found even in dry 
years. The severe problem experienced with radiata pine did not occur in our experiment with 
Douglas-fir. 

We are now studying the possibility that N fertilization may induce a critical water stress in 
western hemlock. We have seen examples of hemlock mortality some years after fertilization in 
mixed Douglas-fir hemlock stands where Douglas-fir has responded well to fertilization. In 
addition to increasing foliar biomass, fertilization may also aggravate the water balance problem 
by reducing fine root production, as shown by Friedman-Thomas with Douglas-fir (Regional 
Forest Nutrition Project 1986), and by increasing root mortality (Gill and Lavender 1983a). It 
also seems possible that the growth reductions in hemlock following fertilization, which have 
been the average response recorded in young coastal stands in Oregon and Washington under 
the Regional Forest Nutrition Research Project (1982), may have been caused by induced water 
stress, as was the case with radiata pine (Landsberg 1986). Our preliminary study at Mt. 
Prevost, Vancouver Island, however, did not demonstrate a detrimental effect of urea fertilization 
on the water stress of western hemlock 3 years after treatment, but further studies are 
warranted. 

4.5 Stand Thinning 

Thinning influences the tree environment (i.e., water, light, temperature, and nutrients) and 
therefore possibly the response to fertilization. Interactions of thinning and N fertilization on 
growth have been clearly demonstrated in the Shawnigan studies (Barclay and Brix 1985) but 
not in others (Regional Forest Nutrition Project 1980). It is important to the forest manager to 
know the conditions promoting this interaction. There are several possibilities in addition to those 
already discussed. For example, thinning has improved the soil and tree water status during 
part of the growing season at the Shawnigan site (Brix and Mitchell 1986) and thus provided a 
basis for a better fertilizer response. However, on moister sites this contribution from thinning 
would be less important. Similarly, thinning may affect the requirement for other nutrient 
elements, and their availability on different sites could modify the response to N. Although not 
studied, the relationship of biomass production and LA1 shown in Figure 5 is presumably 
influenced by the light regime of a site. If this is the case, N fertilization effects will also be 
influenced by light regime. The lower the light, the less the effect of N on productivity at any 
one LAI. This occurs because increases in foliage by fertilization have less influence on 
productivity. Additionally, the effect of N nutrition on the rate of photosynthesis is reduced at 
low light (Brix 1971). 

Some studies have shown that the applied N fertilizer is only available for tree uptake 
during the first year and will have little or no effect on N supply thereafter (Heilman et a/. 1982b; 
Miller 1986). This raises the question of how a heavily thinned stand with sparse root distribu- 
tion and with little requirement and storage capacity for N immediately after thinning is able to 
use the N fertilizer. In the years following thinning, the N requirement will likely increase in 
these stands to facilitate crown development, but by then the N applied may have been 
immobilized or lost. To address this question, N uptake at Shawnigan over a 9-year period was 
estimated for thinned and unthinned stands both with and without N fertilization. This was done 
on the basis of changes in N content of above-ground biomass at the beginning and at the end 
of the 9-year period, plus the N content of litterfall over this period. Estimates of N uptake 
during the first growing season after thinning and fertilization were made on the basis of 
changes in foliage N content. 



Thinned and unthinned stands had similar N uptake as a result of N fertilization over the 
9-year period. However, in the unthinned stands, all uptake appears to have occurred during 
the first year, while in thinned stands the greatest amount was taken up after the first year. It is 
speculated that the pattern of N uptake in thinned stands resulted from the priming effect of 
fertilizer N, which increased N mineralization of native soil organic matter, or from remineraliza- 
tion. Although the N utilization in thinned stands at Shawnigan with the stocking of 900 trees 
per hectare was satisfactory, how effectively aerial-applied fertilizer would be used in stands 
thinned operationally to levels as low as 400 trees per hectare is still a concern. Here, the N 
availability would depend even more heavily on the uncertain supplies of N resulting from the 
fertilizer priming effect or remineralization. 

Operational fertilization is practised in stands at different stages of development before and 
after canopy closure, as well as in stands in which stocking and canopy density are regulated 
by thinning. To interpret and predict responses in stands with different canopy development and 
foliage areas, the most useful initial analysis of growth responses in physiological terms is 
probably the relative contribution of fertilizer effects on foliage efficiency and foliage area (mass) 
during the period of the growth response. If this is known it will assist in explaining and 
predicting the pattern of the response over time, the difference in response in stands with 
different canopy closures, and the effects of refertilization at different fertilization intervals. To 
enable a further interpretation and prediction of responses, we should know the relationship 
between rate of photosynthesis and foliar N concentration and how this concentration changes 
with time after fertilization. With regard to foliage area, we should know the relationship of stand 
productivity to foliage area (LAI). Data from the Shawnigan project with Douglas-fir are 
presented. 

Fertilization effect on above-ground dry matter production per unit of foliage during the first 
3 or 4 years at Shawnigan was more than double the production that can be accounted for by 
the increases in rates of photosynthesis. It is conceivable that this additional fertilizer effect is 
caused by a shift in dry matter distribution, with a reduction in allocation to fine roots and an 
increase to above-ground components. Fine roots are short-lived and it is therefore considered 
unlikely that the initial reduction in fine root production will necessitate a subsequent increase in 
dry matter allocation to fine roots to compensate for this initial reduction. 

The opinion is sometimes voiced that all we may be accomplishing in forest fertilization is 
an acceleration of stand development, but apart from that we do not increase stand productivity. 
Before crown closure, N fertilization will speed up crown development and thereby increase 
productivity, and maximum current annual increment (CAI) in volume will be attained sooner. 
This also means that the subsequent decrease in CAI will occur sooner, as will the culmination 
of the mean annual increment. Miller (1981) cautioned that the response achieved before 
maximum CAI is attained will give us an overly optimistic view of the benefits of fertilization. By 
decreasing the time to culmination of the mean annual increment, the rotation age is reached 
earlier. However, this is not all that N fertilization will mean to stand productivity and stand 
management. According to the knowledge we have from the Shawnigan project with Douglas-fir 
and the evidence I have presented here, the fertilizer response is not restricted to acceleration 
of crown development. In addition, in both thinned and unthinned closed-canopy stands there 
was an increase in above-ground production per unit of foliage (foliage efficiency) during the first 
4 years. This was accomplished partly by an increase in the rate of photosynthesis and partly, 
it appears, by a shift in dry matter allocation from roots to increase stem and above-ground 
production. Even in the closed-canopy, unthinned stands did productivity increase after 
fertilization by increasing the foliar area from a maximum LA1 of 6 without fertilization, to an LA1 
of 9. These unthinned stands had reached their maximum CAI and fertilization effect on 
productivity apparently was not accomplished by speeding up stand development. 



A knowledge of the influence of various edaphic and climatic factors on growth response 
to N fertilization is needed to provide guidance in response prediction on different sites. Few 
studies have dealt with this aspect in sufficient detail, particularly with the physiological 
mechanisms involved, to provide guidance in response prediction. Since soil water deficit is a 
common occurrence in many forest regions in British Columbia, it is especially important to 
characterize the water-nitrogen interaction in growth. Although a considerable interaction has 
been demonstrated in one study with Douglas-fir (Brix 1972), the magnitude of the interaction 
will probably depend on the degree of limitation of these as well as other growth-limiting factors 
on a particular site, and this has yet to be studied. A good growth response to N fertilization 
has been obtained with Douglas-fir on the dry Shawnigan site, although height growth was 
reduced in years with a below-normal June rainfall. It has been encouraging to find that N 
fertilization did not aggravate the water deficit problem in Douglas-fir in the Shawnigan study, in 
spite of an increase in foliage mass with fertilization. Other species may react differently and 
experience this problem, as was the case with radiata pine in a study in Australia. This problem 
should be considered in future studies. 
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TABLE 1 .  Net gain in N content of above-ground biomass during 9 years after treatment 
and N content of litterfall over that period (kg Nlha). The sum of these values is 
taken as above-ground tree uptake of N. 

TreatmenP Biomass Litterfall Total Total 
net N gain N content N uptake less control 

" TO and Fo: control; T,: thinned with two-thirds of basal area removed; F,: fertilized with 448 
kg Nlha. 

I 2 3 4 

YEAR 

FIGURE 1. Foliar N concentration (% of dry weight) in years since N fertilization (F2:448 kg 
Nlha as urea) and stand thinning (T,: two-thirds of basal area removed); F, and 
To are control treatments. Data means with same letters in any one year are 
not statistically different (p=0.05). 
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FIGURE 2. The rate of net photosynthesis (Pn) for current shoots of Douglas-fir in relation to 
foliar N concentration using trees fertilized in different years. Rates are 
expressed as a percentage of the highest treatment mean which was obtained 
with 448 kg N/ha as ammonium nitrate (from Brix 1981b). 
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Net assimilation rates (E) by years following N fertilization based on above- 
ground and stemwood dry matter production. Rates are expressed as a 
perectage of rates for control trees. (Data from Brix 1983.) 



LEAF AREA INDEX ( LA1 ) 

FIGURE 4. Hypothetical relationship of dry matter production to leaf area index (MI) showing 
a plateau (a) and an optimum (b) type of response. 

FIGURE 5. Total above-ground and stemwood biomass production of Douglas-fir at the 
Shawnigan Lake installation in relation to leaf area index (MI). Data are based 
on Brix (1981a, 1983) with: (a) for thinned plots (T,) after thinning shock was 
overcome (year 3); (b) for untreated control plots (year 7); and (c) for unthinned, 
fertilized plots (T,F,) when foliar N concentration had returned to control level 
(year 7). 
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FIGURE 6. Stemwood growth response to T,F, treatment (no thinning, 448 kg Nlha), percent 
above control, and contribution of foliar efficiency (E) and foliage biomass to the 
response in years following treatment (from Brix 1983). 
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FIGURE 7. Patiern of N fertilization effect on total foliage mass in years since fertilization for 
trees with 3-year and 6-year needle retention, but with the same effect on current 
foliage production, (i.e., effect shown by Brix [1981a] for Douglas-fir [trees with 6- 
year needle retention]). 



Activity * Months 

* 1 : In i t i a t i on  of needle primordia (Owens 1968) 

2: Shoot elongation 
3: N&e elongation 
4: Stem diameter growth 
5 : Root growth (Kurz,girmnins, in press) 
6: Photosynthesis 
7: Respiration 
8 :  Transpiration 

FIGURE 8. Periodicity of growth and of some physiological processes of Douglas-fir as 
related to the Shawnigan Lake, B.C., location (activities # 1 and 5 have not been 
determined there). Solid lines indicate highest activity. Low activities in 5, 6, 
and 8 during July and August are caused by high soil water deficits. 
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ABSTRACT 

Forest fertilization is a silvicultural option which can be applied in a strategic manner to 
produce specific benefits. In order that forest fertilization will be able to meet these manage- 
ment needs, it is essential that the need be clearly identified as to both timing and magnitude. 
This cannot be done unless the manager has a clear idea of his future wood supply needs and 
the ability of his forest resource to meet these needs. 

The physical condition of the existing forest resource must be assessed on a stand basis 
to provide some idea of the availability for harvest of a given stand at a specific point in time. 
It is possible, through forest fertilization, to accelerate the development of certain types of stands 
so they become of harvestable size at a time when deficits are projected to occur. 

This paper offers opinions on management's options for fertilizing four types of stands. 
These treatments include: pre-harvest fertilization, backlog spacing fertilization, current stand 
spacing fertilization, and fertilization of stands damaged by insects and disease. The projected 
impact on the development of each of these stands is discussed in relation to the specific, 
strategic management need of the organization. 

In a broad sense, the management objective of any forestry-related organization is tied 
to the maximization of the economic and social benefits which can be generated from the forest 
resource. Within this context, revenues should be optimized. Forest fertilization is one 
management option which can be considered as a means of improving the economic and social 
benefits that we are able to draw from a managed productive land base. 

Our land base is finite in terms of economic accessibility, economic productive potential, 
and the area designated for forest production. In other words, we. have limited hectares on 
which to grow the wood volumes needed to provide continuous employment and government 
revenue, and to generate the export products and revenues which form the backbone of our 
provincial economy. 

In addition, we need to manage to produce more than just fibre. We want to grow wood 
that is of relatively high quality and in the type of stands and trees which are relatively 
inexpensive to harvest and convert. Continuity of wood flow is also essential for maintaining our 
market share, to ensure efficient use of capital invested in plants and equipment, and to provide 
for sustained employment levels. 



Our management objectives, therefore, should be: 

1. to sustain a relatively even flow of wood supply, and to increase the level of forest 
productivity from our finite land base; 

2. to increase or achieve stand merchantability; 

3. to minimize the losses created when certain management practices are undertaken, 
such as overcoming spacing shock in backlog stands; and 

4. to help stands resist disease and insect attack. 

If we are to achieve these management objectives, we must first have done our 
homework. We should have developed some type of product in each of the following areas: 

an estimate of the probable availability of alternative supplies of wood in the future; 

a stand-based forest inventory system with data recorded at the stand level; 

an understanding of stand structure; 

an understanding of the probable nitrogen deficiency of the different sites; 

an estimate of the probable lower limits of stand merchantability for the period in 
time when the fertilized stands would be harvested; 

an understanding of the impact of the average tree size on harvest and converting 
costs and end product value; 

a best estimate of mid-term wood supply need (based on determining the mag- 
nitude of deficit and probable timing); and 

* information identifying areas where environmental damage could occur as a result 
of fertilization. 

3 THE FERTILIZATION INVESTMENT DECISION 

The decision to proceed with a fertilizer project presupposes the need to produce more 
wood from our controlled land base, which can be brought on-stream over a specified period of 
time; or the need to bring a stand to a larger average tree size to ensure its merchantability at 
a given point in time. It also assumes that fertilization will produce additional volumes at a 
reasonable cost in relation to other alternatives that we may have for securing additional 
economic volumes of timber. 

There are two areas which I believe are critical in terms of justifying a forest fertilization 
decision. One is the need to develop an estimate of when additional wood is needed, and the 
second is to understand the overriding importance of stand structure in terms of how the stands 
would or could respond to fertilization. 



In terms of identifying wood supply needs, it is obvious that fertilization for the sake of 
spending money to fertilize cannot be justified if our wood consumption is such that the 
additional wood brought on-stream by the treatment is not needed when harvest must take 
place. It is therefore critically important that we know when additional supplies are needed and 
then tailor the timing of the treatment and target the types of stand to be treated in relation to 
this fixed-time need. The same rationalization is also true in terms of trying to improve the 
merchantability of over-dense stands. The timing of the fertilization application must be such 
that the additional growth in terms of increase in average tree size is brought on-stream at a 
time when the stand's volume is needed to maintain our wood supply. 

Of equal importance is the need to understand the structure of these stands being 
considered for fertilization. Many times in the past, fertilization has been applied to stands 
without consideration of the type of stand being treated, or the timing of wood need. As a 
result, such treatments have increased between-tree competition, especially in more uniform 
stands. Because harvest did not take place at the opportune time, extensive competition 
mortality resulted. Over the longer haul, volume production was not accelerated and, in some 
cases, was reduced. Fertilization should be a component of a managed stand regime but to be 
effective, stand density must be manipulated to the degree that the crown response to fertiliza- 
tion will be allowed to develop following treatment, and harvest must be scheduled for the time 
when competition mortality is about to start. 

4 PRODUCTION COSTS 

Recent experience on Vancouver Island suggests that applications of 400 kg of urea can 
be made at an all-found cost of about $140/ha. Depending on the type of stands being treated 
and the sites which are occupied, we expect that yields at harvest will be increased between 10 
and 30 m3/ha. This indicates that we will be producing extra wood at an undiscounted cost of 
between $4 and $14/m3 along with the many significant, additional benefits of being able to 
harvest and convert trees of larger average size, with the resulting improvement in end-product 
values. 

5 THE FOREST FERTlLiZATlON MANAGEMENT OPTION: A SCENARIO 

The BCFP private land base which makes up Managed Forest Unit 68 consists of ap- 
proximately 80 000 ha of forest land. The even-flow, long-run sustainable rate of harvest if 
these lands were unmanaged is estimated to be 376 000 m3 (Figure 1). The management 
carried out to date and current practices-such as immediate reforestation, attainment of 
free-growing status, juvenile spacing, and fertilization at the time of spacing-permit a sus- 
tainable harvest of 416 000 m3 which would increase to 450 000 m3 in about 2026. 

Our long-term wood needs indicate that within 20 years, to make up for the loss of 
production with the expiry of our Old Temporary Tenure licences, the harvest from our private 
lands should be approximately 500 000 m3. However, we predict that during the period 
2006-2026, we would be in a wood supply deficit if we tried to harvest 500 000 m3. To 
approach this harvest objective, our additional management strategy is to fertilize approximately 
3000 ha/yr of stands within 10 or so years of harvest which would gain us approximately 
20 m3/ha additional yield for a gain of harvest volume of 60 000 m3. This treatment, which 
would take place during the period 1986 through to 2016, would permit the harvest of about 
470 000 m3 through to the year 2026, after which time the annual harvest could be increased to 
approximately 510 000 m /yr. This cut level could be maintained indefinitely, provided we 



undertake the same treatment during the period 2066 through 2086, thereby offsetting the 
projected deficit which is expected to occur during the period 2086 through 2096. 

The above example does not adequately describe the impact or progress made in 
achieving the other management objectives of increasing stand merchantability, overcoming 
spacing shock, or helping to resist disease attacks. The information base needed to quantify 
the fertilization impact in these areas has not yet been produced through research efforts, but 
our expectation is shown in Figures 2 through 5. 

Figure 2a indicates that fertilization approximately 10-15 years before harvest should 
accelerate the growth of the stand and help overcome a projected wood supply need at harvest 
year 60 by increasing yields by about 20 m3/ha. It is equally important to note that the 
Diameter Distribution (Figure 2b) indicates that the treatment would shift the bulk of the stems in 
the treated stand into a merchantable category and should increase average stem DBH by 
about 3 cm. 

The range of DBH is also reduced and the impact on average Wee size is significant. 
The accelerated between-tree competition will remove considerable numbers of understory trees. 
This way harvest costs will be reduced because fewer trees will have to be handled, but the 
larger trees will support a somewhat higher merchantable volume per hectare. 

Backlog spacing at age 25 (Figure 3a) could well reduce slightly final stand harvest 
yields, but, if supplemented with fertilization, might also result in approximately 50 m3 more per 
hectare. The prime purpose for undertaking backlog treatment is to increase the merchantability 
of the final harvest. Figure 3b indicates that the spacing alone will greatly reduce the number of 
trees per hectare and the range of DBH and average tree volume. 

Immediate fertilization of the spaced stand will further reduce stocking levels somewhat, 
while increasing average tree DBH and volume. The final result is that the stand volume 
exceeds a 20-cm minimum DBH limit with very favourable impacts on harvest costs, conversion 
yields, and conversion value yields. 

Fertilization of a plantation spaced at about year 13 will build on the significant increase 
in yield generated by the spacing in the order of about 60 m3/ha, provided the spacing levels 
allow the stand to grow freely through much of the rotation (Figure 4a). Competition mortality 
would not be a problem before the time of harvest at 55 years. 

Figure 4b indicates that while spacing will reduce the stocking and DBH range at the 
time of harvest, with significantly increased average DBH and average tree size, the addition of 
fertilizer will provide significant additional benefits. Stocking is somewhat further reduced, 
average tree DBH is increased, and average tree size is significantly improved. All harvest 
volumes will be considered merchantable (about 20 cm DBH), the impact on harvest costs will 
be very positive, and the value of end-product yields will be very greatly increased. 

Damaging agents usually favour stands that have been weakened as a result of the 
between-tree competition caused by over-dense conditions. One strategy for reducing these 
losses is to improve the vigour of the stands for a short period of time. We expect that 
fertilization applied approximately 15 years before harvest at age 50 would defer mortality such 
that final harvest could be increased by approximately 60 m3/ha (Figure 5a). In addition, 
although the number of the trees to be harvested would be higher than if mortality took place, 
the average diameter would be greater and average tree size would be somewhat improved 
(Figure 5b). The treatment would defer for approximately 8-10 years the need to harvest the 
stand while, at the same time, producing more volume in a more economic form. 



6 SUMMARY 

Forest fertilization is a treatment option that must be applied with discretion. It requires 
a strong guarantee of security for the land base so that the benefits can be reaped in the future; 
it requires better information on sites so that nutrient deficiencies can be more accurately 
evaluated; and it requires a stand-based information system which can be related to future wood 
needs and to the impact of stand condition on merchantability. In addition, there is a very great 
need for considerably more growth and yield information, which would permit more effective 
scheduling of fertilization treatment. 

In spite of these constraints, forest fertilization is a management tool that can be 
selectively applied to improve the economic and social benefits from a finite land base through 
improvements in yield and stand merchantability, in addition, if the treatment is properly applied, 
the yields generated can be brought on-stream during times when wood supply deficits are 
forecast to occur, and as a means of improving stand merchantability so that profitable harvest 
and conversion can take place. 

Forest fertilization is a treatment option which has great potential. It needs to be better 
understood, so that it can be applied selectively. 
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FIGURE 1. Possible impact of forest fertilizationljuvenile spacing treatments on wood supply. 
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FIGURE 2a. Preharvest fertilization: volume impacts. 
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FIGURE 2b. Preharvest fertilization: stand impacts. 
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FIGURE 3a. Post-backlog spacing fertilization: volume impacts,. 
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FIGURE 4a. Current spacing fertilization: volume impacts. 
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FIGURE 4b. Current spacing fertilization: stand impacts. 



FIGURE 5a. Damaged stand fertilization: volume impacts. 
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ABSTRACT 

The rationale behind using net present value calculations to evaluate investments is 
explained. The treatment of risk and uncertainty in the evaluation of investments is also 
discussed. A number of examples of using net present value methods to evaluate investments 
in forest fertilization are presented. These examples are based on the growth predictions of the 
growth simulator DFSIM. The general conclusion is that fertilization has the potential of being a 
profitable investment but only on the more valuable stands, and provided it is not applied too 
early in the rotation cycle. On the other hand, fertilization of low and medium sites can be 
economically viable if the allowable cut effect can be claimed as a benefit of fertilization. 

1 NET PRESENT WLUES 

A general principle in investment decision-making is that a dollar today is worth more 
than a dollar tomorrow. This is because a dollar today can be invested in the market and will 
begin earning interest immediately. Thus, in valuing an investment which is not expected to 
yield a payoff until tomorrow (1 year hence) what counts is the present value of the expected 
return. This present value PV is equal to a discount factor times B, where B, is the expected 
payout. The discount factor takes the form 1/(1 + r) where r is the annual rate of return 
investors demand for accepting delayed payment (also called the opportunity cost of capital). 

The net present value of the above investment is: 

B 1 
NPV = -C, - 

l + r  

where Co is the initial outlay required to earn the B, tomorrow. Investors will want to invest in 
this project only if its net present value is positive. The logic behind this procedure for valuing 
investments is the following. If NPV > 0, then B, > C,(1 + r) and investors get a larger return 
by choosing to invest in this project than if they choose to invest in the market at large. 

Net present value calculations are easily generalized to situations such as silvicultural 
investments where the costs incurred and the returns received from a project are spread over a 
number of years. Free cash flows (returns minus costs) received T years after the beginning of 
the project should be discounted by the factor 141 + r)T before being added to NPV, as the (1 + 
r)T is the return investors would receive if $1 was left invested in the market for a period of T 
years. 



2 lMVESTMENT DECISION-MAKING 

Over the years a number of rules have been put forward to guide investment decision- 
making. Two, for example, are that the average annual return on book value should exceed 
rules; that the internal rate of return should exceed r. Modern textbooks on corporate finance 
point out, however, that these two rules have deficiencies. It is generally agreed that the correct 
rule for accepting an investment is that the project NPV should be greater than zero or if two 
alternatives are being considered, then the one with the highest NPV should be chosen. The 
reason given is that using this rule leads firms to make decisions that maximize the wealth of 
their current common shareholders (ignoring, for the moment, problems of risk and uncertainty). 
However, in these calculations the right discount rate must be used. Assuming that costs and 
returns are estimated as real values (i.e., net of inflation), then this real discount rate should be: 

Here, i is the nominal rate of return that must be paid to bondholders, t is the corporate 
tax rate, 6 is the nominal rate of return required by equity holders, O is the firm's targeted debt 
to asset value ratio, and n: is the expected rate of inflation. Like the simple example above, if 
NPV > 0 with this discount rate, then the investment will generate returns ample enough to pay 
off the firm's bondholders and to pay dividends that yield an annual rate of return greater than 
6. 

For the period 1926-1981, the normal average annual rate of return on common stocks 
was 11.7%, and on corporate bonds, 4.1% (in Canada, as cited in Brealy et a/. (1984, 127). If 
these numbers are taken to be 6 and i respectively, O is 0.5 and the corporate tax rate is 40%, 
then r = 7.1% - n. The average inflation rate (based on the Consumer Price Index) for this 
period was 3%. However, the z above should be the expected inflation rate which may have 
been a bit less historically than the actual inflation rate. The point here is that the real risk-free 
discount rate need only be of the order of 5 - 6%, although the way the project is financed (i.e., 
the magnitude of 0), is important in determining the discount factor. 

3 DEALING WITH RISK AND UNCERTAINTY 

If one can reasonably attach probabilities to the possible outcomes of a project, then 
judgements about an investment should be based on expected net present values, or ENPV's. 
These are a weighted average of the NPV's for each possible outcome of the project where the 
weight for each outcome is the probability of that outcome. This procedure is probably 
applicable to the risk of planting failure or the risk of catastrophic loss. There is also risk 
associated with the outcome of fertilization trials, but, the probabilities are not very well known. 
It is likely safe here to use a predicted average response, as (for mathematical reasons) this 
procedure will give you an underestimate of the true ENPV. To deal with uncertainty about 
future prices and costs, the manager can look at several different reasonable scenarios. He or 
she can then decide what action to take, after having considered the potential financial conse- 
quences of each scenario. 

It was once the practice to recommend that the discount rate used to evaluate risky 
projects be adjusted upwards to reflect the degree of risk faced if the project were undertaken. 
This procedure is no longer viewed as being appropriate for long-lived projects because it 
assumes that the degree of risk faced is the same in every year of the project. For example, 
the results of a fertilization trial are known after a 5-year period has passed, and at that point 



the risk associated with this investment is resolved and there should be no further penalty 
against project benefits on its account. 

A more modern view is that the risk of an investment depends on how that investment 
affects the variability of returns on all of a company's investments. Thus, an investment that 
ensured that a company could operate at near capacity all of the time would not be viewed as 
risky and would require no adjustment to its ENPV. For projects that are truly risky, a risk 
offset should be subtracted from the ENPV. At present, however, how much must be subtracted 
requires a subjective judgement because no operational formula has yet been devised for 
calculating this offset. 

4 PROJECTION OF REVENUES AND COSTS 

A silvicultural investment should proceed if the present value of the costs of producing 
additional wood through silviculture are less than the present value of the costs of obtaining the 
wood by the cheapest alternative method. This alternative is most likely to be that of purchas- 
ing the wood. on the open market. Prices in this market can be thought of as the opportunity 
cost of producing wood through intensive silviculture. 

To carry through the comparison above, the wood produced through intensive silviculture 
must be valued at open market prices and then these values treated as the returns to the 
project. The project should then proceed if the NPV of returns minus costs is positive. 

According to Manthy (1978), the real price of lumber in the U.S. rose at an annual rate 
of 1.7% from 1871 to 1973. Over the same period, real pulp and paper prices were stable. 
Therefore, for the purposes of projection, it is probably safe to assume that real prices will 
remain constant. It is not necessary to forecast swings in the market, as managers should have 
the flexibility when it comes to actually harvesting the extra wood, to schedule the harvest in a 
way that takes advantage of these swings. On the cost side, it is likely that the real cost of 
harvesting stands of like physical location and timber quality will decline over time, so, again, 
projecting these costs to be constant is a conservative assumption. 

There are, however, two factors which one should try to take into account in projecting 
revenues and costs, because they are important in determining the best timing of harvest. 
These are premiums for larger-sized logs or better quality wood and also economies of size in 
logging and processing (Fight and Briggs, 1986). Bigger trees are cheaper to log and process 
in per-cubic metre terms. Both of these factors are considered in the examples we will now 
show you. 

The purpose of this section of the paper is to outline the factors that influence the 
financial merits of fertilizing a forest stand. These factors include, among others, the cost of 
fertilization, the value of the response to fertilization, the discount rate, and the length of time 
between application and harvest. The scenarios will be kept very general since the exact 
responses to fertilization and the exact revenue and cost information for all cases are not 
available. Consideration of risk and uncertainty are also not dealt with here. Instead, this 
section provides a framework to which one can add information for specific cases. 

The cost of fertilization is a key element in the fertilization decision. It must be recouped 
by increased stand value at harvest time. A single application cost of $219/ha will be used in 
all examples here, so helicopter delivery of urea pellets is assumed. 



The response of a stand to fertilization depends on a number of factors such as site 
class, whether or not the stand has been previously juvenile-spaced, and the level of brush 
suppression. Other speakers will cover these points in more detail than can be accomplished 
here. The value of the response depends on how the stand changes in response to fertilization. 
The cost and revenue functions used in the scenarios presented here provide premiums for 
increased mean DBH. That is, larger logs are assumed to be more valuable than the same 
volume of smaller logs, and logs of larger mean DBH will be less expensive to log. Hence, the 
benefits of fertilization include both increases in the mean DBH as well as increases in volume. 
Stands that are already capable of producing valuable wood will more easily pay for fertilization 
treatments than will a marginal stand. A much smaller increase in volume will produce the 
value necessary to justify the investment. For example, a valuable stand close to a mill site 
would be profitable to fertilize if the return to fertilization exceeded its cost. The same stand 
located far enough away from a mill so that it is presently not profitable to harvest must not only 
pay for the cost of fertilization, but also respond enough to make it profitable to haul the wood 
to the mill. 

Earlier in the paper the selection of the proper discount rate was discussed. The 
scenarios presented here will look at a number of discount rates to show the importance of this 
factor. 

The discount rate also comes into play when the timing of fertilization is considered. 
The larger the gap between fertilization and the harvest, the greater the return necessary to 
justify the fertilization decision. This is less of a problem at a lower discount rate. 

The information for the cases is drawn from "Yield Tables for Managed Stands of Coast 
Douglas-Fir" (Curtis et a/. 1982)-alled DFSIM and also from independent runs on DFSIM. 
Specifically, the cases involve a stand of naturally regenerated Douglas-fir spaced to 741 stems 
per hectare and fertilized with 225 kg N. The regimes studied are: 

Case 1 : Site 105, spaced at age 13, fertilized at age 28. 

Case 2: Site 125, spaced at age 11, fertilized at age 20. 

Case 3: Site 145, spaced at age 10, fertilized at age 17. 

The biological data for each of these cases (with and without fertilization) are displayed in 
Tables 1 through 3. 

For each case, the optimal harvest regime will be determined at real discount rates 
varying from 3 to 5%. The 5% discount rate will be the base case against which sensitivity 
analysis will be performed. Stand values will be based on White (1988). These in turn were 
based on a log value function and logging cost data found in Williams (1987) and Morrison et 
a/, (1985). Average conditions for the coast assume 1985 conditions. Since these are based 
on Vancouver log market values rather than lumber values, they tend to be somewhat conserva- 
tive. As a result, the initial runs at 5% show fertilization not to pay in any of the cases 
presented. A second factor which leads to the negative results presented is the very early age 
at which fertilization takes place in each case. This allows us to investigate what changes 
would have to take place to make an investment in fertilization profitable. Table 4 displays the 
results for the Site Class 3 (Site 105) case. The optimal regime at 5% is to forego fertilization 
and harvest the stand at year 90. The NPV of the increased volume and mean DBH from fer- 
tilization taken at harvest age is $23.94. This is not sufficient to cover the NPV of fertilizing at 
age 28, which is $53.57. At the base discount rate of 5%, the non-discounted cost of fertiliza- 
tion would have to fall to $93.84/ha to justify fertilization. This a ears unrealistic given present PP technologies and costs. The value of the response of 53 m in this case is $36.37 m3 or 



$1932.91. To be profitable, this would have to increase to $4326. This could only occur if the 
stand were of much higher value, (e.g., closer to the mill), since the volume response required 
to obtain this kind of increase is not feasible. 

From Table 4 it can also be seen that decreases in the discount rate alter the optimal 
regime in this case. When the discount rate falls to 4%, the financial rotation age increases to 
100 years but fertilization is still not profitable. As the rate falls to 3% the rotation age remains 
at 100 and fertilization is now viable. This pattern is the same in the other cases; where low 
discount rates can be justified, investments in fertilization and other forest management practices 
can also be justified. 

If the same response to fertilization can be obtained by fertilizing later in the rotation, 
then the investment can be profitable. In this first case, fertilizing at least 17 years later at age 
45 is profitable at a 5% discount rate if the same response is obtained. Some evidence that 
similar responses can be obtained from different timing of fertilization can be found in Turnbull 
and Peterson (1976), although DFSIM contains a declining response function. 

Data for the second case (Site Class II, Site 125) are found in Table 5. On this higher 
site, the optimum financial rotation age falls to 80 years and the optimal harvest age for a 
fertilized stand falls to 70 years when the discount rate is 5%. Since fertilization is now at age 
20, its discounted cost increases to $79.15. The NPV of the returns to fertilization at age 70 
are $51.90. 

For fertilization to be profitable in this case, the cost of fertilization would have to fall by 
about one-half to $106.50. The response of 39 m3 has a value of $1579 before discounting. 
To make fertilization profitable, the value of the response would have to increase to $2766. 
Again a decrease in the discount rate to 4% brings about no change in the optimal management 
plan, but at 3% it becomes optimal to fertilize while still harvesting at age 80. Finally, fertilizing 
14 years later at age 34 makes fertilization profitable if the initial response predicted by DFSlM 
is maintained. 

The final case (Site Class I, Site 145) is outlined in Table 6. The optimal rotation age 
falls to 70 years and once again fertilization is not profitable. Fertilizing at year 17 has a NPV 
of $91.62 at 5% and returns $68.31 at age 60, the optimal harvest year for a fertilized stand. 
Fertilization enters the optimal regime when cost of fertilization falls to $113.45 or when the 
value of the response to fertilization increases to $2063 from $1276. Note that the physical 
response to fertilization on this high site is only 29 m3. A discount rate of 3% again justifies 
fertilization, as does fertilizing 13 years later in year 30. 

While none of the base cases showed fertilization as a component of the optimal regime, 
a trend emerged showing that smaller changes in the factors influencing the fertilization decision 
were required as the quality of the site increased (see Table 7). This was true even though the 
physical response decreased as site quality improved. Such a point emphasizes the importance 
of high stand values in the fertilization decision. Fertilizing to grow more volume of timber of 
little value will not pay; fertilization must bring forth logs of significant value if it is to pay for 
itself. The other key factor in the fertilization decision is the timing of application. If stand age 
has little or no impact on the response to fertilization as some evidence suggests then 
fertilization should be put off as long as possible. As was shown in the cases here, delayed 
application is likely to make many more fertilization projects pay for themselves. 

The factors affecting the fertilization analysis to this point could be considered as internal 
factors, or factors that are directly involved with the fertilization decision, that is, how the stand 
responds, the cost of treatment, and so on. There are also external factors that can significantly 



affect the fertilization decision. The two factors to be investigated here are the Allowable Cut 
Effect (ACE) and the tax treatment of fertilization. 

The ACE allows the benefits of silvicultural investment to occur over the entire period 
from treatment to harvest. For example, the expected benefit of 40 m3 from fertilizing in year 30 
and harvesting in year 70 could result in a 1 m3 increase in harvest annually over the period. 
The Policy manual which accompanies the British Columbia Forest Act allows for a 3% increase 
in volume on medium sites given a fertilization treatment. (A 5% increase is allowed on poor 
sites, which are not considered here.) This increase would be harvested from mature stands 
between the time of treatment and the projected time of harvest. Table 8 shows the NPV and 
rotation ages for each of the cases assuming the presence of the ACE, a modest net return of 
$5 per m3 on the extra mature timber harvested, and a 5% discount rate. The Table shows that 
the ACE makes fertilization profitable on Sites 105 and 125, but not on 145 at a 5% discount 
rate. If the discount rate is lowered to 4%, fertilization then becomes profitable on that site as 
well. 

