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Evaluating Nitrogen Fertilization and Cycling
In Pacific Northwest Douglas-fir Plantations:

A Literature Review

I. Preface: What is forest nutrition management?

Simplistically, tree growth depends upon environmental conditions and the supply of

light, water, and nutrients. The supply and allocation of these critical resources, however,

can be significantly altered through forest management activities. Over the course of a

selected rotation age, harvest methods, site preparation techniques, growing stock

selection, density management, and nutrient amendments can manipulate forest

productivity. Each of these factors can be a silvicultural tool with the ability to enhance

or limit tree growth and yield. As these tools are employed, they interact with myriad

environmental factors; factors that are largely uncontrollable. Precipitation, temperature,

wind events, and damage from animals, insects, and disease are examples of these

factors. Understanding which factor(s) limit tree growth is fundamental to forest

nutrition management.

Forest nutrition management attempts to manipulate nutrient cycles within forest

ecosystems to meet desired objectives. Understanding nutrient cycling helps forest

managers and scientists understand how their silvicultural practices may affect the long-

term productivity and sustainability of ecosystems.

There is an increasing trend toward more intensive management on forestland used

for commodity production. Standard practices in the Douglas-fir region now include

shorter harvest rotations often involving whole tree yarding and higher utilization

standards. Today's silvicultural systems involve intensive chemical or mechanical site

preparation, and subsequent vegetation management designed to minimize the stand

establishment period. Establishment of N-fixing plant species and other competing

vegetation is minimized in these intensively managed plantations. Lack of N-fixing

plants coupled with frequent harvests has the potential to decrease long-term site

productivity on some sites. Managing harvest residues is an important factor in lessoning

the dependency on fertilization and N-fixing plants to restore lost nitrogen and other

essential nutrients to the site. Harvest and site preparation activities can remove or



displace significant quantities of nutrients from foliage, branches, bark, and the forest

floor depending on the harvest and site prep techniques employed.

"It is clear that as utilization of forest biomass intensifies, so does the potential for
nutrient drain from the forest" (Bengston, 1981).

Screening harvest units for susceptibility to growth loss due to whole tree yarding, slash

burning, and soil compaction should be considered part of nutrition management.

Nutrients lost through these mechanisms may be difficult or more costly to replace than

to conserve. Performing cost analysis of these opportunity costs becomes important under

intensive management regimes. Selecting stands and sites where this should be

considered will be discussed later under section IV: Nutrients Removed from

Harvesting.

A powerful nutrient management tool is fertilization- application of growth limiting

nutrients. Fertilization has three primary applications:

1. Rehabilitating sites or stands where disturbance has depleted nutrient availability

(e.g. intense wildfire or broadcast burns, and soil compaction or erosion).

2. Increasing short-term growth of stands to increase yields and economic return.

3. Increasing the vigor of stands to decrease susceptibility to insect and disease

damage.

Finding the optimum combination of nutrient type(s) and rate(s) that maximize economic

return is an ongoing topic of forestry research. Accurately predicting growth response is

the most difficult aspect of forest fertilization. Although nutrient cycling studies in

forests span more than 100 years, studies of the specific nutritional requirements of

individual tree species, including Douglas-fir, have not yet yielded a complete

understanding of tree nutrition. As a scientific community, we are learning more about

the nutrient requirements of Douglas-fir, how nutrients cycle through the forest

ecosystem, and the response to nutrient amendments. This paper will examine the basic

nutritional information available for established Douglas-fir plantations in the Pacific

Northwest focusing on the following topics:

1) Context for nutrient management in the Pacific Northwest Douglas-fir Region
(PNWDFR)

2) History of fertilization in the PNWDFR
3) Nitrogen Cycling Processes



4) Diagnosing and interpreting nutrient limitations in single sites or stands
5) Screening stands for N-fertilization on a large scale project basis
6) Tree and stand growth response to nitrogen fertilization
7) Operational considerations for fertilization projects
8) Effects of nitrogen fertilization on water quality and understory vegetation
9) Potential nutrient loss form harvesting
10) Future informational needs for forest nutrition management

II. Douglas-fir in the Pacijic Northwest: Context for Nutrition Management

Douglas-fir (Pseudotsuga menziesii) is the major timber species in Pacific Northwest

forests. The coastal forests of Oregon, Washington, and British Columbia support the

foremost concentration of Douglas-fir forests in North America. This region accounts for

significant quantities of American softwood lumber production: Oregon and Washington

supply approximately 15-20% of the United State's annual lumber production (WWPA,

2005 annual report). Meanwhile, Canadian imports continue to supply approximately

30% of the remaining annual lumber consumed in the United States annually (Bryant et

al. 1997) which reached an all time high of 61.8 billion board feet in 2004 (WWPA, 2005

annual report).

The increasing roles of policy, legislation, and non-consumptive demands for

Douglas-fir forests on public and some private lands have created obstacles to

implementing many silvicultural practices. These competing management objectives

have created a collaborative environment that attempts to address the values of all

interested parties. Due to this value integration, management practices such as forest

fertilization, slash burning, and herbicide application will continue to be stringently

regulated through law and policy in the Pacific Northwest.

A. The Role ofNutrition Management

Reduction in the harvestable acres on federal lands in the Pacific Northwest (PNW)

has focused the demand for wood supply to the private sector; therefore, more wood must

now be produced from a greatly reduced forest land base. At the same time, population

growth in the United States and worldwide is increasing the demand for forest products-

worldwide wood consumption is predicted to increase 56% by the year 2050 (Bryant et

al. 1997). Numerous factors are responsible for this shrinking harvestable landbase in the

PNW; habitat reservations for endangered species, expanded riparian set asides,

3



protection of old growth, increased urban expansion, and the recent trend toward less

intensive forest management on public lands are taking forestland out of commercial

production.

"These less intensive silvicultural prescriptions generally referred to as New
Forestry, have their principal objective the perpetuation of the wildlife habitat
characteristics of an unmanaged forest. While improving wildlife habitat is an
important forest management goal, and the New Forestry practices are a means
of achieving that goal on some lands, most of the suitable commercial
forestlands in the Pacific Northwest will have to continue to be managed with
per hectare or per acre productivity as a primary management objective. Forest
fertilization offers an opportunity to produce more wood from the Pacific
Northwest's remaining commercial forestland, thereby maintaining the region's
comparative advantage as a supplier of forest products to U.S. and international
markets (McMahon, 1992)."
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Figure 1: Effect of management intensity on Douglas-fir yield for a single hectare,
Site III (site index 32m). Volumes in gross merchantable timber (CCF
(hundreds of cubic feet) produced by DFSIM model (14.2cm + dbh,
10.2 cm top diameter). (McMahon, 1992).

It is timely to discuss maintaining the profitability of growing Douglas-fir forests in

the Pacific Northwest. Increasing urban expansion has favored conversion of forestland

to development or other land use that is more economical under present conditions.

Forest fertilization and other nutrition management tools can improve the economic

return of growing Douglas-fir, thereby favoring continued fore stland management versus

other land use options that may otherwise yield greater economic returns.

A recent symposium addressing the potential and roles of intensively managed forest

plantations (IMFPs) in the Pacific Northwest was held in Portland, Oregon in January,

2004. The importance of the Pacific Northwest (PNW) remaining globally competitive



in a world timber market was emphasized. Competitive threats faced by the PNW region

are numerous including other timber producing regions with lower production costs,

suppliers of nonwood substitutes, and alternative uses of investor's dollars (Murphy et al.

2005). Speaking to this same topic, possible implications for the PNW region were

suggested by Binkley et al. 2005:

1) The demand on natural forests is declining due to environmental restrictions,
favoring plantation grown substitutes.

2) Profitability of forest ownership in the PNW is being pressured by plentiful low
cost wood from other regions of the world.

3) Logical responses include reducing growing costs through new technologies in
plantation establishment and stand tending.

Other authors published in the symposium spoke to this topic:

"Enhancing timber productivity by increasing the intensity of plantation management
is one means to meet wood needs in the region and remain globally competitive"
(Adams et al. 2005).

"Worldwide, forest plantations are estimated as supplying 35% of industrial
roundwood consumed in 2000 and projected to contribute 44% of wood consumption
by 2020" (Binkley et al. 2005).

These trends favor using fertilization as a silvicultural tool to increase the profitability

of growing Douglas-fir in the PNW region. Fertilization will likely be necessary to

sustain the high growth rates demanded by these global market forces. Long-term

sustainability of intensively managed Douglas-fir plantations depends on fertilization and

nutrient conservation practices.

B. History ofForest Fertilization: An Overview

Operational application of synthetic fertilizers to commercial forestland of the United

States began in the mid to late 1960s. Fertilization programs began in earnest in 1968

following research findings that convinced tree farmers of the benefit derived from

Douglas-fir fertilization (Hagenstein, 1986). From the mid 1 960s to 1979, fertilizers had

been applied to nearly 364,000 ha (900,000 acres) in the Southeast U.S. and about

486,000 ha (1.2 million acres) in the Pacific Northwest region (Bengston, 1979). By

1986, over 1.2 million acres of loblolly pine, 0.7 million acres of slash pine, and 2.5

million acres of Douglas-fir had been fertilized. In 1987, fertilizers were applied to over

250,000 acres of U.S. forestland per year to increase forest growth and value (Allen,



1987). Weyerhaeuser Corporation, a leader in high-yield forestry, began fertilization on

an operational scale in 1966 and since has fertilized over 774,000 hectares west of the

Cascades, plus 30,000 hectares in eastern Oregon (McMahon, 1992). In the Southeast

United States, phosphorus (P) fertilization at time of planting or in established stands

accounted for the majority of the area fertilized. In the Pacific Northwest, foresters

emphasize applications of N in established stands. Operational fertilization in other

regions in the U.S. is very limited (Allen, 1987). Trends in fertilization are generally

driven by the price of stumpage and fertilizer costs. The value of wood increased rapidly

in the United States and elsewhere in the world in the late 1 980s and throughout the

majority of the 1990s. Meanwhile, the cost of fertilizers held relatively steady (RFNRP,

1986-1988 report). These changes in market conditions dramatically increased the

profitability and use of fertilizers. Fertilization, chiefly with N and P, has become a

standard procedure for most regions of the world practicing intensive plantation forestry.

Figure 2: Cumulative acres fertilized in the Southeast United States
(From the North Carolina Forest Nutrition Cooperative, 1997 in Fischer and
Binkley, 2000).
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Although this graph represents fertilized acres in the Southeast United States, N-

fertilization trends of Douglas-fir in the Pacific Northwest show similar results. More

recent fertilization data specific to the Pacific Northwest Douglas-fir region comes from

the Stand Management Cooperative (SMC) operated through University of Washington.

A 2001 SMC survey conducted by Briggs and Trobaugh illustrates the number of acres

fertilized with urea nitrogen from early 1991 to 2000.

"Percent of planted acres fertilized with urea increased from essentially zero in the
early 1990s to over 100% per year by the late 1990s. This likely represents 30-50% of
stands being treated two to three times. The percent of acres to be fertilized is forecast



to decline in the next half decade to approximately half of the 2000 level" (Talbert and
Marshall, 2005).