The marginal corporate tax rate in British Columbia (with some exceptions) is 20%. This 
can influence the decision to fertilize, assuming the firm has taxable income. Since expenses 
on fertilization can be deducted from taxable income, this effectively lowers the cost of treatment 
by 20%. It must also be remembered that taxes will be paid on the increased harvest values 
as well, but this will be paid many years in the future and would reduce this 20% figure by only 
a small amount. 

The cases reviewed here have focused on the fertilization of a stand in isolation. When 
the fertilization decision is expanded to cover many stands, stand analyses do not always hold 
up. For instance, fertilization brings stands to maturity at an earlier age, a point which could 
have implications for harvest scheduling. It may be profitable to fertilize a stand or stands when 
it can lead to a more profitable harvest schedule than if the stand were not fertilized and 
harvested at a later time. A second instance where stands must be looked at as a group is 
where economies of scale may come into play. Fertilizing many stands in the same area may 
produce economies of scale and make the fertilization project viable compared to fertilizing a 
number of spread-out isolated stands. 

In summary, fertilization, particularly if not applied too early in the rotation or on slow- 
growing stands of little value, has great potential to enhance the value returned from British 
Columbia's forests. 



TABLE 1. Biological data for site 105 thinned to 741 stems at age 13 

PCT 741 - N 105. (32 m Bruce at 50 years) 

A T DBH(cm) v (m3) 

PCT 741 - N 105. 225 kglha 28 years (32 m) 

A T DBH(cm) v (m3) 



TABLE 2. Biological data for site 125 thinned to 741 stems at age 11 with and without 
fertilization at age 20 

PCT 741 - N 123. (38 m) 

T DBH (cm) v (m3) 

PCT 741 - N 125. 225 kg/ha 20 years (38 m) 

A T DBH (cm) v (m3) 



TABLE 3. Biological data for site 145 thinned to 741 stems at age 10 with and without 
fertilization at age 17 

PCT 741 - N 145. (44 m) 

T DBH (cm) v (m3) 

-- - 

PCT 741 - N 145. 225 kglha 17 years (44 m) 

A T DBH (cm) V(m3) 



TABLE 4. Financial data for site 105 with and with and without fertilizationa 

N 

NPV 

"* Best regime at given interest rate and category. 
*" Best overall regime at given interest rate. 



TABLE 5. Financial data for site 125 with and without fertilizationa 

NPV 

"* Best regime at given interest rate and category. 
** Best overall regime at given interest rate. 



TABLE 6. Financial data for site 145 with and without fertilizationa 

NPV 

"* Best regime at given interest rate and category. 
** Best overall regime at given interest rate. 

TABLE 7. Changes in factors required to make fertilization profitable at 5% discount rate 

SITE 

Fertilization cost 
reduction ($) 

Increase in value 
of response ($) 

Delay in 
fertilization (yr) 



TABLE 8. Optimal rotations and NPV with allowable cut effect (ACE)" 

"* Best of all fertilized regimes at 5% discount rate. 
** Best overall regime at 5% discount rate. 
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ABSTRACT 

Responses from fertilizer experiments are reviewed for several Pacific Northwest tree 
species: western hemlock, lodgepole pine, quaking aspen, and Douglas-fir. Results indicate that 
each of these species is capable of responding to applications of fertilizer. Response data from 
western hemlock experiments are extremely variable, but still appear to indicate that young, 
unthinned, low-site stands benefit from urea (46% N) fertilization. Lodgepole pine stands and 
quaking aspen stands have responded to phosphorus and nitrogen fertilizers. However, for both 
species, the response to nitrogen was far greater than the response to phosphorus. Most of the 
available response data are from Douglas-fir stands that have received one or more applications 
of urea. In these stands, factors such as site index and stocking can play a key role in 
determining the magnitude and duration of fertilizer response. In general, fertilizer responses for 
Douglas-fir are greatest for low- to medium-site stands that have ample room for crown 
expansion. 

1 INTRODUCTION 

Fertilizer experiments have been established in many stand types of commercial impor- 
tance in the Pacific Northwest. In this paper, fertilizer responses of four species are reviewed: 
Douglas-fir, western hemlock, lodgepole pine, and quaking aspen. Also discussed are factors 
that affect a stand's response to fertilization. For many species, stand characteristics such as 
site index and stocking often determine the magnitude and duration of response. In addition, 
silvicultural treatments such as spacing and thinning can have a tremendous impact on a stand's 
response to fertilization. 

Fertilizer responses have been measured and reported in a variety of ways. The most 
common response estimate encountered in the literature is computed as the mean growth rate 
of control stands subtracted from the mean growth rate of stands that have been fertilized. That 
is: 

Mean 
Response = growth rate of - 

fertilized stands 

Mean 
growth rate of 
control stands 

Several methods are used to estimate the quantities on the right-hand side of this equation. 
Indeed, there is no standard approach and, consequently, comparisons between published 
studies are not usually straightforward. 



Equation. (1) is well suited for the analysis of stand parameters such as height growth or 
volume growth. However, many attributes of a stand or tree respond to fertilization. A 
physiologist might emphasize the concentration and distribution of nutrients within fertilized and 
control trees. Some researchers focus on stand yield and discuss response in terms of 
shortening the rotation age or changes in stand structure. Finally, soil scientists may be 
interested in forest floor carbontnitrogen (CtN) ratios and the quantity of mineralizable N at 
various levels in soil profiles from fertilized and control stands. 

As a matter of convenience, response is defined in this paper as in equation (1). Resp- 
onses to single N fertilizer applications of established stands will be the focus of attention. In 
the Pacific Northwest, field experimentation has failed to document widespread deficiencies of 
elements other than N (Crossin et a/. 1966; Gessel et a/. 1979). It should be emphasized, 
however, that elemental deficiencies can have a significant impact on stand development. 

2 SPECIES RESPONSE TO FERTlblZATlON 

2.1 Western Hemlock 

The Regional Fertilizer Nutrition Research Project (RFNRP), a research co-operative 
administered by the University of Washington, established a series of fertilizer trials in unthinned 
and thinned western hemlock stands in western Washington and Oregon. On a regional basis, 
the mean 8-year net volume periodic annual increment (PAI) of unthinned stands is decreased 
by urea (46% N) fertilization, whereas the PA1 of thinned stands appears to be unaffected 
(Figure 1). 

More detailed analyses of these data reveal that response appears to depend on age, 
geographic region, and site quality (RFNRP 1982). The most responsive stands are young (12- 
23 years old measured at breast height), unthinned, low-site stands in the Cascade Mountains. 
Stands fertilized with 224 kg Ntha respond more than stands fertilized with 448 kg Ntha. In 
general, older stands (24-35 years old) and thinned stands do not show a significant response 
to fertilization. 

Olsen et a/. (1980) analyzed the radial growth of fertilized (urea) and control western 
hemlock trees by age class. Their results indicate that young trees (10-20 years old) exhibit a 
large response to fertilization and a small response to thinning. Older trees (21-40 years old) 
show a much different pattern: thinning produces a large response; fertilization does not. 

Gill and Lavender (1983) found that urea fertilization increased mycorrhizae mortality in 
western hemlock stands. This may partially explain the high degree of variation in response 
observed in these stands. Radwan et a/. (1984) determined that the low and inconsistent 
responses to urea fertilization cannot be improved by the use of a different N source. 

2.2 Lodgepole Pine 

A thinned, pole-size lodgepole pine stand (43 years old) responded to a combined N, 
phosphorus (P), and sulphur (S) fertilizer treatment applied at the rates of 673, 336, and 101 
kglha, respectively (Cochran 1979). These large nutrient doses increased basal area and 
volume growth 100% in the first 4-year period following treatment, and 60% in the second 4- 
year period. Height growth was increased in the second 4-year period by only 40%. 

Yang (1983) evaluated the effects of N, PI and S fertilizers on a 70-year-old lodgepole pine 
stand of normal density near Hinton, Alberta. Results indicated that the addition of P or S 



without N adversely affected growth (Figure 2). Treatment combinations that included N 
increased net volume PA1 up to 54% in the 10-year period following treatment. 

2.3 Quaking Aspen 

Yearly applications of N, P, and potassium (K) over a 6-year period significantly increased 
tree growth in a post-fire quaking aspen stand (Van Cleve and Oliver 1982). In general, N had 
the greatest impact on growth and increased above-ground tree biomass by 120% (Figure 3). 
The effects of P and K were much smaller for most of the stand parameters analyzed. In a 35- 
year-old stand in Saskatchewan, 5-year total volume responses to various amounts of N, P, and 
K ranged from 2.1 to 36.3 m3/ha or 6 to 11 1% (Weetman et a/, 1987). 

2.4 Douglas-Fir 

More money, time, and effort have been spent studying the fertilizer responses of Douglas- 
fir than of all other forest types combined in the Pacific Northwest. Extensive research 
programs have been under way for several years in British Columbia, western Washington and 
Oregon, and Idaho. 

Two-year growth data from fertilizer experiments established in Douglas-fir stands located in 
the Intermountain Northwest (northern Idaho, Montana, central Idaho, northeast Oregon, central 
Washington, and northeast Washington) indicate that these stands are capable of responding to 
urea fertilization (IFTNC 1984). Basal area growth rates and responses to N vary considerably 
among geographic regions (Figure 4). All responses are statistically significant, and responses 
to both application rates are similar within each region except central Washington. 

In western Washington and Oregon, approximately 200 fertilizer trials have been established 
in Douglas-fir stands by the RFNRP. Regional results indicate that unthinned and thinned 
Douglas-fir stands show large responses to urea. Figure 1 shows that, on a regional basis, the 
mean 8-year net volume PA1 of Douglas-fir stands is dramatically increased by a single 
application of N fertilizer. These results compared to those of western hemlock (also in Figure 
1) reveals that the effects of urea fertilization vary considerably between species. 

Results have suggested that many stands treated with N continue to grow faster than 
control stands up to 12 years after fertilization (Barclay and Brix 1985a; Opalach and Heath 
1988). On some sites, however, response to N diminishes 3 years after application (Lee and 
Barclay 1985). Site index and stocking appear to be key factors that regulate the magnitude 
and duration of fertilizer response. These factors are discussed in the next section of this 
paper. 

An experiment was established on southern Vancouver Island by the Canadian Forestry 
Service (now Forestry Canada) to test the effects of urea fertilization and thinning on a Douglas- 
fir ecosystem of low site quality. Results indicate that fertilization and thinning have dramatic 
impacts on mean diameter, height, and volume (Figure 5). For example, the mean diameter of 
the T,F, treatment, which was a heavy thinning coupled with the highest N dosage, was almost 
280% greater than the mean diameter of the control stand 12 years after treatment. 



3 FACTORS THAT MAY AFFECT STAND RESPONSE TO FERTILIZATION 

3.1 Fertilizer Interactions with Stand Attributes 

In Douglas-fir, basal area growth responses are often found to be negatively correlated with 
site index (Figure 6). Low- to medium-site Douglas-fir stands have shown greater increases in 
basal area growth, both in absolute and relative terms, than high site stands in the short-term 
after treatment (RFNRP 1982). In general, site index X N fertilizer interactions lose their 
significance 4-6 years following treatment. Miller and Fight (1979) noted that the small 
responses to N fertilization typically observed on poor sites (site V) might be due to other 
growth-limiting factors (e.g., soil moisture or nutrient deficiencies other than N). 

For many species, stocking has a strong effect on N fertilizer response. Ballard (1980) 
describes this finding as follows: 

Forest stands that are overstocked, with no room for crown expansion, seldom 
show much net growth response to nitrogen fertilization. This is because of the 
mechanism by which trees respond to nitrogen-unless the trees are suffering 
from severe nitrogen deficiency, the major portion of the response can be 
attributed to an expanded photosynthetic surface, not to improved photosynthetic 
efficiency. 

In Douglas-fir stands less than 45 years old (measured at breast height), stocking appears 
to have a strong negative effect on fertilizer response (Shumway and Atkinson 1978; RFNRP 
1982). In young Douglas-fir stands (10-25 years old measured at breast height), the volume 
growth response-basal area stocking curve resembles a parabola whose peak varies with site 
index (Heath 1988). The response of understocked young stands was limited because the sites 
were not fully occupied at the time of fertilization. 

Allen (1987) also noted that age "has very little impact on fertilizer response as long as 
moderate stocking is maintained-an indication that nutrient demand exceeds supply in older 
stands." 

3.2 Thinning X M Fertilization interaction 

In general, volume response is not affected by an interaction between thinning and opera- 
tional levels of N fertilization (Ballard 1984). For Douglas-fir stands, there is some evidence that 
an interaction may occur at high levels of both treatments (two-thirds of basal area removed and 
fertilized with 896 kg Mlha applied as urea) (Barclay and Brix 1985b). Furthermore, it appears 
that unthinned stands may respond "longer" to a single N treatment than thinned stands (Miller 
el a/. 1986). 

3.3 Operational Falldown 

Falldown is the term used to describe the difference between a predicted growth response 
based on data from fertilizer experiments and the growth response obtained from an operational 
fertilization. The difference is largely due to the nature of designed experiments (Strand and 
Promnitz 1979). Efforts are usually made to establish experiments in homogeneous stands, and 
fertilizers are uniformly broadcast by hand within plot boundaries. Operational treatments, 
however, are often applied to heterogeneous stands and application rates can vary considerably 
within a management unit. According to Strand and Promnitz (1979), "the consequence of 
application and stand variabiliv is reduction of growth response below the level predicted from 



uniform applications of fertilizer to uniform stands." Forest managers should be aware of these 
sources of variation and their relationship to operational growth response. 

4 SUMMARY 

Fertilizer responses of western hemlock, lodgepole pine, quaking aspen, and Douglas-fir 
were reviewed. Responses can vary considerably among these species. This was illustrated in 
a comparson of the growth responses of western hemlock stands and Douglas-fir stands to urea 
(46% N). For results averaged over a broad geographic region (western Washington and 
Oregon), western hemlock shows no response to N, whereas Douglas-fir exhibits significant 
long-term increases in growth. Lodgepole pine stands and quaking aspen stands also respond 
to N and, to a smaller degree, P. 

Stand level fertilizer responses are strongly affected by stand characteristics such as site 
index and stocking. in addition, silvicultural treatments such as thinning can have a substantial 
impact on response. Forest managers should be aware of these factors and consider their 
effect on response when selecting stands for treatment. Forest managers should also be 
concerned with falldown, a term used to describe the difference between operational responses 
and predicted growth responses. In general, forest managers should expect responses to 
decrease (relative to predicted growth responses) as stand and application variability increase. 
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8-year net volume PA1 (m3/ha per year) 

FIGURE 1. Regional responses to urea of western hemlock stands (top) and Douglas-fir 
stands (bottom) in western Washington and Oregon. The vertical axis is mean 
8-year volume periodic annual increment, and the horizontal axes are nitrogen 
application rate (0, 224, and 448 kg Nlha) and the percentage of basal area cut 
in a low thinning (040% percent). Source:RFNRP (1 982). 
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FIGURE 2. Fertilizer responses of a 70-year-old lodgepole pine stand near Hinton, Alberta. 
The experiment was designed to evaluate the effects of nitrogen (N), phosphorus 
(P), and sulphur (S) on stand growth. The vertical axis is 10-year volume 
increment and the horizontal axes are nutrient type and application rate. Source: 
Yang (1 983). 

FIGURE 3. Fertilizer responses of a post-fire quaking aspen stand near Fairbanks, Alaska. 
This study was established to evaluate the effects of six yearly applications of 
nitrogen (N), phosphorus (P), and potassium (K) on stand yield. The vertical 
axis is percent response. It was computed by dividing the treated stand yield by 
the untreated stand yield. One horizontal axis is used to display stand param- 
eters (e.g., total biomass) and nutrients are arrayed on the second axis. Source: 
Van Cleve and Olive (1 982). 



IGURE 4. Fertilizer responses of Douglas-fir stands in the Intermountain Northwest. Two- 
year gross basal area periodic annual increment is shown on the vertical axis. 
Geographical region and nitrogen application rate (0, 224, and 448 kg Nlha) are 
displayed on the horizontal axes. Source: IFTNC (1 984). 

12-year response (%) 

Shawnigan Lake Douglas-fir 

FIGURE 5. Fertilizer responses of a Douglas-fir stand of low site quality near Shawnigan 
Lake on southern Vancouver Island. The vertical axis is 12-year increment 
expressed as a percentage of control 12-year increment. Percentages were 
computed for several parameters which are listed along a horizontal axis (e.g., 
total volume). The four letter treatment codes are interpreted as follows: TO, 
TI ,  and T2 represent three thinning levels: 0 percent basal area cut (unthinned), 
20 percent basal area cut, and 35 percent basal area cut. FO, F l ,  and F2 
represent three fertilizer levels: 0,224, and 448 kg Nlha. Source: Barclay and 
Brix (1 985a). 



Basal area resp. (m2/ha per year) by site and time since treatment 

RFNRP u~ 

FIGURE 6. Fertilizer responses of unthinned Douglas-fir stands in. western Washington and 
Oregon. The vertical axis is gross basal area response to 224 kg Nlha. Time 
since treatment is shown on one axis and site class is shown on the other. 
Source: RFNRP (1 982). 
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ABSTRACT 

The role of monitoring in forestry, as an activity to compare plans to actual performance, is 
frequently misunderstood. Often, monitoring is assumed to be a substitute for research rather 
than a potential supplement to it. Primary objectives to be considered for monitoring are: 

1 .  in site selection - monitoring the efficiency of guidelines; 
2. in quality control - monitoring the efficiency of specific operations; and 
3. in measuring response - monitoring stand behaviour. 

The focus has been on the forest, but the monitoring of how, and how well, we select sites and 
perform operations may be two areas of monitoring that have a greater impact on the total 
effectiveness of a fertilization program. 

Forest monitoring can range from informal site review to highly structured pseudo-scientific 
approaches. Although monitoring designs involving the establishment of permanent samples 
may provide some information, the high front-end costs and complexity of such an approach 
means that efforts should be aimed at specific questions. The greatest potential to improve 
information appears to be in systematizing informal approaches to monitoring and including 
measurements such as increment brings. This way, high front-end costs are avoided and there 
is a potential for increasing the breadth of sampling while maintaining needed accuracy in 
measurement. Potential estimates are limited in scope and it is doubtful that analysis and 
interpretation could ever be standardized. The greatest flaw is the comparison base for resp- 
onse estimates, but within site extrapolation of prior growth it may be possible. 

Effective monitoring programs will never be a panacea for forest growth and yield infor- 
mation, but they can tell us how well we are managing the growth of the forest. Efforts may 
also result in more refined research questions and problem-solving activities. 
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1 DESCRIPTION OF NEW FERTILIZATION RESPONSE MODELS 

Individual tree growth response models for nitrogen (N) fertilization and thinning have 
recently been developed by Shafii (1988). The work was funded by Potlatch Corporation in co- 
operation with the lntermountain Forest Tree Nutrition Co-operative (IFINC). The data used in 
model development were collected from previously established fertilization and thinning trials in 
Douglas-fir and grand fir stands in northern Idaho. These trials represent the longest term (14 
years) fertilizer response data available in the region. 

The results reported here are based on 25 installations located throughout northern ldaho 
(Figure 1). Three separate studies were used as data sources for the analysis, two previously 
established by the University of ldaho and one by Potlatch Corporation. There were some 
differences in the design and implementation of the studies, but all contained two treatments in 
common: thinning and fertilization with 224 kg Nlha (200 Ib Nlac) in the form or urea. These 
were the treatments of interest in the analysis. 

Increment cores were extracted from a subset of sample trees (a total of 2417 trees divided 
approximately equally between treatments) and annual increments were measured over the post- 
treatment growth period. Periodic diameter and area increments were computed for 14-, lo-, and 
5-year periods for each sample tree. One of the data sets from the three studies, containing 
two-thirds of the individual tree observations and the longest growth period since treatment, was 
used for model development, while the remainder of data were used for model testing. Selected 
mensurational characteristics for each of the data sets are provided in Table 1. The study 
areas are second-growth, even-aged stands composed primarily of grand fir or Douglas-fir. Four 
treatments were included in the study: no treatment; fertilization with 224 kg Nlha (200 Ib Nlac); 
thinning; and thinning plus fertilization with 224 kg Nlha (200 Ib Nlac). The higher densities 
shown in Table 1 are from the unthinned portions of the study stands. 

Currently, two individual tree distance-independent models (PROGNOSIS [Wykoff et a/. 
19821 and SPS [Arney 19851) are commonly used to predict forest growth and yield in the 
Intermountain Northwest region. While there are many overall differences in assumptions and 
resultant formulations between the two models, one major difference in the individual tree 
diameter increment models is the quantitative description of site quality. The SPS model uses 
site index, while PROGNOSIS uses several variables to describe site quality: location, habitat 
type, slope, aspect, and elevation. One objective of this study was to formulate diameter 
increment fertilization response models such that they would be compatible with either PROG- 
NOSIS or SPS models. This consideration and statistical analyses resulted in the following two 
models. 



The PROGNOSIS-type diameter increment prediction model was specified as follows: 

DIS = 0 + HAB + TRT + SPCS + 1CASP + 2SASP + 3SL + 4SL2n + 

where: 

DIS = I n  (DDS); DDS represents squared inside-bark diameter growth; I n  indicates the 
natural (base e) logarithm, 

0 = a constant term representing overall regression intercept, 

HAB = a dummy variable representing habitat type, 

TRT = a dummy variable representing treatment type, 

SPSC = a dummy variable representing species type, 

SL = stand slope ratio (%), 

GASP = cos (ASP)*SL; ASP represents the stand aspect (degree), 

SASP = sin (ASP)SL, 

EL = stand elevation (in hundreds of feet), 

CR = individual tree crown ratio (%), 

CCFL = crown competition factor in trees larger than the subject tree, 

RDBH = relative DBH defined as the DBH (diameter breast height) of subject tree divided by 
the arithmetic average stand diameter (ASD), 

BA = stand basal area (fflacre), 

LDBH = I n  (DBH), and 

1-1 2 = regression coefficients. 

The second diameter increment took the form: 

DIS = 0 + TRT + SPCS + 1SI + 2CR + 3CR2 + 4(CCFU100) + 

where: 

SI = grand fir site index (feet at 50 years), and all the other terms are as previously defined. 
Notice that the model specification in [2] resembles that of [ I ]  except for the inclusion of 
grand fir site index in place of the seven site-dependent terms. 



2 FERTILIZATION RESPONSE MODELS: RESULTS 

The predictor variables used in equations [I] and [2] are the same as or similar to those 
used in the original PROGNOSIS model formulation (Wykoff et a/. 1982). All of the variables in 
the models had a significant influence on underlying individual tree periodic radial increment. 
However, only tree DBH at the time of treatment and initial stand basal area significantly 
affected a tree's response to fertilization. This is illustrated in Figures 2-4. The relationship 
between individual tree periodic radial increment and a tree's crown ratio is shown for the four 
treatments in Figure 2. There is a treatment effect on average periodic growth, but there is no 
interaction between crown ratio and treatment. This is shown by the same slope for each 
treatment. 

Both initial tree DBH and initial stand basal area produced significant interactions with 
treatment. Larger trees (by DBH) in a stand showed more response to N fertilization than small 
trees (Figure 3). Furthermore, individual trees in low density stands showed more fertilization 
response than those growing in high density stands. Predictions based on these models (and 
the data from which they were developed) indicated that fertilization can accelerate stand 
development and alter stand dynamics, since larger trees will respond more to N treatments 
than smaller trees. This would speed up the process of crown differentiation. 

Two independent data sets, University of Idaho #2 and Potlatch (Table I ) ,  were used to 
test the 10- and 5-year growth models, respectively. The models (equations 1 and 2) were 
used to predict periodic diameter increment for each tree in the test data sets. The residuals, 
defined as the squared difference between observed and predicted diameter increments, were 
used to evaluate model performance. Residual plots versus DBH, crown ratio, basal area, and 
CCFL in larger trees (Shafii 1988) are shown in Figure 5. The residuals do not show noticeable 
patterns and seem unbiased for all predictor variables. In addition, the residual means by 
treatment class were close to zero (unbiased). The models performed well in these tests with 
independent data, and should be valuable tools for evaluating fertilization treatments. 

3 AVAILABILITY OF THESE FERTlblZATlON RESPONSE MODELS IN 
EXDSTlNG G R O W N  AND YIELD SIMULATORS 

Since these response models have only recently been developed, they are not yet available 
in existing individual tree growth and yield simulators. Current plans are to code the response 
models as a fertilization subroutine in versions of the PROGNOSIS model. This task has not 
yet begun and a completion .date is unknown. Plans for a fertilization subroutine in an "SPS- 
type" model are indefinite. 

4 HOW WELL WILL EXiSTING GROWH AND YlELD SIMULATORS PROJECT 
LONG-TERM FERTILIZATION RESPONSE USING NEW SUBROUTINES? 

The fertilization response models discussed in this paper predict accretion. While accretion 
is obviously an important component of growth, so is mortality. The response models do not 
predict treatment-related mortality. Available evidence indicates that fertilization influences 
mortality rates indirectly by either accelerating stand development through time or altering stand 
structure in the long term. The changes in mortality rates derive from the differential fertilization 
response across tree size classes within a stand. These changes in stand dynamics continue 
much longer than the direct response to fertilization. Accurate representation of long-term 



alteration in stand dynamics will depend on the formulation of growth and yield simulators rather 
than the fertilization response models. 



TABLE 1. Distribution of mensurational characteristics for three data sources used in model 
development and testing 

Site index (ft)" 

DBH (in.) 

Univ. of Idaho Univ. of Idaho Potlach 
#I #2 

Mean (and range) 

Basal area (ft.'/ac) 1 22.3 131.1 81.9 
(18.7 - 314.3) (22.0 - 208.8) (96.4 - 262.9) 

"Grand fir site index (Stage 1959). 



FIGURE 1. The location of thinning and fertilization experiments in Northern Idaho (@denotes 
installation). 
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FIGURE 2. Plot of DDS (see equation 1) versus CR predicted for grand fir species using 14-year diameter 
increment model. 
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FIGURE 3. Plot of DDS (see equation 1) versus DBH predicted for grand fir species using the 14-year diameter 
increment model. 



BASAL AREA CSQ. F""B./AGRE) 

"CREA"rmN"%------- @BIJ"CROL --O-r-- 

-....__- 
FERTILIZED 

THICWED THIN. 8 ERT" .  

FIGURE 4. Plot of DDS (see equation 1) versus BA predicted for grand fir species using the 14-year diameter 
increment model. 
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FIGURE 5. Distribution of residuals of the proposed diameter increment model displayed by 
DBH (a), BA (b), CR (c), and CCFL (d). Plotted values are means + or - standard 
deviation. 



3 
(dl  

a 

W I 
E 
6 
X 
0 8 
U 
P 
L 
-I 

-9 

-a 
0 1- 2@8 

t)aS& AREA CSQ. PV./L\CE) 

FIGURE 5. (Continued) 



5 REFERENCES 

Arney, J.D. 1984. A modeling strategy for the growth projection of managed stands. Can. J. 
For. 15:511-518. 

Shafii, B. 1988. Quantification of thinning and fertilization treatment response for forest stands 
in Northern Idaho. Ph.D. dissertation. Univ. Idaho, Coll. For., Wildl. Range Sci., Moscow, 
Idaho. p. 71. 

Wykoff, W.R., N.L. Crookston, and A.R. Stage. 1982. User's guide to the stand PROGNOSIS 
model. U.S. Dep. Agric. For. Serv., Gen. Tech. Rep. INT-133. p. 112. 



SESSION 4 FOREST FERTILIZATION: A BlOLOGlCAL INVESTMENT 

EVALUATlON OF STAND CMARACTERlSTlCS 

Paul K. Diggle 
Silviculture Branch 

B.C. Ministry of Forests 
Victoria, B.C. 

SUMMARY 

This paper assumes that the decision to fertilize as part of the forest management program 
has already been made, and the task is strictly that of evaluating candidate stands for their 
predicted suitability and priority. Pre-treatment stand evaluation, as practiced by the B.C. Forest 
Service, involves a three-step process. Stands are evaluated using a number of characteristics 
and factors which are grouped according to biological, operational and wood supply consider- 
ations. Each characteristic or factor has a range of relative priorities, depending on how 
favourable the attributes of a candidate stand are. 

The first step, then, is to evaluate the biological characteristics of a stand to determine 
whether or not it will benefit from, or respond to, fertilizing. Biological characteristics that are 
evaluated include: species, site quality, age, moisture regime, past treatments, stand density, 
crown condition, foliage colour and tree deformities, foliar analysis, and insect, disease, and 
small mammal damage. 

Those stands that are then biologically acceptable are further evaluated for operational 
feasibility to ensure they can indeed be fertilized without incurring excessive costs. In this step, 
the following operational factors are considered: distance from railhead or major road system, 
access and heliport options, slope, individual block size, project size, time of year for application, 
and appropriate application equipment. 

Third, viable stands are evaluated according to wood supply considerations for final ranking 
of treatment priority. These considerations include management objectives such as mitigating 
allowable cut falldown, improving tree size class (in lieu of age) distribution, and improving 
product/species balance, problem age classes, and distance to mill or permanent marshalling or 
transfer point. 

A system of ranking stands by totalling priorily points has not been used because it is not 
possible to assign really meaningful weightings between factors or characteristics, and because 
it is essential to allow field staff to use some initiative and flexibility in stand selection. 
However, any stand with one or more factors that get ranked as "do not treat" should be 
rejected for fertilization. 

1 INTRODUCTION 

As I prepared for this workshop, and was sifting through some of the substantial body of 
literature on forest fertilization, I was struck by the number of conflicting responses or results 
reported. For example, Researcher "A" says "No response" while Researcher "B" says "Good 



response" for the same species. This sort of thing is confusing, to say the least, for operational 
foresters trying to draw on the literature to make decisions. 

On close examination, these reports often reveal an incomplete experiment. In one 
example, no foliar analysis was done at the start to see what nutrients, if any, were deficient 
and only nitrogen (N) happened to be applied. It seems logical to me to do a comprehensive 
nutrient status check before undertaking complex and expensive research projects. Other 
papers describe fertilizing in thinned versus unthinned stands, but neglect to mention either the 
initial stand density or the density left after thinning. Live crown length and crown width are 
ignored and the reader is left wondering if the poor fertilization response is because there might 
only have been short tufts of live crown left on badly overstocked trees, or because the species 
truly does not respond very much to added nutrients. 

Among the most extreme cases of such research have been studies that fertilized dense 
unthinned stands of Douglas-fir, lodgepole pine, and balsam. Not surprisingly, the results 
showed virtually no response and the amazing conclusion, after years of research, was that 
perhaps fertilization should be done in thinnGd stands. One can only shake his head in wonder. 

However, my job here today, is not that of "fed-" or "research-bashing", but to deal with the 
topic of pre-treatment evaluation of stand characteristics. I have taken the liberty to mention 
these concerns related to research results, though, because it demonstrates that when we are 
evaluating stands for fertilization it is not a simple process at all. There are many factors that 
must be considered and we have to be very careful not to overlook something very basic. 

In this paper, I start from the assumption that the decision to fertilize, as part of the forest 
management program, has already been made. The task here, then, is strictly that of evaluating 
candidate stands for suitability and assigning priority. 

Since I am not familiar with the details of how companies evaluate stands for fertilization, 
what I share with you is how we approach the task in the Forest Service. This evaluation is a 
comprehensive process since we do not, as I have already emphasized, want to omit some 
basic, vital factor and end up with no response for our efforts. I do not see our process as 
necessarily being the last word in how to do it. We are open to further modifications and 
improvements as the fertilization program progresses. 

2 THE FOREST SERVICE PROCESS 

Pre-treatment stand evaluation as practised by the Forest Service involves a three-step 
process. Stands are evaluated using a number of characteristics and factors which are grouped 
according to biological, operational and wood supply considerations. Each characteristic or 
factor has a range of relative priorities, depending on how favourable the attributes are of a 
candidate stand. Time does not permit an in-depth coverage of all these characteristics. I can 
only give an overview of each of them in this presentation. 

2.1 Biological bctors 

The first step is to evaluate the biological characteristics of a stand to determine whether or 
not it will benefit from, and respond to, fertilizing. The first biological characteristic evaluated is 
species. Recognizing that research results are far from complete, we have set priorities based 
on current knowledge of response patterns. Species that we know respond well are preferred; 
species not yet investigated or where results are still too inconclusive are rejected at present. 
For example, on the coast of British Columbia, Douglas-fir has shown consistent and significant 



response to fertilizer applications. First priority on the coast, therefore, is given to stands where 
Douglas-fir is the primary species. Research on western hemlock has produced very inconsis- 
tent results, but there are indications that spaced stands under 40 years old and not closely 
subject to maritime influence are responding positively. Such hemlock stands are thus 
acceptable, but at a lower priority. Other coastal species, such as Sitka spruce and western 
redcedar, are currently restricted to small trial applications. 

For the Interior, although much less research has been done than on coastal Douglas-fir, 
there is sufficient information in aggregate to show that lodgepole pine responds positively to 
fertilization. This species is our first preference, then, in the Interior. Stands: of lodgepole pine 
that also include some spruce, western larch or transition or wet belt Douglas-fir are also 
fertilized. At present, we will not treat stands of cedar, hemlock, black spruce or dry belt 
Douglas-fir, since we know virtually nothing of their response. 

For species that are acceptable or preferred, we then consider site quality. Poor and 
medium sites are preferred because greater relative response is obtained. Logic itself suggests 
that such sites have to be more nutrient-deficient than good site land unless of course, 
moisture deficiency is even more limiting. Good quality sites are acceptable but we do not treat 
low-site stands. 

Soil moisture regimes and soil characteristics are considered, but these are also to be 
covered in some depth by my colleague Dr. Klinka, so I only note this in passing. 

Stand age is an important factor. Biologically, it is usually preferable to fertilize a young, 
developing stand rather than a more mature stand nearly at rotation, since the demand of a tree 
for nutrients when it is still building its crown mass is much higher. Older stands that have 
stabilized crown mass tend to recycle their accumulated nutrients quite efficiently. For this 
reason, from a biological point of view, we give preference to younger, not more mature, stands. 
Interior lodgepole pine stands, for example, usually regenerated after fires, tend to be deficient 
in both nitrogen and sulphur, which are lost in large amounts by burning, and have need of 
nutrient supplements by fertilization. 

Research strongly indicates that fertilization response is affected by spacing treatments, 
rather logically, since trees need room to grow and an unspaced stand offers little, if any, 
surplus growing space. We therefore only fertilize stands that have been spaced, or that will be 
within a year of fertilization. Already spaced stands are preferred because the trees have had 
time for root systems to expand and stems to increase in diameter-providing much more 
stability when snow accumulates in a thickened, fertilized crown. 

Closely correlated with spacing is actual stand density. This is a most important factor to 
evaluate and requires a degree of imagination since you need to be able to envisage your 
present stand some 15-20 or more years from now and consider just how crowded those much 
larger trees will be. When you fertilize, you not only speed up normal stand development, but 
you also considerably increase the crown mass. It is very easy to underestimate the amount of 
room such a fertilized tree will need, and the speed with which that need will occur. In order 
not to waste the investment of fertilization by achieving only a short response before these now 
rapidly growing stands close again and start to stagnate, priority has to be given to stands that 
are more widely spaced (e.g., 4 m) than more narrowly spaced (e.g., 3 m). Stands spaced less 
than 3 m should not be fertilized. They will close in quickly and the investment will be wasted. 

Research in the area of spacing/fertilization interactions has been biologically rather than 
economically oriented and could well afford to be a little more daring. Several such studies to 
date have been quite conservative in spacing treatments, with resulting canopy closure and 
growth decline in 5-7 years prematurely ending the usefulness of the studies. Operationally, we 



cannot afford multiple non-commercial spacing entries in young stands, nor should we spend 
money fertilizing young stands only to have to thin them to waste because we left too many 
trees in the first place. Density must be related to desired tree size at the first merchantable 
entry or at rotation if no commercial thinning is planned. 

Another basic biological characteristic to check is crown condition. Short and narrow 
crowns will, on the one hand, benefit most from fertilization, but, on the other hand, little extra 
wood will be produced while the crown mass is being built up. Long, wide crowns will enable a 
rapid increase in wood production because the growth factory is already present. 