The large number of acres fertilized intensively (more than once per rotation) is mostly a

result of the large fertilization program operated by Weyerhaeuser Company across over

2 million acres of ownership within western Oregon and Washington. The authors

speculate the projected decline results from recent concerns that heavy N fertilization

may exacerbate Swiss Needle Cast and soil

cation balance in the Oregon Coast Range

(Perakis et a!, 2005; Talbert and Marshall

2005). Future trends will additionally be

influenced by the cost of nitrogen
t BRITISH COLUMBIA fertilizers, stumpage prices, and potential

£ environmental regulations that may further
z . I ' increase the cost of fertilization...
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Figure 3: From Chappell et al. 1992
Field fertilization trials by stand type for RFNRP
and EP703 plots. Circles represent Douglas-fir
stands. Squares and triangles represent western
hemlock and mixed stands, respectively.
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1. The Regional Forest Nutrition

Research Project: RFNRP

Forest nutrition studies initiated by a

University of Washington researcher some

50 years ago have produced one of the

largest databases in the world on the

growth characteristics of Douglas-fir and

western hemlock, and created a highly

successful research cooperative

comprising over 35 organizations that

continues today. Over three million acres

of forest have been fertilized in western

Washington and Oregon, largely based on

the results of the program Nutrition

studies in coastal forests were initiated at

the University of Washington by the now



late forestry professor Stan Gessel shortly after his arrival in 1948. The work resulted

from observations that although Douglas-fir grew well over a broad range of climate and

soil conditions, on a considerable number of soils the trees were chlorotic (yellowish) and

had poor growth rates and poor vigor, probably due to nutrient deficiencies. Paralleling

findings from German and Japanese literature, Gessel's early work suggested that

nitrogen fertilization would increase the growth of Douglas fir trees and stands. These

promising results led to the formation of the Regional Forest Nutrition Research Project

(RFNRP) in 1969 (University of Washington Stand Management Cooperative web site,

2005).

Since its creation, the RFNRP has fulfilled its goal of advancing the available science

on Douglas-fir N-fertilization in the Pacific Northwest. Data generated by the RFNRP

has allowed forest managers to somewhat predictably increase the growth and yield of

Douglas-fir dominated stands on private, state, and federal forestland in the Pacific

Northwest. Much of the research presented in this paper has resulted from data generated

by the RFNRP fertilization trials. Figure 3 illustrates the location of these RFNRP field

fertilization trials.

Many industrial forest owners including Weyerhaeuser, state agencies such as

Washington Department of Natural Resources and many other forest stakeholders

continue their partnership in this research cooperative today. Since 1991, RFNRP has

been merged with the Stand Management Cooperative (SMC) at the University of

Washington. The cooperative continues to address forest nutrition today. Most recently,

work has focused on nutrient cycling models that predict nutrient demand required by

desired stand growth rates.

Another similar forest nutrition research program titled EP703 began in southern

British Columbia in 1971, providing another extensive supply of permanent-plot field

fertilization trials. Figure 3 also illustrates the locations of the EP703 plots.

"The primary objective of both programs was to provide forest managers with
information on growth and response to nitrogen fertilization of second-growth stands of
Douglas-fir and western hemlock. Secondary objectives included comparison of
responses in thinned versus unthinned stands, investigation of responses to alternative
sources of nitrogen and to other elements, fertilization influences on forest ecosystems,
economic aspects of forest fertilization, and effects of fertilization on wood quality"
(Chappell et al, 1992).



Substantial contributions to forest fertilization research have also come from

independent programs on public and private land. Examples include Forestry Canada,

USDA Forest Service PNW Research Station, Washington Department of Natural

Resources, universities, and forest industry- notably Weyerhaeuser Company (Chappell

etal, 1992).

III. Factors Controlling Forest Productivity:

A. Soil-Site Factors

There has been long-term emphasis on quantif'ing forest site productivity and

classification. Most energy has been focused on one of the following topics: delineating

forest type or productivity differences, quantif'ing productivity changes incurred by

intensive forest management, or enhancing tree growth through fertilization of nitrogen

and phosphorus (Henderson et. a! 1990). On a basic level, forest productivity depends on

supplies of light, water, and sixteen or seventeen essential elements (nutrients). Soil

properties interact with environmental factors to dictate tree growth. Long-term soil

fertility is directly linked to its organic matter content, macroporosity, water-holding

capacity, and relative nutrient content (Schoenholtz et al. 2000).

Figure 4 illustrates the effect of soil A horizon depth and effective soil depth (total soil

depth minus percentage of rock) on site index.

Site Index (feet) Depth of A" horizon
140,

1201 -_ø__.- 14"

100

80

60

4"

I
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0.7162" SE = 11.0

10 20 30 40 50 60
Effective soil depth (inches)

Figure 4: Relationship of site index (King
1966) to effective soil depth and depth of A
horizon. (from Steinbrenner, 1979).



This study by Steinbrenner developed soil-site estimating equations for Douglas-fir

(and western hemlock) stands in western Washington. Steinbrenner's work continues to

be used today as these factors were used to develop predictions of soil-site indices in soil

survey books. The study examined 191 soil plots for Douglas-fir, 118 on residual soils

(non-glaciated soils) and 73 on glaciated soils. These two soil parameters explained the

most variability in site index prediction, illustrating the importance of these soil

properties on site productivity. The primary limitation of the study is that results are

based on observation of past productivity rather than future productivity. Although these

two soil parameters are useful in estimating site productivity, they are just one of many

soil characteristics that help provide an index of nutrients potentially available for tree

growth.

It is important to differentiate between productivity and yield observed in unmanaged

and managed stands. Natural productivity levels (without stand tending) are illustrated

by standard site class curves (McArdle and Meyer, 1961). Nearly a four-fold difference

in yield exists between site classes I and V, illustrating the affect of soil-site factors on

tree growth in natural stands (Miller et al. 1992). Site class growth and yield curves

provide base-line estimates from which future growth and yield can be compared. A

need exists; however, for amending the traditional site index curves for intensively

managed plantations. Intensive management practices including fertilization can

accelerate stand growth and yield, increasing site index values relative to the natural

stands growing previously on the same sites.

B. Potential Effects ofManagement Practices on Site Productivity

An important question in forest management remains largely unanswered. How do

forest harvest techniques alter growth and yield of the future stand? Studies have

confirmed that growth of planted Douglas-fir stands can be reduced by increasing the

amount of biomass and organic matter removed via harvesting. This is rather intuitive;

however, quantifying precise levels of nutrient loss and potential growth reductions are

not. More studies have focused on the effects of fire type and intensity on subsequent

growth and yield. The shortcoming is that most studies have focused on the immediate

and short-term effects on site-productivity, with very little work having been done to

quantify the long-term effects on stand growth and yield. Findings are often coupled to

10



indirect evidence due their short term or retrospective nature; these studies have pointed

towards soil macroporosity and site organic matter being the key variables linking

management practices with long-term productivity (Fischer and Binkley, 2000). Nutrient

conservation practices such as managing harvest residues are integral to maintaining

long-term soil productivity. It is important to note that fertilization should not be a

substitute for nutrient conservation practices. It is rather an additional silvicultural tool to

help alleviate nutrient deficiencies on previously disturbed sites or to temporarily

enhance growth and profitability on other sites. Effects of management practices will be

discussed further in section VII: Nutrient Removals from Harvesting.

C. Importance ofNitrogen

Nitrogen is a key nutrient that regulates plant productivity and other essential nutrient

cycles (Waring and Running, 1998). The growth of Douglas-fir is most dependent upon

the nitrogen cycle for two primary reasons: 1) the development of a large canopy to

intercept and assimilate light requires large supplies of nitrogen and 2) large amounts of

nitrogen are contained within the accumulating biomass of the forest itself (Fischer and

Binkley, 2000).

"Nitrogen availability limits growth in more forests and more regions than any other
nutrient" (Fischer & Binkley, 2000)."

Douglas-fir growth response to increased nitrogen supply is illustrated in figures 5 and 6

below.
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D. Nutrient Requirements ofDouglas-fir: The other essential elements

1. The Essential Elements and Their Functions

Douglas-fir and other higher plants contain many elements within their tissues.

Although nitrogen is the element most often limiting in Douglas-fir, other elements are

essential to the growth and development of the tree.

"To qualify as "essential," an element must have a specific effect on the plant, must not
be replaceable by another element and must be necessary for the completion of the life
cycle" (Walker and Gessel, 1991).

Other essential elements are required in only trace amounts; these are termed

micronutrients: iron, manganese, zinc, copper, boron, molybdenum, and chlorine. Cobalt

is arguably another essential micronutrient required by Douglas-fir. Other elements

include arsenic, mercury, and silver- nonessential elements in most plants. These trace

elements may fill niche rolls in the life cycle of trees such as enhancing resistance to

pathogens; however, they are not deemed "essential".

Each essential element is crucial to specific roles of tree function. Each essential

element occurs in conjunction with hydrogen, oxygen, and carbon obtained from water

and atmospheric gases. Nitrogen, phosphorus, potassium, calcium, magnesium, and

sulfur are obtained from the soil. Nitrogen (N) is a key component of chlorophyll,

proteins, and nucleic acids while phosphorus (P) carries energy current in biochemical

reactions. Potassium (K) aids in controlling stomatal function and in maintaining charge

balances across plant membranes. In addition to N, P, K and other elements are essential

to proper plant function. Sulfur (S) is a component of several amino acids, calcium (Ca)

helps form the structure of cell walls, and magnesium (Mg) is a vital ingredient in

chlorophyll. These nutrients can accelerate enzymatic reactions during photosynthesis as

well. Micronutrients such as iron (Fe), copper (Cu), zinc (Zn), and manganese (Mn) are

often ingredients of coenzymes. The roles of lesser-known micronutrients, such as boron

(B) and chlorine (Cl) and cobalt (Co) are meanwhile not well known.

"Plants require the same macronutrients; however, each species differs in their
selective accumulations of each nutrient, their associations with microbes, and the
exudates and residues they produce" (Waring and Running, 1998).
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The table 1 below lists the essential macronutrients, their principal functions and

common nutrient concentrations in Douglas-fir foliage.

Table 1: Essential Macronutrients and Their Roles
(modified from Walker and Gessel, 1991, 1993).

Approximate Content in
Coastal DF Foliage

Nutrient (% foliar dry massi Functions in the Plant
Carbon (C) Approximately 90-95% of Carbohydrates and related compounds (cellulose,

Hydrogen (H) plant dry matter hemicelluloses, pectins, lignin, starch, sugars, organic
Oxygen (0) acids) and lipids (fats, oils, waxes). These elements

account for the majority of the plant structural
components, and many metabolic compounds that occur
in conjuntion with the other macronutrients below.

Nitrogen (N) 0.9 to 1.7%
1.4% deficiency threshold in
coastal DF (Walker and Gessel,

1993).

Phosphorus (P) 0.2 to 0.3%

The dry weight of Douglas-fir foliage in western Oregon
and Washington typically contains from 1 to 1.4%
nitrogen. Key component of chlorophyll, proteins, and
nucleic acids. Nitrogen combines with C, H, 0 to form
proteins (protoplasm, enzymes, other metabolically
active compounds). Usually the most growth limiting
nutrient for Douglas-fir.

Phosphorus is distributed in a host of important
compounds (nucleic acids, ADP, ATP,
phosphoenolpyruvate, and others containing "high-
energy" bonds critical in trapping and transferring
energy). Phospholipids are essential constituents of cell
membranes.

Potassium (K) 0.4 to 0.9% Aids in controlling stomatal function and in maintaining
charge balances across plant membranes.

Sulfur (S) 0.25 to 0.5% Sulfur is involved in the complexing of metal ions to
prteins to form metallo-proteins. Sulfliydryl (-SH)
groups are the reactive portions of many enzymes and
coenzymes.

Calcium (Ca) 0.5% to 0.8% Calcium levels usually increase in older foliage.
Calcium is combined with pectins in the middle lamellae
between cells, is important in maintaining the
differential permeability of cell membranes, and seems
to be a regulator of many cellular activities.

Magnesium (Mg) 0.1 to 0.3% Magnesium is a primary constituent of the chlorophyll
molecule. Magnesium ions serve as promoting cofactors
for important enzymes, especially in oxidative
metabolism.
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E. Nutrient Cycling Processes: The Nitrogen Cycle

It is important to have at minimum conceptual knowledge of the nitrogen cycle prior to

analyzing how N-fertilization or other management practices may affect specific aspects

of nutrient availability and supply. While other nutrients are indeed critical to tree

nutrition, the focus will remain on nitrogen cycling to lay a foundation for future

discussions concerning fates and effects of fertilizer nitrogen within Douglas-fir

ecosystems.

The soil nitrogen cycle begins as nitrogen is contributed to the soil in organic form

(litterfall, throughfall, and root death) or from inorganic forms (throughfall and

atmospheric deposition). All aspects of nitrogen cycling within the soil are not yet fully

understood. Biogeochemistry is the current term used to describe the study of ecosystem

nutrient cycling. The biochemical cycle refers to the internal redistribution of nutrients

within plants, while the biogeochemical cycle refers to cycling of elements through, into,

and out of the forest ecosystem. Varied transfer rates occur between N-pools including

soluble and insoluble nitrogen, soil solution ammonium, and microbial nitrogen. The

rates of these transfers are poorly known; however, many studies in established Douglas-

fir stands have quantified portions of these nutrient pools. In constructing nutrient

budgets, Fisher and Binkley, 2000 recommend following their three rules of

biogeochemistry:

1) The size of a nutrient pool within the soil does not represent the available supply;

2) Nutrient budgets need to balance; and

3) Issues related to scales of space and time are important.

The authors provide additional information as to the importance of following these rules.

"In nutrient cycling studies, it's easier to measure the size of a pool at a given time than
it is to measure the flux of nutrients into and out of the pool. For example, the size of
the cation exchange pooi is easy to measure, but the flux of cations into this pool from
forest floor decomposition or weathering of soil minerals is very difficult to measure.
We are often very interested in the rate at which nutrients become available for uptake,
but it is important to remember that estimates of pool size are often poor indicators of
availability; one cannot tell what the supply of nutrient cations is by measuring the pool
that sits on the exchange complex at a given time. If the supply of a nutrient must be
estimated by the size of a pool because direct measurement of fluxes is too difficult,
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one needs to retain healthy skepticism about the power of any interpretations" (Fisher
and Binkley, 2000).

Figure 7 represents the soil nitrogen cycle as it occurs within the soil. Figure 8 illustrates

mineral cycling in general, categorizing processes by where they occur in the ecosystem.

Using these two figures together provide a more clear illustration of the processes

occurring within the forest nitrogen cycle.

Atmosphe,ic depoaltion In
ATMOSPHERIC INPUTS Rain. fog & aerosol.

LittmlaIi Nitrogen ltxation

jThroughfali Plant N WITHIN ThE SYSTEM
:

Uptake & storage

insoluble Soluble ?
Upiak. PU1ffPfOCE$SES Incorporation into biomass

organic N organic N lnt;CYcllng

: --
Gross Microbial N Litterfali & root turnover
n,In.r.ilzation 1NTRASYSTEM RECYCUNG Root exudate.

Iflifl2*bULriUon? Canopy leachin

Ammonium N /
. ..I

I Nitrate N Fragmentation & mixing
Nitrificatlonl liaterotrophic LITTEM.PRQCESSES Microbial decomposition

nitrifkation Humus formation

1
Den itrifloatlon

Profii pmen
Combustion or SOlL-ffiOCE$S Mineralization & immobilization
oa.lfkt N2 N20 NO

1
Ion exchange & adsorption

L hiss
UTE1AL GEOLOGIC

Mineral weathering
Clay formation & migration

PROCESSES Ion fixation in mineral lattices

Microbial gas emissions
EXPORT FROM ECOSYSTEM Leaching Into groundwater

Figure 7: Soil Nitrogen Cycle. The ? notes gap
in knowledge regarding organic N-uptake by
trees. (Fisher and Binkley, 2000).

Figure 8: Cycling of minerals through forest
ecosystems. Individual processes are grouped by
nutrient inputs, within system cycling and export
processes. (Waring and Running, 1998).

"When assessing nutrition, it is critical to consider all four nutrient cycling processes
happening in and immediately around the trees: 1) nutrient uptake, 2) nutrient storage,
3) internal nutrient recycling; and 4) nutrients returning to the litter layer. The relative
mobility and concentration of nutrients in soil solution and the rate of plant uptake
determine which of these mechanisms predominates" (Fisher and Binkley, 2000).

1. Nutrient Inputs

Nutrient inputs to Douglas-fir ecosystems come from three main sources: 1)

atmospheric deposition, 2) biological nitrogen fixation, and 3) weathering of soil
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minerals. All three of these can be altered by vegetation (Fisher and Binkley, 2000). It is

important to consider the sources of nutrients to understand their relative rates of supply.

Changes in Douglas-fir nutritional balance may have drastic implications in regards to

insect and disease resistance, growth and yield, and eventually economic viability of

entire forest management regimes.

For example, it is has been shown that Douglas-fir stands infected with Swiss Needle

Cast (SNC) in the Oregon coast range when fertilized with Ca and Mg can regain pre-

infection vigor (Appendix A: Starker Forest Study, 2001). A recent study by Perakis et al.

2005 including 22 Douglas-fir sites in the Oregon coast range illustrated that as available

nitrate (NO3) increases, exchangeable Mg, Ca decrease. Mg and Ca can leach with

excess nitrate from N-rich soils in the Oregon coast range (Perakis et al, 2005), especially

on sites previously forested with red alder. Nutritional imbalances affecting tree health

may be exacerbated by N-fertilization on these sites; furthermore, it is believed that SNC

fungi may utilize the free amino acids readily available on foliage following urea-N

fertilization causing increased fungal vigor. It is theorized that fertilization may increase

availability of nitrogen and other nutrients allocated to defense compounds, or trees may

gain the energy required to produce new foliage following spring SNC infection. These

results are preliminary, but indicate that increased stand vigor from fertilization may

allow trees to overcome infection of some diseases.

Over geologic time, trends in soil nutrient availability can be realized by comparing

different age soils formed from similar parent materials. For example, the relatively

younger soils of the temperate Pacific Northwest are generally N-limited while the older

more weathered soils of the southern hemisphere and tropical regions are more P-limited

(Waring and Running, 1998).

a. Atmospheric Deposition

In polluted environments, dust particles in the atmosphere can contain high

concentrations of nutrient cations. These particles dissolve in rainfall (wetfall) as

sulfates, nitrates, and ammonium, which are then deposited to forest ecosystems.

Pollution dust particles (aerosols) can be deposited without the help of rainfall (dryfall),

or be absorbed as vapor by foliage. In heavily polluted areas, vapor inputs from
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ammonia, nitric acid, and sulfur dioxide may result in nitrogen and sulfur inputs to forest

ecosystems.

Estimating nutrient input from atmospheric deposition can be an important

consideration for coastal Douglas-fir. Using strontium isotopes on a Douglas-fir site in

the Oregon Coast Range, Perakis et al. 2005 estimated that 97% of the estimated Ca

supply was derived from atmospheric inputs. These results were derived from a single

sample; however, they support speculation by others that Ca supplied by weathering may

be insufficient to meet Ca demands from repeated intensive harvest in the Oregon Coast

Range (Bockheim and Langley-Turnbaugh 1997 in Perakis et al. 2005). When

calculating nutrient budgets, atmospheric deposition is an important factor to consider as

is the case for Ca in coastal Douglas-fir.

Polluted regions of the world such as southern Norway have received high rates of

sulfate and nitrate deposition from air pollution. Forests in these regions have shown

negative effects such as cover of epiphytic algae on conifer needles, low soil base

saturation and low leachable phosphate, and high nitrogen, sulfur and zinc due to

increasing acidification caused by acid rain (Venn and Aamlid, 1994). Similar effects of

acid rain have been observed in the northeast United States. In the eastern United States,

nitrogen input to forests average approximately S to 10 kgfhalyr for low-elevation forests

and 15 to 30 kg/halyr for high elevation forests (Fisher and Binkley 2000). Understanding

how these inputs will likely drive ecological change is becoming is an important topic in

forest ecology. It is recognized that vegetation can affect nutrient inputs from the

atmosphere by altering the capture of particles, gases, and ions. Conifers expose more

surface area to the atmosphere and subsequently receive greater rates of sulfur and

nitrogen deposition relative to deciduous forests in the same areas. Johnson and Lindberg,

1992, found that a red spruce forest in the Smoky Mountains of the United States had 20

percent greater sulfur deposition and threefold greater nitrogen deposition than a nearby

beech forest.

In order to monitor the deposition of ions in precipitation, the National Atmospheric

Deposition Program (NADP) has established a network of sampling sites in the United

States and Europe. The program has documented patterns of deposition and found

significant declines in sulfur inputs to the eastern United States resulting from reduced

sulfur dioxide emissions from industrial sources. Rates of sulfur deposition declined by
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an average of 0.27 kg/halyr from 1985 to 1997 (p<O.Ol) at a monitoring station on

Whiteface Mountain, New York. Over the same period, calcium and nitrogen deposition

stayed relatively stable while potassium inputs increased (NADP, 1999 data in Fisher and

Binkley, 2000).

While high rates of atmospheric deposition have so far been limited in the Pacific

Northwest Douglas-fir Region (PNWDFR), continued population growth may warrant

monitoring deposition rates near urban areas. Atmospheric deposition is likely to play an

increasing future role in PNW forests. It is important that atmospheric deposition is

considered in ecosystem studies in order to understand more about the potential influence

of increased nitrogen and sulfur deposition on the PNWDFR.

b. Biological NrJixation

The second and perhaps most studied source of nitrogen input to Douglas-fir

ecosystems is biological nitrogen fixation. Cyanobacteria possess the enzyme

nitrogenase that has the ability to convert N2 (dinitrogen) to NH3 (ammonia). This

process occurs within root nodules of plants, providing oxygen protection and

carbohydrate energy for the microbes (Fisher and Binkley, 2000). Ammonia is then

assimilated (H is added) to form ammonium (NH4) which is readily taken up by plant

and tree roots. Symbiotic N-fixation rates are typically higher than non-symbiotic

fixation rates in Douglas-fir ecosystems. Non-symbiotic N2-fixation ranges from 0.1 to 5

kg N ha'/yf' in temperate coniferous forests (Waring and Running, 1998) while

symbiotic N-fixation rates can exceed 100 kg N ha'/yf1.