Foliage colour and crown deformities are useful indicators of nutrient deficiencies and 
should be further checked out be in samples collected for foliar analysis. Guidelines for such 
sampling have been developed and the samples are run through a comprehensive analysis for a 
wide range of micro- and macronutrients. To date, we have found that lodgepole pine, for 
example, is consistently deficient in nitrogen and sulphur and that boron deficiency is widespread 
in the Prince Rupert, Prince George and Cariboo Regions. 

The final biological factor evaluated is pest damage, including that by insects, disease and 
small animals, especially squirrels. An acceptable degree of damage can vary by pest and 
severity of impact. Much work remains to be done to quantify the real impacts of pests in terms 
of volume and value. We need ways to treat pests other than just by leaving more trees, since 
this defeats the whole purpose of fertilization by accelerating crown closure and reducing 
response potential. We are gaining insight into squirrels, for example, whose population peaks 
appear to depend on spruce cone crops. If these can be forecast, then fertilization can be 
deferred till the population declines. 

2.2 Operational Factors 

Stands which pass the biological evaluation are next evaluated for operational feasibility to 
ensure that they can indeed be fertilized without incurring excessive costs. In this step, the first 
factor considered is distance from railhead or major highway, since it affects fertilizer delivery 
costs. Obviously, closer stands rank more highly than those more distant. 

Stand access is a major operational factor, affecting fertilizer delivery, ease of project 
layout, supervision and monitoring and flying costs. Top priority goes to public highways and 
good forest roads, with those roads requiring repairs or improvements ranking lower. If actual 
new road construction is required, we do not treat. 

The need for road upgrading may well depend on the equipment used by different 
contractors. Large helicopters and pre-bagged fertilizer requires much larger heliports us 
security concerns for the stored bags than do small helicopters with direct delivery of fertilizer. 
As a minimum, access to heliports must be suitable for trucks carrying large loads of fertilizer in 
all weather conditions. Actual heliport details get worked out with individual contractors, but the 
basic requirement is to be no more than 1.5-2 km from the stand to be treated and at a higher 
elevation if possible, to help with aircraft lift. 

Slope is considered because it affects aircraft operations and also possibly ground water 
movement of fertilizer. Flat to gently rolling terrain is preferred; slopes over 40% are rejected at 
present. Some local hills or high points are necessary, however, as sites for the transponder 
component of the aircraft navigation system used for accurate fertilizer application. 

Individual stand or block size and project size achievable by aggregating nearby blocks is a 
very important operational consideration with obvious economies of scale for larger blocks and 
projects. More regular block shapes are preferable lo irregular shapes though often irregularity 



is the reality, resulting from fire or logging history. Block shape affects flying operations as well 
as the boundary and accuracy of application. 

Season of year and climate also have to be considered for operations. Urea fertilizers 
should be applied in cool, moist conditions to preclude loss of nitrogen by volatilization. For 
practical purposes, this means early to mid-autumn in a normal year. Winter snowpack on 
forest roads precludes most access in the spring, and fertilizing on deep snow is to be avoided. 
When considering climate on a broad scale for operations, we can obviously start fertilizing 
earlier in the Northern Interior than in the Southern Interior, so schedules are set accordingly. 

In considering application equipment, (that is, type of aircraft and fertilizer transport and 
application systems), flexibility and manoeuvrability are essential. Terrain and availability of 
landing facilities tends to strongly favour the use of helicopters. 

A final operational consideration is to check for any other uses of the land area which is to 
be fertilized, especially for cattle grazing and domestic water supplies. Many here will know that 
in 1986 at Merritt, some cows were fertilized but they did not grow too well afterwards. In fact, 
they were probably the most expensive three cows in the Merritt District. In retrospect, it was a 
cheap and useful lesson for the Forest Service and contractors. 

2.3 Wood Supply Factors 

In the third and last step, operationally viable stands are evaluated according to wood 
supply considerations for final ranking of treatment priority. Management objectives are 
considered, including mitigating allowable cut falldown, improving tree sizefage class distribution, 
and target producUspecies distribution. Obviously, priorities amongst these factors will differ 
according to individual Timber Supply Area wood supply positions. 

Age was considered under biological characteristics. It may also need consideration under 
wood supply, especially if age class structure is limiting supply. First priority should be the age 
class needed to alleviate any supply shortage. Tree size class may also govern priority, 
considering merchantability limits. Time until payback after investment would suggest treating 
older immature stands. However, such stands are almost all completely unmanaged, especially 
in the Interior, and response, even after a thinning or partial harvest, can be expected to"be 
limited. 

The final wood supply factor considered is distance from the candidate stands to mill site or 
permanent marshalling or transfer point. Obviously, shorter distances for log transport are 
preferred. 

In conclusion, although many stand characteristics are evaluated in biological, operational 
and wood supply categories, we do not rank stands by totalling priority points, since it is not 
possible to assign really meaningful weightings between factors. It is also essential to allow 
field staff room to use some initiative and flexibility in stand selection. However, any stand with 
one or more factors that get ranked as "do not treat" should be rejected for fertilization. 
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ABSTRACT 

Routinely collected site survey data and relationships among climate, soil moisture, soil 
nitrogen, and forest productivity provide useful information for evaluating the potential suitability 
of forest sites for fertilization. This evaluation considers (a) climatic and soil moisture constraints 
to tree growth, (b) physical, chemical, and biological soil constraints to fertilization, and (c) 
geographic constraints to fertilization. Identification of these constraints suggests biologically, 
edaphically, and operationally unsuitable sites that are likely to be inappropriate for fertilization. 

A decision to fertilize requires evaluation of stand, ecological, geographic, and management 
factors. Consideration of ecological (climatic and edaphic) and geographic factors should help 
managers identify those forest sites for which fertilization is likely to be inappropriate. This 
paper presents a qualitative approach to the identification of potentially unsuitable sites on the 
basis of their climatic, edaphic, and geographic characteristics, with emphasis on an operational- 
ly feasible and inexpensive collection and interpretation of site data. The approach adopted 
integrates the guidelines for a preliminary site assessment given by Ballard (1 980, 1982) and 
Ballard and Carter (1986), and the forest productivity-site relationships reported by Carter and 
Klinka (1 987, 1988). 

2 THE APPROACH 

The potential suitability of a forest site for fertilization can be efficiently evaluated by 
segregating, in a step-wise fashion, biologically, edaphically, or operationally unsuitable sites 
from a population of candidate ecosystems (Figure 1). 

Biologically unsuitable sites are those in which fertilizer response is likely to be limited by 
severe climatic and soil moisture constraints for tree growth. Edaphically unsuitable sites are 
those in which fertilizer response is likely to be limited by soil physical, chemical, or biological 
processes which may render much of the fertilizer unavailable to the crop. Operationally 
unsuitable sites are those on which the economics involved in either the application or realiza- 
tion of the growth response is likely to be limited by geographic constraints. Using these 
constraints and the system of biogeoclimatic ecosystem classification, interpretive classification 
for potential suitability of forest sites for fertilization can be fully developed and widely applied. 



Site factors other than soil nutrients may limit growth response to fertilizer by severely 
limiting the growth rate of a timber crop even in the absence of nutrient deficiencies (Ballard 
1982). Nutrient demand of plants is affected by the magnitude of their activity, which Major 
(1963) suggested to be related to actual evapotranspiration. A m'oderate concentration of 
available nutrients may suffice where site factors preclude rapid tree growth. However, on sites 
providing for optimum growth, the same levels of soil nutrient availability may be responsible for 
a nutrient deficiency in the stand and, hence, for a decrease in forest productivity (Ballard 1982). 

Relationships among climate, soil moisture, soil nitrogen, and forest productivity may provide 
a diagnostic tool for identification of sites with severe climatic and soil moisture constraints to 
tree growth. Using site index (m150 yr) as a measure of forest productivity, such relationships 
have been examined by Carter and Klinka (1987, 1988) and Green et a/. (1987) for Douglas-fir 
in the Dry Maritime CWH subzone, and Q. Wang (Univ. of British Columbia, Fac. of For., pers. 
comm.) for lodgepole pine in the Sub-Boreal Spruce zone. For other crop tree species and 
climates, special data collection and analysis will by required, using the framework provided by 
biogeoclimatic ecosystem classification (Pojar et a/. 1987). 

It is generally accepted that nitrogen (N) is the soil nutrient most often limiting the growth of 
plants (e.g., Black 1968; Tisdale and Nelson 1975; Armson 1977; PritcheM 1979; Ballard and 
Carter 1986). Both aerobic and anaerobic incubation methods have been used to estimate the 
relative ability of the soil to supply available N over a period of time, and these estimates have 
been related to forest productivity (e.g., Zottl 1960; Shumway and Atkinson 1978; Otchere- 
Boateng 1980; Powers 1980; Smith et a/. 1981 ; Carter and Klinka 1987; Kabzems and Klinka 
1987). In consequence, actual soil nutrient regimes used in the biogeoclimatic classification are 
now differentiated by the content of mineralizable-N (kglha) and estimated in the field on the 
basis of soil morphological characteristics related to available N (Klinka et a/. 1984). Thus, 
actual soil nutrient regimes delineate major,segments of the available soil N gradient. 

For a widely distributed, major crop species growing over a wide range of actual soil 
moisture regimes within a given climate (a biogeoclimatic unit or group of units), the relation- 
ships between site index and soil mineralizable-N may be used for inferring the extent to which 
climate constrains forest growth (Figure 2). Carter and Klinka (1 987) showed that Douglas-fir 
site index in the Dry Maritime CWH subzone does not appear to be climatically limited but it is 
N-limited, as indicated by the strength and steep slope of the regression line. In contrast, Q. 
Wang's work (pers. comm.) suggests that lodgepole pine productivity in the Sub-boreal Pine - 
Spruce zone on the Chilcotin Plateau is climatically limited. 

Inference of possible growth constraints by soil moisture can be based on relationships 
between site index and actual soil nutrient regimes when climate and actual soil moisture 
regimes (Klinka el a/. 1984) are held constant. Data of Carter and Klinka (1988) show that 
there is no change in Douglas-fir productivity on very dry sites, while on moderately dry to fresh 
sites, productivity increases with increasing availability of N (Figure 3). These relationships 
suggest that severely water-deficient sites in the Very Dry and Dry Maritime CWH subzone (and 
likely in other biogeoclimatic units) are biologically unsuitable for fertilization. On other sites, 
fertilization will likely result in a growth response. Unfortunately, the relationships shown in 
Figure 3 are incomplete: they do not include the sequences for the moist and very moist soil 
moisture regimes. As these relationships are tree species-specific, they should be formulated 
for all crop species considered for growth-stimulating fertilization. 

It is suggested that sites with high levels of mineralizable-N (very rich soil nutrient regimes) 
may be biologically less suitable for N fertilization. On these sites, which support very produc- 



tive forest growth and often feature strong nitrification, much of N fertilizer may be lost from the 
system or result in growth-form problems (Carter and Klinka 1986) or N-induced nutritional 
problems (Turner et a/. 1977; Ballard 1982; Ballard and Carter 1986). 

4 SOIL CONSTRAINTS TO FERTiLIZAT16M 

On some sites, growth response to applied fertilizer may be limited by soil physical, 
chemical, or biological processes, rendering much of the fertilizer unavailable to crop trees or 
imposing constraints on the form of fertilizer and rates of application. Therefore, such sites tend 
to have low priority for operational fertilization. Soil constraints can be qualitatively interpreted 
from selected morphological soil properties, and these interpretations can then be used to 
identify edaphically unsuitable sites for fertilization. 

Ballard (1982) and Ballard and Carter (1986) recommended assessment of the humus form, 
soil depth, soil texture, content of organic matter, content of coarse fragments, soil mineralogy, 
clay mineralogy, and soil aeration for evaluating potential edaphic constraints to fertilization. 
Except for clay mineralogy, these soil morphological properties are required for the assessment 
of site quality (Klinka et a/. 1984) or may also be used as diagnostic differentiae for site types 
(Klinka and Krajina 1986; Pojar et a/. 1987). 

Fertilizer N may be subject to biological immobilization in high C/N ratio substrates (e.g., 
coniferous decaying wood, well-developed iignic and residuic Mors, and some organic soils). 
The limited ability of very shallow soils (i.e., rooting depth e30 cm) or deep but very coarse, low 
organic matter soils to retain nutrients may result in large leaching losses after conventional 
applications of macronutrient fertilizers, particularly in very wet climates. The latter soils may 
also lack sufficient urease activity to allow normal hydrolysis of urea fertilizer, or may have a low 
buffering capacity, both of which may result in large volatilization losses. High-pH surface soil 
layers (near-surface, calcium-rich soil horizons) may cause temporary ammonia toxicity and 
probable volatilization losses if urea or ammonium fertilizers are applied. High-pH, well-aerated 
and well-drained soils may limit the availability of iron, copper, zinc, and, possibly, manganese 
because of oxidation. However, these situations are thought to be very rare in forest ecosys- 
tems in British Columbia. Potassium may be subject to chemical fixation in soil with a large 
fraction of vermiculite clay. 

Poorly aerated soils tend to be a poor choice for nitrate fertilizer because of possible 
denitrification losses (Ballard 1982; Ballard and Carter 1986). In general, wet soils, with a 
growing-season ground water table between the ground surface and 30 cm depth, and poorly 
aerated soils with a preponderance of capillary pores, tend to be poor candidates for growth- 
stimulating fertilization because of their shallow rooting depths and cool soil temperature 
regimes. Poorly aerated soils merit brief discussion here because of their ecological sig- 
nificance. They are usually fine-textured, gleyed, gleysolic, or organic soils which, in wet 
climates, have wet moisture regimes or a prominently fluctuating ground water table that is 
responsible for differences between winter and summer soil moisture and temperature regimes. 
Although fine-textured soils can hold the most water, they frequently have less available 
moisture in dry climates than do coarse-textured soils because: 1) much of the water is held in 
the upper solum where it is more vulnerable to ddrying; 2) permeability is slow, so there may be 
more runoff or evaporation; 3) tree roots may not be able to reach the lower soil layers before 
the surface layer dries out because root penetration and development are retarded; and 4) the 
lower soil layer is poorly aerated resulting in shallow root systems making trees more suscep- 
tible to drought. Therefore, the classification of actual soil moisture regimes, which is applicable 
to rapidly though imperfectly drained soils, should be supplemented to accommodate sites with a 
prominently fluctuating ground water table. Such special regimes could be characterized by the 



depth of winter and summer ground water tables and their seasonal water deficits (e.g., winter- 
wet or winter-moist and summer-dry or summer-fresh). 

Whether, or under what conditions (before or after flooding), growth responses to fertilizer 
are limited on active alluvial floodplains cannot yet be inferred with sufficient confidence. Black 
cottonwood fertilizer trials conducted by D.S. McLennan (Univ. British Columbia, Fac. For., pers. 
comm) will be evaluated in the near future. 

5 GEOGRAPHIC CONSTRAINTS TO FERTILlZATlON 

Biologically and edaphically suitable sites may be unsuitable for operational fertilization on 
the basis of geographical constraints. Ballard and Carter (1986) used the location, area extent, 
area shape, and terrain of a site, as well as access to the site and the characteristics of 
neighbouring sites as major criteria in evaluating the prospects for carrying out an economically 
viable fertilization program. Remote locations, poor access, steep and irregular topography, small 
areal extent and irregularly shaped sites, and neighbouring open water or ecosystems which 
require a buffer zone may all reduce the opportunity for carrying out economically viable 
fertilization. Therefore, such sites tend to have low priority for operational fertilization. Evalua- 
tion of the available geographic information and interpretation of the expected economic growth 
response to fertilization will assist managers in identifying operationally unsuitable sites. 

Available data, inexpensively obtained site survey information, and the biogeoclimatic 
framework can be used to identify biologically, edaphically, and operationally unsuitable sites for 
fertilization. Identification of biologically unsuitable sites presupposes information on the 
relationships among climate, soil moisture, soil N, and forest productivity. Several selected soil 
properties, which are also required for site classification, can be used to identify edaphically 
unsuitable sites. Evaluation and interpretation of available geographic data can be used to 
identify operationally unsuitable sites. 
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FIGURE 1. A conceptual outline for evaluating the potential suitability of forest sites to 
fertilization. 
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FIGURE 2. Relationships between Douglas-fir site index and mineral soil mineralizable-N 

(expressed as natural logarithm of concentration) in the Very Dry and Dry Maritime 
Coastal Western Hemlock subzones over very dry through moist actual soil 
moisture regimes (from Carter and Klinka 1987). 
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FIGURE 3. Relationships between Douglas-fir site index and soil nutrient regimes when 
holding climate (Very Dry and Dry Maritime Coastal Western Hemlock subzone) 
and actual soil moisture regime constant. Symbols for actual soil moisture 
regimes are: VD - very dry, WID -moderately dry, SD - slightly dry, F - fresh. 
Data are: VD through F1 - Carter and Klinka (1988); F2 - Courtin et a/. (1988). 
Dashed lines indicate expected trends unsupported by empirical data. 
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SESSION 4 FOREST FERTILIZATION: A BlOLOGlCAL INVESTMENT 

POST-APPLICATION MONITORING OF FERTILIZER RESPONSE 

Frank Barber 
Silviculture Branch 

B.C. Ministry of Forests 
Victoria, B.C. 

1 OPERATIONAL FERTlLlZATlOM APPLlCATION MONlTORlNG 

The British Columbia Ministry of Forests uses aerial fertilization of coastal and interior 
forests as part of its incremental silviculture program. 

In 1986, almost 11 000 ha were fertilized in the province. Last year almost 17 000 ha 
were fertilized. Between 12 000 and 14 000 ha are scheduled for fertilizing over the next 2 
years. 

The Ministry wishes to define acceptable standards of accuracy in fertilizer application and 
to monitor the contractors' performance under operational field conditions. Both the standards 
and the monitoring procedure will necessarily represent a trade-off between theoretical desirabil- 
ity and reasonable practicality. 

The objectives of an application monitoring system are to enable the Ministry to define 
acceptable standards of accuracy for contractors applying aerial fertilizer to forest stands in 
British Columbia, and devise a method which will allow the Ministry to monitor contractor 
performance under operational field conditions. 

In 1987, all three contractors carrying out the Ministry's operational fertilization program 
used a helicopter system of fertilization. The fertilizer is carried in a bucket hung from the 
helicopter. The bucket incorporates a power spreader driven by a single speed motor. Fertilizer 
pellets drop from the bucket at a fixed rate and are spread across a fixed swath width. The 
helicopter flies in a series of straight lines laying down a swath of pellets. It is normal for 
successive swaths to overlap.' 

Before the helicopter arrives, a conveyer atiached to a truck full of fertilizer fills the hopper 
or sack with fertilizer. The hopper or sack is roughly the equivalent of one bucket. The 
helicopter pilot swings the empty bucket to the ground operator who pulls it under the sack. A 
quick release opens the bottom of the sack so that the fertilizer falls into the bucket. From the 
time the operator touches the bucket to the time when the helicopter moves away with a full 
load takes roughly 6-7 seconds. 

Bucket size varies with helicopter size. The larger the helicopter the bigger its load 
capacity. Larger helicopters should be used on areas with access problems. The larger the 
load capacity, the fewer trips the helicopter has to make. 

'Smith, S. 1987. A field method to monitor aerial fertilization. B.C. Min. For. Lands., Silv. 
Branch, Victoria, B.C. Int. rep. 27 p. 



The helicopter pilot uses transponders located on the ground and on-board equipment to 
navigate and to determine the flight path. The distance between flight lines can be set on-board 
and the equipment indicates when the machine is the correct distance from the previous flight 
line. 

1 .I Monitoring Application Rate Per Hectare 

The per-hectare application rate is a known function of bucket drop rate, helicopter air 
speed, swath width and swath overlap percentage. 

A 50% overlap is equivalent to double coverage. A 66% overlap is equivalent to a triple 
coverage. For overlap percentages less than 50%, the coverage ratio can be calculated using 
the following formula: 

CR = coverage ratio 

P = overlap percentage expressed as a proportion 

For overlap percentages greater than 50%, the coverage ratio can be calculated using the 
following formula: 

Per-hectare coverage is sensitive to overlap percentage. Figure 1 shows this relationship. 
In ideal conditions the per-hectare rate of application is precisely determined by four variables: 
drop rate, air speed, swath width, and swath overlap percentage. The following equation is 
used to calculate per-hectare application rate for no overlap or cover ratio. 

where R = per-hectare application rate (kglha) 

D = drop rate (kglsec) 

S = air speed (mlsec) 

W = swath width (m) 

To include percentage overlap or coverage ratio into this equation, total application rate per 
hectare (T) can be calculated using the following equation: 

where T = total application rate per hectare (kglha) 

CR = coverage ratio 

In the field, conditions are not perfect. The drop rate is fixed and air speed can be tightly 
controlled, but actual swath width and overlap percentage will vary. 



1.2 On the Ground Monitoring 

Swath widths may vary slightly because of bucket swing or wind, but swath overlap 
percentage is the most variable of the four factors affecting application rate. 

There are two ways of estimating the fertilizer application rate under operational conditions. 
The first way is to set sample traps of known surface area (circular hoops of 0.05 m2 with 
netting for catching the pellets and guiding them into a graduated cylinder at the bottom of the 
trap) on the ground, uniformly across the flight path to catch fertilizer, and then to calculate the 
application rate per hectare. 

Traps, however, are limited in their application for the following reasons: 

1. traps can only be used in open areas like landings on roads which run at right angles 
to the flight line; 

2. traps blow over easily in light winds; 

3. traps are difficult to carry through dense young stands; 

4. traps require level or gently sloping ground; 

5. traps give no other information on the other important performance indicators of swath 
width and overlap; and 

6. conclusions from analysis of the sample data gathered using traps were that there is 
too much variation from one small spot to another, requiring a large number of traps. 
(More than 70 traps would be needed to determine whether or not we achieved our 
desired application rate.) 

It is recommended that traps be set up in permanent operational monitoring plots (treated 
and control plots) before fertilization to determine whether or not the treated plots were treated 
and control plots not treated. Also, traps can be used for collecting samples for chemical 
analyses. This would determine the proportion and uniformity of distribution of applied nutrients 
per unit area. 

The second method uses different coloured ribbons to measure swath width and per- 
centage overlap. Both can be easily measured on the ground. Measurement of swath width is 
straightforward. Ribbons of one colour are laid down to mark out the leading and trailing edges 
of the swath. For swath overlap, a third piece of different coloured ribbon is laid at the extreme 
outer edge of the next swath. The total horizontal distance covered by all three ribbons is then 
measured. 

Overlap proportion can be calculated using the simple equation: 

where L = the measured distance covered by the three pieces of ribbon, 

W = the measured swath width, 

P = overlap expressed as a proportion between 0 and 1. 



In summary, the second method is far superior in determining per-hectare application rate. 
It is simpler and involves the four key factors required to determine application rate per hectare. 

Aerial fertilization is not easy. In particular, maintaining a constant swath width overlap is a 
difficult task. The variation in fertilizer application within a swath width is large, but is caused by 
the impeller mechanism which spreads fertilizer from the bucket. This variation must be 
accepted until better machinery is developed. 

In monitoring a contractor, the Ministry concentrates on monitoring: 

per-hectare application rate 

swath width 

swath overlap 

Satisfying these three factors also ensures satisfactory contractor performance and desired 
per-hectare rates of fertilizer. 

2 ASSESSMENT OF SITE RESPONSE 

Various analyses may be carried out to assess site response to fertilization, but site 
response is of a secondary concern to tree and stand response. For operational monitoring of 
site response, only foliar analysis and water quality studies are carried out. Foliar analysis is 
discussed in the next section. 

Water quality studies are carried out to assess changes mainly in nitrogen (N) levels in 
streams and other water bodies. Samples are taken before and immediately after fertilization 
and may continue periodically over the following year. Traps may also be set up within the 
10-m buffer zones around water bodies or adjacent to streams to determine whether or not 
these zones were fertilized. If they were, water quality monitoring may be increased." 

Soil analyses can be used to determine the presencefabsence andlor availability of macro- 
and micronutrients in the soil. Foliar analysis, however, relates more closely to our present 
concerns of tree and stand response. 

Understory vegetation analysis is not done. In the Interior, any response of understory 
vegetation to fertilizer indicates the potential for a controlled infusion of nitrogen into the stand 
with annual litterfall. Annual cycling of N from understory vegetation may also prolong treatment 
response of the conifer crop. 

3 OPERATION TREATMENT RESPONSE MONITORING 

3.1 Per-Tree Response 

Foliar analysis can be used to assess individual tree response to fertilizer application. 
Although individual tree response is not as useful to the forest manager as per-hectare increase 
in annual increment, such responses demonstrate maximum relative response potential of a 
species to N fertilization on a given site (R. Brockley, pers. comm., 1988). 



Foliar samples of the current year's growth should be taken from the upper part of the 
crown from dominant and co-dominant trees (Figure 2) before fertilizer application, and again 
after one and three growing seasons. 

A simple pruning shear with telescopic handle may be used to access current year's growth 
on the upper portion of the crown, thus minimizing damage to the tree. 

Ideally, foliar sample trees or single tree plots should be evenly distributed throughout the 
entire stand to be fertilized. By flagging these trees before fertilization, these same trees can be 
resampled 1 and 3 years after treatment (R. Brockley, pers. comm., 1988). Also, a visual 
inspection after application will determine if these flagged trees were fertilized or skipped. If a 
flagged tree was skipped, then the tag should be removed and put on a fertilized tree adjacent 
to the skipped tree. 

For very large operational blocks (e.g., 100 ha), a few representative parts of the block 
having similar site and stand characteristics may be sampled as if the block were an individual 
stand. However, such sampling areas within a large block should be large enough to accom- 
modate the probable application variability of swath width and overlap (R. Brockley, pers. comm., 
1988). 

3.2 Average Stand Response 

The purpose of Inventory Branch's Preharvest Sample Plot Program (PSP) is to build a 
data base for use in the production of yield equations and tables for managed stands. This 
data base will be attained by measuring the growth of silviculturally treated stands under the 
incremental forestry program (Inventory Branch Manual, Chapter 8). 

For measuring stand growth and the effects of fertilization on stands spaced to various 
residual densities, permanent sample plots were considered more appropriate than single tree 
foliar analysis plots. Single tree plots are valuable in providing useful foliar analysis information 
and individual tree growth response. They will not, however, provide answers to what stand 
spacings should be to eliminate the need for respacing yet still optimize growing space per tree 
by considering crown development and crown closure. 

Establishment of PSP installations (Figure 3) can be done in the summer or fall before 
fertilization after seasonal growth has finished. An installation consists of a minimum of two 
ground samples (one in a control area and one in the treated area). Each treatment and control 
sample consists of a minimum of four circular plots of 0.05 ha in size, with a plot radius of 
12.62 m. 

All trees within each plot are tagged. Measurements of trees within each plot include: 
DBH on all trees, top height on 10 or 25% of the trees with the largest DBH (10 or 25% 
depending on number of trees per plot), age, crown dimensions (length, width, colour, vigour, 
height to live crown), and increment cores taken from the same trees measured for height. Pest 
and disease information is also recorded on all plots. 

Remeasurements are scheduled for 1, 3, and 10 years after treatment. Most importantly, 
weather conditions (relative humidity, precipitation, average daily temperature, soil moisture, etc.) 
are monitored before, during and after application. Post-application monitoring is the most 
critical part of monitoring weather conditions. Monitoring during the period after application may 
help to explain the results of fertilization (e.g., poor response maybe due to heavy rains which 
caused most fertilizer to leach away and not be taken up by the trees). 



Fertilizer traps should be set up within the treated and control plots to check whether the 
treated plots were actually fertilized and the control plots remained untreated. If a control plot 
gets accidentally fertilized, a new control should be established in an adjacent untreated part of 
the stand. 

4 SUMMARY 

Aerial fertilization is not easy. .Bucket drop rate, air speed, swath width and swath overlap 
can accurately determine per-hectare application rate. The "swath width - swath overlap" 
method is a far superior monitoring approach to the "trap method, mainly because it is simple 
and the measurement of swath width and swath overlap, when coupled with bucket drop rate 
and air speed, accurately determine application rate per hectare. Monitoring using this "swath 
width - swath overlap" method can be carried out at any time during the period of application. 
Not all areas have to be monitored on a continuous basis. A day or two may elapse between 
active monitoring. 

For measuring growth response to aerial fertilization, permanent sample plots were preferred 
to single tree foliar analysis plots. Foliar analysis provides valuable information on nutrient 
uptake within a single tree, but does not provide additional information on spacing densities, 
optimal growing space, crown development and subsequent crown closure, and timing of crown 
closure after treatment. These are all questions that require answers to assist in planning and 
scheduling silvicultural prescriptions. The methodology for establishing operational PSP trials 
was developed by Silviculture Branch, based on Chapter 8.21 of lnventory Branch's lnventory 
Manual. Remeasurement information is available in Chapter 8.22 of the same manual. 
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FIGURE 1. Relationship of coverage ratio to swath overlap. 
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ABSTRACT 

This report describes the growth and wood density response of a coastal Douglas-fir stand 
on a poor site to thinning and nitrogen fertilization. The treatment plots were established in 
1971 and 1972 at stand age 24. The effects of fertilization and thinning were evaluated 12 and 
13 years after the initial treatments of the 1972 and 1971 plots, respectively, and 3 years after 
re-fertilization of the 1972 plots. Ring width and ring density data were obtained from pith to 
bark for all trees and were derived from computerized X-ray densitometry. Fertilization reduced 
ring density at breast and 25% stem height by an average of 16% for a 3- to 4-year period after 
treatment, but not thereafter. Reductions resulted from decreases in the density of earlywood 
and latewood, as well as in the percent of latewood. Effects were only pronounced in the lower 
half of the stem. Thinning resulted in a slight ring density gain in the lower bole and a 
reduction in the top. Ring density showed an increasing trend from pith to bark at all heights 
except at 75% and a decrease with increasing height in the bole. Fertilization and thinning both 
increased diameter growth, and their beneficial effects were still evident 13 years after treat- 
ments. 

The interest in forest fertilization is reflected in the number of publications on this subject in 
recent years. General and comprehensive reviews have been prepared by Lee (1968), Weiner 
and Mirkes (1972), and Morrison (1981). Specific review of the recent research efforts dealing 
with the influence of fertilization and thinning on wood qualiv of Douglas-fir has been presented 
by Briggs (1982). We concluded that limited research has been done on how fertilization affects 
the distribution patterns of properties within trees. Parker et a/. (1 976) have suggested that 
fertilization-caused changes are different at various positions in the bole. 

Briggs raises a number of important questions concerning the effects of thinning and 
fertilization on wood quality. Is increased growth rate negatively correlated with density? Is 
there a critical range of grovvlh rate within which properties are not significantly altered? What 
are the effects of repeated treatments over long periods of time on wood quality? 

Wood quality is a measure of the wood characteristics that influence the properties of 
products made from it. Density is the single most important descriptor of clear wood quality, 
and the primary determinant of clear wood strength and yield of pulp per unit wood volume. It 



is also related to other properties of the wood, including: heat per unit volume produced during 
combustion; shrinkage and swelling; heat transmission; and machining suitability. 

A report by the Pacific Forest Research Centre (PFRC) on the 9-year stem growth 
response to thinning and fertilization of a 30-year-old Douglas-fir stand near Shawnigan Lake 
indicated that these treatments more than doubled the diameter growth than did untreated trees 
(Barclay e l  a/. 1982). The trees also showed a good response to re-fertilization which took 
place in the spring of 1981. However, density trends were not examined in that study. 

The present study was undertaken to investigate what effect thinning and fertilization had 
on density trends for these Douglas-fir trees, located near Shawnigan Lake, B.C., which 
contained an additional 4 years of growth. For this project, X-ray densitometry was used to 
measure earlywood, latewood and average ring densities from pith to bark at four sampling 
heights in each tree. 

2 MATERIALS AND METHODS 

2.6 Sampling 

The study area was a uniform Douglas-fir stand (planted, with some natural fill-in) on a poor 
site (site index 21 m at 50 years) (Crown and Brett 1975). Trees, 37 years old, were sampled 
in the early spring of 1984 before growth commenced. Plots had been established at the site in 
the spring of 1971 and the spring of 1972. Treatments applied to plots consisted of combina- 
tions of levels of thinning and fertilization administered at specific times during the experimental 
period. In this section, the experimental design and sampling procedure are briefly described. 

In the spring of 1971, 18 plots, each 0.0405 ha in size, were established at the site. 
Around each plot was a 15-m treated buffer strip to ensure physical separation of the plots (see 
Barclay el a/. 1982). Plots were randomly assigned to nine treatments, two replicate plots for 
each treatment. The treatments consisted of three levels of urea fertilization-4 (F,), 224 (F,), 
and 448 (F,) kg N/ha--combined with three levels of thinning: 0 (To), one-third (T,), and two- 
thirds (T,) of the original basal area (23.1 m2/ha) removed. Treatments are represented in this 
report by a level of thinning and a level of fertilization. A plot assigned to the treatment ToF2, 
for example, was not thinned but was fertilized with 448 kg Nlha urea fertilizer. 

In the spring of 1972, a further 18 plots, each of size 0.0405 ha, and surrounded by 15-m 
treated buffer strips, vvere established at the site. Plots vvere randomly assigned to the nine 
treatments. The treatments assigned to the "172 plots were the same as those treatments 
assigned to the 1971 plots, the times at which the treatments were administered differed. The 
plots established in 1981 were treated once, in the spring of 1971. All plots established in 1972 
were treated in the spring of 1972, but those receiving fertilizer were re-fertilized, with the same 
rate as originally applied, in the spring of 1981, and identified by the symbol F,,. 

At the time of plot establishment, the trees on each plot were numbered and their diameters 
measured. In early spring 1984, trees from the eight 1971 plots receiving the treatments T,F,, 
T,F,, T,F,, and T,F, and from the eight 1972 plots receiving the treatments T,F,, T,F,, T,F,,, and 
T2F2-,, were sampled. Thus, the treatments F, and T, are not included in this study. From each 
plot ~ncluded in the study, three trees were randomly selected from all those trees having an 
average diameter of 12.0 cm DBH (OB) at the time of plot establishment. Hence, the sample 
consisted of a total of 48 trees: 24 from the 1971 plots and 24 from the 1972 plots. The 
sampled trees, identified by plot and tree numbers, are listed in Table 1. 



Cores were taken from each of the sampled trees with the use of new Swedish increment 
borers. Sample collection was undertaken by the PFRC staff under the direction of Dr. H. Brix 
between March 22 and April 17, 1984. A total of seven increment cores (5 mm in diameter) 
were taken at the following locations on each tree: 

1. at breast height (BH, 1.3 m above ground), two cores; 

2, one-quarter height above BH, two cores; 

3. one-half height above BH, two cores; and 

4. three-quarters height above BH, one core. 

All core sample-pairs were taken at right angles to one another, systematically from the 
south and the west side of each tree. This was done to avoid traces of compression wood that 
might be produced by the prevailing winds from the southwest. Intensive sampling (i.e., at four 
heights on the stem) was undertaken to get information about ring width, ring density, height 
growth and taper along the bole for detailed stem analysis (Timmer and Verch 1983; Jozsa ef 
a/. 1984a). 

2.2 X-ray Densitornetry 

Ring width and ring density data were derived for this study with the use of X-ray den- 
sitometry. The techniques and instruments used at Forintek for X-ray densitometry are 
described in detail by Parker et a/. (1980). Briefly they are: 

Increment cores are air-dried, then glued between two mounting sticks. 

Mounted cores are cut to uniform thickness on a twin-blade saw designed for this 
purpose (Kusec 1972). 

Samples are labelled with X-ray opaque paint. 

A portion of one core mounting stick is cut away and the cell angle (the angle formed 
by the long axis of longitudinal tracheid cells and the long axis of the increment core) is 
measured under a microscope. 

Prepared cores are placed on X-ray film with calibration wedges, then exposed at the 
proper angle by a moving X-ray machine. 

X-ray film is carefully developed. 

The radiograph is examined on a light table under a low-power microscope, and 
calendar-year dates and other information are marked on it. 

Radiographs are scanned on a computerized densitometer that converts increment core 
images into ringwidth and ringdensity data. 

Data are stored on magnetic tapes for further processing and summarizing. 

2.3 Tree Wing Data 

Two basic forms of data were measured by the computerized densitometer: 1) ring width 
(resolution 0.01 mm); and 2) relative density of wood. All density values were expressed on an 



oven-dry volume and weight basis. The quoted numbers are therefore a b u t  10% higher at the 
0.45 level than at the conventional basic wood density, which is always expressed on a green 
volume and oven-dry weight basis. 

Forintek's data acquisition Tree Ring Input Program (TRIP) was used to obtain the following 
eight tree-ring variables: ring width (RW), earlywood width (EW), latewood width (LW), ring 
density (RD), earlywood density (ED), latewood density (LD), minimum ring density (MND), and 
maximum ring density (MXD). In addition to these variables, TRIP also recorded 100 intra-ring 
density profile values for each annual ring, regardless of its width. This was designed to 
simplify the format of these values for storage and to permit the summing of density profiles. 

A processing program (STRIP) was then used to calculate percent latewood width (%LWW), 
ring volume (RVOL) and ring weight ( R W )  for each year for a nominal 1 cm thick disk at each 
sampling height. 

It must be noted here that the %LWW values were based on density levels and not on the 
classical Mork's definition as published in 1929. Specifically, the following density level 
boundaries were assigned at Forintek (in X-ray densitometry) for earlywood and latewood in 
Douglas-fir: from the beginning of the ring until the density reaches 0.54 g/cm3 wood is 
classified as earlywood; from that point (0.54) until the density falls to 0.45 g/cm3, wood is 
classified as latewood (Heger et a/. 1974). This highly objective method of earlywood-latewood 
classification by X-ray densitometry has some drawbacks. For example, it is difficult to make 
equitable comparisons between the classical latewood percentage figures published and 
Forintek's data without an internal calibration. Furthermore, in extreme cases of very slow 
growth rates, some annual rings might be measured, which contain no latewood or earlywood by 
the density criterion. However, these disadvantages seem to be offset by the advantages. The 
most obvious one is that i t  avoids subjectivity between different operators making such 
measurements. 

2.4 Assessing Entire Stemwood Density Trends and Presenting Data 

Reconstructing past growth and development of a tree by measuring annual rings from pith 
to bark at a number of points along the bole (i.e., a complete stem analysis) has many 
applications in forestry. Forintek's stem analysis technique is especially informative because, in 
addition to ring width, it includes wood density measurements as well. Density values are 
available as yearly averages, earlywood, latewood, minimum, maximum and 100 intra-ring 
density profile points, regardless of ring width. 

Systematic variations in density may be assessed in a variety of ways. In this report, one 
of the corollary objectives was to compare breast height density trends with entire stemwood 
density data. The problem of what classification scheme to follow in complete stem analysis 
was solved by classifying and plotting ring density features along three different gradients as 
described by Duff and Nolan (1953) and Fritts (1976). The three classification schemes are 
shown graphically for a 7-year-old tree in Figure 1. The large triangle in this illustration 
represents one-half of the longitudinal section of the bole, from pith to bark, and from the base 
to the tip. 

Mote that each annual growth layer corresponds to a trapezoid in the figure (with the 
exception of the first one which is a triangle). The "fleur-de-lisW-like symbols represent the 
position of the terminal bud (on top of the leader) at the end of each of the seven growing 
seasons. The three classification schemes described by Duff and Nolan (1953) are shown by 
the horizontal (I), diagonal (2), and vertical (3) arrows. 



The first classification gradient (1) represents the usual horizontally arranged sequence of 
rings which is affected by climatic variation and the increase in tree age. Yearly average 
densities for whole ring, earlywood and latewood were summarized for the six intensively 
sampled trees (for each treatment) and these data were plotted for all four sampling heights for 
each treatment. 

The second classification scheme (2) represents the diagonal series of rings at various 
stem heights for the same calendar year and expresses changes associated with increasing 
stem height and decreasing cambial age. When different aged stands are being compared by 
this technique, the graphical presentation of tree ring data has the curves "right justified"; the 
cutting dates are the common points of reference. As a practical example, this second type of 
classification scheme would best describe the density variation in a long piece of structural 
lumber with wane. 

The third classification scheme (3) represents a vertically arranged sequence, with each ring 
sampled at a given cambial age. In other words, the summaries are made by age. In plotting 
different aged stands, the pith-year (or year one) would be the common point of reference; the 
curves would be "left justified. This third classification scheme would best describe the density 
trends in a piece of structural lumber with the pith "boxed in". 

Some workers have proposed that the third classification scheme (vertical summary by age) 
is best suited for studying the influences of site quality (Timmer and Verch 1983). However, in 
this study all three classification schemes were used for examining the density distribution and 
variation in the stemwood. The second classification scheme (2) was used in examining the 
yearly entire annual ring weight productivity rates. 

Forintek's unique intra-ring density profile summaries were used in this report for examining 
earlywood, latewood, minimum, maximum and average ring density trends. This form of tree 
ring data presentation is also well suited for time series analysis and average ring width trend 
comparisons. For example, each annual ring measured for the six intensively sampled trees (for 
each treatment) was summarized into four internodal profiles, showing not only the average 
density profile, but also the average ring width as well. 

2.5 Reconstruction of Yearly Entire Annual Ring Wights in the Stemwood from Pith to 
Bark (VEARW) 

To obtain the weight of entire annual increments in the stemwoo,d the TRIP data for each 
tree were processed. A new computer program, WEIGHT, was used for this purpose. Annual 
rings were summarized by calendar years to keep the year of annual ring formation constant 
(Duff and Nolan 1953). The weight of an entire annual increment in the stemwood depended 
on: 

its radial distance from the pith at breast height; 

its ring width along the stem (taper); 

its average ring density; and 

its distance up the stem to the tip of the leader for that year's growth. 

Stemwood biomass productivity was calculated and plotted on an annual and a cumulative 
basis for each tree. The six trees from each treatment regime were summarized for statistical 
and visual comparisons. 



2.6 Examining the Climatic Connection: Temperature, Precipitation and Entire Annual 
Ring Weight 

In previous studies at the study site, Brix (1972), Brix and Mitchell (1983), and Barclay et 
a/. (1982) related moisture stress in June and during the summer months (April to July) to height 
and diameter growth. In this study, May, June, and July precipitation (P) and temperature (T) 
records were compiled from 1971 to 1983 from data supplied by Dr. Brix of the PFRC. The 
monthly data were averaged for the 13-year record to identify below- and above-average 
extreme years. Averages were calculated for May-June and May-June-July P for each year, so 
that visual comparisons could be made of the pattern of wood production (as expressed by the 
reconstruction of yearly entire annual ring weights in the stemvvood). 

3 RESULTS AND DISCUSSION 

3.1 Effect of Treatments on Ring Width and Tree Height bvelogment 

Ring width and tree height growth responses are given in Tables 2 and 3, and are 
illustrated by Figures 2 and 3 for plots established in both 1971 and 1972. The figures 
represent longitudinal sections through the stemwood, with a greatly exaggerated horizontal 
scale to illustrate yearly (radial) increments. Each profile represents the average of five or six 
trees for each treatment. The innermost shaded part represents the average tree size (i.e., 
diameter inside bark [IB] and tree height), at the time of the respective silvicultural treatments. 

The 1971 control plot (ToFo) summary profile shows that the average tree was 10.9 m tall 
and had a 9.7 cm diameter inside bark at breast height (1.3 m above ground level) after the 
1970 growing season (Figure 2). The unshaded outer shell represents 13 years of growth from 
1971 to 1983. The average control tree had grown from 10.9 to 15.8 m in height, and from 9.7 
to 12.5 crn DBH. In other words, the average height increment was 4.9 m and the radial 
increment was 1.4 cm at breast height. At one-quarter, one-half and three-quarters height 
above BH, the radial increments were 2.1, 3.0 (from 1971 to 1983), and 2.2 cm (from 1974 to 
1 983), respectively. 

The silvicultural treatments of ToF2, T2Fo and T2F2 more than doubled the diameter grovvlh at 
BH compared with the untreated trees (ToFo). These treatments also resulted in increased 
growth at the other three sampling heights, as can be seen in Figure 2. Tree profiles, represen- 
ting the different silvicultural treatments, were drawn next to the ToFo profile for ease of 
reference. It is also evident that the ToF2, T2Fo and T2F2 trees had grown taller: from 10.5, 10.4 
and 11.1 m height in early 1971, to 17.9, 16.4 and 19.1 m of height after the 1983 growing 
season. 

For the 1972 plots, ring width and tree height growth responses are shown in Figure 3. 
The results are very similar to the 1971, plots. However, there are two fundamental differences. 
First, trees from the 1972 plots produced only 12 years of groMh (from 1972 to 1983) since the 
initial treatment of thinning, ferlilization and combined thinning-ferlilization. Secondly, the ToF2, 
and the T2F2-, plots were fertilized a second time in early 1981. 

Diameter at breast height and tree height growth changes beween 1971 -1 983 (1971 plots) 
and 1972-1 983 (1 972 plots) are also shown in Tables 2 and 3, respectively. 

Radial growth increments were calculated for the four sampling heights for both the 1971 
and 1972 plots. The results are shown for the 1971 to 1983 and the 1972 to 1983 intervals 
(plots 1971 and 1972, respectively) in Figure 4. Radial groMh responses were similar for 1971 



and 1972 plots at the four sampling heights; the greatest impact occurred invariably at BH and 
at 25% height, regardless of treatment. These growth increment gains gradually diminished (in 
a linear fashion) to negligible levels by the 75% sampling height. 

Statistical analyses were performed on the height and diameter growth changes for both the 
1971 and 1972 plots. The purpose was to isolate the effects of thinning and fertilization by 
exploiting the factorial design of the experiment. For the change in height response the 
following model was used: 

where Y, denotes the change in height between plot establishment and 1983 for the kth tree 
receiving the ith level of thinning and the rh level of fertilization; u denotes the overall mean 
change in height; Ti represents the added mean change due to the ith level of thinning; Fj 
represents the added mean change due to the j" level of fertilizer; TF, represents the thinning 
by fertilization interaction; and eik is a random effect due to the differences between individual 
tree responses. For this analys~s, the T and F effects were assumed to be fixed; the e was 
assumed to follow a normal distribution. 

For both the 1971 plots and the 1972 plots, the main treatment 
effects were significant at the 5% level, while the interactive effect was not significant. We 
conclude that the thinning and fertilization treatments each had an additive effect on the change 
in tree height. For the 1971 plots, the effects due to thinning and fertilization on tree height 
may be summarized as follows: 

Treatment 
Estimated linear model height 

growth 1971 - 1983 (m) 

None 4.90 + 0 + 0 = 4.90 

Thinned 4.90 + .96 + 0 = 5.86 

Fertilized 4.90 + 0 + 2.29 = 7.19 

Thinned and fertilized 4.90 + .96 + 2.29 = 8.15 

Each of the resulting estimates has an associated standard error of about 26. 

For the 1972 plots, the effects due to thinning and fertilization on tree height grovvlh may 
be similarly represented as: 

Treatment 
Estimated linear model height 

growth 1972 - 1983 (m) 

None 

Thinned 

FeGilized 

Thinned and fertilized 



Each of the resulting estimates has an associated standard error of about .26. Notice that 
in both cases the effect on tree height growth due to fertilization was stronger than the effect 
due to thinning. 

Statistical analyses were also performed on the change in diameter data. In this case, the 
following model was used: 

Y,,, = u + TI + F, + TF, + h, + T,, + F,,, + TF,,, + el#, 

i = 0,2 j = 0,2 k = 1 ,..., 4 and 1 = 1,2 ,..., nu,. 121 

where Y,,,, represents the change in diameter between plot establishment and 1983 at the kth 
height of the fh tree receiving the fh level of thinning and fh level of fertilization. The u, T and F 
effects have the same interpretation as those in model [I]. The extra effect h and associated 
interaction effects represent the added mean change in diameter growth response due to height. 
All of the effects except the thinning by fertilization (T X F) interaction for the 1971 plots and the 
height by thinning by fertilization interaction for the 1972 plots are significant at the .0001 level. 
This indicates that both thinning and fertilization have a significant effect on diameter growth, but 
that the effects are significantly different at the four sampling heights. To gain further insight 
into the effects of thinning and fertilization at the various heights, separate ANOVA tables were 
prepared for each of the sampling heights. In each case the model used is model [I], where 
the response variable Y, represents the diameter change from the time of plot establishment to 
1983. 

For the 1971 plots there is a significant effect due to both thinning and fertilization, but no 
interactive effect at all sampling heights, except at the 75% height. For the 1972 plots there is 
a significant effect due to both thinning and fertilization, but no significant interactive effect at all 
sampling heights. Hence, the linear additive model applies to all but the 1971 75% height data. 
With this model, the effects due to thinning and fertilization on diameter change may be 
summarized as shown in Tables 4 and 5.  

3.2 Effect of Treatments on Ring Density Patterns 

3.2.1 Yearly density trends from pith to bark 

1971 plots 

Average ring density (RD) shows an increasing trend from pith to bark, from about 0.4 to 
0.6 g/cm3, at BH, 25 and 50% sampling heights for the four treatments (ToFo, T2Fo, ToF2, T2F2) 
(Figure 5). At the 75% sampling height average RD has a declining trend for three treatments, 
but T2Fo shows very little change from pith to bark. These comparisons were made by Duff and 
Nolan's first classification gradient. That is, annual rings were examined in the horizontally 
arranged sequence at each sampling height and treatment. 

Average earlywood density (ED) patterns show a declining trend over the forest's 5-10 years 
of growth (from about 0.45 to about 0.31 g/cm3) at each sampling height for all treatments. 
From this point on, ED showed very little change, varying between 0.31 to 0.34 g/cm3 (Figure 
5). 

Average latewood density (LD) patterns were characterized by an increasing trend from pith 
(about 0.7 g/cm3) to bark (about 0.9 g/cm3) at all sampling height for all treatments (Figure 5). 

Closer examination of the yearly RD, ED and LD values shows varying responses to the 
1971 thinning and fertilization treatments when compared with the ToFo. For example, ToF2 

1 79 



resulted in a 21 % temporary decrease in RD for about 4 years, from 1971 to 1974 from 0.58 to 
0.46 g/cm3. The T2F, shows a 10% decrease, whereas T2Fo had resulted in a modest 3% 
increase in RD when compared with the control (ToFo) in the 1971 to 1974 interval (Figure 5 and 
Table 6). Decreases in RD with fertilization resulted from decreases in both ED and LD. 

The vertical arrow in Figure 5 indicates the time of thinning (T) and fertilization (F). More 
specifically, 1970 is the last year of grovvth before T andlor F and 1971 is the first year of wood 
formation after T and/or F. For this reason, the growth of all sample trees before the 1971 
treatments can be considered as a "control" or "unaffected" period. For'the BH samples this 
time interval (as measured by X-ray densitometry) varies from 13 years (1958-1970 for T2Fo) to 
16 years (1955-1970 for ToFo). The average RD, ED and LD values are shown for these time 
intervals in a summary form in Table 6. The before treatment time interval (i.e., before 1971) 
shrinks to an average of the 6 years it took for an average tree to grow from BH to 25% height. 
For this reason, of course, pre-treatment time interval ceases to exist for the 50 and 75% 
heights. 

1972 plots 

Pith to bark ED, RD and LD trends, at four sampling heights, are shown for the 1972 plots 
in Figure 6. The general patterns are very similar to the ones observed in the 1971 plots: ED 
shows a declining trend for about the first 10 years from the pith, then becomes relatively 
stable; RD declines, then increases gradually as the tree gets older; and LD shows an increas- 
ing trend from pith to bark at all sampling positions on the stemwood. 

Detailed examination of the yearly values shows a reduction in ED, RD and LD from both 
the 1972 and 1981 fertilization (TOF2-, and T,F2,). Thinning only (T2Fo), when compared with the 
control (ToFo) did not change ED, RD and LD. The vertical arrows in Figure 6 indicate the year 
of the treatment. Dot-grid vertical bars without the vertical arrows are shown in the ToFo and 
T2Fo plots as reference points. 

3.3 Vertical Density Variations Within the Bole From BM Through 25, 50, and 75% Height 
Above Breast Height 

In the previous section, densities were examined by Duff and Nolan's (1953) horizontal 
gradient. In this section, densities will be examined and compared by the second classification 
scheme-that is, diagonally. Annual rings at various sampling heights will be compared for the 
same calendar years. Consequently, changes in density will be expressed in association with 
increasing stem height and decreasing cambial age. 

1971 olots 

Average ED, RD and LD were examined for the 1971-1 974 and 1975-1983 time intervals at 
the various sampling heights for the following reasons. First, the 1971 fertilization treatment 
altered ED, RD and LD markedly for about 4 years after treatment. Starting with 1975, these 
densities had largely returned to a "normal" pattern. Secondly, the last 9 years of grovvth period 
(1 975-1 983) permitted the study of within-tree density distribution patterns as a function of 
height. The results of these comparisons are shown in Figure 7 and Table 6. 

Average RD for the 1975-83 period shows a declining trend for all treatments from BH 
through 25-50% heights. Specifically, ToFo RD's decline from 0.6 at BH, to 0.54, 0.46 and 0.43 
at 25, 50 and 75% heights. In comparison, T0F2 shows a 7 and 6% decline in RD at the BH 
and 25% height. At the 50 and 75% heights ToF, shows a 2.5 and 9% increase in RD in 
relation to ToFo. A similar pattern emerged as a result of T2Fo: a 2 and 4% decline at BH and 
25% height, followed by 7% increase in RD at both the 50 and 75% heights. The combined 



treatment of T,F, resulted in RD decline at the first three sampling heights; BH, 25 and 50% 
heights correspond to 2, 4 and 2.5% decline, respectively. At the 75% sampling height, a 13% 
increase was evident in RD, in relation to the control trees (ToFo). 

Much more dramatic shifts vvere observed in ED, RD and LD for the 4-year period (1 971- 
1974) that followed the 1971 silvicultural treatments, especially at BH and 25% heights. For 
ToFo, the average RD declined from 0.58 at BH to 0.49 at 25% heights. In comparison, T,F, 
caused a 21 and a 16% decline in RD at these points. At the 50% height, T,F, had an identical 
RD to that of ToFo. Furthermore, T,F, resulted in 10 and 8% reduction in RD at BH and 25% 
height, respectively. On the other hand, T,Fo caused 2, 8 and 5% increase in RD at BH, 25 
and 50% height, compared with ToFo. 

It appears from these results that the deleterious effects of fertilization (fOF,) and fertilization 
combined with thinning (T,F,) on average ring density (RD) are confined to the lower half of the 
stemwood (BH and 25% height). 

In conclusion, ring density declines as a function of height from BH to 75% sampling height 
for all four treatments. A minor exception is T,F,, where RD increased 7% from 50 to 75% 
height. 

The most likely explanation for RD decline as a function of height is age-related. More 
specifically, the cambium is younger at the higher sampling points, as can be seen in Figures 2 
and 5. For example, Figure 5 shows an increasing RD trend line from pith (mid-1950's at BH, 
mid-1 960's at 25% height, late 1960's at 50% height, and mid-1 970's at 75% height) to bark 
(1983). Therefore, the younger wood of the higher sampling points encompassed proportionately 
more and more low-density juvenile wood (about the first 10-15 years of growth) and less 
mature wood. The LD trends also seem to support this observation. 

Figure 8 shows the average RD paMern by the third classification scheme--that is, vertical 
summary by age for the first 6 years of grovvlh measured at each sampling height. Therefore, 
on the average, the breast height RD data are based on the 1960-1965 interval: 25% on the 
1965-1970; 50% on the 1971 -1976; and the 75% on the 1976-1981 interval. It can be seen in 
this plot that no clear trend exists in RD from BH to 75% height. The RD values ranged 
between 0.43 and 0.49 g/cm3 for all treatments and all sampling heights. 

1972 plots 

Average RD comparisons vvere made for the 1972 treatment plots also. The results show 
similarity to the 1971 plots, except in this case the 1972 plots received not one but two 
fertilization treatments. The results are shown in Figure 9, in a comparison of Wo time intervals 
immediately following the 1972 and 1981 treatments of -8, F and T x F, which resulted in similar 
responses to those of the 1971 plots. Namely, RD was reduced by ToF2, and T,F2,, on the 
average by about 8% in comparison to ToFo, but only at BH and 25% sampling heights (Figure 
9a). However, considering the RD values for the 1976-1980 period as the basis of comparison 
for each treatment, the 1981 refertilization did reduce average RD for the 3 years following 
(1 981, 1982 and 1983). For the ToF,, and T2F,, plots the deleterious impact on density was 
about 12 percent at all four sampling heights. For the ToFo, a 14% increase in RD was noted 
(1 981 -1 983 compared with 1976-1 980) at the first three sampling heights (BH, 25 and 50%); at 
75%, a 5% increase was observed (Table 6 and Figure 9b). The T,Fo plots had shown about a 
6% gain in RD at BH, 25 and 50% sampling heights for 1981-1 983. 

The year of fertilization treatment showed an interesting feature. For example, the reduction 
in RD was immediate in 1971 (for the 1971 plots) and 1981 (for the 1972 plots) for the fertilized; 
and thinned and fertilized plots (Figures 5 and 6). However, the 1972 treatment did not result in 



immediate density reduction for the 1972 growth rings at the four sampling heights (Figure 6). 
Furthermore, the deleterious effect on RD seemed to have lasted only 2 years (1973 and 1974). 
There was full recovery by the fourth year after treatment, in 1975 (Figure 6). This unique 
pattern might be related to moisture stress during the year of fertilizer application in early spring. 
Indeed, the May to June average precipitation was relatively low in 1972 (no density reduction), 
but relatively high in both 1971 and 1981 (marked density reduction). Closer examination of the 
precipitation data showed that the 1972 value of May to June rainfall was the second lowest 
recorded value for the 1971 to 1983 period. Equally interesting is the fact that 1981 has the 
highest May to June precipitation and 1971 is the sixth in the 1971 to 1983 recorded interval. 

These observations on the effect of fertilization (the immediate impact and duration on RD) 
and precipitation regime during the year of fertilization are just indications. More data are 
needed to draw a conclusion. If such interaction is confirmed, the obvious drawback is that the 
forest manager or silviculturist cannot know in advance whether a dry or a wet May-June is to 
be expected for the coming year. 

3.4 Detailed Intra-Ring Density Profiles after the 1971 and 1972 Treatments 

Forintek's intra-ring density profiles were used in comparing the impact of fertilization (F), 
thinning (T), and thinning combined with fertilization (T x F) with the control (C) trees. This type 
of data presentation permits the detailed examination of yearly earlywood and latewood densities 
in addition to the minimum and maximum density trends. Average RW and earlywood-latewood 
width proportions can by compared year by year, or treatment by treatment. 

1971 plots 

Figure 10 shows the detailed intra-ring density profiles for the 1971 plots. Each treatment's 
profile represents six sample trees. Each year's density profile is the average of six annual 
rings' 100 intra-ring density values, dating to the same calendar year. The density profiles 
shown in Figure 10 therefore represent 93 600 intra-ring density profile values with the actual 
ring width components reconstructed. 

Only three sampling heights are shown for the 13 years of growth (1 971 -1 983) because the 
7'5% sampling height contained only eight annual rings on the average for the T, F, and T x F 
plots (Figures 2 and 3). Radial growth rates have been dealt with previously, but the same 
conclusion can be drawn from gross comparisons. For example, at BW the T and F plots 
produced about twice the radial growth increment of the C (and T x F about three times). 

At BW, the low density earlywood zone is about 0.3 g/cm3 and the high density latewood is 
about 1.0 g/cm3 for the four treatments. 

Notable exception is evident in the case of the F treatment at BW k r  4 years: 1971, 1972, 
1973 and 1974. A reduction in ED and LD is evident when these four ring profiles are 
compared with the C record. Ring density recovery is shown by the 1975 ring year which is 
maintained in spite of the faster growth rate than the C trees. A similar pattern is shown by the 
combined T x F trees, but the RD reduction is only about one-half of the F trees (see also 
Figure 7). 

Average RD reduction as a function of height is shown through aMenuated latewood peaks 
and lower proporlion of latewood by width (%LWW). Again, the RD reduction is shown with the 
LD trend as in Figure 7, for all four treatment plots, as a function of height. 

The influence of climate is shown by the cross-dating pattern beween certain ring years, at 
each sampling height, and beween each treatment. For example, 1980 and 1981 annual rings 



are relatively wide with high proportion of latewood. This is evident at BH, 25 and 50% height 
for C, F, T, and T x F. For lack of a better term, these two years can be referred to as "good" 
years. "Bad" years are characterized by narrow rings with little latewood such as in 1977 and 
1982. 

1972 plots 

Detailed intra-ring density profile plots are shown for the 1972 plots in Figure 11. Patterns 
of RW, MND, MXD and % L W  are very similar to those in the 1971 plots. The most marked 
difference between the two treatment regimes is the repeat application of fertilizer in 1981. 
Consequently, the reduction of RD because of fertilization is a double event for the F and T x F 
plots. The first setback in RD in the 1972 to 1975 interval is not as dramatic as the second 
one in 1981 to 1983. Namely, the first year of wood formation in 1972 shows no detrimental 
effects because of fertilization. The average RD is comparable to C data (or to RD values in 
1971, 1970, etc., before fertilization). The ED and % L W  support this observation. However, 
for 1973 and 1974, a marked shift is evident: lower proportion of latewood with lower density 
and relatively low ED. Recovery is equally notable for ring year 1975. Therefore, the im- 
mediate impact and the relative duration of the fertilization-induced setback in RD is not as 
"serious" as in the 1971 plots. 

On the other hand, the impact of 1981 fertilization treatment was similar to that of the 1971 
plot. The RD reduction had occurred during the year of refertilization and had lasted for at least 
3 years, 1981 to 1983. 

The climate signal identified in the 1971 plots can also be seen in Figure 11, especially in 
the C and T profiles. The re-fertilization in 1981 seems to have obliterated the "good" looks of 
the 1981 ring, but not the narrow ring of 1982, which had little latewood. 

3.5 Yearly Entire Annual Ring Weights in the Stemwood 

Intensive sampling of six trees per treatment (at four heights on the stemwood), combined 
with computer assisted X-ray densitometry and data processing programs at Forintek, allowed us 
to reconstruct past growth and stemwood development. 

Yearly entire annual ring weight (YEARW) productivity rates are presented for the four 
treatments of the 1971 and 1972 plots in Figures 12 and 13, respectively. In both figures, the 
YEARW values range between approximately 2 and 11 kg from 1971 to 1983. This range 
encompasses not only the silviculturally treated plots, but the control plots (ToFo) as well. In 
spite of this wide range of YEARW values, a very strong cross-dating pattern is evident between 
the control and treated plots, especially after 1971 (Figures 12 and 13). Of course, the very 
strong cross-dating signal simply means that the peaks (high productivity values) and troughs 
(low productivity values) occur for the same calendar years. In both the 1971 and 1972 plots, 
the relatively high YEARW's occur in 1974, 1980, 1981 and 1983; relatively low values were 
recorded in 1977 and 1982. 

This strong cross-dating signal is thought to be mainly the function of climatic variability. 
This climatic effect was examined and will be discussed in a separate section. 

It is interesting to note the following: both the 1971 and 1972 plot T,Fo trees produced an 
average of 2.5 kg of wood for 1982 and 1983. However, 2 years earlier in 1980 and 1981, the 
same control trees produced about 40% more wood, an average 3.5 kglyr. Admittedly, these 
are small trees (approximately 13 cm DBH and 15 m tall), but such marked reduction in 
YEARW from 1980 to 1983 translates into significant losses in stemwood biomass productivity 
when one takes into account the number of trees in the forest. 



For the 1971 ToF2 and T2Fo treatments the accelerated growth resulted in about a twofold 
increase over ToFo in YEARW (Figure 12). The T,F2 fared even better by outperforming the ToFo 
about threefold. The impact of climate is not diminished in absolute terms because the T0F2 and 
T2F2 trees laid down about 1.5 kg less wood in 1982 and 1983 than in 1980 and 1981. For 
T,Fo the reduction was only about 1.0 kg (same as for ToF,). 

The 1972 plots had a very similar Wo- and threefold YEARW productivity increase, because 
of the respective silvicultural treatments, as were observed for the 1971 plots. The T,F, plot 
shows only approximately 0.8 kg setback in 1981-1 983 compared to its 1980-1 981 average 
YEARW. In the case of T0F,, and T,F2-,, the refertilization of 1981 reversed the deleterious 
trend of 1982-1983 (Figure 13): T0F, treatment shows an average 5.4 kg of YEARW for the 4- 
year period (1980-1 983); T2F2-, actually shows a gain of about 1 kg from 1980-1981 to 1982- 
1983. 

3.6 Effect of Glimte on Yearly Entlve Annual Ring Wight Production in The Sternwood 

Precipitation (P) and temperature (T) data are shown in Table 7 and Figure 14, for the 
climate station adjacent to the study site, from 1971 to 1983. The average May, June and July 
P are 46.0, 44.2 and 30.8 mm, respectively. These 3 months were further averaged (May to 
July) to establish an overall P mean of 40.3 mm per month. Wet and dry years were identified. 
Four years between 1971 and 1983 had P means well over the 40.3 mm average. These years 
and their respective mean P per month (from May to July) were: 1974, 68 mm; 1980, 63.1 mm; 
1981, 56.1 mm; and 1983; 60.9 mm. Each of these mean P values are at least 40% (and as 
much as 70%) higher than the overall mean of 40.3 mm per month. The driest year for the 3- 
month period in the 13-year interval was 1977 and the fourth driest year was 1982. It appears 
in Figure 12 and 13 that the above wet and dry calendar years are very prominent marker 
years. Indeed, 1974, 1980, 1981 and 1983 are "peak" years-that is, all trees in all treatments 
produced a lot of wood. Contrary to these very productive years, 1977 and 1982 are low points 
(troughs) on the broken line plots in Figures 12 and 13. 

This visual comparison identified a very strong climatic connection between tree growth and 
precipitation. A proper statistical evaluation is needed now to establish the significance of this 
relationship. It is known from other studies by FriHs (1976), Schweingruber (1983) and Jozsa et 
a/. (1984b) that climate-tree growth relationships are not this simplistic. As a rule, there are 
strong lag effects (previous year's climate has an effect on this year's growth), as well as 
complex interactions with temperature and solar radiation. 

In this study, temperature (T) did not appear to relate to the YEARW pattern at all through 
the visual comparison method. It is recommended that both P and T be used in a multivariate 
regression analysis to explore the feasibility of estimating tree growth from climate data. 

4 SUMMARY AND CONCkklSlONS 

This report has described the growth response of a 37-year-old Douglas-fir stand to thinning 
and fertilization. The treatment plots were established in 1971 and 1972. Effects of treatment 
were evaluated from 13 years of growth after treatment in each of the 1971 plots, and 12 years 
after the initial treatment and 3 years after refertilization for the 1972 plots. 



Five different methods of analysis were used: 

1. ring width (radial growth) and tree height development; 

2. annual ring, earlywood and latewood density patterns (from pith to bark and from breast 
height to three-quarters tree height above BH); 

3. detailed annual intra-ring density profiles (from the time of treatment to 1983 at BH, 25 
and 50% tree height); 

4. yearly entire annual ring weights in the stemwood; and 

5. effect of climate on yearly entire annual ring weight productivity in the stemwood. 

The results of this study, although specific to the treatment plots and the site on which the 
trees were growing, nevertheless suggest the following: 

For both the 1971 and 1972 plots, the various treatments had their greatest impact on 
radial growth increment at BH and 25% height of the stemwood. These growth 
increment gains, over and above the untreated control, gradually diminished to negligible 
levels at the 75% sampling height. 

Height growth gains over the ToFo for the treatment intervals (1971-1983 and 1972- 
1983) varied as follows: 15% for ToF2, 9% for T,Fo and about 20% for T2F2. 

The deleterious effect of the fertilization treatment on ring density was most pronounced 
for the 3- to 4-year period immediately after application. By the fifth year after 
treatment, ED, RD and LD trends had resumed near-normal patterns. Thinning only did 
not affect density patterns as significantly as fertilization did, but a modest gain of about 
6% characterized this treatment at the first 3 sampling heights. A 9% reduction was 
observed at the three-quarter height above BH. 

Dramatic improvements in yearly entire annual ring weights in the stemwood are evident 
in each silviculturally treated plot. Interestingly, F effects are comparable to the T 
treatment; positive effects are still evident 13 years after treatment, suggesting an 
unexpected long-lasting response. Strong cross-dating signals suggest the importance 
of climatic variability on tree growth. 

The effect of T, F and T x F on entire annual ring weights in the stemwood resulted in 
approximately a 200, 200 and 300% increase over the 12- to 13-year period after 
treatment compared to the control (ToF,). 

The effect of precipitation on yearly entire annual ring weight productivity in the 
stemwood cannot be ignored. In fact, future analysis of biomass productivity of the 
stemwood must include the climatic connection. 



TABLE 1. List of 48 trees sampled from four treatment regimes established in 1971 and 1972 

Plots established in 1971 

TOFO TOF2 T2FO T2F2 

Plot Tree Plot tree Plot Tree Plot Tree 

Plots established in 1972" 

Plot Tree Plot Tree Plot Tree Plot Tree 

a F2., indicates refertilization 1981. 



TABLE 2. Mean tree height (TH) growth changes and mean inside bark diameter changes: at 
breast height (DBH), at 25% height (D25), at 50% height (D50), and at 75% height 
(D75) in early 1971 and after the growing season of 1983 for the 1971 plots, 
together with increments during this period 

1971 plot treatment regimen 
Variable 

Control Thinned Fertilized Thinned and 
only only fertilized 

(TOFO) (T2FO) (TOF,) (T2F2) 

No. of trees 

Height (m) 
1971 TH 
1983 TH 
Net gain (%)" 

Diameter (cm) 
1971 DBH 
1983 DBH 
Net gain (%)" 

1971 D25 
1983 D25 
Net gain (%)" 

1971 D50 
1983 D50 
Net gain (%)" 

1971 D75 
1983 D75 
Net gain (%)" 

"Percent gain over control in brackets. 



TABLE 3. Mean tree height (TH) growth changes and mean inside bark diameter changes: at 
breast height (DBH), at 25% height (D25), at 50% height (D50), and at 75% height 
(075) in early 1972 and after the growing season of 1983 for the 1972 plots, 
together with increments during this period 

1972 plot treatment regimen 
Variable 

Control Thinned Fertilized Thinned and 
only 

(T2FO) 
only 

CToF2-2) 
fertilized 

(T2FZ2) 

No. of trees 

Height (m) 
1972 TH 
1983 TH 
Net gain (%)" 

Diameter (cm) 
1972 DBH 
1983 DBH 
Net gain (%)" 

1972 D25 
1983 D25 
Net gain (%)" 

1972 050 
1983 D50 
Net gain (%)" 

1972 D75 
1983 D75 
Net gain (%)" 

"Percent gain over control in brackets. 



TABLE 4. Effect of treatment on diameter growth for the 1971 plots 

Height Treatment 
Estimated linear model 

diameter growth 1971 -1 983 
(cm) 

Breast height None 
Thinned 
Fertilized 
Thinned and fertilized 

(SE = 23)  

25% height None 
Thinned 
Fertilized 
Thinned and fertilized 

(SE = 25)  

50% height None 
Thinned 
Fertilized 
Thinned and fertilized 

(SE = 29)  



TABLE 5. Effect of treatment on diameter growth for the 1972 plots 

Height Treatment 
Estimated linear model 

diameter growth 1971 - 1983 
(cm) 

Breast height None 
Thinned 
Fertilized 
Thinned and fertilized 

(SE = .17) 

25% height None 
Thinned 
Fertilized 
Thinned and fertilized 

(SE = .17) 

50% height None 
Thinned 
Fertilized 
Thinned and fertilized 

(SE = .33) 

75% height None 
Thinned 
Fertilized 
Thinned and fertilized 

(SE = .33) 



TABLE 6. Average ring density (RD), earlywood density (ED), latewood density (LD), and percent latewood width 
(%LW) for certain time intervals at four sampling heights for the plots established in 1971 and 1972 

Year and RD (g/crn3) ED (g/crn3) LD (g/cm3) %LW 
sampling Time 
height i n t e~a l  TOFO TOF2 T2FO T2F2 TOFO TOF2 T2FO T2F2 TOFO TOF2 T2FO T2F2 TOFO TOF2 T2FO T2F2 

Breast 
height 

Breast 
height 



TABLE 7. Precipitation and temperature records for Shawnigan Lake CFS climate station 

Precipitation (mm) Temperature (OC) Average May-July 
precipitation 

May June July May June July (mm) 

" "Good" (wet) years. 
"Bad" (dry) years. 