Chief symbiotic N-fixing plants in the PNWDFR include red alder (Alnus rubra) and

snowbrush Ceanothus velutinus. Both species have the ability to fix significant amounts

of nitrogen through symbiotic associations with Rhizobium and actinomycete-nodules.

Red alder studies have calculated annual N-fixation rates from 27 kg N/ha/yf' to over

200 kg N/ha'/yf' (Radwan and Brix, 1986, Miegroet et al. 1990). Following fire,

Ceanothus velutinus has been shown to fix from 20 to 100 kg/ha'/yf' in establishing

Douglas-fir stands (Youngberg and Wollum In Waring and Running, 1998; Radwan and

Brix, 1986).

It is important to note these rates are for relatively pure stands of symbiotic host

plants. For example, mixed stands of red alder and Douglas-fir would achieve relatively



lower N-fixation rates. N-fixation rates can be reduced on N-rich sites or where trace

elements (P, Mo, Co) required for the enzymatic reaction responsible for N2-fixation are

limiting (Waring and Running, 1998). The following are estimated fixation rates from a

study by Miller et al. 1999 of in the Oregon Coast Range. Comparative effects of urea

fertilizer and red alder in precommercially thinned (300 tpa) site II Douglas-fir stands

were studied for a 17-year period. Stands were thinned to 300 tpa at stand age 9,

retaining 0 to to 80 red alder per acre. The pure Douglas-fir plots were fertilized with

200 lbs N/acre as urea and compared to the red alder mixtures. Red alder mixtures

provided no growth response to the Douglas-fir, and significantly increased Douglas-fir

mortality at the 80 tpa mixture. The authors concluded nitrogen was not limiting growth

on the site due to no measurable growth response from fertilization. N-fixation rates were

not measured, but estimated to be as follows based on similar research results:

Table 2: Estimated N2 fixation rates of red alderlDouglas-fir mixtures
(modified from Miller et al. 1999)

Stand Mixture Estimated N-fixed (17-year period: ae 9 to 26)

300 DF + 20 RA 150-230 lbs N/acre 9-14 lbs/acre/yr

300 DF + 80 RA 540-800 lbs N/acre 32-47 lbs/acre/yr

Growing red alder can be an economically viable and biologically advantageous

silvicultural regime. Soil rehabilitation is achieved by growing red alder in abandoned

road beds, rock pits, or N-poor upland sites. This practice is now more common due to

the high market value of red alder stumpage; this has led to the explosion of red alder

plantations on N-rich sites, especially in areas where Phellinus weirri (laminated root rot)

or other diseases such as Swiss Needle Cast (SNC) reduces the ability to grow Douglas-

fir. Red alder can be a valuable nutrient management tool when mixed in Douglas-fir

stands on marginally productive sites.

c. Weathering Rates ofSoil Minerals

Weathering rates are most dependent upon soil parent material and climate. Age and

composition of parent material determine the rates of chemical and mechanical

weathering that occur. Furthermore, temperature, precipitation, and vegetation type

influence chemical and mechanical weathering processes. Weathering releases nutrients
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from rock minerals, chiefly Ca, Mg, K, and P (Waring and Running, 1998). In Douglas-

fir ecosystems of the PNW region, soils are relatively young and base rich meaning they
+2 +2 +3 + +3 +typically contain sufficient supplies of cations such as Ca , Mg , Al , Na , Fe and K

to satisfy plant uptake requirements. Chemical weathering releases from 80-100% of Ca,

Mg, K, and P in many forest ecosystems (Waring and Running, 1998). Sollins et al. 1980

estimated soil weathering rates on an andesitic tuff parent material in the H.J. Andrews

Experimental Forest. This study estimated the following weathering rates in kglha'/yf'

using a watershed balance technique: 0.2 P, 2 K, 12 Ca, 7 Mg. Watershed balance

calculations estimate weathering rates by measuring cation concentrations in stream

water run-off minus atmospheric deposition rates and the accumulation of cations in

biomass and accumulation on exchange sites within the mineral soil. It is important to

point out that nitrogen is not released from soil minerals through weathering processes.

2. N Supply and Uptake: N Sources and Forms available for Tree Uptake

The earth's atmosphere contains approximately 78% nitrogen (the majority of this in

the form dinitrogen or N2) (Kimmins, 1997). Plants are surrounded by dinitrogen, but

unable to use nitrogen directly in this form. Despite this apparent endless supply,

nitrogen limits the majority of earth's vegetation growth. This illustrates how elements

must exist in forms available to plants to be utilized. To become available for tree

uptake, N2 must be fixed from the atmosphere biologically or through industrial fixation

and combustion. Biological fixation converts the majority of atmospheric N2 to organic

nitrogen, although the industrial fixation of nitrogen fertilizers is increasing and may

exceed rates of biological fixation in the next few decades (Kimmins, 1997). Once in the

ecosystem, organic nitrogen is stored in the forest floor and soil surface horizons until it

is mineralized the process of converting organic nitrogen to inorganic nitrogen.

Mineralization occurs through the ammonification and nitrification processes yielding

nitrate (NO3) and ammonium (NH4), the inorganic forms of nitrogen available for direct

tree root uptake. Available nitrate and ammonium are then taken up by plants from the

soil solution and converted to organic matter as plant biomass. Following litterfall, this

organic nitrogen is stored in the litter layer where decomposition begins. Some direct

nitrogen cycling can occur- uptake of organic-N to plants through the help of mychorrizal

fungi. Organic forms of nitrogen have shown to be taken up by boreal forest species
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Pinus sylvestris and Picea abies with the help of mychorriza (Nasholm et al. 1998). This

process, however, is largely unknown in Douglas-fir trees.

a. Soil Labile Pool

Nitrate and ammonium are temporarily stored within the soil labile pooi until they are

supplied to the tree root in one of the following ways: 1) the growth of roots and

mycorrhizae into the soil; 2) the mass flow of ions with the movement of soil water as a

result of transpiration; and 3) the diffusion of ions within soil solution toward the root

surface when uptake rates exceed supply.

The following provides some relative trends in regards to the mechanisms by which
nutrients are absorbed from the soil labile pool:

"The 'big three' macronutrients, N, P, and K are typically demanded by the plant in
excess of mass flow supplies. Diffusion is the dominant process that supplies these
macronutrients to the plant root" (Waring and Running, 1998).

Nutrients, including nitrogen are present in soil solution in much smaller quantities

than annual tree uptake requirements. Turnover rates for nutrients in the soil labile pool is

on the order of hours to weeks, creating fluxes into and out of the soil pool (Fisher and

Binkley, 2000). The size of the soil labile pool is extremely difficult to measure due to

the number of variables involved. The soil labile pool of nitrogen has been commonly

measured as representing between 1-3% of the total soil nitrogen pool. This soil nitrogen

pool includes many sources and forms of nitrogen: 1) nitrogen immobilized in microbial

biomass and released through mineralization, 2) plant detritus including fine root turn-

over, and 3) humified soil organic matter (Fisher and Binkley, 2000).

"Microbial processes replenish the soil solution pool of nitrate, and this buffering of the
soil solution pool provides the sustained source of nitrogen (and other elements) for tree
growth" (Fisher and Binkley, 2000).

Forest soils contain from 5 to 50 kg/ha' of nitrogen in the form of exchangeable

ammonium, and this pool of nitrogen is dominated by microbial processes

(mineralization and immobilization). (Fisher and Binkley, 2000). Seasonal temperature

and moisture fluctuations can stimulate microbial activity affecting mineralization and

immobilization rates (Waring and Running, 1998). Studies utilizing '5N have shown

immobilization of nitrogen averages from 75-95% of the total nitrogen released through
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decomposition, leaving only 5-25% of the total nitrogen available for tree uptake (Fisher

and Binkley, 2000). Section D will go into more depth on immobilization and

mineralization rates and how they change with the addition of nitrogen fertilizers.

b. Annual Nutrient Requirements

Substantial amounts of nutrients are absorbed by a Douglas-fir stand over a harvest

rotation. Annual nutrient uptake is controlled by several soil-site factors and tree age

(Radwan and Brix, 1986). Several studies have estimated the annual nutrient

requirements of Douglas-fir forests. Cole Ct al. (1967) estimated the total requirements

per year of the major macronutrients required by their study stand to be as follows: N-

38.8 kg/halyr, P- 7.2, K- 29.4, Ca- 24.4. This is the same stand presented in section b.

and table 3 below. It is important to note that these nutritional requirements may be

partially fulfilled via internal redistribution within the tree (Fisher and Binkley, 2000,

Sollins et al. 1980). Sollins, 1980 estimated annual uptake rates for an old-growth

Douglas-fir stand in the H.J. Andrews experimental forest to be as follows: nitrogen 42

kg/ha; phosphorus, 9.1; potassium, 26.9; and calcium, 44.2. Uptake of nitrogen (and also

K and Ca) changes significantly with stand age, reaching a maximum close to the time of

crown closure (Radwan and Brix, 1986).

c. Distribution ofNitrogen in Douglas-fir Ecosystems:

The annual decay of the forest floor and fine roots provides the majority of annual N

taken up in a given year by plants (Powers, 1984) (Fisher and Binkley, 2000). Soils,

however, contain the vast majority of the total N-pool within the ecosystem. For

example, the soil of a 36 year-old Douglas-fir stand on site IV in western Washington

contains over 80% of its total nitrogen in the soil (0-70cm depth) (Cole and Johnson,

1979). Table 3 illustrates the distribution of N in this study.

Table 3: Distribution of Nitrogen in a 36-year old Douglas-fir Ecosystem. Site IV
growing on Everett Soil Series (adapted from Cole and Johnson, 1979).
* = from a 20-year old Douglas-fir stand (Webber, 1977).

N-Source Approximate Quantity N (ku/ha) Percent of Total N

Tree Crowns 200-250 138* 6-7%
Tree Boles 150-200 48* 4-6%
Forest Floor 250 7%
Soil to 70 cm 2750 81%
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N-pools change throughout stand development. Note the relatively lower values for

nitrogen in the tree crowns and boles calculated by Webber, 1977 in a younger 20-year

old Douglas-fir stand. Nitrogen distribution was perhaps first quantified both above and

below-ground (for a Douglas-fir stand) by Cole and Johnson, 1979. Data is from seven,

site IV Douglas-fir stands age 5 to 98 years in northwestern Washington. The following

measurements were taken to quantify nutrient pools: forest floor weight, understory

vegetation biomass, and tree foliage biomass. Accumulation of N, Ca, K were then

calculated for these three pools. The following trends were found:

1) Maximum development of understory biomass occurs prior to crown closure
(approximately age 25 on the site class IV study sites).

2) Up to canopy closure, accumulation of N, Ca, K accumulates in understory
vegetation. Accumulation of nutrients reached approximately 60 kg/ha for each
nutrient at age 25, then dropped significantly following shading effects.

3) Following crown closure, tree foliar biomass reached a relatively constant level.
The accumulation of N, K reach a relatively constant level tree along with tree
foliar biomass (this occurred past stand age 40 for N, K, and after age 80 for Ca).

4) Total forest floor mass increased through the first 70-100 years of stand
development.

5) N, Ca content of the forest floor increased relative to total forest floor mass.
K was leached readily from the forest floor due to its ionic form in organic
tissues.

3. Input ofFertilizer N to the Nitrogen Cycle:

Another source of nutrient input to forests is nitrogen fertilization. The remaining

processes within the forest nitrogen cycle will be discussed with focus on the effects and

fates of N-fertilizers within the forest nitrogen cycle. Figure 8 below illustrates the

potential fates and effects of nitrogen fertilizers in relation to eight primary nitrogen

cycling processes. These processes will be discussed as they relate to Douglas-fir stands

fertilized with urea nitrogen.
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Figure 9: Major fates and effects ofN-fertilizers in the Nitrogen Cycle

(From Nason and Myrold, 1992).

a. N-Immobilization

Immobilization of nitrogen essentially includes all processes that transfer inorganic N to

organic N. Many studies involving '5N show immobilization as the foremost fate of

ammoniacal fertilizer-N in coniferous forests (Nason & Myrold, 1992). Table 2 below

shows immobilization data from Douglas-fir N-fertilization using urea.

Table 4- N-Immobilization from '5N field experiments (modified from Preston et al. 1990).

Application Time after
Rate Application % Recovery

Stand Type N-Source (kg N/ha) (months) as Organic N Reference

Douglas-fir Urea 224 6, 12 53, 442 Heilman et al. (1982b)
Douglas-fir Urea 200 6, 12 58, 54 Nason (1989)
Doualas-fir Urea 200 9 33 Preston et al. (1990

1Data pairs indicate recovery at times shown in column to the left.

2Forest floor pIus 0-10 cm increment only.
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In the first year after application of fertilizer-N as urea, immobilization averaged

approximately 50% for urea. Chemical source has been shown in some studies to control

the magnitude of immobilization. Average immobilization rates are 60% for ammonium-

based N fertilizers and 20% for nitrate-based N fertilizers (Nason and Myrold, 1992).

These results stem from studies comparing ammoniacal N sources urea and ammonium

sulfate vs. calcium nitrate (Ca[NO3]2). Nason and Myrold, 1992 reports approximately

70% immobilization six months after application of urea and ammonium sulfate versus

less than half this amount being immobilized from calcium nitrate. Laboratory

experiments by Schimel and Firestone 1989 have also focused on this topic.

"The following concept developed primarily on the work of Jansson, 1958, explains
these differences: autotrophs control production by nitrifiers and consumption by
plants of nitrate whereas production and consumption of ammonium is regulated by
heterotrophs. Microbial energy necessary for assimilation of ammonium is less than
for nitrate, which must be reduced, so higher microbial uptake rates for the former
seems logical. Conversely, for nitrate, low immobilization rates by heterotrophs and
weak sorption to soil colloids promote transport to roots" (Nason & Myrold, 1992).

Further explanations of these findings come from Waring and Running 1998:

"The release of nutrients from decomposing organic matter does not proceed at the
same rate as decomposition, because microbes, as plants, are growth-limited if either
their energy source or nutrient supply is restricted. The rate of nutrient immobilization
is highest in the first stages of decomposition of fresh litter, when the most easily
decomposed compounds are available as an energy source. As carbon and
decomposition energy release decline, microbial growth slows, and further nutrient
immobilization is limited" (Waring and Running, 1998).

Fertilization increases the immobilization rate due to this increase in microbial energy

gained from additional nitrogen. Nutrients present in excess of microbial requirements

will be released (or mineralized) as decomposition continues, while those nutrients

limiting growth will be preferentially retained (or immobilized) in microbial biomass

(Waring and Running, 1998). Most inorganic nutrients released from litter come from

the death of microbial populations. This accounts for less than 5% of the soil organic

matter (SOM) according to Marumoto et al., 1982; Diaz-Ravina et al., 1995 in Waring

and Running, 1998).

"Microbial growth is more limited by N, P, and S, which are shown to increase in
reference to their initial litter content over time, compared with other nutrients that
are lost at rates equal or greater than the rate of decomposition" (Berg and Staaf, 1981
in Waring and Running, 1998).
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This is an additional benefit of N, P, S fertilization. Increasing the availability of these

nutrients to the microbial population leads to increased N mineralization, which will be

discussed in the following section. In general, immobilization is most significant for N

and P, which are limiting to microbial growth. These nutrients are required in greater

quantities than the remaining elements, therefore, becoming limiting more often.

Immobilization is much less significant for Mg, K Ca, and Mn (Paul and Clark, 1996 in

Waring and Running, 1998). Specifically in temperate forest soils, N is most often

limiting to growth while P is most often limiting in tropical soils (Warring and Running,

1998).

b. N-Mineralization

Mineralization of nitrogen is the release of ammonium from organic nitrogen pools to

the available soil labile pool. N-mineralization is a by-product of microbial scavenging

for high-energy carbon compounds required for microbial growth and reproduction. It is

typically categorized as gross or net mineralization. Since microbes both release and

reimmobilize nitrogen; distinguishing between net and gross mineralization is important:

Net N-mineralization = (Rate of N-release to soil labile pool - N-immobilization].

(van den Driessche, 2000)

"A difference in net mineralization rate in a forest soil could originate from a change in
either gross mineralization or immobilization" (Fisher and Binkley, 2000).

"The chemical quality of the organic substrate, which can be quantified by C/N ratios
and other related indices including moisture and temperature, strongly affects the
mineralization and immobilization processes" (Waring & Running, 1998).

Nutrients present in excess of microbial requirements will be released (mineralized) as

decomposition progresses, while remaining nutrients are preferentially retained

(immobilized) in live microbial biomass. In decomposition, a total reduction in the litter

nutrients represents net mineralization and increased availability to plants.

Mineralization does not take place; therefore, until microbial requirements are met,

particularly in the case of LWD decay, where C :N ratios are between 200:1 and 500:1. It

follows then, that immobilization dominates in the fresh litter layer, whereas

mineralization of the macronutrients N, P, S is greatest in the lower forest floor. Fulvic
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acids with low C:N, C:P, and C:S ratios are transported to the lower soil horizons during

soil development where nutrients are quickly mineralized, making them available for

plant uptake (Waring and Running, 1998). Also, the lighter density organic material in

the upper forest floor layer has a higher C :N ratio and lower mineralization rate than the

more dense layers beneath which are rich in humus (Sollins et al.1984).

The balance between mineralization and immobilization shifts through the soil profile

based on seasonal fluctuations of soil temperature and moisture. As microbial

populations decline following favorable soil conditions, large amounts of nutrients can be

mobilized that are no longer required by microbes to break down decay resistant

compounds high in carbon content. This increases net mineralization. Due to different

decomposition rates, it has been recommended that woody debris, leaf litter, and

belowground detritus by recognized as separate organic pools.

Microbial mineralization of organic N is highly dependent not only on the quality of

the substrate (C :N ratio) but also by temperature and moisture conditions (Powers, 1980).

Cool temperature and inadequate moisture limit ammonium (NH4) production in many

forests. Boreal forest floor samples generally show the lowest rates of mineralization due

to cool temperatures. Stanford and Epstein 1974 showed that aerobic mineralization is

greatest at moisture tensions from 10 to 33 kPa and that rates drop significantly at

moisture levels above and below these findings.

c. Volatilizalion & Leaching

"Nitrogen is one of the nutrients most subject to loss by volatilization, particularly
when added as urea-N which can be quickly converted to NH3 gas when soils are warm
and moist (Nason & Myrold, 1992)."

Not all volatilized N is lost; however, as some fraction of the volatilized NIH3 may be

captured on foliage and incorporated into organic compounds. Net N loss, therefore, may

be less than that lost from the soil. Reported losses from urea volatilization have varied

from less than 5% to 40%. (Nason and Myrold, 1992).

"During nitrification, some NO and N20 gas may be released, but the loss from upland
temperate forest soils is usually small, <2 kgN ha'yeaf' (Robertson & Tiedje, 1984)."
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Nitrogen is also volatilized through denitrification, the reverse process that converts

nitrate to N20 and N2: NO3*NO2N0--*N2O--+N2

"Denitrification is performed by soil bacteria (aerobic heterotrophs), usually in the
presence of 02, but it can also occur under anaerobic conditions" (Schlesinger, 1991 in
Waring & Running, 1998).

Similar volatilization losses can occur with S042 converting to sulfur dioxide (SO2) or

hydrogen sulfide (H2S). This commonly occurs in wetlands, but rarely in forests. Heavy

sulfate deposition on forest soils may increase sulfur volatilization losses, but leaching

losses are more significant because they involve the removal of other cation nutrients in

solution and contribute to soil acidification (Mitchell et al. 1996).

Leaching losses from forests are significantly higher than trace gas emissions.

Leaching rates are higher for those nutrients and forms of organic matter that are highly

soluble and not strongly fixed to clay exchange sites. These include dissolved organic

carbon (DOC), DON (dissolved organic nitrogen), NO3, K, C1, H, and HCO3. Even

in undisturbed conditions, these are the most likely to be leached from forest ecosystems.

Most undisturbed temperate forest systems follow this order of concentration in soil

solution: DON>NH4>NO3 and the total loss of N in any form is low. When nitrate

appears in seepage and stream water in temperate forests, it is often indicative of

ecosystem disturbance linked to disease, insect outbreaks, blowdown, or high rates of

atmospheric deposition.

Leaching losses of divalent cations Ca2 and Mg +2 have been reported recently in the

Oregon Coast Range on very N-rich sites. Perakis et al. 2005 reports that Ca is

susceptible to depletion at high soil N levels. The majority of nitrogen leaching in the

Pacific Northwest Douglas-fir Region occurs in red alder stands where leaching rates can

exceed 50 kg/ha annually (Fisher and Binkley, 2000). In vigorous red alder stands, N-

mineralization rates can exceed plant N-uptake capacity. Plant N-uptake cannot match

the high N-mineralization rates due partially to nitrogen fixing decreasing the need for N-

uptake by the trees.

Since tree and plant uptake is a sink for nutrients, periods following disturbance

correspond with peak leaching losses. Fire and harvest result in warmer, moist

conditions in the forest floor and exposed soils, accelerating decomposition and N-

mineralization. Nutrient release rates are at or near peak levels when plant uptake rates



are at relatively low levels. Intuitively, this would mean that significant quantities of

nitrogen and other nutrients leach out of the ecosystem during stand establishment

periods. Fortunately, very little nitrogen is lost during stand establishment in Douglas-fir

ecosystems due to microbial and chemical immobilization.

d. Storage and Internal Recycling ofNutrients

Understanding how nutrients are stored and recycled within trees is critical in

predicting the effect of changing soil nutritional status on tree growth and health. Natural

fluxes in soil nutrient pools happen primarily seasonally and during or after disturbance

events. Studying how trees respond to these changes allows us to understand the cause

and effect relationships between soil nutritional status and nutrient concentrations in the

wood tissue and foliage. Linking these relationships with growth rates, and resistance to

insect and disease outbreaks are of great interest to forest scientists and forest managers

alike. Realizing this knowledge will teach us how to best manipulate tree nutrition

through adapting forest management practices.