FIGURE 1. Schematic representation of the annual growth layers in a 7-year-old tree. 
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FIGURE 2. Ring width and tree height growth responses for the 1971 plots. 
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FIGURE 3. Ring width and tree height growth responses for the 1972 plots. 



FIGURE 4. 1971 - 1983 percent radial growth gain in relation to ToFo (100%) at the four sampling heights for the 
1971 and 1972 plots. 
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FIGURE 5. Average ED, RD and LD trends from pith to bark at the four sampling heights for 
all treatments of the 1971 plots. 
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FIGURE 7. Trends of ED, RD and LD in the stemwood as a function of sampling height for the 1971 plots, 1975- 
1983. 
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FIGURE 8. Ring density trends in the stemwood as a function of sampling height; average 
RD of first 6 years from pith. 
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FIGURE 9. Ring density trends in the stemwood after the 1972 (A) and the 1981 (B) fertilization. 
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FIGURE 10. Detailed intra-ring density profiles for the 1971 plots showing 3 sampling heights 
and 13 years of record (from 1971 to 1983). 
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FIGURE 11. Detailed intra-ring density profiles for the 1972 plots showing 3 sampling heights 
and 12 years of record (from 1972 to 1983). 



FIGURE 12. Ring weights of entire annual increments in the stemwood for the 1971 plots. 



FIGURE 1972 plots. 



Calendar Year 

FIGURE 14. Precipitation records from May to July for the 1971-1 983 interval at Shawnigan 
Lake CFS climate station. 
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SESSION 4 FOREST FERTILIZATION: A BIOLOGICAL INVESTMENT 

ENVIRONMENTAL IMPACTS OF FOREST FERTILIZATION 

G.E. (Ted) Nason 
Alberta Environment, Soil Protection Branch 

Lethbridge, Alta. 

ABSTRACT 

A review of literature dealing with effects of forest fertilization on terrestrial organisms, water 
quality and soil processes is presented. The potential for direct fertilizer effects on wildlife was 
judged to be small because of the limited availability and palatability of fertilizer materials. 
Indirect effects, stemming from changes in the quality, quantity or species composition of forage 
and browse, are expected to be mainly positive to wildlife, although not necessarily to the land 
manager, who may suffer losses from girdling and excessive consumption of foliage. Evidence 
is presented for a role for fertilization in controlling insect pest aMacks through increasing tree 
vigour. Trees of high vigour apparently resist attack by maintaining high levels of defensive 
chemicals. Recent watershed nutrient cycling studies suggest that nitrogen losses in stream- 
water following repeated fertilization are much higher than those following single applications. 
These losses, which compare favourably to those reported for agricultural systems, occur 
principally in the form of the nitrate ion. Appearance of nitrate in streamwater after application 
of ammoniacal N indicates the presence of an active nitrifying population. In contrast to the 
autotrophic nitrifiers, soil heterotrophs have often been observed to decrease in activity after a 
brief initial stimulation. Immobilization, followed by a reduction in soil respiration rate, may serve 
as a retention mechanism for added nutrients. Most environmental hazards associated with 
fertilization can be avoided if care is exercised in the timing of operations and placement of 
fertilizers. 

Growth in many temperate forest ecosystems is limited by the availability of nitrogen 
(Wollum and Davey 1975). Nitrogen fertilizers have been used experimentally and, to an extent, 
operationally to remove this constraint. In North Americia, fertilization has been confined largely 
to Douglas-fir in the Pacific Northwest and pines in the Southeast. Peterson e l  a/. (1984) 
reported that approximately I million hectares of Douglas-fir forests in the Pacific Northwest had 
been fertilized with nitrogen as of 1979. Still, North American forest managers have been 
slower than their European counterparts to adopt fertilization as a silvicultural tool. Ballard 
(1984) estimated that, by 1980, approximately 10 million hectares of forest had been fertilized 
worldwide. About 75% of this land was in central and northern Europe. 

The 1980's have seen a dramatic reduction in the annual amount of forest land fertilized. 
In North America this is primarily due to a reduction in the capital available for discretionary 
silviculture during a significant slump in the forest industry. Concern in central and northern 
Europe has focussed on the growing problem of Waldslehen, or dieback. One recent hypothe- 
sis (Nihlgard 1985) implicates high inputs of mineral nitrogen (as a component of acid deposi- 
tion) in the dieback phenomenon. Extensive areas of Germany and southern Scandinavia are 
now receiving N inputs of &out 10-30 kgha per year, mainly as nitrate and ammonium. These 



data have resulted in a virtual moratorium on N fertilization in affected regions. More work is 
needed before the causes of Waldsterben are pinpointed. Still, there is a substantial Scan- 
dinavian literature that documents the silvicultural success that has been achieved in N 
fertilization of spruce and pine, and fertilization continues in the northern regions (Hagner 1988). 

Miller (1981) stated that, as a general rule, fertilizers may best be viewed as benefitting the 
crop trees and not the ecosystem. This is true in the sense that ecosystem dynamics have not 
often been reported to undergo sustained change following fertilization, but it is possible to 
misconstrue this remark as indicative of a high fertilizer efficiency. This is most certainly not the 
case. A majority of estimates for fertilizer efficiency in forests fall between 15 and 25%. This, 
of course, means that 75-85% of the applied nutrient element has been retained by, or passed 
through, the ecosystem. When the environmental effects of forest fertilization are under 
consideration, this residual fertilizer is of paramount importance. 

Although a prime commercial objective of forest managers is to produce fibre on a 
sustainable basis at reasonable profit, they must do so within the context of the ecological 
stewardship of the forested watershed ecosystem. Johnson (1981) and Rochelle (1981) pointed 
out that environmental effects are necessarily subjective: they may be perceived as positive or 
negative, depending on the land use philosophy of the individual. 

Fertilization affects a broad range of ecosystem attributes, from levels of certain chemical 
species in drainage waters to alterations in the browsing habits of large terrestrial mammals 
such as deer. An exhaustive treatment of the subject is not possible in the current review, but 
an attempt will be made to summarize knowledge presented by Rochelle (1981) and Johnson 
(1981) and to focus on developments of the last 7 years. This treatment will emphasize effects 
on the insect pests of trees, soil microbiota, and the nutrient status of drainage waters. 

2 EFFECTS ON TERRESTRIAL ORGANISMS 

Forest fertilization may affect wildlife both directly and indirectly. Direct effects result from 
the ingestion of fertilizer pellets or water with high concentration of fertilizer or its breakdown 
products. Indirect effects are those that might occur as a result of alteration of the quantity or 
quality of forage available to wildlife. 

2.1 Direct ENects 

Rochelle (1981) showed that there are essentially three aspects to be considered: the 
availability, palatability and inherent toxicity of the applied material. Direct toxic effects on 
wildlife have not been reported in connection with phosphorus fertilization. Phosphorus fertilizers 
are mainly calcium and potassium phosphates and simply are non-toxic to organisms. 

Nitrogen fertilizers common in forest applications, ammonium nitrate (AN) and urea, do have 
toxic potential. Urea itself is generally non-toxic to higher organisms and is the major N 
excretion vehicle for vertebrates (Berg and Kolenbrander 1970). Thus, urea ingested by forest 
animals might be expected to pass unmodified through the gut. This occurs only in newborn 
animals, however, because high levels of urease activity are provided to mature individuals by 
the microbiota of the gut. ingestion of moderate amounts of urea does not pose a health risk to 
livestock because ammonia liberated by ureolysis is rapidly incorporated into microbial tissue in 
the rumen. In fact, as much as 3% urea is often included in the diet of cattle as an inexpen- 
sive source of N. Beyond this level, urea becomes toxic as a result of increasing gut pH, 
production of high gas pressures, and relatively unregulated absorption of ammoniacal N into the 
animal's bloodstream (Bartley et a/. 1981). At the cellular level, the toxicity of ammonium is 



based on its effects on specific reactions involved in energy metabolism and perturbations of 
carbohydrate metabolism that occur as ammonia is removed by reactions with 2-oxoglutarate 
and glutamate (Delwiche 1979). Deaths of livestock have been reported in cases where the 
animals were permitted to graze in pasture fertilized very recently with urea (Abdullah et a/. 
1 986). 

Urea applied to forest soil as forestry-grade pellets is available to wildlife for a period of a 
few hours to a few days, depending mainly on precipitation patterns after fertilization. Urea is 
highly soluble in water and will generally be washed into the soil under the influence of only a 
few millimetres of rainfall. However, Nason et a/, (1988) reported visible persistence of urea 
pellets for 6 days when dry, warm weather followed fertilization of Douglas-fir. Availability of 
urea to wildlife, as well as volatilization of ammonia, can be minimized if the urea is applied 
when the probability of rainfall is high. 

Although urea pellets may be available to wildlife for a short period following fertilization, 
there is no guarantee that ingestion will occur. Postivit (1976) reported that acceptance of urea 
pellets by the deermouse (Peromyscus maniculatus) and the Japanese quail (Coturnix coturnix) 
was extremely low. Only when urea was incorporated into the drinking water was there 
significant ingestion of urea. Urea concentrations in the region of 0.75-1M were necessary to 
induce toxic symptoms in mice. Even in cases where urea has been applied directly to 
streams, its concentrations have been orders of magnitude below the toxic level (Moore 1975; 
Hetherington 1985). Once dissolved, urea penetrates the forest floor where ureolysis is very 
rapid and generally complete within a few days (Overrein 1968). Thus, hazards to wildlife via 
direct ingestion of urea appear to be minimal. Any significant problems are most likely to arise 
from errors in handling, such as spills at the loading site. 

Studies of how an ingestion affects wildlife are lacking. Consideration must be given to the 
toxic potential of both the cation and the anion. Toxicity attributable to the ammonium ion 
should be less than that arising from an equivalent amount derived from urea because no 
elevation of pH is involved and no gas is generated upon ingestion. Elevation of pH increases 
the proportion of ammoniacal M present as the un-ionized species. Nitrogen in this form is far 
more toxic than the ammonium ion, probably because the lipid solubility of ammonia permits 
poorly regulated passage across biological membranes (Jacobs 1940). The toxic properties of 
the nitrate anion are perhaps better known than those of ammoniacal N. Ingestion of high 
levels of nitrate can result in methemoglobinaemia, a blood disorder. Nitrate per se has low 
toxicity but may be reduced to toxic nitrite by microorganisms in anaerobic environments of the 
gastrointestinal tract. When absorbed into the bloodstream nitrite oxidizes iron in the heme 
moiety of hemoglobin and prevents the binding of oxygen (Haynes 1986). Anoxia and death 
may result. As a result of differing gut microbiota, ruminants and human infants are highly 
sensitive to this form of toxicity, but adults are not. 

Reports of cattle mortality following grazing in nitrate-fertilized pasture are common (Walters 
and Walker 1978). In these cases, animals had been affected by consumption of material from 
plants that accumulated nitrate taken up from soil. Although widely recognized as a potential 
health hazard in human drinking water, direct nitrate toxicity to wildlife following AN application is 
probably a lesser concern than is urea toxicity. This is mainly because both the solubility and 
rate of dissolution of AN are exceedingly high, and so AN is poorly available to wildlife. There 
do not appear to be any reports in the literature of direct negative effects on terrestrial wildlife 
following forest fertilization with AN. 

2.2 indirect Effects 

Indirect effects of fertilization on wildlife occur primarily through alterations in the quantity, 
quality, palatability and botanical composition of the understory vegetative cover (Rochelle 1981). 



The amount of understory vegetation available to grazing animals may be affected by fertilization 
through manipulation of light and nutrient regimes. Successful fertilization increases the 
availability of the applied elements and may result initially in increased growth of understory 
species (Rochelle 1981). However, a major component of target tree response is expansion of 
leaf area (Brix 1983) and this should decrease availability of light beneath the canopy. Thus, it 
has often been reported that total understory biomass decreases (Wolters and Schmidtling 1975; 
Stanek et a/. 1979; Gerhardt et al. 1986). 

Fertilization with N generally increases the concentration of N in tissues of understory 
species. Heilman and Gessel (1963) examined N concentrations in salal (Gaultheria shallon) in 
fertilized and unfertilized stands of Douglas-fir. On most sites, N concentrations increased and 
in some cases nearly doubled. Similarly, Stanek el a/. (1979) showed significant increases in N 
content of both salal and bracken fern (Pteridium aquilinum) after urea fertilization. The nutritive 
value of forage is increased by raising its nitrogen content (Bryant et a/. 1983). However, 
fertilization with AN may have the potential to raise foliar nitrate to levels capable of inducing 
methemoglobinemia in browsing ungulates. Agronomic species are capable of achieving 
remarkably high concentrations of nitrate-as much as 10% of dry mass when grown in heavily 
fertilized soils (Haynes 1986). It appears that the fate of fertilizer nitrate in forest understory 
plants has not been reported in the literature. 

Gerhardt et a/. (1986) examined the distribution and abundance of understory plants in 
stands of Scots pine and Norway spruce of varying fertilization history in Sweden. Single 
applications of urea or AN at 150 kg Nlha did not affect abundance, but high rates (600 kg 
Nlha) reduced coverage of lichens and rock cranberry (Vaccinium vitis-idaea) (Figure 1). 
Multiple application of fertilizers at lower rates on a 5- or 6-year interval also produced some 
reduction in Vaccinium, particularly for the urea source. Coverage of mosses was also 
depressed by repeat applications of N, with the stronger suppression caused by urea (Figure 2). 
Not all understory species were reduced by fertilization. The grass, Deschampsia flexuosa, 
increased its cover by approximately 50-fold under repeat application of urea at 360 kglha 
(Figure 2). How these changes in plant community will affect wildlife is not known at present. 

There is evidence, then, that fertilization does indeed affect distribution, abundance and 
nutritive value of understory plants. Because reported effects include those expected to be both 
positive or negative to wildlife, it is not possible to state unequivocally whether fertilization is 
beneficial to wildlife. However, there are more reports of positive effects of fertilization on 
wildlife than there are negative. Whether or not this will be viewed as beneficial to the forest 
manager depends on the objectives set for the forest in question. 

3 INSECT PESTS 

The role fertilizers may play in regulating the incidence and severity of insect attacks has 
not received a great deal of attention. Variable results have been recorded in the few studies to 
date. Bryant et a/. (1987) reported the effects of N fertilization on the trembling aspen-large 
aspen tortrix (Choristoneura conflictana) interaction. In their study, second instar larvae of this 
defoliating insect were permitted unlimited consumption of foliage of fertilized or control aspen 
trees, and they were weighed at pupation. Pupae feeding on foliage of fertilized trees were 
40% greater in mass than those feeding on unfertilized foliage. Foliage of fertilized aspen had 
much higher levels of N and significantly lower levels of four defensive chemicals than did 
unfertilized trees. Auxiliary laboratory experiments suggested that both the increase in N and 
the reduction in defensive chemicals were implicated in the improved growth of the larvae, but it 
was not possible to determine which exerted the stronger influence. 



The relative roles of nutrient and defensive chemical content of Douglas-fir foliage in 
regulating the success of the western spruce budworm have been investigated recently by Cates 
et a/. (1987). They observed greater resistance of Douglas-fir to insect attack in stands where 
both N and the terpenoid, bornyl acetate, were at high levels. Growth of larval budworms was 
measured under agar diets at two levels of N and bornyl acetate in a factorial arrangement 
(Figure 3). Although growth of the larvae was sustained only at the high level of N, a strong N 
X bornyl acetate interaction occurred. High concentration of bornyl acetate in the larval diet 
suppressed nearly completely the enhancement of growth rate associated with high N. The 
authors concluded that adequate levels of defensive chemicals may be more important to tree 
resistance than foliar N content. 

Waring and Pitman (1985) reported increased resistance of lodgepole pine to mountain pine 
beetle attack with increasing growth efficiency (Figure 4). They defined growth efficiency as the 
stem growth per unit of leaf area and suggested this ratio as an index of tree vigour. A range 
of growth efficiencies was produced by alteration of N availability through fertilization or 
application of an immobilizing topdressing of sawdust and glucose. Trees of high growth 
efficiency (those that received fertilizer) resisted the effects of beetle infestation in two ways. 
First, more beetle attacks could be sustained without death. Second, when growth efficiency 
became very high (over 100 h/m per year) beetles did not attack at all (Figure 4). 

To rationalize these and other results, Waring and Pitman (1985) proposed a model in 
which carbohydrate allocation is sensitive to stress (Figure 5). Five carbohydrate sinks are 
defined that vary in strength from new foliage and buds at the upper end to defensive chemicals 
at the lower end. Any stress is proposed to exert influence over allocation of available 
carbohydrates such that sinks of low priority (defensive chemicals and stem structural com- 
pounds) will be sacrificed in favour of those of higher priority (leaves and buds, fine roots). 
Trees stressed by lack of available N will thus have little photosynthate to direct toward 
production of defensive chemicals and may be susceptible to insect attack. The lodgepole pine 
stand Waring and Pitman (1985) studied responded to N aaglication by increasing leaf area and 
stem growth per unit of leaf area. These observations suggest carbohydrate production was 
enhanced by fertilization. 

An increase in carbohydrate production may be critical to a desirable overall tree response 
to nutrient addition. If no mechanism exists for the tree to increase photosynthesis, application 
of additional nutrients may actually constitute a stress. Nihlgard (1985) has suggested that a 
major factor in European forest dieback is excessive levels of available N wrought by at- 
mospheric deposition in a variety of chemical forms. Nihlgard proposes that as N availability 
reaches supraoptimum levels, balanced tree growth is disrupted by diversion of carbohydrates 
into non-protein N forms such as amides and amines. If carbohydrate production were not 
limited by some secondary factor, growth presumably could continue in an accelerated but 
otherwise normal fashion. 

These models predict that N additions well beyond requirements set by a secondary limiting 
factor may degrade vigour and predispose trees to disease or insect attack. A major mechan- 
ism in tree response to fertilization is expansion of leaf area (Brix 1983; Binkley 1986), which 
leads to a higher photosynthetic potential. It might be expected then that overstocked stands 
would have limited ability to cope with a drastically increased supply of N. Effects of stem 
density on a stand level fertilizer response deserve more attention-particularly as they affect 
the incidence and severity of disease and insect outbreaks. 

From a standpoint of tree resistance to insect pests, it may be concluded that fertilization is 
expected to be beneficial to the extent that tree vigour increases. Current concepts of vigour 
are tied to bole growth rates, and therefore, commercially successful fertilizations should also 
increase tree vigour. However, evidence is accumulating that forest trees that cannot increase 



leaf area may be subject to carbohydrate stress, and hence to a reduction in vigour when N 
supply is increased. 

4 EFFECTS ON WATER QUALITY 

Three issues arise when stream and lake water quality is considered relative to forest 
fertilization. First, are there health hazards for humans, wildlife or fish populations? Second, is 
there a risk of eutrophication? Finally, how do stream fluxes of applied nutrients bear on the 
efficacy of fertilizer treatments? A brief discussion of water quality criteria, as well as a review 
of the processes responsible for the transformation and transport of added nutrients is useful in 
evaluating the literature relevant to these questions. 

For reasons cited earlier, both nitrate and ammonia can be considered toxic to higher 
organisms. Canadian recommended drinking water limits have been set at 0.5 and 10 mg NIL 
for ammonium and nitrate, respectively (McNeeley et al. 1979). Toxicity guidelines for ammonia- 
cal N are more difficult to define because two chemical forms are involved and the proportion of 
each is a function of pH. At pH values of 5, 7 and 9, approximately 0.0036, 0.36 and 36% 
respectively, of the total ammoniacal N is present in the NH, form (Nelson 1982). The un- 
charged ammonia form is primarily responsible for toxicity to aquatic organisms. Freshwater 
aquatic life is considered at risk when the concentration of uncharged ammonia exceeds 
0.02 mg/L (McNeeley et a/. 1979). Streams draining watersheds in the Pacific Northwest 
typically have pH's that vary seasonally in the range of 6 to 7 (Feller and Kimmins 1979). 
Therefore, ammoniacal N will be at least 99% in the ammonium form. At pH 7, total ammonia- 
cal N must exceed a concentration of 5 mg NIL to reach the critical ammonia level. 

Nutrients may enter streams through leaching, runoff, or directly when fertilizers are applied 
aerially. Direct application to large streams can easily be avoided if buffers are established 
around riparian zones. However, some interception of fertilizer by very small tributaries is 
inevitable because these are not visible from aircraft. Runoff is not a significant pathway for 
fertilizer loss inasmuch as overland flow is a minor component of the forest water balance and 
plays a role only during major storms (Hewlett and Hibbert 1967). These can generally be 
planned around. Leaching following fertilization depends on interactions among soil type, 
hydrology, fertilizer source, and the timing of application. 

Fertilizer N leached from forest soil may be in several forms and the proportions and 
absolute levels of each depends on biochemically mediated transformations as affected by the 
physicochemical environment. Nitrogen applied as urea may be leached as untransformed urea, 
organic N, ammonium or nitrate. Ammonium is liberated from urea by the action of the enzyme 
urease, which is present at high levels in forest soils (Roberge and Knowles 1966). Ammonium 
may undergo a variety of fates in soil including leaching, plant uptake, immobilization and 
nitrification. Immobilization of ammonium involves incorporation of N into microbial tissue or soil 
organic matter, thereby reducing its mobility. Nitrification, the biological oxidation of ammonium 
to nitrate, emerges as the critical control on N retention by forest ecosystems because the 
nitrate anion has high mobility in soil systems (Vitousek et a/. 1982). Nitrification is normally a 
minor process in most temperate coniferous and boreal forests and, as a result, nitrogen cycles 
primarily within, rather than through, the ecosystem (McGill and Cole 1981). 

During the 1970's a number of watershed-level nutrient cycling studies were carried out in 
coniferous forest biomes. Several of these studies involved fertilization of sub-catchments that 
could be compared to control sub-catchments. Losses of N were found to be very low in a 
wide range of forest systems. For example, Moore (1975) reported losses of less then 0.25% of 
urea-N applied at 224 kglha to Douglas-fir in two Washington catchments. In the 7-month 



period monitored, ammonia- and nitrate-N concentrations remained below 0.04 and 0.13 mgIL, 
respectively. Thus, stream N levels reported by Moore (1975) are well within safety margins for 
human use. Several other studies have shown N losses under 1% of applied. Tamm (1975) 
reported similar estimates for urea in the Swedish boreal forest, but ammonium nitrate resulted 
in approximately 6% loss. Much less watershed-level information is available for AN than for 
urea. Bengtson and Kilmer (1975) suggested that a major factor accounting for low leaching 
losses in forested, as opposed to agricultural, watersheds is the presence of a continuous plant 
cover with associated root system. 

The studies described above were performed on ecosystems that had not previously been 
fertilized. Hetherington (1985) described N fluxes in streams draining forests that had been 
fertilized with urea 2 and 7 years previously. In the first 14 months after a third fertilization 
covering 46 and 80% of two catchments, N losses equivalent to 6 and 14% of applied were 
recorded, respectively (Table 1). These values are distinctly higher than those reported for 
systems fertilized only once. Virtually all the N afflux occurred in the form of the nitrate anion 
during fall rainstorms (Figure 6). For a brief period in the Fall of application, streamwater 
draining tributary watershed TF, had nitrate concentrations near the acceptable limit of 
10 mg NIL. Ammonium concentrations peaked in the first week after fertilization at 1.9 and 
0.54 mg NIL for TFI and TF2 respectively. Differences in N loss between the watersheds could 
not be pinpointed because several potential sources of variation existed (Table 2). An important 
point, however, is that soils from both watersheds had appreciable nitrification rates. In the 
absence of fertilization, nitrification in podzolic coastal landscapes of British Columbia is usually 
negligible. 

The results reported by Hetherington (1985) indicate that streamwater losses may comprise 
a significant portion of the N balance sheet when urea is applied without waterway buffer strips 
to a previously fertilized watershed. Nevertheless, N losses were not out of line with those 
commonly reported for agro-ecosystems (Hauck 1981). Furthermore, even in the watershed that 
received fertilizer over 80% of its area, streamwater concentrations of nitrate and ammonium 
rose to near acceptable limits for only a brief period. As current practice involves fertilization of 
only small proportions of a given catchment and avoidance of waterways, it is expected that 
effects will generally be less severe than those reported by Wetherington (1985). It is clear, 
however, that additional studies are needed in order to permit maximum fertilizer benefits with 
minimum disturbance of the forest-stream ecosystem. 

5 EFFECTS ON S81k 

The obvious and desirable effect of fertilizer on soil is to increase the availability of the 
applied nutrients. Although a great number of reports describe availability of N and P for the 
first few months after fertilization, surprisingly little information has been published on long-term 
effects. Miller (1981) contends that, based on experiments with Corsican pine in Scotland, 
fertilization has an ephemeral effect on N availabiliv and tree growth responses should not be 
expected to last beyond a few years. This is consistent with the pattern of mineral N levels 
reported by Johnson et a/. (1980), in which an initial NH," concentration of 200 ppm declined 
within 4 months to background levels. In contrast, Binkley and Reid (1985) described extended 
N fertilization response by Douglas-fir coincident with a sustained increase in N availability. 
Laboratory incubations of fertilized forest soils often show modest increases in mineralization 
rate, but the significance of this in tree nutrition is not known at present. 

Results of I-letherington (1985) suggest that nitrification is stimulated in response to N 
additions. Others reporting nitrification increases after addition of urea to forest soil, include 
Heilman (1974) in the Pacific Northwest and Johnson e l  a/. (1980) in the Southeast. Typically, 



a lag period of several months occurs before nitrate appears in fertilized forest soil, and it has 
been suggested that this reflects the time required for nitrifiers to reach populations sufficiently 
large to cause nitrate accumulation. Still, this does not explain why nitrification does not occur 
at all in many fertilized soils. Unfortunately, accurate prediction of nitrification response in 
coniferous forest soils has not yet been achieved. 

Acidifying effects of N fertilizers have been known For some time in agricultural soils. 
Probably because forest N additions have been small in relation to agronomic practice, any 
acidification effects reported have been minor--generally below 0.5 pH unit (Binkley 1986). In 
addition to regulating retention of fertilizer N, nitrification contributes to soil acidification. 
Nitrification of one equivalent of ammonium releases two equivalents of protons and thus acts as 
a potential source of acidity. However, Reuss and Johnson (1986) point out that the net effect 
of nitrification may be less at the ecosystem level because one proton is neutralized by plant 
uptake. Nitrification followed by complete plant uptake is therefore equivalent to uptake of the 
ammonium source from the standpoint of acidification. Theoretically, ammonium nitrate should 
not acidify at all provided plant uptake is complete. In practice, fertilizer efficiency is very low 
and the W balance will depend on fates other than plant uptake for the applied N. Nitrification 
does contribute to ecosystem acidification when nitrate is leached because basic cations 
counterbalance the negative electrical charge of nitrate in soil percolate (Otchere-Boateng and 
Ballard 1978). This mechanism underscores the necessity of gaining a full understanding of 
nitrification in forests. 

Nitrogen fertilizers have been found to have variable effects on soil respiration. Urea 
amendments generally result in increased respiration in forest soils over the short term. 
Respiration estimates based on CO, afflux during the ureolytic period must be treated with 
caution, however, because CO, is a product of ureolysis. Foster et a/. (1 985) reported a 100- 
200% increase in oxygen consumption in a 17-day incubation when urea was broadcast at 25- 
300 kg Nlha to Jack pine humus. They, and other authors, have attributed such respiratory 
flushes to an increase in C availability induced by the rise in pH accompanying ureolysis. 

Respiratory flushes have not been observed when forest soils have been fertilized with 
other N sources. Soderstrom et a/. (1983), working with podzolic soils from Sweden, found that 
a sustained depression in CO, evolution resulted from applications of AN (Figure 7). Urea 
initially stimulated microbial activity, but, after 3 months incubation, respiration fell slightly below 
background. These effects were induced by heavy N applications in the laboratory but the 
authors reported also an approximate 10% reduction in respiration of soils field-fertilized at only 
150 kg Nlha. Hypotheses advanced to account for these observations include depressions in 
pH, toxic osmotic potentials, inhibition of fungal ligninolytic enzymes, and a reduction in C 
availability. Evidence in support of the pH hypothesis is weak because little correlation exists 
between changes in pH and respiration rates following fer9ilization. Toxic osmotic potentials too 
seem incapable of explaining M-induced respiratory depressions because additions of non-N 
salts have produced both positive and negative effects (Soderstrom el a/. 1983). The remaining 
hypotheses apparently have not been tested yet. 

Titus and Malcolm (1987) measured decomposition of spruce litter with and without 
additions of NPK fertilizer. Over a 3-year period decomposition in fertilized litter was retarded by 

, 45%. The decrease in weight loss of litter bags under fertilization was remarkably constant 
throughout the entire period. The authors argue that the most probable explanation for their 
results was a long-term reduction in C availability directly due to NPK addition. It is interesting 
that, in an extensive review of decomposition rates in agricultural systems, Juma and McGill 
(1 986) found no evidence for a fertilizer effect. Agricultural soils are normally physically 
disrupted at least once each growing season and this may offset any reduction in C availability 
wrought by fertilizers. 



It should be emphasized that in experiments reported by Titus and Malcolm (1987), 
fertilizers were broadcast on decomposing materials from trees that had not been fertilized. 
Gosz (1984) has proposed a positive feedback mechanism operating from soil fertility to litter 
quality and quantity which would ameliorate the depressions in decomposition and respiration 
discussed above. No systematic appraisal of these relationships appears to have been 
undertaken as yet for fertilized forests. 

6 SUMMARY AND CONCLUSIONS 

Cycles of energy and nutrients are perturbed by fertilization of forest ecosystems. In 
addition to an increase in bole growth of the crop trees, an array of ecosystem processes may 
be affected. Whether these effects will be seen as desirable will depend on objectives set for 
forest ecosystem management. For example, fertilization often is accompanied by an improve- 
ment in the quantity and quality of forage available to browsing ungulates. If ungulate popula- 
tions exceed those desired, fertilization may exacerbate the problem. On the other hand, 
fertilization may be viewed as beneficial when populations are stressed by lack of food. 

Exciting possibilities exist for management of insect pest populations through fertilization 
(Waring and Pitman 1985). However, knowledge of site and stand characteristics must be 
adequate. Fertilization of inappropriate stands (such as overstocked ones) may have effects 
opposite to those sought. Effective prediction of how trees will respond to fertilizer is hampered 
by lack of an easily observed, but robust, indicator of tree vigour. Further studies at the stand 
level are needed in this area. 

Sufficient knowledge exists to combat many of the side effects that are normally viewed as 
undesirable. Timing application of nitrogen fertilizers to coincide with periods of moderate rainfall 
simultaneously lessens the risks of direct toxicity to wildlife, volatilization losses, and excessive 
immobilization. Effects on aquatic life are minimized by avoidance of open waterways during 
aerial applications. It appears that particular care should be taken in nitrification management 
when re-fertilization is planned. High rates and frequent applications have been connected with 
alterations in understory abundance and composition (Gerhardt et a/. 1986), and relatively high 
rates of N loss (Hetherington 1985). 

The role of chemical fertilizers in the long-term nutrition of forests is a surprisingly sparse 
area of research. Current understanding of decomposition and nutrient cycling in fertilized 
stands is inadequate, as shown by the contradictory findings and predictions abounding in the 
literature. Nevertheless, from an environmental perspective there is little evidence to suggest 
that fear of long-term negative effects is warranted. Depressions in decomposition and 
respiration after fertilization have usually been small. Research is needed to assess the 
prevalence of such effects and their significance, if any, to ecosystem functioning. 



TABLE 1. Percent loss of N in several forms after fertilization of two watersheds. Bracketed 
numbers are the percent of total loss in a particular form within a watershed 
(Hetherington 1985) 

Stream Urea-N Ammonia-N Nitrate-N Combined N 

TABLE 2. Features in two watersheds releasing different amounts of nitrate (Hether- 
ington 1985) 

Features TF1 TF2 
- - - - - 

% of area fertilized 46 80 

% of area in swamp 3.3 6.6 

Nitrification (ppm Niweek) 2.6 3.7 

Duripan depth (cm) Fa 30-60 
- - -  

a Hardpan fragments only. 
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FIGURE 1. Abundance of rock cranberry (Vaccinium vitis-idaea) after fertilization with two 
nitrogen sources. Fertilizer rates are in kg Niha. The number of fertilizations is 
indicated to the right of the site name (Gerhardt et a/. 1986). 
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FIGURE 2. Effect of N fertilizers on % cover of mosses, lichens and grass. Number of 
fertilizer applications is indicated to the right of the site name. Rates in kg Nlha 
(Gerhardt et a/. 1986). 
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FIGURE 3. Responses of western spruce budworm larval growth rates (mglday) to varying 
total N concentrations for different levels of bornyl acetate (BA) (Cates et a/. 
1987). Factorial combinations of [\I and BA based on stands of Douglas-fir 
susceptible (Montana) and resistant (New Mexico) to budworm atlack. 
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FIGURE 4. Beetle attacks/m2 bark surface versus growth Efficiency in lodgepole pine. Degree 
of morbidity indicated by blackened portion of data points. The solid line indicates 
the division between trees that survived beetle attack with no permanent sapwood 
damage (open circles) and trees that sustained permanent sapwood damage 
(partially or completely filled circles) (Waring and Pitman 1985). 
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FIGURE 5. Probable carbohydrate allocation priorities in lodgepole pine. Priorities are 
numbered from 1 (highest) to 5 (lowest) (Waring and Pitman 1985). 
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FIGURE 6. Nitrate-N concentrations in streams draining fertilized areas of a watershed 

dominated by Douglas-fir. Treated areas had been fertilized twice previously 
(Hetherington 1985). 

Days 

FIGURE 7. Carbon dioxide evolution from pine forest humus after nitrogen additions at 2 mgig 
wet soil (Soderstrom et a/. 1983). 



Years 

FIGURE 8. Weight loss of spruce needles with time as affected by fertilization with NPK (Titus 
and Malcolm 1987). 
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Forest fertilization research in coastal British Columbia forests is presently undertaken by 
three main groups of researchers: industry, government agencies (B.C. Forest Service, Forestry 
Canada) and university (primarily University of British Columbia). It appears that industry 
initiated some fertilization research in the 1950's, while government agencies began some major 
projects in earnest in the 1960's and early 1970's. University fertilization research in coastal 
forests finally appeared on the scene in a substantive way in the late 1970's and early 1980's. 
While many of the projects undertaken by these groups of researchers in the earlier years 
involved some level of co-operation between sponsors, there was no formal strategy developed 
whereby goals, approaches, methods, results and interpretations could be co-ordinated, 
integrated or shared. This has changed substantially in the last few years as forest manage- 
ment objectives have become more focussed, wood supplies have continued to diminish, 
competition for research funds has become keen, operational dollars have decreased, and 
information needs have been more sharply defined. 

Accordingly, this paper is presented in three parts. It highlights the nature of the research 
undertaken, summarizes some of the more relevant results, and identifies future, general 
directions of the three major programs. 

2 COASTAL FOREST INDUSTRY NUTRITION RESEARCH 

2.1 The Early Years 

To "make poor sites grow a worthwhile crop" was the aim of MacMillan Bloedel's forest 
nutrition effort begun in 1954. Realizing the long-term nature of their work, these early 
researchers concentrated on general forest nutrition by investigating which nutrients were most 
effective in stimulating growth of Douglas-fir. Additional nutrition projects were established 
throughout the 1960's by other companies. For example, the fertilization of Douglas-fir at time 
of planting was investigated in 1959 using ureaformaldehyde fertilizer pellets developed by 
Crown Zellerbach. As well, concern over the entry of Fomes annosus through cut stumps, 
following the spacing of dense juvenile stands, and some economic considerations led to the 
establishment of selective and broadcast fertilization of Douglas-fir and western hemlock stands 
along the east and west coasts of Vancouver Island. 