Total nutrient demands are highly variable between species. Douglas-fir, as most

conifer species, utilizes nutrients efficiently. Within the Douglas-fir species, nutrient

concentrations are dependent on growth rates and the availability of nutrients.

Furthermore, each nutrient serves unique functions within the tree. The roles of these

nutrients affect their mobility. Examples include potassium, calcium, and nitrogen.

Potassium (K) is an enzyme activator and regulator of osmotic potential. It is a free,

mobile cation lending itself to be absorbed back into the tree from the foliage prior to

abcission. Once in soil, K can be leached relatively easily making internal recycling of

this element important to ecosystem retention. Calcium, however, is usually relatively

immobile within plants preventing much recycling within before needle fall. Nitrogen

plays several states of mobility within the plant. When taken up as ammonium, it must be

bound into amino acids to prevent ammonia toxicity. This forms simple organic nitrogen

compounds, which are then mobile within the tree. If N is taken up as nitrate, it may be

transported into the xylem for use by other parts of the plant or reduced and converted to

amino acids in the roots. Nitrogen is eventually incorporated into proteins or nucleic
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acids. Some of these forms can be broken down and recycled within the tree, others

cannot (Fisher and Binkley, 2000).

Internal recycling of nutrients increases with increased nutrient availability. This is

contrary to the logical idea that nutrient conservation through internal recycling should be

more important on sites with little nutrient capital. Through literature research by Birk

and Vitousek (1984), it was found that nitrogen resorption is not greater on poor sites

versus fertile sites when expressed as the percentage of nitrogen recovered from leaves.

The authors found that foliage with higher concentrations of nitrogen showed greater

retranslocation of nitrogen out of leaves when expressed as milligrams of nitrogen

recovered per leaf. Similarly, fertilizer studies have also shown greater recovery of

nitrogen from senescing needles in fertilized trees than from control trees.

The reason nutrients are not resorbed more efficiently on poor sites is not fully known,

It is theorized that the amount and mobility of nitrogen forms differs in fertile trees

versus those with nutritional imbalances.

"Nitrogen is present in a variety of compounds, some mobile and others very insoluble.
In a particular study with Scots pine, fertilized trees had higher concentrations of
arginine (a soluble amino acid nitrogen form), which should be readily removed before
senescence. Plants growing under luxuriant nitrogen regimes typically accumulate
more 'mobile' nitrogen compounds. N-stressed plants meanwhile tend to have a
greater proportion of structural, insoluble N-compounds in their tissues. This is one
reason the recycling of nitrogen may depend more on the form of the N-compounds
present in the plant tissue than on the plant's nutritional status" (Fisher and Binkley,
2000).

IV. Diagnosing and Interpreting Nutrient Limitations in Douglas-fir Stands

How do we determine what the nutrient limitations are for a particular forest site, and

what factors influence our ability to measure these factors? Choosing a nutrient

assessment method is not a simple process. No single method is superior in all forest

types; however, a single method must often be chosen to represent a standard measure of

comparison. There are several techniques used to assess the nutrient status of a soil or

stand:

1. Diagnosing nutrient-deficiency via visual symptoms.

2. Foliar analysis from field samples/Foliar Vector Analysis

3. Pot cultures.
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4. Field trials using growth as a measure of soil fertility.

5. Soil analysis.

6. Inference based on site and stand characteristics

These methods vary greatly when applied to assessing soil fertility of Douglas-fir sites.

The following will illustrate how these methods have been utilized for Douglas-fir in the

Pacific Northwest.

A. Visual Symptoms

Visual symptoms are used quite often as a screening tool for diagnosing nutritional

deficiency. Observations of morphological or anatomical changes to the tree may

indicate nutrient deficiencies. Foliage color, needle length, needle density, and branchiet

density can often clue one into a possible nutritional problem. Visual diagnosis is

appealing due to its simple nature- no soil tests, foliar analysis, or site index evaluations

are required. Visual symptoms, however, are often misleading and can indicate other

problems with the tree- not all related to nutritional problems.

Many other stress factors can cause visual symptoms. Chlorotic needles can indicate

nitrogen and sulfur deficiency or poor health due to pathogens (Tisdale et al. 1999). On

the contrary, nutrient deficiencies may be present despite healthy visual indicators.

Nutrient deficiencies severe enough to impair growth are not always severe enough to

produce visible symptoms (Ballard and Carter 1986). Foliar abnormalities can also be

caused by physiological stress and herbicides (Carter, 1992).

It is important to note that visual symptoms caused by nutritional deficiencies are

usually present on a stand level while disease symptoms are usually found on individual

trees or small groups of trees. Chlorosis of individual trees is often caused by Armillaria

infection and poor needle retention is often caused by Phellinus weirrii (laminated root

rot) or Swiss Needle Cast (SNC) infection. Similar visual symptoms can also be the

cause of animal damage- often from bear or porcupine. The following table shows

common visual nutrient deficiency symptoms (Stand Management Cooperative website,

University of Washington, 2004).
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Table 5: Nutrient Deficiency Symptoms in coastal Douglas-fir seedlings.
(seedling pot trial symptoms from Walker and Gessel, 1991).

Nutrient Deficiency Symptoms
Nitrogen Light green foliage; In severe deficiency, needles are small and yellow, terminal growth is restricted,

and older foliage is turning brown and shedding prematurely

Phosphorus Unspecific symptoms characteristics of a mobile element - browning and dying of older needles
Potassium Tips of needles become brown, starting in the older foliage; this necrosis progresses back from the

tips with severe deficiency
Calcium Dying of terminal buds and some lateral buds
Magnesium Beginning with the older needles, the tips turn brown and there is a yellow region between the

brown tip and green basal portion; this progresses until the entire needle is brown
Sulfur Upper needles yellowish; older needles still green

Boron Terminal buds dying; foliage exceptionally dark green
Iron Upper (younger) foliage is bright yellow; older foliage remains green

Color relationships have also been pursued, attempting to correlate color tones with

nutritional status. Some success in this field has come with annual agricultural crop

species; however, these studies have been largely disappointing for coniferous trees. As

early as 1959, color was shown to be an inconclusive link to predicting fertilization

response.

Viro (1959) discusses the results of an experiment attempting to correlate chlorophyll
content with fertilization response results in pine trees:

"The chlorophyll content of pine needles expresses neither the amounts of nutrients in
the soil nor the vigor of growth of the saplings. Thus, the tone of the green color
cannot be used as an indicator of the vigor of growth and the effect of fertilization
cannot be estimated based on the chlorophyll content. The vast literature on
photosynthesis shows that the tone of the green color of plants may be due to many
factors besides the chlorophyll content, e.g. to the thickness of the cuticle and the
location of the chlorophyll pigments in the cells (Viro 1959)."

Douglas-fir stands can markedly change in color tone usually becoming darker green

following nitrogen and multi-nutrient fertilization. Multi-nutrient fertilization has

recently been used to target western hemlock and Swiss Needle Cast (SNC) infected

Douglas-fir stands. Marked increases in growth and dramatic darkening of foliage (deep

green and blue-green tones) have been illustrated following multi-nutrient applications.

These preliminary results suggest a potential for fertilization to reduce or eliminate the

effects of Swiss Needle Cast in some cases. This seems to be most evident in stands

deficient to the point of showing visual symptoms whereas stands with mild N-deficiency

may not exhibit obvious color change. This is best illustrated where 'skips' occur (areas

not fertilized adjacent to the treated stand). Skips are typically lighter green than the
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surrounding fertilized stand. It is important to note, however, that nitrogen or other

nutrients can be growth limiting in Douglas-fir even though no visual symptoms are

evident. It is best to employ a combination of methods when diagnosing nutrient

deficiencies. Visual symptoms should never be used as a stand alone assessment method.

As an aside, color has been reasonably correlated with nitrogen content in Douglas-fir

Christmas trees. A nitrogen fertilization trial in western Oregon and western Washington

(Bondi et al. 1993) established quantitative relationships between color and foliar

nitrogen content. Results supported very little color improvement above a foliar nitrogen

concentration of 1.6% in Douglas-fir Christmas tree foliage. The authors recommend,

however, that color analysis be supplemented with soil testing and annual foliage

analysis.

B. Foliar Analysis

Foliar analysis is perhaps the most common technique used to evaluate stand nutrient

status due to its relative ease of application compared with soil sampling. Foliar analysis

develops parameters describing the relative amounts of individual nutrients within the

tree needles. This analysis can provide an index of nutrient uptake by the tree and
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Figure 10: Relationship between foliar nutrient
concentration and productivity (Tisdale et al. 1999).

productivity is depressed.

verification of visual symptoms.

Insufficient nutrient uptake is assumed a

result of an insufficient supply of the

nutrient in a form available to the trees.

Nutrient concentrations in conifer

foliage are expressed as percentage of

nutrient by dry weight; standardized

protocols exist for both field sampling

and lab analysis of foliage. If nutrient

concentrations are below a critical level,

as shown in figure 10, stand

Foliar analysis coupled with yield results from field trials can establish these critical

foliage concentrations for individual nutrients. Critical levels can then be established.

Critical nutrient levels fall between deficiency and luxury consumption as shown in
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figure 8. Critical nutrient concentrations can be defined as the point below which an

economic or biological loss in yield begins to occur. Yields marginally increase past this

level as the law of diminishing returns applies past this point. Once this critical nutrient

range (CNR) is surpassed, the tree exhibits luxury consumption whereas there is more

nutrient availability than required for maximum growth. When foliar nutrients reach

extremely high levels, toxicity may occur. Toxicity and deficiency usually correspond

with visual symptoms; however, this is not always true. Deficiency symptoms especially

can be very subtle such as slightly decreased leaf area, needle length, or needle weight.

Table 1 summarizes the common nutrient deficiency symptoms for Douglas-fir seedlings.

Foliar analysis is most useful for identifying severely deficient nutrients, deficiencies just

developing, or used to identify relationships between multiple nutrients within the tree ie.

N:S ratios (Fisher and Binkley, 2000).

1. Foliar Nutrient Concentrations

Original establishment of essential nutrient requirements for Douglas-fir were based

on research conducted on annual plants, mainly crop species. Researchers formerly

assumed that Douglas-fir and other tree species had similar nutrient requirements as

higher green plants (Radwan and Brix, 1986). Basic nutritional requirements have since

been re-established for Douglas-fir, however, this is a contentious issue since many

established critical nutrient concentrations (CNC 's) and critical nutrient ranges (CNR' s)

do not closely agree for all essential elements. Further support that Douglas-fir nutrient

requirements may differ markedly from those of other higher plants comes from many

sources.

Forest ecosystems are quite different from other growing environments. Unique

growing environments may cause the tree to require different amounts of certain elements

or substitute one element for another in certain proportions (Epstein 1972). Some plants

have been shown to require unique elements such as cobalt or sodium (Waring and

Running, 1998), when growing in unique environments.

"During the growing season, decreases in concentration of nutrient supply may alter the
allocation patterns to roots, stem, and leaves (Waring and Running, 1998)."
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Plant analysis of Douglas-fir needles has long been used to assess adequate nutrient

concentrations since the beginning of operational nitrogen fertilization in the PNWDFR;

however, this technique is generally limited to analyzing field trials. A disadvantage of

using critical nutrient concentrations for Douglas-fir is that these values are not absolute,

but depend upon the relative amount of the other essential elements available to the plant

(Ballard and Shumway 1986). This work corresponds to research by Van den Driessche

(1979) who summarized "adequate" levels of macronutrients in current year's needles (as

% dry matter) to be the following: N- 1.8%, P- 0.22%, K- 0.80%, Ca- 0.20%, Mg- 0.12%,

and 5- 0.18%. These values are compared in table 4 below to other established sets of

critical nutrient concentrations for Douglas-fir. It is important to note that testing these

foliage nutrient levels must be done during a time when nutrient concentrations are stable

as to provide a comparable measure across similar stands of the same species. Since

foliage nutrient levels are changing in the beginning and end of the growing season and

are highly dependent upon where the foliage was sampled in relation to position in the

tree crown, sampling protocols have been developed for individual species and locations.

Specific examples of this will be cited later.

Table 6- Established foliar macronutrient requirements for growth of Douglas-fir versus plants in general
(% foliage dry weight)

N P K Ca Mg S Reference

Plants 1.5 0.2 1 0.5 0.2 0.1 Epstein (1972)**

Douglas-fir 1.45 0.15 0.8 0.25 0.12 -- Ballard and Carter (1986)

CNR 0.9-2.4 0.10-0.3 1 0.40-1.55 0.20-0.57 0.04-0.22 0.10-0.27 Van den Burg (1985)**

4deguate >1.35 >0.15 >0.65 >0.25 >0.12 >0.18 Carter 1992
S'light to Mod. Deficiency 1.20-1.35 0.10-0.15 0.45-0.65 0.20-0.25 0.09-0.12 N/A Carter 1992
,Iod. to Severe Deficiency 1.00-1.20 0.08-0.10 0.35-0.45 0.15-0.20 0.06-0.09 N/A Carter 1992
S'evere Deficiency <1.00 <0.08 <0.35 <0.15 <0.06 N/A Carter 1992
Deficiency Levelsfrom Pot Trials 1.25 0.16 0.6 0.25 0.17 0.35 Walker and Gessel (1991)

*CNR = Critical Nutrient Range **Found in Weetman eta!, 1992

Critical nutrient concentrations (CNC 's) are successfully used in forest nurseries to

minimize the establishment period of producing desired stock quality.

"Fertilizer applications provide one of the most important means of manipulating
planting stock quality in that nutrient status affects basic physiological processes
controlling growth" (van den Dreissche, 2000).
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Table 7- Nutrient deficiency levels (% dry weight concentration) comparing Douglas-fir to other
western conifer seedlings grown in solution cultures. (Walker and Gessel 1991).

Element Douglas-fir Hemlock Western redcedar Sitka spruce True fir

Nitrogen 1.25 1.8 1.5 1.8 1.15

Phosphorus 0.16 0.25 0.13 0.09 0.15

Potassium 0.6 1.1 0.6 0.4 0.50

Calcium 0.25 0.18 0.2 0.06 0.12

Magnesium 0.17 0.12 0.06 0.07

Sulfur 0.35 0.4 0.15

These and other CNC's derived from pot cultures are not necessarily accurate for older,

established stands. While useful for seedlings, it is unknown how accurate these

concentrations are for older stands undergoing competition for nutrients and other

environmental and physiologic factors that change with stand and tree age. CNC's

derived from field trials should be used to predict the probability of N-response for stands

of similar age, species composition, and stocking. Again, soil-site factors should be

similar between candidate stands and those in which field trials are conducted.

2. Foliar Sampling Protocols

Methods for collecting foliage samples vary somewhat among the scientific

community; however, all sampling methods attempt to average confounding effects of

age, reproduction, developmental status, and foliage position in the crown. Foliage

nutrients concentrations also vary seasonally; therefore, timing sampling to periods of

stable nutrient concentration is another important factor. Samples should generally be

taken from the upper half to third of the tree crown. Healthy, open-grown foliage should

be selected as it will likely have less effect from shading, and foliage will be of similar

age. Most studies recommend that from 10 to 30 trees per stand should be sampled while

not taking samples from the top two or three branch whorls (Ballard and Carter 1986).

Reid Carter provides further references in regards to sampling procedures:

Crown position: Lavender and Carmichael (1966), Morrison (1974)
White and Jokela (1980), MacLean and Robertson (1981)

Foliage age: Wells and Metz (1963), Lavender (1970)
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Lowry(1970), Morrison (1974), White and Jokela (1980)

Collection technique: Robinson and Freeman (1967), Turner et. al. (1978)
White and Jokela (1980)

Sample size!
Between tree variation Wells (1968, 1969), Lowry and Avard (1969),

Lavender (1970), Everard (1973), Bickelhaupt et al. (1979),
van den Driessche (1981), Ballard (1981), Richter (1983)

"Foliar analysis has limited value due to the following 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 nutrient elements such as boron that are subject to periodic, acute
deficiencies; and (3) interpretations cannot stand alone, but must be related to stand
growth performance and site ecological characteristics, since tree nutrient requirements
and allocation strategies change with site ecological conditions (e.g., the availability of
solar radiation, moisture, and other nutrient elements" (Carter 1992).

The following is a summary of foliar sampling protocols from Brockley et al, 1999:

1. Sample conifer foliage during the dormant season, preferably between September
15 and December 15.

2. Confine sampling to dominant and co-dominant trees.
3. Avoid trees likely to yield poor samples because of heavy cone production, insect,

or disease damage.
4. Avoid sampling foliage near unpaved roads or in other situations that may lead to

foliage contamination from dust.
5. Estimate the distance from the top to bottom of the live crown. Collect samples

from the top 1!4 to 1!2 of the live crown excluding the top 3 whorls. Sample the
current year's foliage from two branches per tree by collecting a 2 g (fresh mass)
subsample (terminals and/or laterals) from each branch.

6. Usually it is best to put samples into labeled plastic bags, although samples
collected under dry conditions can be put into labeled paper bags. Do not place
wet foliage into paper bags until samples are dry as wet foliage can absorb sulfur
and boron from paper bags.

7. Dirty samples should be discarded and replaced.
8. Drying of samples should begin as soon as possible, preferably on the day of

sampling. However, if samples are kept cool (1-5°C), drying may be deferred as
much as a week and perhaps longer. It may be easiest to ship samples directly to
the analytical laboratory if prompt transport and handling can be arranged. If
samples must be dried before shipment, oven drying is best. If no oven drying
facilities are available, thorough air drying should be done.

9. Avoid sampling lammas growth.
10. If foliage samples will be used to determine fertilization treatment effects; needles

must be weighed and counted prior to grinding. This will allow a baseline needle
weight comparison for the application of foliar vector analysis.
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Foliar sampling protocols should be developed in cooperation with statisticians to verify

that sufficient samples are taken to answer the question at hand. For example, fewer

samples may be needed to simply verify visual symptoms denoting N-deficiency whereas

many more samples would be required to calculate the mean N-concentration for a stand

or large field installation.

3. Foliar Vector Analysis

A graphical technique has been used in which element needle concentration, element

needle content, and unit needle weight are plotted and the shifts in these parameters from

an untreated status, are compared on one graph. The magnitude and direction of the

shifts are shown to be of value in assessing stand nutrient status and the probable

response to fertilization (Timmer & Morrow, 1984). This technique is useful for all

conifer species having determinate growth (i.e., needle number is set in the bud year prior

to fertilization). Some studies have linked the increase in unit needle weight the first

growing season following fertilization with subsequent stand volume response (Timmer

and Morrow, 1984). Another advantage of vector analysis is its ability to distinguish

dilution effects by determining needle biomass on a unit basis. Vector analysis requires

that needles be counted and weighed prior to analysis, an additional step when compared

to conventional foliage sampling.

"A modification of the technique has been used in which relative values of element
needle concentration, element needle content and unit needle weights, relative to the
untreated status, are compared on one graph" (Timmer & Morrow, 1984).

This technique allows the comparison of multiple elements on a single graph. The

ascending order of elements along a relative unit weight line indicates the degree of

deficiency for the measured elements.

This technique can be combined with single tree fertilizer screening trials to diagnose

and predict forest stand response prior to the establishment of conventional fertilizer trials

(Weetman & Fournier, 1982). Another advantage is the ability of this method to screen

many candidate stands at a low cost within a single growing season.
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Figure 11: Foliar Graphical Analysis
(from Timmer & Ray, 1988).

Foliar concentrations plotted on the y-

axis and foliar nutrient content is plotted on

the x-axis. The diagonal lines (vectors)

eminating from the origin represent unit

increases in needle weight. The direction

of the vector created by a line joining the

control and treated points or control and

target points indicate the diagnosis of the

stand based on the response to the treatment

(figure 11). The possible responses

following fertilization are summarized in

Table 7.

Table 8: Foliar Graphical Analysis Response Interpretations (from Timmer and Ray, 1988).

Vector

Nutrient

Status

Change Following Treatment

Needle Nutrient Nutrient
Direction Diagnosis Weight Concentration Content Explanation

A Dilution + . + Growth enhanced but nutrient uptake not Nutrient not the limiting nutrient

B Sufficient + 0 + Nutrient transport to the foliage Just sufficient to keep up with growth.

C Deficiency + + + Fertilizer nutrient was the limiting nutrient

D Luxury ConsumptIon o + + Accumulation of nutrient within needles for storage or future translocation.

E Excess . ++ +- Accumulation of nutrient within needles hindenng the growth of the needles

F Toxicity . . . Needle growth dIsturbed, uptake deoreased indicating an antagonistic effect
of treatment

The symbols and terms in table 7 are to be interpreted as follows:

Symbol Meaning
+ Increase in needle weight, element concentration, or content
++ Large increase....
+- Increase or decrease
- Decrease in needle weight, element concentration, or content
o No change following fertilization

Nutrient Content = Nutrient concentration per needle averaged over the # of needles
sampled.



Implementing this approach can be a valuable tool used to identify nutrient limitations.
The following steps should be taken to utilize vector analysis (modified from Fisher and
Binkley, 2000).

1) Fertilize treatment plots in the late winter or spring with a potentially limiting
nutrient.

a. Use field trial design guidelines in section F. 1 for establishing plots.
b. Utilize foliage sampling guidelines from Foliar Sampling Section.

2) Collect foliage samples in late summer to be dried, weighed, and analyzed for
nutrient concentration.

3) Graph control plot and treatment plot using the graph format from figure 11.
Nutrient concentration is Y-axis, needle mass is X-axis. Nutrient content
(concentration times mass) is used to plot isolines.