In Canada, the first large-scale aerial operational experiments in forest fertilization were 
begun by Pacific Logging Company (CIP) in 1963. Some of the goals of the Company's 
program were to increase tree growth, shorten rotation length, and stimulate natural thinning in 



overstocked stands. About the same time, Cominco was very active in establishing co-operative 
forest fertilizer experiments with a number of coastal forest companies, and, in conjunction with 
the B.C. Forest Service, established a series of plots in the Sayward Forest near Campbell 
River in 1966. The objectives were to determine possible growth response to the application of 
urea and other nutrients, and to study the potential of soil stratification for assessing fertilizer- 
induced growth response. During this time, Crown Zellerbach was very active in fertilization 
research. Their Forestry Research Division in Washington had established many research trials 
in Douglas-fir and mixed Douglas-fir - western hemlock stands in Oregon, Washington and 
British Columbia. 

2.2 The Golden Years 

During the 19701s, Pacific Logging Company, feeling that the early responses measured in 
the fertilization plots were very promising, stressed fertilization in its forest management program. 
By 1976, Pacific Logging had fertilized over 10 500 ha, while MacMillan Bloedel and B.C. Forest 
Products together had fertilized only 2200 ha. The next 2 years saw a rapid increase in 
operational fertilization and research. Most of the research and operational applications of 
fertilizer were carried out in young, pre-commercially thinned Douglas-fir stands growing on 
medium to good sites on the eastern and southern coastal areas of Vancouver Island. By the 
end of 1978, a total of 23 000 ha had been fertilize-50% by Pacific Logging Company with 
fixed-wing aircraft. 

MacMillan Bloedel's research into tree nutrition then centred on a wide range of topics. 
Emphasis shifted more to the biological nitrogen-fixing capabilities of blue-green algae and 
lichens, and to the potential use of vascular plants, shrubs, and trees such as legumes, 
Ceanothus and the alders. A comprehensive nutrient cycling study within an immature Douglas- 
fir stand was also begun using isotopically labelled urea. Franklin Division on the west coast of 
Vancouver Island began operational fertilization trials in a spaced amabilis fir - western hemlock 
stand, and in a poorly growing western redcedar stand. The major focus for Crown Zellerbach 
continued to be in how best to estimate the response in operationally fertilized stands. Their 
20-ha paired research plots in both Douglas-fir and western hemlock stands stressed the 
company's interest in assessing the extent of the "falldown" associated with applying research 
results to operational conditions. During the 1 97OSs, ITT Rayonier (Western Forest Products 
Ltd.) began research into the effects of ameliorative fertilization on a number of stand conditions. 
They also investigated the interactions between thinning and fertilization of Douglas-fir stands. 
By the end of the 1970's, the company had fertilized 1000 ha, primarily of Douglas-fir. 

2.3 The Present and Future Years 

Following the 1982 recession, recovery in the coastal forest industry has been slow. 
However, the last few years have seen a gradual increase in intensive forestry, including forest 
fertilization. Increased use of forest planning models has refined the projection of yield 
reductions expected to occur as the industry moves from harvesting old growth to managing 
second growth. Fertilization, with its potential to increase yields directly, has become the focus 
of renewed interest. 

B.C. Forest Products, facing fibre restrictions in the foreseeable future, has led the way in 
operational fertilization. Since 1981, they have fertilized over 21 500 ha-the majority on fee 
simple lands. Their projection for fertilization in 1988 is close to 9000 ha. MacMillan Bloedel is 
continuing its research into fertilization, but the emphasis has shifted to other species such as 
western hemlock, Sitka spruce, amabilis fir and grand fir. 

In 1981, Western Forest Products began a series of experiments to investigate problems 
associated with growth stagnation in planted Sitka spruce near Port McNeill. These problem 



sites are projected to occupy over 100 000 ha of forest land, and represent a concern to a 
number of coastal forest companies. Under Western's initiative, the Salal Cedar Hemlock 
Interagency Research Project (SCHIRP) was established. 

3 GOVERNMENT AGENCY RESEARCH 

Following the 1966 co-operative study with Cominco at the Sayward Forest, the B.C. 
Forest Service, during 1971 -1 975, established an extensive fertilizationlthinning study (Forest 
Productivity Committee [EP 7031 study) involving 85 installations and 940 plots in pure Douglas- 
fir, pure western hemlock, and mixed-species stands in the Vancouver Forest Region. 

About the same time, the Canadian Forestry Service, after the earlier 1967-68 studies at 
the Greater Victoria Watershed Forest, installed an intensive study, consisting of 36 plots, near 
Shawnigan lake to study the mechanisms of Douglas-fir response to thinning and fertilization. 
Subsidiary trials-investigating the effects of high doses of urea fertilizer, the application of 
nitrogen as ammonium nitrate versus its application as urea, and the understory vegetation- 
were also added to the latter study in 197211973. More recently, in 1987, the Canadian 
Forestry Service established eight new plots near the Shawnigan Lake study and fertilized with 
N, P and S. They are also conducting exploratory studies to explain the poor or variable 
response of western hemlock to fertilization. In 1982, the Canadian Forestry Service also 
initiated an investigation into the effects on tree growth of fertilizing on and off snow near Sooke 
and at Green Mountain. The conclusions were that under suitable conditions, there was no 
difference between fertilizing on or off snow. 

All the above studies were concerned with fertilization of young, second-growth stands. 
More recently, however, great interest has also been focussed on fertilization at the time of 
planting. Vancouver Regional Research, BCFS, has established an exploratory study to 
investigate the effects of slow release fertilizer applied to western hemlock seedlings near Port 
Hardy. The Research Branch, BCFS, has also been studying slow release fertilization of 
Douglas-fir at planting, and the Canadian Forestry Service and Research Branch have been 
jointly investigating the effect of controlled release fertilizer on the early growth of several stock 
types of western hemlock seedlings near Nitnat Lake: All three studies indicate encouraging 
results. 

Future work will involve continuing the maintenance and possible retreatment of the 
existing productivity plots, further exploratory studies on fertilization of western hemlock stands, 
and establishment of long-term co-operative studies on the effects of fertilization at the time of 
planting. 

4 UNIVERSlTV RESEARCH 

4.1 Overall Goal 

While university research on coastal forest nutrition and fertilization has started more 
recently than research undertaken by other agencies, it now encompasses a diversity of 
operational problems, an increasing array of projects, and a substantial investment of research 
funds. Most of the projects are co-operative, involving various companies, as well as the 
Canadian Forestry Service and the B.C. Forestry Service. In general, the overall goal of this 
research is to produce site-specific guidelines for the development of site-selection criteria and 
fertilization prescriptions. 



4.2 Reswrch Strategy 

Despite not having overall co-ordination, the diversity of projects presently under way 
represent a somewhat ad hoc research strategy aimed particularly at serious operational 
problems in forest fertilization. In general, the assumption that underlies this research is that the 
major limitation to forest fertilization, on a cost-benefit basis, is the lack of information. The 
necessary information should allow a forester to (1) access accurately nutrient deficiencies on a 
site-specific and species basis; and (2) identify the treatment effect on stand development (i.e., 
in terms of mortality, volume response, etc.) in relation to current stocking levels. The projects 
can be grouped into five major categories based on project objectives and rationale: 

1, improving site-selection through: 

screening trials 

conventional plot trials 

nutrient status surveys 

assessments of site conditions 

2. improving response prediction through: 

correlation of tree and stand response to fertilization, to tree and site factors 

conventional plot fertilization trials 

multinutrient fertilization trials 

3. improving our understanding of aspects of basic forest nutrition, such as: 

soil nutrient regime; and nutrient cycling 

nitrogen mineralization 

fate of applied fertilizer 

effects of inter-specific competition on availability of nutrients and tree growth 

4. investigating remedial fertilization as a tool to: 

alleviate nutrient deficiencies which cause erratic growth or deformities 

stimulate stagnating plantations or young second-growth stands 

5. studying aspects of species selection, such as: 

Douglas-fir: how to maximize response 

western hemlock, western redcedar, Sitka spruce: studies to understand basic 
nutrition, to investigate whether fertilization can release these species from intense 
understory competition, and to investigate whether young second-growth stands can 
respond to operational fertilization. 



understory competition, and to investigate whether young second-growth stands can 
respond to operational fertilization. 

Most of this research has been initiated by four professors and their students and 
technicians at UBC. Oregon State University and the University of Alberta have also been 
involved in coastal forest fertilization research in British Columbia. 

4.3 Results 

Most of the research projects referred to here are long term and have not been completed. 
There are some preliminary results available, but this information is incomplete and thus not 
readily applicable to operations just yet. However, it is anticipated that, within the next 2-3 
years, most of these projects will produce the results, interpretations and synthesis required to 
affect operational decision-making directly. The early results can be summarized as follows: 

Douglas-fir can respond dramatically to fertilization on some sites (e.g., 40% more 
volume in 10 years [1 1-30 m3j) after an application of 225 kg/ha of nitrogen as urea to 
sites with various stocking levels (e.g., 500, 750 and 1000 stemslha). 

Douglas-fir can respond well to repeated fertilization (e.g., repeated doses of 200 kglha 
urea), but the economics of such application rates must be examined closely. 

Stagnating Sitka spruce can respond to nitrogen and phosphorus additions (N at 300 
kg/ha and P at 50 kg/ha) for up to 5-6 years after fertilization. 

Western hemlock and western redcedar response to fertilization has been unpredictable 
and marginal at best. 

Acute 'boron deficiencies can have substantive impacts on tree growth and stand 
development. 

It is important to place these results and projects in the body of forest nutrition research 
under way throughout the Pacific Northwest, particularly in reference to the response of various 
species, notably Douglas-fir and western hemlock, to fertilization. We can use a great deal of 
information that is generated in Washington and Oregon, but we must apply and adapt this 
information to our sites in British Columbia. We must recognize that universities have provided 
leadership in coastal British Columbia forest nutrition research by tackling some very difficult and 
unique problems and by seeking the involvement and support of the forest industry. 

4.4 Future Directions 

It is anticipated that the future directions of university-sponsored forest nutrition research 
will be very similar to the thrust of the present projects. There will, of course, be new ideas and 
projects spawned from existing work, but the general themes will be similar. These themes 
include, but not necessarily be restricted to, the following: 

improving the diagnosis of forest nutritional problems; 

improving the prediction of stand and individual tree growth response to fertilizers; 

identifying the effects of various forest management practices on tree and site nutrition; 



determining the competitive interactions for nutrients and other site resources between 
trees (inter- as well as intra-specific) and between trees and shrubs, herbs, and 
hardwoods; 

improving guidelines for site-specific fertilization prescription development; 

improving remedial fertilization prescriptions; and 

long-term monitoring of fertilization research and operations projects. 

5 CONCLUSIONS 

Perhaps the greatest need in coastal British Columbia forest nutrition research is the need 
for a co-ordinated and integrated research strategy to: better define the high priority research 
needs; ensure more cost-effective research investments; produce better synthesis, interpretation 
and transfer of research results; and foster appropriate implementation of operational practices 
or changes suggested by research results. We have seen the diversity of research undertaken 
by the four major groups-B.C. Forestry Service, Forestry Canada, universities, and industry. 
With forest managers' renewed interests in forest fertilization as an attractive stand management 
tool, the information researchers seek must be available in an integrated, co-ordinated format. 
Let us do our utmost to provide the best service that these managers require. 
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SUMMARY 

An overview of the strategy and progress of fertilization research undertaken in the 
interior of British Columbia is presented, followed by a brief summary of our present state of 
knowledge and a general outline of some future research plans. 

A two-pronged approach has been adopted in planning and conducting fertilization 
research in the British Columbia Interior: 1) establishment of fertilizer screening trials, and 2) 
establishment of conventional, permanent sample plot installations. By testing a variety of 
nutrient regimes, screening trials can identify appropriate fertilizer treatments to be included in 
more expensive, conventional installations, thereby improving the overall efficiency and cost- 
effectiveness of fertilization research. 

Young (15- to 30-year-old), juvenile-spaced lodgepole pine stands have been the subject 
of most of the fertilization research undertaken to date in the British Columbia Interior. 
However, work is also underway with other species, age classes and stand types. 

Widespread nitrogen deficiencies have been documented throughout the Interior and 
lodgepole pine has been shown to respond favourably to nitrogen fertilization. However, 
response has been variable and accumulated evidence indicates that reserves of nutrients other 
than nitrogen, although generally adequate to balance native supplies of nitrogen, may some- 
times be inadequate to sustain or enhance growth following nitrogen fertilization. Of these, 
possible sulphur and boron deficiencies, either induced or aggravated by nitrogen fertilization, 
appear to be the most widespread. Inferred nutrient deficiencies must be systematically tested 
in fertilizer trials using various rates and forms of the supposedly deficient nutrients. 

A number of nutrient deficiencies have been inferred from foliar nutrient concentration 
data collected from interior forests (Ballard 1986). Foliar analysis has been shown to be a 
useful tool for evaluating the nutrient status of a site and for tentatively identifying those 
nutrients which most likely limit tree growth (Ballard and Carter 1986). However, nutrient 
deficiencies cannot be verified until it is demonstrated that trees will respond favourably to 
application of the supposedly deficient nutrient. As Leyton (1957) stated, "Ultimate proof of the 
benefits to be obtained by fertilizer amendments in terms of extra yield is undoubtedly obtainable 
only by actual fertilizer trials in the field." 



In 1980, the Ministry of Forests sponsored a forest fertilization workshop in Kamloops, 
B.C., to discuss forest fertilization research needs for the interior of British Columbia. Workshop 
participants recommended that a research program be developed to determine the responsive- 
ness of interior tree species to fertilizer application. Since that time, numerous fertilizer field 
trials have been established by various agencies at locations throughout the Interior. A brief 
outline of projects established to date is presented in Table 1. 

The purpose of this paper is not to present detailed fertilization response data from these 
trials. Rather, the objectives are to: I )  review briefly the strategy for fertilization research 
undertaken in the interior of British Columbia and the progress to date; 2) summarize our 
present state of knowledge; and 3) in general terms, outline some future research plans. 

2 RESEARCH STRATEGY AND PROGRESS 

2.1 Trial Design 

A two-pronged approach has been adopted in planning and conducting fertilization 
research in the interior of British Columbia: 1) establishment of fertilizer screening trials, and 2) 
establishment of conventional, permanent sample plot installations. If properly used, these two 
approaches complement each other and will improve the overall efficiency and cost-effectiveness 
of fertilization research. 

2.1.1 Screening trials 

Fertilizer screening trials using various replicated "single-tree" or "mini" research plot 
designs have been used with considerable success to rapidly identify nutrient deficiencies and to 
evaluate the fertilization response potential of interior forests. Efficient screening trials are 
inexpensive to establish. They also require less site and stand uniformity than conventional 
trials, and therefore enable a large number of forest stands to be tested over a short period of 
time. Because so little was initially known about the nutrition of interior forests, screening trials 
were generally acknowledged to be the most appropriate method of beginning fertilization 
research in the Interior. Preliminary growth response data, based on increases in foliage mass 
and shifts in foliar concentration of added and non-added nutrients, can be obtained within 1 
year of treatment. 

Studies elsewhere have demonstrated a strong positive correlation between first-year 
foliage biomass response and subsequent stemwood responses (Weetman and Algar 1974; 
Camire and Bernier 1981 ; Timmer and Morrow 1984). Although growth response data from 
screening trials cannot confidently be expressed on a ground-area basis (i.e., cubic metres of 
"extra" wood produced per hectare), they may offer real advantages if regarded as a supplement 
to (but not a replacement for) conventional fixed-area plot trials. Relative treatment differences 
may provide valuable information that will satisfy specific study objectives. For example, by 
testing a variety of nutrient regimes, screening trials can identify appropriate fertilizer treatments 
to be included in more expensive, conventional growth and yield research installations. 

in 1980, a large screening trial project was undertaken by Dr. G.F. Weetman in the 
British Columbia Interior. Twenty-five fertilizer screening trials (17 lodgepole pine, 7 Douglas-fir, 
1 interior spruce) were established on a variety of sites in juvenile-spaced stands ranging in age 
from 9 to 40 years. The objectives of the study were to: 1) test, in one growing season, a 
wide range of young forest stands for response to N, P and K singly and in combination; and 2) 
explain the reasons for response, or lack of it, by means of foliar diagnosis (Weetman and 
Fournier 1982a). Each of 16 treatment combinations was applied to five circular, 0.01-ha 



miniplots. Within each plot, one dominant "plot-centre" tree and an adjacent "off-centre" tree 
were selected for foliar sampling. The interpretation of changes in needle weight, concentration 
and content was made with the graphical technique developed by Heinsdorf (1968) and 
subsequently used and refined by others (Weetman and Algar 1974; Timmer and Stone 1978; 
Morrow 1979). Results indicated there is considerable variation in the responsiveness of 
lodgepole pine to fertilization (Weetman and Fournier 1982a). Eight of the 17 lodgepole pine 
stands were moderately or very responsive to nitrogen additions; the remainder were weakly or 
non-responsive. Most trials were unresponsive to nutrients other than nitrogen. Based on long- 
term response data from similar trials in eastern Canada (Weetman and Algar 1974; Camire and 
Bernier 1981), the authors concluded that the prospects for subsequent volume responses were 
generally favourable. However, they recommended that additional fertilization research be 
undertaken to determine the reasons for variations in response. The Douglas-fir and interior 
spruce trials were generally unresponsive to fertilizer additions despite severe nitrogen deficien- 
cies. Moisture limitations and vegetation competition were suggested as probable causes for 
lack of response in these installations (Weetman and Fournier 1981). 

Another large screening trial project was initiated in 1987 to document the relative 
responsiveness of young interior spruce, Douglas-fir, and western larch stands to various 
fertilizer treatments and to identify specific nutrient deficiencies affecting their growth. A total of 
27 trials (14 Sx; 9 Fdi; 4 Lw) were established over a 2-year period by Kathie Swift, a graduate 
student in silviculture at the University of British Columbia. Within each stand, factorial 
combinations of N (0, 100, and 200 kg Nlha as ammonium nitrate) and a "complete mix" 
fertilizer (0 and 1170 kglha) were randomly applied to 10 circular, 0.01-ha miniplots. At 1170 
kg/ha of fertilizer applied, the amounts of nutrients contained in the "complete mix" were as 
follows (kglha); P-100, K-102; Ca-129; Mg-51; S-50; Fe-9.0; 231-3.5; Mn-3.7; Cu-1.5; 8-1.5; Mo- 
1 .O. When applied singly, N and the "complete mix" fertilizer had little effect on the weight of 
needles formed during the first growing season after treatment. Combined applications, 
however, generally resulted in a relatively large response (Brockley and Swift 1990). These 
results indicate that although N deficiencies undoubtedly hinder the growth of these Interior tree 
species, growth response following N fertilization may be poor unless other nutrients are added 
in conjunction with N. These trials will be remeasured after 5 years to test whether the N x 
"complete mix" interactions documented in the first year affect subsequent radial stem growth 
response. 

A number of other "single-tree" or "miniplot" fertilizer experiments-each with different 
objectives, treatments, and design-have been established in the British Columbia lnterior 
(Draper 1981 ; Brockley 1984a; 1984b; Vole 1984; 1986a; Barron 1986; Thompson 1986). 
Results from most of these trials have not yet been reported. 

2.1.2 Gsnvenli~nal trials 

The central component of fertilization research is the conventional, fixed-area plot experi- 
ment. Permanent plots, established and measured at the start of an investigation and remeasu- 
red at regular intervals over subsequent years, provide the forest manager with the land-area 
response data (i.e., cubic metres per hectare of "extra" wood produced) that is required to 
support and rank forest fertilization investments in the interior of British Columbia. Conventional 
trials also provide the means by which other techniques (e.g., foliar analysis, screening trials) 
can be calibrated. Once calibrated, these other methods may also have diagnostic and 
predictive value. Unfortunately, conventional trial designs are expensive to establish and 
represent a long-term commitment of resources. Moreover, it is often difficult to find uniform 
stands and sites that are large enough to accommodate sufficient treatment replication. 

In 1981, the B.C. Ministry of Forests developed a conventional permanent sample plot 
fertilization research program in consultation with an inter-agency technical advisory committee 



(Brockley and Fahlman 1981). The objectives of the project were to: 1) estimate the magnitude 
and duration of growth response to nitrogen fertilization in young (i.e., 15- to 30-year-old), 
juvenile-spaced lodgepole pine; 2) obtain information about the effect of time of spacing on 
fertilization response; and 3) obtain foliar and soil analysis data to refine deficiency diagnosis 
and to assist in the interpretation and prediction of fertilization response. Between 1981 and 
1984, 11 field trials were established throughout the southern and central interior of British 
Columbia. Within each installation, three replicates of three fertilizer levels (0, 100 and 200 kg 
Nlha as urea [46-0-01) were applied to circular treatment plots in a completely randomized 
design. The size of the plots varied from 0.06 to 0.09 ha depending on the post-spacing stand 
density prescribed for the site. Three different post-spacing densities were used (1 100, 1600, 
and 2100 stems per hectare). All nine plots within an installation were thinned to the same 
density. Mensurational data were collected from 0.02- to 0.04-ha subplots in the centre of the 
treated plots. Each inner subplot contained 50 sample trees. Three-year response data from 
these trials have been analyzed and reported (Brockley 1989a). 

Nitrogen fertilization has had a substantial effect on tree and stand increment, thus 
confirming the tentative nitrogen deficiency diagnosis for lodgepole pine indicated by foliar 
research and fertilizer screening trials. Tree volume response averaged 31% (ranging from 18 
to 55%) and 35% (ranging from 15 to 61%) for applications of 100 and 200 kg Nlha, respect- 
ively. Nitrogen fertilization improved net volume growth by as much as 6.7 m3/ha over the initial 
3-year period. Future reports, coinciding with a 3-year remeasurement cycle, will provide 
increasingly more reliable estimations of the total response of thinned lodgepole pine to fertilizer 
application. In 1986, an additional four installations were established to test the effects of 
nitrogen with and without sulphur andlor boron on the growth of lodgepole pine. The N+S and 
N+S+B fertilizers were the same as those operationally applied to adjacent lodgepole pine 
stands. 

A number of other conventional, fixed-area plot fertilizer experiments have been es- 
tablished in the Southern lnterior by the University of British Columbia. Preliminary results from 
an optimum nutrition trial, a nitrogen source trial and a fertilization x thinning experiment were 
reported by Weetman and Fournier (1986). In addition, the Canadian Forestry Service, as part 
of a contract with the B.C. Ministry of Forests, established an experiment in the southeastern 
lnterior to document the fate and efficiency of nitrogenous fertilizer applied on snow. Three-year 
response data from this trial have recently been analyzed (V. Marshall, Forestry Canada, pers. 
comm.). 

2.2 Species 

Lodgepole pine has been the subject of most of the fertilization research undertaken in 
the lnterior of British Columbia. Overly dense pine stands are widely distributed throughout the 
Interior, and combined thinning and fertilization treatments are viewed by many as silvicultural 
techniques that may substantially increase the yield and value of merchantable wood from them. 
Indeed, intensive management of these stands may be the key to assuring future wood supplies 
in many interior Timber Supply Areas (TSA's). 

The ability of lodgepole pine to respond favourably to juvenile spacing is well docu- 
mented (Johnstone 1985). Response potential is generally greatest in young stands that have 
not experienced severe growth repression. Although few in number, research studies indicate 
that lodgepole pine may also be responsive to fertilizer application (Malm 1973; Boyd and 
Strand 1975; Cochran 1975, 1979; Bella 1978; Cochran et a/. 1979; Mclntosh 1982; Pettersson 
1984; Yang 1985a, 1985b). Also, generally positive results have been reported for fertilization 
trials with semi-mature jack pine (Pinus banksiana Lamb.) in eastern Canada (Morrison el a/. 
1976; Krause e.? a/. 1982; Groot et a/. 1984; Weetman and Fournier 1984a, 1984b; Wetman et 
a/. 1987). In fact, the relative responsiveness of jack pine, a species that is ecologically similar 



and interbreeds with lodgepole pine (Critchfield 1980), is ranked high compared to other species 
(Foster and Morrison 1983). 

Considerable interest has also been expressed in obtaining fertilizer response information 
for species other than lodgepole pine. As a result, the Ministry of Forests recently funded the 
establishment of a series of fertilizer screening trials to provide relative measures of respons- 
iveness of interior spruce, Douglas-fir, and western larch to fertilizer application (see 2.1.1). 
Evaluation of response data from these screening trials will aid in the selection of appropriate 
fertilizer treatments to be included in more expensive, conventional plot trials. 

2.3 Age 

The bulk of the fertilization research effort in the Interior has been directed toward young 
(i.e., 15- to 30-year-old) stands. Fertilizing young stands is biologically desirable because 
nutrient requirements are high when annual rates of crown expansion and wood production are 
high (Miller 1981). Up to the point of crown closure, few of the nutrients taken up by trees are 
recycled via litterfall and, on degraded sites at least (e.g., fire-origin lodgepole pine stands), 
response to fertilization can be expected. Stands less than 15 years old have generally been 
avoided since the gains in wood production resulting from fertilization depend largely on the size 
of the tree. Moreover, unless stands are free growing, competing vegetation may use a large 
portion of the added nutrients, thereby reducing the benefits to crop trees. 

Fertilization of young trees for purposes other than wood volume production may be 
desirable under certain circumstances. For example, fertilization at the time of planting can 
reduce the effects of "planting check" in interior spruce seedlings (Brockley 1988a). Moreover, 
fertilization of slow-growing spruce plantations may alleviate nutrient deficiencies aggravated by 
site preparation (Ballard 1985, 1986). Although not discussed in this paper, fertilization research 
in these subject areas is currently under way in the interior of British Columbia. 

Fertilization of older, semi-mature stands is generally regarded to be economically more 
attractive because earlier harvest reduces carrying charges on the investment. Unfortunately, 
because lodgepole pine commonly regenerates overabundantly and is apparently unable to thin 
itself, many older, previously unmanaged lodgepole pine stands exhibit poor crown conditions, 
and thus presumably have lower fertilization response potential. However, recent timber supply 
analyses have indicated that improving the health and vigour of these older stands must be a 
high priority within certain TSA's if timber supply shortfalls are to be avoided. As a result, one 
conventional trial was established in a 55-year-old lodgepole pine stand in 1986. A number of 
"single-tree" fertilizer trials have also been undertaken in these older lodgepole pine stand types. 
Dr. Dale Draper has established three trials in 45- to 70-year-old lodgepole pine stands in the 
Prince George and Prince Rupert Forest Regions. Two operational treatments-thinning and 
thinning in combination with nitrogen fertilization-are considered in these projects (Draper 
1981). Six fertilizer screening trials have been established in thinned 40- to 60-year-old 
lodgepole stands in the Prince Rupert Forest Region (Vole 1984, 1986a). In these trials, 
nitrogen is applied alone and in combination with various other nutrients (P, K, S). Response 
data from these latter trials, combined with foliar analysis data and standlsite information 
collected from other stands, will be used to prioritize sites and treatments for operational forest 
fertilization in the Prince Rupert Forest Region. 

2.4 Fertilization in Combination with Thinning 

Nitrogen fertilization has been shown to increase both foliage mass and photosynthetic 
capacity for many conifers (Miller and Miller 1976; Brix 1983). Consequently, the improved light 
conditions and room for crown expansion in thinned stands may explain the favourable, oflen 
synergistic, growth response obtained from combined fertilizer x thinning treatments (Weetman 



1975; Jonsson and Moller 1976; Miller et a/. 1979; University of Washington 1979; Hall et a/. 
1980). Because of the excessive density characteristic of unmanaged, fire-origin lodgepole pine, 
fertilizer trial establishment has been confined almost solely to thinned stands. This strategy is 
consistent with that recommended by Yang (1985b) for fertilization of lodgepole pine in Alberta. 
In unthinned stands, growth stimulation due to fertilizer application may increase competition, 
thus accelerating the rate of mortality and reducing net treatment response. 

When fertilizing thinned stands, the forester must make decisions about the scheduling of 
fertilization in relation to thinning. In this regard, two types of fertilizer trials have been 
established in the interior of British Columbia: 1) those thinned at the time of fertilization, and 2) 
those thinned a minimum of 2 years before fertilization. At many study locations, both installa- 
tion types have been established adjacent to each other so that the effects of timing of thinning 
on the response of lodgepole pine to fertilizer application can be evaluated. 

Within the next several years, many plantations throughout the Interior will become 
candidates for operational fertilization. Therefore, a few trials have recently been established in 
older (i.e., 15- to 20-year-old) plantations to evaluate their nutrient status and responsiveness to 
various fertilizer treatments. Foliar nutrient concentration data indicate that many plantations 
may suffer from sub-optimal nutrition, possibly caused by intensive site preparation (e.g., 
broadcast burning and windrowing) (Ballard 1986). 

2.5 Fertilizer Regimes 

Nitrogen has been assigned the highest priority for fertilization research in the interior of 
British Columbia. Results from numerous studies in Scandinavia and North America clearly 
indicate that nitrogen is the nutrient which most limits the growth of northern temperate and 
boreal forests growing on mineral soils within the glaciated region (Armson et a/. 1975; Gessel 
et a/. 1979; Krause et a/. 1982; Foster and Morrison 1983; Moller 1983). Based on foliar 
analysis data, Ballard (1986) concluded that severe to very severe nitrogen deficiencies are 
common throughout the interior of British Columbia. Fire-origin lodgepole pine stands may be 
especially susceptible to nitrogen deficiencies because of the stands' characteristically thin forest 
floors and little incorporation of organic matter in the surface mineral soil. Urea is the most 
commonly used source of nitrogen because of its lower price per kilogram of nitrogen, and 
because its higher concentration of nitrogen (46% N) results in lower transport and spreading 
costs per unit N added than do other nitrogenous fertilizers (e.g., ammonium nitrate [34% N] and 
ammonium sulphate (21% N)). In Sweden, however, ammonium nitrate has been found to be 
more effective than urea, and has thus replaced urea as the preferred nitrogen source for 
operational forest fertilization (Moller 1983). 

In North America, some comparative studies have demonstrated that greater growth 
response can be obtained with ammonium nitrate (Weetman and Algar 1974; Dangerfield and 
Brix 1979; Harrington and Miller 1979; Barclay and Brix 1984). As a result, a small number of 
experiments have been initiated in the interior of British Columbia to test the relative effective- 
ness of various nitrogenous fertilizers (Brockley 1984a; Weetman and Fournier 1986). Because 
their effectiveness may be influenced by season of application, both spring and fall applications 
of these two sources are being evaluated. Preliminary results indicate that lodgepole pine has 
no clear preference for a particular nitrogen source or season of application. On sites with 
marginal sulphur status, however, spring fertilizer applications (especially with ammonium nitrate) 
may reduce growth response because of their negative influence on sulphur uptake and nutrition 
(Brockley 1989b). 

Systematic testing of nutrients other than nitrogen has not been done in the interior of 
British Columbia. A review of foliar analysis data (Ballard 1986) has indicated a number of 
possible nutrient deficiencies, but few of these have been formally tested in fertilizer trials. 



Weetman and Fournier (1982a) reported that screening trials established to test the response of 
young stands to N, P, and K, singly and in combination, were generally unresponsive to 
nutrients other than nitrogen. Boyd et a/. (1975) reported that of the elements tested (N, P, K, 
S, €3) in a lodgepole pine fertilizer screening trial, only nitrogen had a significant effect on 6-year 
growth increment. However, statistically significant responses in branch elongation, needle 
length and needle mass were recorded following foliar applications of iron and copper in 
lodgepole pine stands in the Kamloops and Prince George Forest Regions, and following foliar- 
applied iron in Douglas-fir on calcarious soils in the Kamloops Forest Region (Mahid 1984; 
Ballard and Mahid 1985). 

Growth response data and nutrient concentration data indicate that reserves of nutrients 
other than nitrogen, although generally adequate to balance native supplies of nitrogen, may 
sometimes be inadequate to sustain or enhance growth following nitrogen fertilization. Boron 
deficiency symptoms have been reported following nitrogen fertilization in the interior of British 
Columbia (Brockley and Vole 1985; Brockley 1989a). Morphologically, the most prominent 
symptoms are top dieback, and multi-leadered, bushy crowns. In 1985, a study was initiated to 
investigate the effects of boron and nitrogen, applied singly and in combination, on the growth of 
a young, thinned lodgepole pine stand near Burns Lake, B.C. The study site is adjacent to a 
nitrogen fertilization research trial diagnosed as boron deficient based on extremely low foliar 
boron concentration (2 ppm) and top dieback following nitrogen additions. As reported by Carter 
and Brockley (1987), boron fertilization had little positive effect on first-year fascicle weight. 
Conversely, boron application had a highly significant effect on branch elongation during the 
second growing season. When applied singly, boron and nitrogen had little effect on branch 
elongation. However, combined applications resulted in a large, statistically significant response. 
Three-year stem growth data indicate that these findings also apply to more conventional 
response parameters such as diameter and volume (Brockley 1990). 

Foliar total sulphur, sulphate sulphur and nitrogen:sulphur ratio data indicate that the 
sulphur status of many lodgepole pine stands is marginal before fertilization, and that nitrogen 
fertilization results in further deterioration of sulpur nutrition. After fertilization, many unrespon- 
sive stands exhibit extremely high foliar N/S ratios which indicate that sulphur deficiency inay 
have been induced by nitrogen additions (Brockley 1989a). In addition, foliar sulphate sulphur 
reserves are often depleted to extremely low levels following nitrogen fertilization-an indication 
that the added N may not be fully utilized in protein synthesis. Vang (1985b) reported that a 
combined application of nitrogen and sulphur was significantly better than nitrogen alone in 
improving the growth of 30-year-old lodgepole pine in west-central Alberta. In the interior of 
British Columbia, fertilizer treatments including nitrogen and sulphur have resulted in greater first- 
year fascicle weight and 3-year stem volume response than nitrogen fertilization alone when 
applied to lodgepole pine stands (Vole 1986b; R. Brockley, B.C. Ministry of Forests, unpubl. 
data). Because of probable marginal sulphur nutrition, a nitrogen-sulphur fertilizer (41-0-0-12) is 
now used in large-scale operational forest fertilization projects in the interior of British Columbia. 
Additional research on sulphur nutrition and fertilization is currently under way (Brockley 1988b). 

In the spring of 1982, an optimum nutrition experiment was established in a 9-year-old 
juvenile-spaced lodgepole pine stand near Okanagan Falls, B.C. (Weetman and Fournier 1982b). 
The experiment was designed to maintain specific N, P and K foliar nutrient concentrations over 
a number of years through periodic applications of fertilizer, annual foliar analysis and, when 
needed, adjustments to fertilizer regimes. If internal nutrient concentrations and growth response 
can be established in a steady state-, then conclusions may be drawn concerning: 1) the 
potential productivity of lodgepole pine growing under optimum nutrient regimes, and 2) specific 
foliar nutrient concentrations associated with maximum stand growth. The 5-year growth 
response data indicate that plots fertilized repeatedly with relatively large doses of N and a 
"complete mix" fertilizer responded extremely well, whereas those that received N without the 
"complete mix" responded poorly (Estlin 1988). The extremely high foliar N/S ratios measured in 



the N only treatments indicate that N additions may have induced a sulphur deficiency on this 
site. 

3 PRESENT STATE OF KNOWLEDGE 

As is evident in the preceding review, considerable progress has been made in recent 
years on evaluating the nutrient status of interior forests and in estimating their response 
potential to fertilizer application. Our present knowledge can be summarized as follows: 

Nitrogen fertilization may substantially improve lodgepole pine tree and stand 
increment, thus confirming the tentative nitrogen deficiency diagnoses indicated by 
foliar analysis and fertilizer screening trials. However, response to nitrogen 
fertilization is variable. The nitrogen status of a site, based on foliar nitrogen 
concentration and soil mineralizable nitrogen, has been shown to be an unreliable 
predictor of the potential responsiveness of lodgepole pine to nitrogen fertilization. 
Although nitrogen is undoubtedly the principal element limiting productivity of interior 
forests, other nutrient deficiencies may be induced or aggravated by nitrogen 
fertilization. Systematic testing of nutrients other than nitrogen has not been 
undertaken. However, response data from the few trials that have been established 
(including those from Alberta), combined with foliar nutrient concentration data from 
nitrogen fertilization trials, indicate a number of possible nutritional problems. Of 
these, possible sulphur and boron deficiencies appear to be the most widespread. 
Localized deficiencies of other nutrients (e.g., P, K, Mg, Cu, Fe) may also exist. 

* First-year increase in foliage mass, combined with the foliar graphical diagnostic 
technique, has been shown to be a reasonably accurate "quick index" for evaluating 
the fertilization response potential of lodgepole pine stands. 

Fertilization at the time of thinning may partially offset the effects of "thinning shock" 
(i.e., period of reduced height growth following thinning) in lodgepole pine. However, 
fertilization at the time of thinning may also increase the susceptibility of crop trees 
to snowpress damage, apparently because of the larger foliage biomass of fertilized 
trees which results in greater accumulation of snow. These losses may partially 
negate the beneficial effects of nitrogen additions. Results indicate that snowpress 
damage can be avoided if fertilizing is delayed until 2 or 3 years after thinning. 

Improved palatability and nutritive quality significantly increase the susceptibility of 
fertilized lodgepole pine to feeding attacks by red squirrels (Sullivan and Sullivan 
1982; Brockley and Sullivan 1988). Girdling and semi-girdling injuries to crop trees 
have been shown to hamper growth response following fertilization. 

Research data indicate that urea (but not ammonium nitrate) may be successfully 
applied on snow, provided that the underlying ground is not frozen. If access is 
suitable, these findings may facilitate scheduling of fall and spring operational 
fertilization projects. 

4 FUTURE PLANS 

Although much progress has been made, a great deal more work needs to be done 
before site-specific fertilizer prescriptions, and prediction of the magnitude of the expected 



growth response, can be made with confidence for interior forests. The following points 
illustrate, in general terms, some possible future research priorities in the interior of British 
Columbia. 

Based on the results from fertilizer screening trials, conventional plot trials must be 
designed and established in Douglas-fir, interior spruce and western larch stands. 
Appropriate experimental designs for testing the responsiveness of mixed species 
stands to fertilization must also be developed. 

Fertilization is destined to play a prominent role in the future management of 
plantations and naturally regenerated harvest-origin stands in the British Columbia 
Interior. Additional fertilizer research trials are needed in these stand types. 

Stand and site variables must be identified that will explain the variation in response 
of lodgepole pine (and presumably other species) to nitrogen fertilization. In this 
regard, the role that nutrients other than nitrogen may play in limiting growth 
response following nitrogen application must be more fully evaluated. Information 
relating nutrient deficiencies to specific site characteristics (e.g., parent material, site 
preparation, soil moisture availability) must be collected. Inferred nutrient deficiencies 
must be systematically tested in fertilizer trials using various rates and forms of the 
supposedly deficient nutrients. Evaluation of the boron and sulphur status of interior 
forests should be assigned the highest priority. 

Remeasurment of existing trials will evaluate the effect of nitrogen application rate on 
the magnitude and duration of fertilization growth response. In addition, information 
is needed on the effect of repeated fertilization (How much? How often?) on the 
productivity of interior forests. Whether or not repeated nitrogen fertilization will 
increase the likelihood of other nutrient deficiencies must also be investigated. 

More field trials comparing different nitrogenous fertilizers are needed on various sites 
before their relative merits can. be evaluated. These trials should incorporate a 
"basic" research component to investigate the fate of the applied nitrogen (i.e., 
through gaseous and leaching losses, immobilization, utilization by competing 
vegetation, uptake by crop trees, and distribution in above- and below-ground 
biomass), so that differences in growth response between the various nitrogen 
sources may be readily explained. 

The effects of scheduling fertilization in relation to thinning must be more fully 
evaluated, especially in semi-mature stands. 

The relationship between stand density and long-term response to fertilization must 
be formally tested. Accelerated stand growth and changes in stand structure from 
fertilizer application may affect the net yield gains obtained under various density 
regimes. 

The effect of fertilization on lodgepole pine stem form should be evaluated. In other 
species of pine, changes in form resulting From fertilization have been reported (Pegg 
1966; Miller and Cooper 1973; Woollons and Will 1975; Barker 1980). 

The potential for improving the productivity of forests in the British Columbia Interior 
through biological nitrogen fixation by leguminous (e.g., lupin, clover) and non- 
leguminous (e.g., alder, Ceanothus) plants should be investigated. Studies elsewhere 
have reported high rates of biological N fixation in forest ecosystems (Davey and 
Wollum 1984). 



* The application of large, single doses of fertilizer results in inefficient use of the 
added nutrients and relatively short-term growth responses. Recent research in 
Scandinavia indicates that the productive capacity of forest land may be dramatically 
increased by small, repeated applications of fertilizer (Axelsson 1983). To evaluate 
more accurately the maximum productive capacity of forests in the interior of British 
Columbia, a few small, carefully designed experiments with optimum supplies of 
nutrients (and possibly water) should be established. 



TABLE 1. Summary of fertilization research projects in the interior of British Columbia 

Experimental 
Project No. Project IeadeP Title 

No. of trials 
Species Trial design established 

R. Brockley (MOF) Response of thinned, immature lodgepole pine to fertilizer 
application 

PI Conventional 15 

PC 44 (CFS) V. Marshall (CFS) Fate of nitrogenous fertilizers applied on snow PI Conventional 1 
EP 870 (MOF) R. Brockley (MOF) 

G. Weetman (UBC) Fertilizer and thinning trial with ammonium nitrate and 
ammonium sulphate 

PI Conventional 1 

G. Weetman (UBC) Nitrogen source experiment, Spillimacheen, B.C. PI Conventional 1 

G. Weetman (UBC) Lodgeple pine optimum nutrition trial PI Conventional 1 

EP 884 (MOF) G. Weetman (UBC) Forest fertilizer screening trials in the interior of 
B.C. (1 980) 

EP 886.03 (MOF) D. Draper (MOF) Response of low-merchantability, repressed lodgepole pine 
trees to spacing and fertilization 

EP 886.04 (MOF) R. Brockley (MOF) Response of young lodgepole pine to spring and fall 
application of urea and ammonium nitrate fertilizer 

C.PI, Fdi 
Sx 

Screening 

PI Screening 3 

EP 886.05 (MOF) R. Brockley (MOF) Response of juvenile-spaced lodgepole pine to nitrogen and PI 
boron fertilization 

PI Screening 3 

Screening 1 

EP 886.08 (MOF) R. Brockley (MOF) Forest fertilizer screening trials in the interior of 
G. Weetrnan (UBC) B.C. (1 98711 988) 

Fdi, Screening 27 
Sx, Lw 

EP 886.09 (MOF) R. Brockley (MOF) Response of young lodgepole pine to nitrogen and sulphur PI Screening 7 
fertilization 

EP 957.03 (MOF) R. Trowbridge (MOF) Fertilization research in the Prince Rupert Forest Region PI Screening 6 

Sx 86408N (MOF) J. Sutherland (MOF) Single-tree fertilization trials in the Nelson Forest 
Region 

Sx 87401N (MOF) D. Barron (MOF) Single-tree fertilization project - 6-year growth 
response of lodgepole pine and western larch 

PI, PY, Screening 6 
Fdi, Lw 

PI LW Screening 1 

EP 789.03 L. Herring (MOF) Fertilizer-related density control of lodgepole pine PI Screening 1 

EP 789.06 L. Herring (MOF) Mechanical-manual spacing studies at Opatcho Lake: 
fertilization trial 

PI Screening 1 
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SUMMARY 

Forest managers in the Pacific Northwest use fertilization as a means to increase timber 
and fibre yields in managed stands. Information on growth responses to fertilization is required 
to use fertilizer applications effectively as a silvicultural tool, and regional programs to develop 
needed information have received wide support. 

Research and development projects in the Pacific Northwest have produced an information 
base that is used to select sites and stands for fertilization and to forecast growth after 
treatment. Results from the Regional Forest Nutrition Research Project (RFNRP), a co-operative 
program involving forest industry, state and federal agencies, and fertilizer manufacturers, form 
much of the basis for operational fertilization programs in western Oregon and Washington. The 
background, objectives, and research design for the RFNRP are reviewed, as well as elements 
of results from long-term field studies. Current research activities for the RFNRP and other 
programs are directed toward improving site-specific response information. 

Forest fertilization programs in the Pacific Northwest have become a silvicultural practice 
of major significance over the past two decades. Forest industry and government organizations 
managing forest lands in western Oregon and Washington apply nitrogen fertilizer to Douglas-fir 
stands over a range of soil and stand types. Over the past 5 years, about 130 000 ac (52 600 
ha) have been fertilized each year, and plans call for about 140 000 ac (56 500 ha) to be 
fertilized each year in the next 5 years. Most current plans for management regimes including 
fertilization call for multiple applications. Other statistics relevant for future fertilization programs 
are reviewed. 

The practice of forest fertilization has been adopted by forest management organizations 
worldwide as a biologically sound and cost-effective means to increase tree and stand growth. 
Fertilization programs are well developed in several forest regions of the world (Schutz 1976; 
Bengtson 1979; Ballard 1980; Moller 1983; Turner 1983; Will 1983). Many programs are 
directed at ameliorating nutrient deficiencies adversely affecting forest plantation establishment, 
while others are for the purpose of enhancing growth rates in natural and man-made forests. 

The basis for operational fertilization programs is found in the substantial information base 
developed by forest nutrition research projects, including several large co-operative projects in 
North America. In the Pacific Northwest, research in forest nutrition and fertilization began about 



four decades ago, and the first operational applications of fertilizer occurred in the early 1960's. 
Pacific Northwest fertilization programs have been directed primarily at enhancing stand growth 
since severe nutrient deficiencies do not impede establishment of forest stands. The objective 
of this paper is to review elements of results from Pacific Northwest fertilization research and 
report current operational practice in the region. 

Among the first in the Pacific Northwest to investigate forest tree and stand growth 
responses to fertilizer applications were Stanley P. Gessel and Richard B. Walker of the 
University of Washington. Drs. Gessel and Walker demonstrated positive growth responses to 
improved nitrogen (N) supply for Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) in green- 
house and field studies, and trials were extended to include several pilot scale applications 
(Gessel et a/. 1950, 1969; Walker e l  a/. 1955; Gessel and Shareeff 1957). Other forest 
fertilization research programs were also initiated in the 1950's and early 1960's and included 
projects at the U.S. Forest Service Pacific Northwest Research Station and Weyerhaeuser and 
Crown Zellerbach research centres. 

Much of the initial work was conducted at the University of Washington's Charles Lathrop 
Pack Demonstration Forest, which represents only a limited range of the soil, site, and stand 
conditions found in western Washington. Despite the limited scope of the research base, forest 
landowners showed keen interest in possible economic gains from forest fertilization programs. 
Landowner interest was driven by the large area of second-growth forests with the potential to 
respond to fertilizer, the increasing stumpage prices in the region coupled with projected volume 
responses, and the forecasts of shortages in timber in the face of increasing demand for forest 
products. Due to the relatively low cost of N fertilizer and aerial application, fertilization 
programs increased rapidly in the Pacific Northwest, with several companies initiating projects 
without supporting research results. This early activity was a major factor in the formation of 
regional research programs. 

Another development lending impetus to the development of co-operative efforts was the 
strong regional interest in the role of forest soils information in land management. The 
Northwest Forest Soils Council was formed in 1948 in response to this interest, and the 
dedication of members of this organization served to provide a focus for forest fertilization 
discussions. A subcommittee formed in 1967 considered approaches to regional-scale fertiliza- 
tion trials and developed a plan of action. The planning effort resulted in a statement of 
principal research objectives, a research design for treatments and data collection, and the 
administrative and financial structure necessary to manage a regional co-operative. The 
University of Washington was invited to administer the program because of the expertise in 
forest fertilization already developed at the College of Forest Resources. 

2 THE REGIONAL FOREST NUTRITHON RESEARCH PROJECT 

The Regional Forest Nutrition Research Project (RFNRP) was initiated in 1969 with the 
primary objective of providing forest managers with information on growth and response to N 
fertilization of second-growth stands of Douglas-fir and western hemlock (Tsuga heterophylla 
(Raf.) Sarg.). Other objectives included comparison of fertilizer response's in thinned and 
unthinned stands, investigation of responses to other elements and to alternative sources of N, 
fertilization influences on forest ecosystems, economic aspects of forest fertilization, and effects 
of fertilization on wood quality. Hazard and Peterson (1984) provide further discussion of 
program objectives. 

The RFNRP was formed as a co-operative research program to take advantage of the 
benefits inherent in the approach. A regional undertaking on the scale of an effort to provide 
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results for a forest land base of over 20 million ac (>8 million ha) is beyond the means of an 
individual organization. The costs involved in planning, executing, and maintaining large-scale 
field trials are substantial, and only through a collective effort can an adequate program be 
conducted. Through shared costs in a co-operative project, a participating organization can 
contribute only a fraction of the overall budget and realize the results of major investments of 
time, talent, and money required for effective data collection and analysis. The co-operative 
also provides a base for other research projects that are funded by other sources, and a link 
through shared field plots and data to other research projects that mutually benefit from the 
synergy. 

Because of the broad base of support for a co-operative, continuity and quality control in 
data collection and management are provided in a stable, focussed effort. Research direction is 
provided by co-operating organizations, and the program is responsive to operational needs. 
Presentation of results in a form useful to land managers is a key technology transfer function: 
co-operating organizations have the advantage of participating in research direction so results 
will be relevant to their specific needs. Also, results from co-operative studies are available to 
co-operators before general publication. 

2.1 Co-operator involvement 

The RFNRP comprises organizations representing forest industry, state and federal 
agencies, and fertilizer manufacturers (Table 1). Each participating organization is represented 
on the Co-operators' Liaison Committee, a group which reviews research plans and budgets and 
serves to disseminate results from the program within their organizations. The Technical 
Advisory Committee, made up of forest scientists with direct research interests in forest nutrition, 
provides technical guidance and review for plans, analyses, and interpretations. The Technical 
Advisory Committee also provides direct linkage with other forest nutrition and fertilization 
research projects and promotes co-ordination of objectives and data sharing. 

2.2 Program Scope 

The RFNRP efforts have been directed principally toward directed Douglas-fir and western 
hemlock, as set forth in the original objectives for the co-operative. Since there was reason to 
believe that treatment responses would be different in western Oregon and Washington, the 
research area was divided into nine provinces (Figure I ) ,  with the boundaries selected to 
achieve reasonable uniformity within the province in terms of soils and climate. Study plots 
were distributed in the provinces, guided by site and stand conditions and co-operator iandhold- 
ings. Recently, increased interest in management of true fir stands in the western Cascades 
prompted the initiation of screening trials for young stands of Pacific silver fir (Abies amabilis 
(Dougl.) Forbes) and noble fir (Abies procera Rehd.) ("Fertilization responses in true fir stands in 
the Pacific silver fir zone". 1986. RFNRP study plan on file). 

Provinces also became the basis for financial assessment of co-operating organizations, 
allowing co-operators to contribute according to their timberland ownership. A standard province 
charge was set, changing over the years to reflect inflation and research expansion. 

2.3 Research Design 

The original RFNRP research design called for simultaneous establishment of fertilizer 
plots in unthinned and thinned stands. However, funding levels in 1969 did not permit the full 
program to proceed, and co-operators elected to begin with installations in unthinned stands. 
This became k n o w  as Phase I. When support became available for trials in thinned stands, 
this was referred to as Phase II. Subsequent extensions of the project have expanded the data 



base to include information on more stand and site conditions. Phases are described below, in 
terms of the stand types selected for plot establishment: 

Phase I Natural, unthinned stands of Douglas-fir and western hemlock; established 1969- 
1970. 

Phase I1 Natural, thinned stands of Douglas-fir and western hemlock; established 1971 - 
1972. 

Phase Ill Young, thinned plantations of Douglas-fir and western hemlock; low site quality 
stands of Douglas-fir; established 1975. 

Phase IV Pre-commercially thinned plantations of Douglas-fir and western hemlock; 
Douglas-fir stands of naturally low stocking; established 1980. 

Phase V Young stands of Pacific silver fir and noble fir; young plantations of Douglas-fir (in 
conjunction with the Stand Management Co-operative); established 1985-present. 

In addition to plots established in the phases described above, other installations have 
been established as a result of contract research projects. Since 1969, the RFNRP has 
established over 270 research installations made up of more than 1600 permanent sample plots 
(Figure 2). 

2.4 Treatments 

An experimental design was developed for the RFNRP which considered previous results 
and an assessment of needed information to undertake operational fertilization programs. 
Results from earlier work at the University of Washington and elsewhere had demonstrated 
significant growth responses to N. However, N applications had not been tested across the 
wide range of soils and stand age, site, and stocking conditions in the region, and little was 
known about responses to different sources and rates of N or the duration of growth response. 
Because it was not feasible to evaluate the N response curve across a wide range of site and 
stand conditions, standard treatments of 0, 200, and 400 Ib Nlac (0, 224, and 448 kg Nlha; 
coded ON, 200N, and 400N, respectively) as urea were applied in fixed-area plots surrounded by 
a treated buffer (Figure 3). Treatments were replicated so that an installation comprised six 
plots; plot area was at least 0.1 ac (0.04 ha). 

The treatment design has been modified slightly as the project progressed through the 
phases described above. The initial phase (Phase I) dealt only with fully stocked second-growth 
stands of Douglas-fir and western hemlock. Because of changes in stand cultural practices and 
management objectives, subsequent phases have include pre-commercial and commercial 
thinning treatments, initial planting spacing differences, and stands with naturally low stocking. 
Also included in later phases of the program were installations with different N sources, 
applications of other nutrients, and more replication at an installation. A retreatment regime was 
initiated in 1975 including multiple fertilizer applications and rethinning. 

2.5 Data Collection and Analyses 

Standard measurement protocols and schedules were established for RFNRP plots, and 
have been consistently followed. All trees on a measurement plot were individually tagged, and 
diameters of all trees have been measured on a biennial basis. Total height measurements 
have been taken on a sample of trees. Soil information for RFNRP installations includes profile 
descriptions and chemical analyses of mineral soil and forest floor samples. Selected installa- 
tions have had additional tree measurements and foliage sampling. All these measurements are 



included in the RFNRP data base. The permanent sample plot data are used in RFNRP 
analyses and have become an important regional resource used in other analyses and growth 
and yield modeling efforts. The RFNRP analyses have been directed at regional-level estimates 
of response derived from a regression approach and through covariance models. Hazard and 
Peterson (1 984) and Opalach el at. (1 987) document analytical methods for RFNRP analyses. 

3 PACIFIC NORTHWEST FOREST FERTILIZATlON RESEARCH RESULTS 

This section briefly reviews elements of results from Pacific Northwest forest fertilization 
research projects, with emphasis on results from long-term trials established by the Regional 
Forest Nutrition Research Project. Other research projects in the Pacific Northwest have been 
and continue to be critical to the development of information used in developing operational 
fertilization programs. 

Growth responses in Douglas-fir stands in western Washington and Oregon have been 
observed over a range of soils, sites, and stand conditions. For fully stocked second-growth 
stands, fertilizer applications significantly increased periodic annual increment (PAI) of volume 
and basal area in RFNRP installations. Gross volume increment was significantly (p < 0.001) 
increased over control for four 2-year periods after treatment for both 200N and 400N treatments 
(Figure 4). Responses to a second application of urea after 8 years were comparable to 
responses after the initial application, although responses declined in the second 2-year period 
following refertilization, while responses increased in the second 2-year period following initial 
fertilizer treatment (Peterson and Heath 1986). 

The RFNRP installations in thinned stands (Phase II) had the same N dosages applied in 
stands where stand basal area was concurrently reduced by 40%. Volume and basal area PA1 
were significantly increased after fertilization. Gross volume increment was significantly (p < 
0.05) increased over control for four 2-year periods after treatment for 200N and 400N treat- 
ments (Figure 5). Volume growth responses to a second application of urea after 8 years were 
less than responses after the initial application (Opalach el a/. 1987). 

The duration of gross volume growth response to a single fertilizer application in RFNRP 
trials was between approximately 8 years in thinned stands (Opalach e l  a/. 1987) and 12 years 
in unthinned stands (Peterson and Heath 1986). Responses to a second fertilizer application 
after 8 years were significant for at least two growing seasons (Figures 4 and 5). Growth 
response to fertilization can be partitioned into direct and indirect effects. Direct effects are due 
to tree growth response to improved nutrition; indirect effects are due to altered stocking as a 
result of the response after treatment in previous growth periods. For RFNRP plots, almost all 
of the response 12 years after fertilization is due to increased stocking level (indirect effect) 
(Opalach and Heath 1988). 

The RFNRP analyses have found that volume growth response is similar across age 
classes. The RFNRP trials established in 1975 and 1980 (Phases I l l  and IV) included plots in 
young, pre-commercially thinned plantations. Initial stocking was 400 and 300 stems per acre 
(990 and 740 stems per hectare), respectively, in the 1975 and 1980 installations. Relative 
increases in volume PA1 after fertilization for young stands (e  25 years breast height age) are 
comparable to responses in older stands (Peterson 1984; Heath 1988). 

Growth responses have been demonstrated for even younger trees, in both greenhouse 
and field trials. Considerable early work dealt with seedling growth responses and tissue 



nutrient levels, with particular emphasis on survival and growth after field planting. Seedling 
mortality problems due to poor quality of planting stock and inappropriate handling before 
planting have been specifically addressed in recent years, and fertilization of well-balanced 
seedlings may be an effective means to increase early growth on some sites. In recent coastal 
Washington trials, 4-year seedling height growth was increased as much as 20% by a combined 
N+P treatment applied at time of planting (Porada 1987, and data on file at RFNRP). Other 
promising results have renewed interest in seedling fertilization as a possible adjunct or 
alternative to site preparation or vegetation management treatments. 

There is considerable regional interest in improving the ability to select the most respon- 
sive sites and stands for fertilization treatment, and soil and tissue analyses provide information 
that can be applied to selection criteria. By design, RFNRP results are applicable to response 
estimation at the regional level, and recent work has been towards extension of use of the data 
base to consider stand-level responses. Soil physical and chemical properties, from samples 
taken at the time of RFNRP installation establishment, have been correlated to 4-year and 6- 
year growth responses (Peterson et a/. 1984; Edmonds and Hsiang 1987). Total and mineral- 
izable N, extractable P, total and inorganic S, and other nutrient elements and forms, in mineral 
soil and forest floor, have been related to growth and response of Douglas-fir (Shumway and 
Atkinson 1978; Radwan and Shumway 1984; Shumway 1984; Blake 1985). Foliage levels of 
sulfur have been examined in relation to M fertilizer applications (Turner et a/, 1977, 1979; Blake 
1985). Additional work expanding the scope of these studies and considering multiple soil, 
foliage, stand, and site factors will be the focus of current and future Pacific Northwest research 
pnjects. When incorporated into a diagnostic system for prescribing fertilization treatments, 
improved stand-level prescriptions will be possible that consider more than one limiting factor. 

3.2 Western Hemlock 

Western hemlock stands or mixed stands of Douglas-fir and western hemlock have 
generally been less responsive to nitrogen fertilizer applications than pure Douglas-fir stands 
(Webster et a/. 1976; Olson et a/. 1979). An inconsistent pattern of response for western 
hemlock stands has been reported, with several factors considered to be potentially responsible. 
Several possible causes for erratic responses have been suggested: stocking level; levels of 
soil P, S, Al, and micronutrients; soil chemistry changes after fertilization; and mycorrhizal 
relationships (Gill 1981 ; Radwan and Shumway 1983; Zasoski and Porada 1984). Phosphorus 
applications, particularly on some coastal soils, have produced significant growth responses 
(Heilman and Ekuan 1980; Anderson et a/, 1982; Radwan and Shumway 1983; Porada 1987). 
Improved diagnostic techniques must consider multiple site and stand factors to develop effective 
fertilization prescriptions for western hemlock, and considerable additional work is necessary 
before recommendations can be made for operational fertilization programs. 

3.3 Other Species 

Research results are limited for fertilization responses for trees or stands of species other 
than Douglas-fir or western hemlock in the coastal area of the Pacific Northwest. Little 
systematic work has been done on fertilizer responses of true firs (Abies spp.) in the region. 
Gessel and associates detected N deficiency in Pacific silver fir in the Blue Mountain area of 
Whatcom County, Washington, in the late 1950's. Some plots were established and the marked 
visual responses were sufficient to justify an aerially applied fertilizer program in young pre- 
commercially thinned Pacific silver fir stands in the area (Deer 1982). Results of this early work 
have been reported by Gallagher (1964) and others. In southwestern Oregon trials, volume and 
diameter growth for white fir (Abies concolor (Gord. and Glend.) Lindl.) was increased after 
fertilization (Heninger 1982). Cochran et a/. (1986) found significant increases in growth and 
foliar N concentrations after fertilization of Pacific silver fir in the eastern Cascades. 



Fertilizer response information from Pacific Northwest trials with other conifer species is 
similarly limited. Early work included seedling fertilization trials in the field and greenhouse for 
western redcedar (Thuja plicata Donn), Sitka spruce (Picea sitchensis (Bong.) Carr.), and true 
firs (e.g., Walker et a/. 1955; Austin and Strand 1960). Several recent greenhouse trials have 
also included other conifers (e.g., Ryan et a/. 1982). 

Red alder (Alnus rubra Bong.) has a major role in N input to Pacific Northwest forest 
ecosystems, and some limited work on requirements of alder for other nutrients has been done, 
mostly with seedlings (e.g., Hughes et a/. 1968). Silvicultural systems involving red alder as an 
alternative source of N in stand management have been proposed (Atkinson et a/. 1979; Miller 
and Murray 1979). 

4 PACIFIC NORTHWEST FOREST FERTILIZATION PRACTICE 

Forest managers use fertilization as a silvicultural tool in Pacific Northwest stands to 
increase yields, and operational prescriptions are based on growth information from the RFNRP 
and other research projects. The RFNRP surveyed member organizations about stand 
management and fertilization practices in September 1983 and again in June 1986 (Chappell 
and Opalach 1984, and RFNRP data on file). Respondents indicated that fertilization is a 
common practice in Pacific Northwest forests, and will continue to have a significant place in 
stand management in the future. 

Current fertilizer application prescriptions in the region call for 200 Ib Nlac (224 kg Nlha), 
aerially applied as granular urea (46-0-0) to Douglas-fir stands. Typically, stands selected for 
fertilization are thinned and unthinned Douglas-fir stands aged 20 years or older growing on 
intermediate sites. Young Douglas-fir stands (c20 years total age) are also considered for 
fertilization by several organizations. Other types of stands that receive fertilization priority by at 
least one organization are Douglas-firlwestern hemlock mixtures and noble fir stands. 

In brief statements on sites and stands slated for fertilization, most respondents indicated 
priority for preharvest fertilization (7-20 years before final harvest) over fertilization in conjunction 
with pre-commercial or commercial thinning. In general, fertilization priority decreases with 
increasing site class. 

Eight of 17 respondents applied N fertilizer to some portion of their timberland in 1985. In 
1985-86, costs for fertilizer and helicopter application averaged $54/ac (range $46-63lac). 
Preliminary results on area fertilized and fertilization plans for western Washington and Oregon 
are summarized in Table 2 and Figure 6. 

Silvicultural activities planned for stands planted today include pre-commercial thinning, 
commercial thinning, and fertilization. Prescribed planting density has decreased: average 
planting density for Douglas-fir was 468 stems per acre (1 156 stems per hectare) for responses 
to the 1983 survey, and 407 stems per acre (1006 stems per hectare) in 1986 (472 and 422 
stems per acre (1 166 and 1043 stems per hectare), respectively, for western hemlock). 
Management plans for the stands established today call for single or multiple applications of 
fertilizer during the rotation (Table 3). When multiple fertilization is considered with the extent of 
density control planned for these stands, it becomes apparent that the character of today's 
planted stands, when mature, will be different from second-growth stands. 



5 THE FUTURE 

Only a limited overview of results from Pacific Northwest forest fertilization studies has 
been presented here. The information base resulting from the Regional Forest Nutrition 
Research Project and numerous other studies conducted by forest industry and agency research 
organizations forms the basis for extensive fertilization programs in the region. Over the past 5 
years, about 130 000 ac (52 600 ha) have been fertilized each year, and plans call for about 
140 000 ac (56 500 ha) to be fertilized each year in the next 5 years. Fertilization will play a 
significant role in the development of the region's third forest: stands planted to replace the 
second-growth stands harvested today. Current plans for management regimes including 
fertilization call for multiple applications more often than a single application, and substantial 
stand density control efforts are planned or under way. 

Operational practice has progressed ahead of research results in terms of the information 
available for multiple fertilizations, targeting the most responsive stands, fertilization responses in 
plantations established at wide spacings, and seedling growth responses. Principal research 
direction for the future relates to improving site-specific response estimates and predictions, and 
providing information on growth and yield of stands where several interacting treatments have 
been applied. In particular, better information is needed on the quantity and quality of wood 
produced by management regimes combining stand density control with fertilization. Information 
on interactions with other practices used in intensive management systems is also needed. The 
significant role of fertilization will continue in Pacific Northwest forests, and by continued 
research and development accurate prediction of responses and projection of yields will enhance 
forest managers' abilities to increase the effectiveness of fertilizer investments. 



Table 1. Organizations participating in the Regional Forest Nutrition Research Project since 
1980. (Current participants in boldface.) 

Barringer and Associates, Inc. 
Boise Cascade Corporation 
Bureau of Land Management 
Champion International Corporation 
Chevron Chemical Company 
Corninco American, Inc. 
Crown Zellerbach Corporation 
Fruit Growers' Supply Company 
Georgia-Pacific Corporation 
Giustina Brothers Lumber & Plywood Co. 
Hampton Tree Farms, Inc. 
international Paper Company 
ITT Rayonier, Inc. 
Longview Fibre Company 
Menasha Corporation 
Murray Pacific Corporation 
Oregon Department of Forestry 
Plum Creek Timber Company 
Pope and Talbot, Inc. 
Publishers Paper Company 
Quinault Indian Nation 
Reichhold Chemicals, Inc. 
Rex Timber Company 
Scott Paper Company 
Simpson Timber Company 
St. Regis Paper Company 
UWOGAL Chemicals 
U. S. Forest Sewice 
Wshington Department of Natural Resources 
Mleyerhaeuser Company 
WillameMe Industries, Inc. 



Table 2. Forest area fertilized in western Oregon and Washington through 1985 and 
planned fertilization through 1990 

Forest Federal and 

Prior to 1981 

Total 

Planned Fertilization: 

Table 3. Total area of recently planted stands (1 981 -1 985) for which pre-commercial 
thinning, commercial thinning, or fertilization is planned 

Planned 
Silviculture 

Total area Portion of total 
area planted 

acres (hectares) percent 

Pre-commercial thinning 652 176 (263 932) 55.3 

Commercial thinning 447 524 (1 81 1 1 0) 37.9 

Fertilization 164 922 (66 743) 14.0 

Multiple 363 756 (147 21 0) 30.8 

Total area planted by survey respondents = 1 180 173 acres (477 609 ha). 



FIGURE 1. Geographic scope and Douglas-fir (DF) and western hemlock (WH) provinces of 
the Regional Forest Nutrition Research Project. 
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FIGURE 2. Research plot installations established by the Regional Forest Nutrition Research 
Project in western Washington and western Oregon. Douglas-fir installations 
represented by circles; western hemlock installations represented by squares. 



Fixed-area plots: 

Treatments: ON - Control 
200N - 200 lb N/acre (224 kg N/ha) applied as urea 
400N - 400 lb N/acre (448 kg N/ha) applied as urea 

Initial Treatment: 
ON ON 200N 400N 

FIGURE 3. Plot schematic and treatments for Phase I Regional Forest Nutrition Research 
Project installations. 
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FIGURE 4. Total gross volume (CVTS) response for unthinned Douglas-fir stands by two-year 
growth period (from Peterson and Heath 1986). 
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FIGURE 5. Total gross volume (CVTS) response for thinned ~ouglas-fir stands by two-year 
growth period (from Opalach e l  a/. 1987). 
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FIGURE 6. Cumulative timberland area fertilized through 1986 in western Oregon and 
western Washington. Planned fertilization indicated by broken line (from 
Chappell and Opalach (1984) and RFNRP data on file). 
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ABSTRACT 

Fourteen important concepts in planning fertilization research are presented. A plea is 
made for the establishment of networks of fertilizer trials in British Columbia. Empirical co- 
operative testing programs lasting 20 years are an essential requirement for sound operational 
use of fertilizers. All other places in the world which use forest fertilization operationally have 
had such programs in place for many years. Except for the B.C. Ministry of Forests' Coastal 
Productivity lnstallations and some l\d x T (nitrogen and thinning) trials in lodgepole pine, British 
Columbia has no strategy. 

Some recommendations are made for the major forest types in British Columbia and the 
use of screening trials is reviewed. 

The problems facing the forest manager are: predicting which stands will respond to 
fertilization; knowing how large and long the response will be; knowing which elements should 
be applied; knowing in which locations fertilization is justifiable in terms of wood supply and 
economic analyses; and understanding why the stands responded. 

Elsewhere in the world, these questions have been dealt with by very large-scale networks 
of standard fertilizer trials which actually test many stands and sites. Such trials need careful 
monitoring for up to 20 years by qualified people. Special institutions or cooperatives are 
needed to achieve the essential continuity of the work. These have been absent in British 
Columbia. The B.C. Ministry of Forests' Productiviv installations were established in the 1960's 
in the Interior, and on the coast in the 1970's. Our most detailed understanding of response in 
Douglas-fir comes from the Shawnigan trial on low fertility site. British Columbia has relied 
heavily on the Douglas-fir and hemlock responses obtained by the Regional Forest Nutrition Co- 
operative at the University of Washington. More recently, the Intermountain Forest Fertilization 
Cooperative in the U.S. is providing interesting data. 

This leaves British Columbia without any response data for most of its forests. British 
Columbia did not co-operate in the Interprovincial Forest Fertilization Trials set up across 
Canada in the 1960's. 

This paper will outline the elements of a research strategy for forest fertilization research in 
the province over the next 20-year period. It will be assumed that interest in and enthusiasm 



for forest fertilization will wax and wane, as it has in the past, but an essential long-term base 
program of testing and research is essential if the benefits of ferlilization are to be realized. 

2 IMPORTANT CONCEPTS IN PhANNlNG FOREST FlERTlLaZdaTlON RESEARCH 

1. When is testing needed? 

When responses are large and variances are small, little testing is needed. Binkley 
(1986) has pointed out the following four cases (see Figure 1): 

i. If the mean response were large and variance (or standard deviation) were small, all 
areas should be fertilized with little concern about predictions of response. 

ii. If both the mean and variance were small, feFtilization would likely be unprofitable. 

iii. If the mean were small but variance were large, an assessment program might 
increase the probability of fertilization. 

iv. If both the mean and variance were large, a large investment in an assessment 
program would probably be justified. 

Douglas-fir response in British Columbia often appears to correspond to case 1; most other 
species in the province require a testing program. Lodgepole pine appears to be a case 4 
situation. 

2. The contribution of fertilizer response to forest level wood supply problems and stand 
management objectives must be clear. Over 1 million ha of forest have been fertilized in 
the Pacific Northwest, largely to cover age class gap problems. Fertilization can be 
successful in boosting stand volumes in deficient age classes. 

3. It is important to separate the tasks of determining the potential responsiveness of stands 
(which can be done inexpensively and quickly with screening trials) from the determination 
of the magnitude, variability and length of response (which is costly, requiring 10-15 years 
conventional plot remeasurements). Figure 2 illustrates this difference. 

4. There is a possibility of permanently improving stand fertility by repeated fertilization 
(Optimum Nutrition). New steady states of improved N nutrition are possible where N 
mineralization closely matches dernand. Permanent Wofold increases have been demon- 
strated for Swedish boreal forests (Ingestad 1987). Figure 3 illustrates this change. Lack 
of adequate N supply is often the major reason for poor stand perlormance, even in boreal 
and dry biogeoclimatic zones. The upper limits of our forest productivity should be 
explored through application of balanced nutrition, including all imprtant macro- and micro- 
nutrients (Axelsson 1985). 

5. Trees have a tendency to maintain high foliar N concentrations in current leaves by 
reducing growth. As Farnum eI a/. (1 983) noted: 

Recent analysis of the growth of various agronomic crops ... and young 
trees in hydroponic culture, however, suggests a more dynamic approach. 
lngestad ... demonstrated that relative growth rate can be maintained as 
trees increase in size by using micromolar amounts of nitrate, provided that 
the supply of nitrate is matched to the potential relative growth rate. The 



constant in this system is the tissue nitrogen concentration, especially in the 
foliage. The tree apparently has a tendency to maintain this concentration 
by reducing its relative growth rate when insuNicient N is supplied to the 
roots. Thus productivity can be N-limited even though no deficiency 
symptoms or lower N concentrations are detectable. 

6. Single N applications in closed stands really only fertilize the trees, not the site. The 
effects are temporary and the magnitude of response is related to first-year uptake (Miller 
1981). Repeated applications to sustain response should not overlap the response 
periods, otherwise fertilizer will be wasted (see Figure 4). Monitoring 20-year response is 
oRen needed. 

7. The fertilizer response in basal area is composed of the direct effect due to improved 
nutrition and the indirect effect due to growth from altered stocking (Opalach and Heath 
1987). This creates tricky biometric and design problems in using regression models to 
handle site index, age and density in data sets using covariance analyses. Expertise is 
needed and it can be costly. 

8. Silviculture crop planning which focusses the use of fertilization usually calls for the 
avoidance of mortality seen in dense wild stands by density control operations; otherwise, 
expensive fertilizer is wasted on trees that will die. The interactions between fertilizer 
response and thinning (T) response are usually handled by F x T factorial installations. 
These are costly to establish and measure. The response data from such trials is needed 
for "truthing" stand simulators for fertilizer response. Such data is badly needed in British 
Columbia and should be part of the province's growth and yield research strategic plan- 
ning. 

9. Naturally regenerated stands might be expected to display inbreeding depression and be 
composed of many families. There is evidence for strong genolype x fertilizer interactions, 
since the population tested may be variable. First- and second-generation stands from 
seed display large increases in fertilizer response, but also valuable changes in flushing, 
frost hardiness and wood quality response to fertilization. The potential gains from 
incorporating nutrition into tree breeding strategies are very great. This has not been done 
in British Columbia and should be. 

10. The findings of lngestad (1987) and co-workers on the benefits of raising seedlings using 
relative addition rates of balanced nutrients exactly matched to seedling uptake needs 
testing. Timmer and co-workers at the University of Toronto are testing the regimes for 
container stock (Timmer and Armstrong 1987). There is a big ptential for improved stock 
physiology, ouplanting performance and lower fertilizer costs in the nursery. Small changes 
in nurseFy nutrition regimes to match daily nutrient supply to seedling demand may resolve 
some of our stock pedormance problems, and customized nutrition is also possible. 

11. Relating response to, or predicting response from, soil and "static" foliar analyses has 
proved disappointing. It also takes a lot of installations to relate response to site index. 
Instead, the principle of "kicking the stand with nutrients" and examining the foliage 
response at the end of one growing season using simple single tree fertilizer applimtions 
and vector analysis (Figure 5 )  is gaining widespread acceptance and use as an inexpen- 
sive and effective way to: 

predict responsiveness; 

diagnose the nutritional status of the stand; 



estimate the magnitude of the response. This has worked well for lodgepole pine in 
British Columbia (Weetman e l  a/. 1988); and 

test the nutrient rating of stands in the edatopic grids (Timmer and Ray 1988); 

Over one hundred such trials have been established in British Columbia. 

12. Fertilizer installations in dense stands which have many small trees (a mmmon situation to 
date), as for example in the lnterprovincial Fertilizer Trials, pose special problems in 
allowing us to determine accurately the response. 

Periodic mortaliv masks response. 

DBH measurements must be very precise and accurate. 

The stand and site heterogeneiv create "noise" in the response data leading to non- 
significant statistical analyze. 

Many replications are needed and thus installations are costly. 

Crown response is inhibited by lack of growing space. 

Increment core data (20-30 trees per plot) may be needed to detect response. 

Repeated periodic DBH measurements are needed to determine the pattern of 
response. 

The moral appears to be: Experiment in thinned, homogeneous stands which avoid 
mortality, and use increment cores to measure response. 

13. Many installations, especially in the interior of British Columbia are showing best responses 
to N plus a mix of nutrients. Micronutrient limitations (B, S and Fe) are suspect. These 
effects must be sorted out. Negative or minus installations are probably best suited to this 
problem. These add all elements except for one in balanced designs. Use of the 
advantages of single tree screening trials is possible and designing of such trials is 
needed. If we have stands with real micronutrient limitations, then large growth responses 
become possible with very iow-cost micronutrient additions. 

14. Besides improved nursery stock nutrition, there is evidence (in spite of the often disap- 
pointing history to date [Brockley 19881) for overcoming planting check by fertilization at 
time of planting. Very little systematic work has been done. A research program is 
required which is designed to explain the respnse or lack of it. 

2 . M p e c i e s  Specific Suggestions for Fertilizer Research in B.C. 

Coastal Douglas-fir: This species appears to be very responsive, showing low variance; 
commercial scale operations can be done. Not all stands are responsive. The risks can be 
reduced by screening trials. The pattern sf responsiveness within the edatopic grids can be 
tested by such trials. To collect more growth and yield data, N x T installations are needed. 
Foliar vector analyses after the first growing season can be used to monitor response to 
operational fertilization rat the end of the first growing season. Optimum nutrition should be 
tested. 



Western hemlock: Although this species is actually determinate, there is a great variation 
in needle size on the a... shoot. Foliar vector analysis, using unit needle weight can still be 
used, particularly if needle sampling is restricted to a fixed basal portion of the shoot. The 
pattern of responsiveness of hemlock to ferlilization still is obscure. Systematic screening trials, 
within the edatopic grid, it is hoped, will sort this problem out. Nitrogen and P may be a 
requirement and this should be formally tested. 

Salal dominated "CN" sites in old-growi?h cedar/hemlock cutovers on coastal British 
Columbia: These cutovers display major M and P deficiencies and are very responsive to M 
and P additions (Weetman ef a/. 1989). The cause may be due to salal or the character of the 
more humus folisols. With 100 000 ha of this type of very valuale forest, fertilization appears 
to be e requirement. The response pauern within the edatopk grids needs screening. More N 
x T installations are required. 

Coastal high elevatim forests: No work. has been done. The Regional Forest Nutrition 
Co-operative has staaed screening trials in the Pacific silver fir type in the Cascades. Parallel 
testing should be done in British Columbia. Yellow- and redcedar are suspected to be very 
responsive. 

lnterior spaced stands of lodgepole pine, western larch, interior Douglas-fir and interior 
spruce in SBS and ESSF zones: The pattern of very promising responsiveness in lodgepole 
pine is emerging (Brockley, in this volume). The response pattern within the edatopic grids 
needs screening. More N x T installations are required. 

Since lodgepole pine is so similar to Scots pine, where 2.5-fold permanent increases in 
productiviv have been obtained in Sweden, the upper limits of productiviv need exploring by 
optimum nutrition and fertilization x irrigation experiments. 

Screening trials in young interior spruce, Douglas-fir and western larch stands have 
recently shown that many young spruce and Douglas-Fir plantations in the lnterior may be 
negatively a~ected by multiple nutrient deficiencies (Brockley and Swift 1990). 

Minus experiments, with screening trials, are required to determine potential micronutrient 
deficiencies. Experimental, container stock nutrition should be tried out and evaluated. Geno- 
type x nutrition studies should be started in lodgepole breeding. The current nework of N x T 
and screening trials will need monitoring and careful biometric qpraisai. 

Little is known about western larch, interior Douglas-fir and interior spruce. More screening 
trials are needed. 

2.2 Ceoperative %re Nutrition Resarch 

Since there is a close connection between growth and yield research, tree improvement 
research, and nutrition research, it would be logical to develop a tree nutrition research strategy 
including co-operalive field testing and basic research. We are paying the price today for not 
having done this 15 years ago. The three major tree nutrition co-operalives in the U.S. are now 
approaching 20 years of age. The benefits of these programs are now Flowing to "re co-op 
members. The key to this work has been sustained financing, good planning, quality work, and 
commitment and patience. The Swedes held a symposium in 1985 to mark 225 years of forest 
nutrition research funding. In British Columbia, we are still waiting for B.C. Forest Productivity 
Installation data. 



Unlike Canadian regeneration research, Canadian forest nutrition research has not been 
"client driven," but rather largely curiosity driven by a handful of researchers. In the U.S., 
fertilization research has been heavily (possibly too heavily) client driven, by the co-operators. 

This workshop has, for the first time in Canada, been client driven, because of the 
problems involved in spending FWDA fertilization budgets. If there are to be more operational 
fertilizer budgets, there is a pressing need to generate British Columbia's own data sets on 
response prediction and the magnitude and variance of the respnse. We know how to do this. 
There is a problem with regulation and kensee attitudes; fefliiization is icing on a silviculture 
cake. A good job of basic si!vicu!ture and stand management is needed before fedilization is 
justified. 

However, to generate the reliable, low-risk fertisizer prescriptions, we need 10-20 years of 
response data. Let us start now in a systematic way so we will have it by 20W. 

2.3 Testing Protocols and Basic Resarch 

Figure 6 outlines a procedure for testing. The advantage of screening trials before 
conventional fedilizer trials lies in correct identificaion of the stand fe~ilizer requirements. 

2.4 What Institutiona! Arrangements are Needed for Forest Feetilizatlsn and Nutrition 
Wesarch? 

1. Can the U.S. ifertilization Co-operative Approach be used? 

2. Should long-term response evaluation be part of growth and yield research programs? 

3. Can Forestry Canada be relied upon to mount and maintain a long-term province-wide 
testing and research program? 

4. Will major companies mntinue to be reluctant to fund silviculture research? 

5. Will B.C. Ministry of Forests' Research budgets mntinue to be cut? 

6. Are long-term research needs compatible with short-term FRBA-vpe funding? 

3 CONCLUSION 

The potential wood supply benefits from forest fe~ilization are enormous. 

Since fertilization requires long-term empirical testing and a good understanding of forest 
site nutrition; and since it seems to be very difficult for either the federal or provincial 
governments to finance sustained fertiiization research, it is in industry's best interest to 
take a lead position in financing and organizing a special institutional arrangement for 
fertilization research. 

A co-operative program for longterm testing should be set up in British Columbia in the 
1990's. 
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FIGURE 1. Relations between the mean fertilizer response, its standard deviation and the 
profitability of response (Binkley 1986). 
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FIGURE 2. Schematic for developing fertilizer recommendations. Response prediction should be separated from 
the determination of the size and variability of response. 



FIGURE 3. Achieving improved steady state nutrition in a poor pine forest: Underlying 
concepts (Ingestad 1987). (a) Fertilization of young forest with low nutrient flux; 
and (b) after repeated fertilization with large Nutrient flux. 
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Noppikoski. (AN = ammonium nitrate) 

FIGURE 4. The cost per cubic metre of fertilization can be decreased by delaying refertiliza- 
tion until the response from the first application is finished (Institut for Skogsfor- 
battring 1983). Lower graphs compare basal area response with fertilizer (F) 
applied before response ends (on left), with fertilizer applied after initial response 
has ended (on right). 
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FIGURE 5. Graphical vector analysis to examine the changes in foliar nutrient concentrations and unit foliage 
weights at the end of the first growing season in screening trials. Diagram developed by B. Timmer 
(taken from Binkley 1986). 
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FIGURE 6. Protocol for planning basic and applied fertilization and nutrition research. 
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SESSION 5 STATUS AND OUTLOOK FOR FOREST FERTILIZATION 

FERTILIZATION IN FOREST MANAGEMENT: THE STRATEGIC NEEDS 

D.L. Handley 
MacMillan Bloedel Limited 

Nanaimo, B.C. 

SUMMARY 

Despite some promising research results, the case for routine fertilization is far from 
adequately substantiated, either biologically or economically. Nevertheless, some 70 000 
hectares have been fertilized and efficient operating procedures have been developed. 

Before more large scale projects are undertaken, however, there are a number of critical 
policy and strategy issues which must be resolved, particularly from the industry perspective. 

These issues, described in order of resolution, are: 

1. A common sense of purpose endorsed by industry and government, and real 
incentives for industry participation. 

2. Firm guidelines for allocation of funds to fertilization. No project should be undertaken 
which will not yield 4% ROI based on realistic estimates of costs, incremental yield in 
volume and value, and accepted accounting practice. 

3. Much improved inventories. Specifically, more accurate mapping and stand description 
of each stand, plus a much improved assessment of accessibility--both economic and 
environmental-as well as soil and ecological units, wildlife, water, fish, and recreat- 
ional capability. 

4. A peer-reviewed interpretation of current research results and operational experience 
in British Columbia and adjoining jurisdictions. 

5. Comprehensive operational guidelines based on the reviews above, and supplemented 
by the interpretation of relevant environmental regulations and present operational 
instructions governing selection and economic ranking of candidate stands, operating 
procedures, and post-treatment monitoring. 

6. Guidelines for post-treatment management. If the maximum economic benefit is to be 
gained, combinations of thinning and refertilization may be essential. 

7. Peer-reviewed and approved guidelines for the estimation and application of yield 
increases to be claimed in timber supply analyses following treatment. 

The Outlook: 

Before the change in provincial policy and the revisions to the Forest Act, about 17 000 ha 
were planned to be fertilized, to either maintain or improve Long Run Sustained Yield or bridge 
age class gaps. What the future will bring is unclear until tenure is resolved, use of FRDA 



FRDA funds and AAC allocation is clarified, and industry has confidence that critical policy 
issues are resolved. 

The title of this workshop implies that it is already an accepted fact that fertilizing forests 
in British Columbia is a good thing and that the purpose of this gathering is to improve our 
decision-making, but the case for fertilization is far from adequately proved either biologically or, 
more importantly, economically. Thus, though there is a need for increased growth in the new 
forests to maintain the present level of cut or fill gaps in age class distribution, there are many 
other questions and perhaps better opportunities which must be appraised before we embrace 
large-scale fertilization as one of the primary engines of future wood supply. 

For all forest managers in British Columbia--government and industry alike-the strategic 
approach to forest fertilization was grossly distorted by the changes in government policy which 
burst upon us in September 1987 and are now enshrined, or becoming enshrined, in the revised 
Forest Act and Regulations. 

For this reason, this paper is substantially different from my original perception. Instead of 
looking primarily at fibre flow needs and strategy, my first emphasis is now political. There is 
continuing need to confront the politicians and senior policy-makers with economic reality and 
industry's loss of faith in security of tenure as it affects forest management investments by 
industry. 

In the body of my presentation, in keeping with the overall seminar title and the session 
theme, I will discuss: 

the status of fertilization as a treatment; 

the strategic needs: with economics and tenure as a primary issue, but also 
inventory, research results, staff development and operating, post-fertilization and 
fibre flow guidelines; and 

the future outlook. 

2 STATUS 

From the perspective of what we can apply to future decision-making, operational 
fertilization in British Columbia is still the "new baby on the block". Though Pacific Logging 
pioneered operational application in 1963 in a corporate union with Cominco, it was not until the 
1970's and early 1980's that it became more than a novelty. Now with some 70 000 ha treated, 
operating procedures are reasonably developed and operating efficiency has improved to the 
extent that the actual job of fertilizing is not a critical area for improvement, especially when 
ranked against other needs. 



3 THE STRATEGIC NEEDS 

3.1 Provincial and Corporate Objectives and Needs 

The first things both industry and government need before embarking on fertilization 
decision-making are a common sense of purpose, and mutual trust and respect. With respect to 
purpose, objectives of industry are set out in working plans and are driven by the necessity of 
remaining profitable. 

But what are government's real objectives for the forest estate? The government has, for 
the second time in little more than a decade, broken faith by abrogating the spirit and, in my 
view, the intent of written legal agreements. Long-term licensees will lose AAC and much, if not 
all, of the incentive to intensify forest management. 

lndustry has had to assume the responsibility for all costs of forest renewal on Crown 
lands as an added direct cost against the present crop. 

On the question of incentives for industry to practice incremental forest management at its 
own expense, the news release of September 1987 proclaims, "the ministry will guarantee that 
any increase in AAC will be retained within the tenure." Governments cannot guarantee; the 
Premier does not feel bound by the acts of any of his predecessors, and his successors will be 
no different. lndustry would be foolish not to expect this, and as a consequence is not 
comforted and should not be taken in by such guarantees. 

Recognize also that, having generated this additional increment and the related allowable 
cut effect (ACE) at our expense, the government will still extract its kilogram of flesh in 
stumpage. The present stumpage system does not explicitly allow for profit and risk to the 
logger. Hence, the value of ACE to the industry could as easily be negative as positive and is 
essentially meaningless. If there is to be any incentive for industry to practice incremental 
forestry treatments-including fertilization-on Crown lands, then either the Crown must pay or 
the incremental volume should be stumpage-free. Since the latter cannot be guaranteed by 
government, then the Crown should pay the management costs and obtain a return through 
stumpage. Until these issues are resolved, discussion of fertilizer decision-making is academic 
for industry. 

3.2 Research Results and Economi~  Analysis 

Money spent on forest fertilization is an investment. Any prudent investor wants to see 
the results of research and an economic analysis before investing. There is an urgent need for 
a competent and analytical compilation and review of all the available, relevant, research results. 
When complete, this must be edited and published in a style and form that assists and improves 
fertilizer decisions. 

Though 15-year measurements are now being taken, there is as yet no publication on the 
early results From the Forest Productivity Plots of the Ministry of Forests. The section on 
fertilization in the Ministry's Silviculture Manual is still unwritten. Public money has been spent, 
but not necessarily invested, to fertilize forests because the money was available through FRDA, 
Section 88, and Ministry budgets. Millions of dollars were spent with only rudimentary guidelines 
and no requirement for a rigorous economic analysis. 

Without belabouring the point any further, I claim there is an urgent need for consolidation 
and interpretation of research results to provide operational guidance, silviculturally and 
mensurationally. This must be supplemented by a valid economic analysis of each proposed 



project using the best estimates of yield increase derived previously. Until these are in place, 
large-scale fertilizer projects must rank with the penny stocks as being as much gamble as 
investment. 

3.3 Forest Inventorie 

Fertilization projects must be carefully planned if response per dollar spent is to be 
maximized. For small or occasional projects, stands suitable for treatment can be selected on 
the basis of local knowledge and with the help of our best qualified professionals. 

For larger, sustained projects, an accurate and descriptive invento~y is a requisite. Data 
required include age of dominant trees in the stand, species composition, a measure of density 
or percent live crown, number of competitive stems per hectare, and site index or, preferably, 
habitat type. Stand identifiwtion and mapping must be accurate. Other essential data include 
road access, slope, topography, treatment history and planned harvest schedule. 

With such information, especially if available as a data base, projects can be planned 
efficiently in the office and checked easily in the field, particularly if there are clear and specific 
objectives about increased yield in quantity or quality, timing of harvest and profit margin. 

3.4 Operating Guidelines 

Operating guidelines that cover only layout and application are no longer sufficient. Other 
agencies and people are concerned about the other resources and the impacts of fertilization. 
More comprehensive guidelines are now needed to minimize the probability of confrontation and 
protest, the possibility of adverse impacts on other resources, as well as all the many facets of 
preplanning, stand selection and completion of each fertilizer roject. 

3.5 Post-treatment Guidelines 

The motto of the Scottish Forestry Society is "Ye may aye be sticking in a tree, it will be 
growing when ye're sleeping". This may sound very good to the frugal Scot-and to many 
foresters who are either complacent or who simply believe that once a tree is planted, or in this 
case a stand is fertilized, nature will complete the job. 

Though post-treatment need should be considered in the planning process, guidelines and 
controls are required to ensure that fertilized stands are not allowed to grow unmanaged while 
the responsible forester sleeps, having already claimed ACE. Spacing, thinning and refertil- 
ization are all likely to be necessary if the economic return of the initial treatment is to be 
maximized. Consequently, post-treatment management guidelines are needed. 

3.6 Estimates of Yield increase 

Ferlilization is underlaken by foresters for two primary reasons: to help bridge an age 
class gap or to raise the long-run sustained yield (LRSY). Managers will, I presume, be 
concerned with profit. 

We need a simple response monitoring system and a model with which we can simulate 
longer term response. Increment hammers or borers may provide an indication or response, but 
it is questionable whether they can provide a valid measure of response per hectare. 

Adequate growth models are also essential. We need models that are user friendly, 
biologically tuned, and on the decision-maker's desk. We must validate them as best we can 
for as wide a range of age, site index, species, physiological condition and stocking as is 



possible. We also need the assurance that growth and yield research effort will at least keep 
pace with the level of fertilization. With our present level of knowledge we would be unwise, if 
we are to be held accountable, to expand forest fertilization without these assurances. 

3.7 Trained Professionals 

Even if the previous needs are met, another major one remains: the need for adequately 
trained staff who are up to date-foresters, technologists, scientists, biologists, etc. These 
people must have more than book knowledge and an ability to apply administrative procedures 
and complete the paper work. 

The people involved in fertilization projects must know their subject well enough that they 
have an intuitive feel, or a ~ u b c ~ n ~ ~ i o u ~  integration of theory and experience, and know how 
individual sitesfstands will differ in response. I find this difficult to explain more specifically, but I 
can sense in discussion whether colleagues show the comprehensive and integrated grasp of 
the subject, that will result in a high probability of good silvicultural and financial decisions, or 
not. All silviculturists responsible for field fertilizer decisions should be required to attend the 
Silviculture Institute at the University of Washington or the University of British Columbia for SI, 
SlBC and similar formal training. 

4 THE OUTLOOK 

My crystal ball is very cloudy. The system upset caused by the new forest policy and Bill 
70 is still far from returning to equilibrium. A further element of uncertainty is the future of 
FRDA and, within that system, whether new, economic driven analyses will result in a wholly 
new forest treatment menu and priorities. 

The outlook before September 1987 was generally upbeat for fertilization as a project, 
though there were many doubts and questions which, at least in part, I have already discussed. 
Many of these questions are even more pertinent now. 

I circulated a questionnaire to each Ministry of Forests region and TFL licensee in the 
summer of 1987. The questionnaire was designed to determine the degree to which fertilization 
was deemed to be necessary to fibre flow, how large an area would be treated, what age class 
would be targeted, what criteria covered stand selection, whether fertilization depended on 
money also being available for spacing, and what special needs or concerns there were. I 
regret I did not ask for revisions following the policy change. 

The questionnaire revealed a wide diversity of opinion, some very real concerns--some of 
which I have included as "needsw-and a high dependence on government funds-FRDA for the 
Ministry of Forests and, Section 88 for industry. The highlights were to: 

fertilize about 17 000 hectares annually - divided 70:30; Coast:lnterior; 

fertilize only managed stands or natural stands approximating managed stocking; and 

fertilize primarily for LRSY effects (rather than to bridge age-class gaps). 

The allocation in percent by manager and age-class, was: 



Stand age - years 

Manager 

-- -- - 

10-1 9 20-29 30-39 40+ years 
--- -- 

Ministry of Forests 12% 43% 27% 18% 

Licensee 45% 21 % 18% 16% 

Most significant, however, was the general tone of unease. With rare exceptions, 
interviewees did not rank fertilization as a high priority; many said they would prefer to complete 
other incremental projects first. I believe many of the respondents agree with the questioning 
tenor of the "needsw section of this paper and plead for more research. 

I conclude that, though there are strategic needs to justify more fertilization to sustain fibre 
flows or fill gaps, there is a real question of priority considering both costs and alternative 
treatments to increase total yield. 

From an economic perspective, there is a need for much more rigour in the allocation of 
funds to maximize return. 

My hope is that the policy decision-makers will weigh the opinions presented in this paper 
and initiate the actions I believe are essential to put forest fertilization on a secure silvicultural 
and financial road into the future. That is, I hope they restore industry faith in the tenure 
system, change the investment basis, and then provide for the other needs. 
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POSTER SESSION 

FERTlLlZlNG PREHARVEST LODGEPOLE PIME IN ALBERTA: 

COSTS, REVENUES, AND RETURNS 

William J. Ondro and Richard C. Yang 
Forestry Canada 

Northern Forestry Centre 
Edmonton, Alberta 

Fertilization trials in 70-year-old lodgepole pine stands on Coalspur and Mercoal, two 
prominent soil types in western-central Alberta, were initiated near Hinton, Alberta, in 1971. 
Fertilization increased 10-year average diameter at breast height (DBH) increments from 0.3 to 
0.8 cm on Coalspur and 0.4 to 1.2 cm on Mercoal. Ten-year merchantable volume increments 
ranged from 3.6 to 33.3 m3/ha on Coalspur and 4.7 to 28.6 m3/ha on Mercoal. Nitrogen (N) was 
the nutrient in greatest demand for pine growth on these two luvisols. An addition of at least 
188 kglha of N was needed for significant response. On Coalspur soils, an application of 
phosphorus (P) in the range of 38-94 kglha, in addition to the required N, improved tree growth. 
Sulphur (S) improved tree growth more on Mercoal than on Coalspur soils. Our results suggest 
that growth response to fertilizer treatment is soil-specific. This means that treatment for each 
soil type must be individually prescribed for maximum growth response. 

Total cost of fertilization in 1982 dollars ranged from $1 17Iha for low rate to $403/ha for 
high rate applications. The cost included fertilizer purchase ($84-$329/ha), transport of fertilizer 
to field by truck ($92/tonne) and aerial application (fixed-wing aircraft, $21-$58/ha, based on 
fertilizer blocks of 2000 ha or larger). Total fertilization benefits ranged from $168/ha to $939/ha 
for Coalspur stands, and $134/ha to $996/ha for Mercoal stands. 

The highest real internal rates of return (IRR) from market value of the increased wood 
yield and reduced logging cost due to harvesting of larger trees were 11.7% on Coalspur soils 
using 76 kg N, 150 kg P and 90 kg S/ha and 16.3% on Mercoal soils using 76 kg N, 38 kg P 
and 23 kg Slha. The IRR for most treatments on Mercoal and some on Coalspur exceeded a 
6% discount rate, making such treatments an attractive investment. Present net worth (PNW) at 
6% was highest on Coalspur at $210/ha using 300 kg N, 38 kg P and 23 kg Slha; and on 
Mercoal at $267/ha using 188 kg N, 94 kg P and 113 kg S/ha. 

Fertilizing preharvest lodgepole pine provides three main benefits: increased wood yield, 
increased revenue, and reduced logging costs per cubic metre. Large-scale fertilization 
operations to increase stand productivity may not be urgent in Alberta because of the abundant 
softwood supply, but the need for larger-size timber may still make fertilization desirable. This 
may be especially true in older stands near mills, where reduced transportation costs wold make 
such treatments even more profitable. 



POSTER SESSION 

PREDlCTlNG GROWTH RESPONSES TO FOREST FERTILIZATION: 
AN ECOSYSTEM SIMULATION APPROACH USING FORCVTE-11 

Hamish Kimmins, Kim Scoullar, Werner Kurz and Michael Apps 
Department of Forest Sciences 
University of British Columbia 

Vancouver, B.C. 

FORCYTE-11 is an ecosystem modelling framework that can be calibrated for a wide 
variety of site types, site conditions, and stand management strategies. Forest growth is related 
to canopy light conditions and nutrient availability. The model can examine monocultures, 
species moisture, or alternating rotations of different species. It can simulate the dynamics and 
growth-limiting effects of a single nutrient or as many as five nutrients within a single simulation. 

The poster will present examples of how the model can be used to evaluate the yield and 
stand economics implications of fertilization, of site nutrient management strategies, and of N- 
fixation as an alternative to N-fertilization. There was a microcomputer demonstration of the 
model. 



POSTER SESSION 

N,-FIXING NllGROBlAL COMPLEXES IN CONlFEROUS SEEDLING ESTABLISHMENT 

Patricia C. Cracknell' 
Department of Biochemistry and Microbiology, 

Univ. of Victoria, Victoria, B.C. 
and 

J. Daniel Lousier 
W.F.S. Enterprises Ltd., 

Nanaimo, B.C. 

Vancouver Island coniferous sites exhibited site-related activity by cyanobacteria and 
heterotrophic bacteria, functioning synergistically with fungi and actinomycetes. Greatest activity 
in situ correlated consistently with best conifer development in plantations. Levels of microbial 
activity varied seasonally, relative to site aspect, exposure (moisture level), and soil conditions. 
Scanning electric micrographs (SEM) of soil crusts, mosses and grass roots (selected for study 
on the basis of nitrogenase activity in situ), served to demonstrate the inter-relatedness of their 
microbial associates. 

Roots of fastest-growing coniferous seedlings (coastal Douglas-fir, Pacific silver fir, boreal 
lodgepole pine) yielded vigorous cultures of N,-fixing, growth-promoting bacteria (Azospirillum 
spp.), and associated protective, ligninolytic fungi (e.g., Trichoderma spp.). Similar microbial 
mixtures are being used internationally to increase root and stem growthldry weight of several 
grain crops. 

Nitrogen-fixing microbial complexes can provide a dynamic N source adjacent to seedling 
roots. These beneficial, mobile microbes can: (1) improve soil texture; (2) slowly release bound 
nutrients from soil mineral and organic components; (3) produce plant growth hormones; and (4) 
improve mycorrhizal establishment and function. Use of suitable microbial inocula could thus 
reduce the need for expensive and potentially damaging fertilizers and fungicides, while 
enhancing sustainable seedling growth and root establishment. 

Carefully used, and supplemented with modest levels of fertilizer N and P (to 50 kglha), 
site-related microbial associates may well serve to assure conifer seedling outplant success on 
difficult sites. 

'Research was supported by MacMillan Bloedel Ltd., Woodlands Services Div., Nanaimo, 
B.C. and Research Branch, Ministry of Forests, Victoria, B.C. 
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POSTER SESSION 

EFFECTS OF FERTlLlZATlON AND STAND DENSITY ON 
THE GROWTH OF IMMATURE DOUGLAS-FIR 

Reid Carter 
Nutricon Forest Consulting 

Vancouver, B.C. 

The effects of nitrogen fertilization (225 kg Nlha as urea) and stand density are examined 
in a 32-year-old stand of coastal Douglas-fir 10 years after treatment. Three density regimes 
are examined: 500, 750, and 1000 stems per hectare. 

Response to fertilization was immediate in all density regimes and peaked 3-4 years after 
treatment. The response to spacing became measurable 2 years after treatment and continues 
to increase 10 years after treatment. The largest gains from fertilization were found in the 500 
stems per hectare treatment with an increase of 36 m3 over 10 years versus 21 m3 in the 1000 
stems per hectare treatment. Fertilized trees were 22.4% larger than unferllized trees 10 years 
after treatment in the 500 stems per hectare treatment versus 10.2% in the 1000 stems per 
hectare treatment. Cumulative effects of fertilization continue to increase 10 years after 
treatment with the magnitude and duration of this fertilizer response increasing with declining 
stand density. 
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DIRECT READlNG X-RAY DENSITOMETER 

Les A. Jozsa and Robert S. Myronuk 
Forintek Canada Corp. 

Vancouver, B.C. 

X-ray densitometry methods were pioneered in France by Polge in the early 1960's. By 
1980, there were about thirty laboratories in 18 countries engaged in densitometry work. At 
Forintek, a computerized X-ray film densitometry system has been in operation since 1971. In 
1986 a Direct Reading X-ray Densitometer (DRXRD) was developed to make tree-ring measure- 
ments more cost efficient. Streamlining sample preparation was the first priority. A twinblade 
sample preparation saw was built to this end. The saw is capable of cutting unmounted 5 mm 
diameter increment cores to a uniform 1.5 mm thickness. To be cost-effective and to ensure 
reliability the DRXRD design incorporated off-the-shelf items wherever possible. Figures 1 and 2 
show the main components of the DRXRD. This system offers rapid measurement of ring width 
and ring density. From these variables true stemwood biomass productivity can be evaluated 
through growth-layer weight analysis. The detail in which annual rings can be evaluated also 
permits assessment of heterogeneity in wood density within individual annual rings. Such 
information can be correlated with strength properties, silvicultural practices, environmental 
conditions, and other variables to a greater degree than gross wood density or ring width 
measurements alone. 

FIGURE 1. Twin-blade sample preparation FIGURE 2. Sketch of the DRXRD showing 
saw and scaled drawing detail imaging, X-ray beam, and 
of a 5 mm showing imaging, X-ray detector in relation 
diameter increment core being to the wood sample. 
cut to 1.57 mm thickness. 
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THE COMBINED EFFECTS OF CLIMATE AND SlLVlCULTURAL 
TREATMENTS ON WOOD QUALITY AND QUANTITY 

Les A. Jozsa, Sandra G. Johnson and Emily Robertson 
Forintek Canada Corp., 

Vancouver, B.C. 

The yields of our forests, the amount of wood grown by each tree and wood quality are 
tied inseparably to climate. Figure 1 shows 24 individual sample trees' growth layer weight 
record from The Effect of Thinning and Fertilization on Wood Quality of a 24-year-old Douglas-fir 
stand (Jozsa et a/., of this publication). Superimposed are four treatment plot averages. The 
first vertical arrow at 1972 shows initial silvicultural treatments; the second arrow at 1981 shows 
the time of refertilization. Strong cross-dating was attributed to climatic variability. It is 
interesting to note that the untreated control (C) trees produced, on the average, 2.5 kg of wood 
in 1982 and 1983. Vet two years earlier, during 1980 and 1981, the same trees produced about 
40% more wood; on average about 3.5 kg per year. These differences were partially explained 
by differences in summer precipitation. For example, the low productivity of 1977 occurred in 
the driest year of the last 13 years. The impact of silvicultural treatments shows approximately 
a two-fold increase in productivity for thinning (T) and fertilization (F). In 1983, a four-fold 
increase is evident for the combined T and F. However, the relatively "good" and "bad" years 
cross-date with the untreated C. Therefore, the best silvicultural practices can enhance tree 
growth, but they cannot erase the effects of climate. 

GROWTH YEARS 

Figure 1. Pitch-to-bark growth-layer pattern for 24 sample trees (thin lines) and four 
treatment plot averages (C, control; F, fertilized; T, thinned; T & F, thinnd and 
fertilized). 
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METRIC DFSlM 

John Emanuel 
71 Buxton Street 
North Adelaide 
South Australia 

The metric version of DFSIM, a stand simulator for coastal Douglas-fir, is MDFSIM. It 
calculates height, total and merchantable volume for Douglas-fir stands in relation to a variety of 
management strategies including natural versus plantation origin, changes in initial stocking 
density, pre-commercial and commercial thinnings, and fertilization. The original DFSIM was 
writtten by R.O. Curtis, G.W. Clendenen and D.J. Demars. The user's guide for this program is 
General Technical Report PNW-128, published by: 

United States Department of Agriculture 
Forest Service 
Pacific Northwest Forest and Range Experimental Station 
809 N.E. 6th Ave., 
Portland, Oreg. 
97232 

This interactive metric adaptation for the IBM PC family of computers is available for 
$49.95 from: 

REMTECH - Resource Management Technologies Group 
6332 Vine Street 
Vancouver, B.C. 
V6M 4B1 
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GRAPHICAL ANALYSIS: ELEMENT COMPARISON IN NEEDLES 

Reid Carter 
Faculty of Forestry, University of B.C. 

Vancouver, B.C. 
and 

John Emanuel 
71 Buxton Street 

North Adelaide. South Australia 

The computer program ECN creates foliar nutrient "vector plots" commonly used in 
evaluating fertilizer screening trials. Element concentrations (either absolute or expressed 
relative to the control treatment) are plotted against element contents for up to 10 elements or 
treatments/installations. The theory, with examples, of this approach to assessing treatment 
effects on foliar nutrient concentrations and contents is described in: 

Timmer, V.R. and P.N. Ray. 1988. Evaluating soil nutrient regime for Black Spruce 
in the Ontario Claybelt. For. Chron. Feb. 1988:40-46. 

Timmer, V.R. and E. Stone. 1978. Comparative foliar analysis of young balsam fir 
fertilized with nitrogen, phosphorus, potassium and lime. J. Soil ~ c i .  SOC. Amer. 42:125- 
130. 

The ECN program is compatible with the IBM PC family of computers that use a wide 
variety of video displays (CGA, EGA, Hercules) and printer types (Epson, MX and FX and the 
Apple Laserwriter). It is a public domain program made possible through funding from the 
Ministry of Forests (British Columbia). It is available for a nominal fee of $10.00 (postage and 
the program diskette included) from Reid Carter. 
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Readers are reminded that the current British Columbia Ministry of Forests (BCWIOF) and 
Forestry Canada (ForCan) were sometimes referred to as the British Columbia Forest Service 
(BCFS) and the Canadian Forestry Service (CFS), respectively. Participants' addresses are 
current and not necessarily those at the time of the workshop. 