4) Use the trajectory from the control to the fertilized value and interpret results by
using figure 11 and table 8.

4. Nutrient Ratios

Nutrient ratios have been used for Douglas-fir; however, they are not common

practice. Ratios of nutrient concentrations, however, may become useful in assessing

nutritional status and predicted response to fertilization. Using nitrogen to sulfur (N:S)

ratios for example, may allow foresters to forecast sites that may result in nitrogen

induced sulfur deficiencies (Turner et al. 1977). Predicting other nitrogen induced

nutrient deficiencies via ratios may become of future use in the field of forest nutrition.

Ingestad (1979) has used a similar approach to establish critical nutrient proportions

using tree seedlings grown in a sand culture.

"The concept of this technique is that the absolute concentration or content of
each nutrient is less important than the proportion of each nutrient in relation to
the others. In the future, nutrient ratios may be more useful for Douglas-fir as
they are in annual crop plants. To date, N:S ratios using the methods described
by Ingestad (1971) and the Diagnosis and Recommendation Integrated System
(DRIS) from Beaufils (1973) have been the most common. Since these methods
are still being examined experimentally and reliable standards for PNW conifers
have not yet been developed; the use of nutrient ratios is not recommended for
routine operational use (Carter 1992)."
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Related research in this area conducted by Weyerhaeuser Co. illustrates nutrient

deficiencies can be accelerated through repeated, intensive nitrogen applications. It

appears that cation leaching of Ca, Mg can occur due to high nitrate loading in N-rich

Douglas-fir ecosystems. Results from Perakis et al. 2005 show that exchangeable Mg

and Ca in soils decline as available nitrate levels increase in the Oregon Coast Range.

5. Foliar Analysis: Summary

When preparing fertilization prescriptions, foliar analyses must be combined with soil
and site indices such as those provided by the RFNP to link these indices with probable
growth response.

"The uptake of fertilizer and the nutritional status of the tree can be verified by tissue
analyses alone; however, there are many limitations to the use of foliar analyses. A
single data set of macro- and micronutrient concentration for a forest stand is not
readily interpreted unless some single element is at an extremely low concentration.
Without site data, analytical methods used and sampling conditions, typical prescribed
values for tree species are of little value" (Timmer & Morrow, 1984).

Analyses suggested for routine evaluations of foliage samples generally include the

following list of elements: nitrogen (N), phosphorus (P), Potassium (K), Calcium (Ca),

Magnesium (Mg), Sulfur (S), sulfate (SO4), copper (Cu), zinc (Zn), Iron (Fe), manganese

(Mn), and boron (B) (Carter, 1992). Keep in mind that although many 'sufficient' ranges

of these elements have been established, many of the established values do not agree. Use

of foliage data in combination with site data is critical in evaluating the nutritional status

of a particular stand. Periodic foliage sampling of fertilized stands is also very valuable in

detecting the onset of nutrient deficiencies that may be induced by intensive N-

fertilization. Final considerations involve selecting a reputable laboratory and choosing

effective analytical methods for the data. An integrated approach to diagnosing nutrient

deficiency in Douglas-fir should begin with, but not be limited to foliage sampling.

C. SoilAnalysis

Although foliar analyses are quite valuable in diagnosing nutrient stress, soil analysis

should also be used to determine supplemental nutrient requirements of a stand. A soil

test is a chemical method to estimate the nutrient-supplying power of a soil (Tisdale et al.

1999). The chief advantage of soil testing versus plant analysis is its ability to determine
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the nutrient status of a site prior to planting and possibly prior to growth loss occurring in

a select stand. A soil test measures only part of the total nutrient supply available to the

tree; soil tests provide an index of nutrient availability.

"Soil tests do not represent the exact quantity of a nutrient potentially taken up by a
crop. To more accurately predict the nutrient needs of the stand, the soil test must be
calibrated against field trials that adjust for environmental factors present at the stand
level. Factors such as topography (slope, aspect, elevation), soil factors (soil organic
matter [SOM], N-content, C:N ratio, mineralizable soil N, soil water holding capacity),
temperature, and precipitation interact with nutrient availability to dictate growth. Field
trial results will account for the interaction of these variables with nutrient availability
to provide more accurate predictions of response to fertilization of similar sites (Tisdale
et al. 1999)."

The aforementioned soil and site factors, including rooting depth are important

considerations when considering fertilization. Nutrient availability is directly linked with

soil water availability. Moisture limited sites should generally not be fertilized

operationally unless field trials have proven that fertilization can predictably increase

growth on these sites. Vegetation control using herbicides is often the most effective

growth enhancing tool on drier sites or may be used in conjunction with fertilization to

achieve desired results.

Soil analyses are often restricted to research or few operational field trials rather than

routine diagnostic applications. Reasons include (Carter, 1992); 1) the high cost of soil

sampling and analyses are prohibitive; 2) the extreme variability of forest soils may

require an excessive number of samples to provide a representative sample of a stand; 3)

decisions as to sampling depth versus soil horizons can be difficult to implement and

standardize; 4) relationships between soil properties and growth response to fertilization

can have poor portability outside the range of sites on which they were developed, 5) few

empirical relationships are developed to link soil physical and chemical properties to

fertilization response.

"Some of the most promising empirical relationships developed to date have involved
nitrogen mineralization studies using anaerobic and aerobic incubation of soils either in

situ or in the laboratory (Carter, 1992)."

Several studies show relationships between mineralizable N incubated in an anaerobic

environment and response to N-fertilization (Shumway and Atkinson 1978; Powers 1980;

Miller et al. 1989). Miller et al. (1989) and Carter et al. (1992) examined the results of
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Shumway and Atkinson (1978), Powers (1980), and Peterson et al. (1984) using data

from an independent set of stands. They found that the relationship between fertilizer

response and either C:N ratios or mineralizable N was weaker than in the previous

studies. This suggests poor portability of these empirical relationships (Carter, 1992).

Despite the poor portability of many soil tests, some soil tests correlate well to N-

fertilization response. Testing the nutrient content of the forest floor material can be used

as an indicator of potential growth response to N fertilization. Edmonds and Hsiang

(1987) found a correlation between 4 year volume growth response to fertilization at 400

lbs N/acre (448 kg N/ha) and the forest floor C:N ratio for both thinned and unthinned

stands. Peterson et al. (1984) found positive correlations between N fertilization using

urea and C:N ratio of the forest floor and the mineral soil in unthinned stands of Douglas-

fir and the N-content of the forest floor in thinned stands (Carter, 1992). Higher C:N

ratios indicate that there is less available N for tree growth and therefore a greater

potential response to N fertilization.

Some thresholds for C:N ratios have been developed relating to N-mineralization. It

is suggested that initial net mineralization begins to occur at C:N ratios of

30:1(Stevenson, 1986 in Waring and Running 1998). A study by Cromack, etal. 1999 in

the Oregon Coast Range; however, shows that C:N ratios in the forest floor may have

changed over time on a very N-rich Douglas-fir study site. 1980 forest floor sampling

yielded a C:N ratio of4l.6 (SE=9.4, n=3) in a 9 year-old Douglas-fir plantation.

Subsequent sampling in 1999 (stand age 28) yielded a C:N ratio of3l.1 (S.E.=0.8, n=3).

These differences may be in part due to the higher standard error of the 1980

measurement; however, it is interesting that no response to urea-N occurred at this site.

At stand age 15, 489 lbs/acre of urea-N was applied to three plots; growth response was

measured during a 14-year post application monitoring period. This is a good example of

how C:N ratio (like other soil analyses) should not be used alone in predicting

fertilization response.

D. Pot Trials

Pot trials are also known as one of the following: pot cultures, soil cultures, greenhouse

trials, biological assays, or bioassays (Carter, 1992). These are techniques used to test the

productive potential of soil using seedling growth as a measure of productivity. The
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principal uses of pot trials are 1) Determining whether or not a particular species receives

an adequate nutrient supply from a particular soil, and 2) Determining the individual

nutrient requirements for a tree species by controlling concentrations of individual

nutrients in otherwise complete solutions (Carter, 1992).

Pot trials are very useful for testing the nutritional requirements for seedlings;

however, the ability to relate results to mature trees is very limited. Mature trees

interacting with a myriad of environmental conditions present far different nutritional

demands than seedlings in a greenhouse. Morrison (1974) concluded that the usefulness

of pot trials depends on the degree of correlation between pot diagnoses and field trials.

"It should be noted that concentration levels where deficiency symptoms appear are
somewhat lower for field grown plants, especially mature trees, than for seedlings
grown under controlled environments (Cole and Gessel, 1992)."

This is evident later in table 3 where various 'adequate' nutrient concentration levels are

presented for Douglas-fir. More work is needed to make pot trials useful for assessing

nutrition in established Douglas-fir stands at an age conducive for fertilization (post

commercial thinning age).

"Pot trials should consequently be used as a research tool" (Carter, 1992).

E. Infrrence Based on Site and Stand Characteristics

Several studies suggest that thorough knowledge of site quality assessed directly

through measures of productivity or indirectly through ecological site classification, in

combination with foliar analysis, affords the best opportunity of assessing future growth

response to fertilization (Carter and Kinka 1998; Miller et al 1989; Klinka and Carter

1990; Carter et al. 1992, and Carter and Klinka 1992). Carter (1992) illustrates two

equations that represent individual-tree relative three-year basal area response to N

fertilization at 225 kg N/ha in coastal Douglas-fir:

(1) %BAresponse= 239.5 - 3.69 * (Site index) R2 = 0.55 S.E.E. = 16.8

(2) %BAresponse= 274.0 2.67 * (Site index) 52.0 * (Foliar N concentration %)

These equations represent the functions of a model shown in figure 12.

Adding pretreatment foliar nitrogen concentration to the model (in figure 12) improved

the relationship (equation 2 above). As will be discussed later, inference based on site
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Figure 12: An edatopic grid showing site associations (1-6),
pretreatment foliar N (%), and foliar sulfate-sulfur (ppm) concentrations,
and isolines indicating the third-year basal area response of coastal
Douglas-fir to fertilization with nitrogen (control 100). Dashed
isolines are beyond the range of the 13 soil moisture and soil nutrient
regime combinations of the fertilization study. Soil nutrient regime
symbols are: VP, very poor; P, poor; M, medium; R, rich; VR, very rich.
Soil moisture regime symbols are: VD, very dry; MD, moderately dry:
SD, slightly dry; F, fresh; M, moist; VM, very moist. (From Carter,
1992).

and stand characteristics is best used for field trials conducted in close proximity to the

fertilization project area. Choosing specific site and stand variables will be discussed

more thoroughly in section V.C.

F. Field Trials: Testing the Response to Fertilizer N

Fertilizer trials are the real proof that a stand will respond to fertilization. Field trials

are usually the first step in designing a large-scale fertilization program. Field trials can

be designed in many ways, depending on the desired objectives. The two most common

approaches in establishing fertilizer trials are:

1) Individual-tree trials or

2) Larger fixed-area trials

There are advantages and disadvantages to both methods. The individual-tree trial

method benefits from low cost and ease of establishment. This allows trials to be

installed over many locations, creating several replications of a particular treatment. For

this reason, individual-tree trials are best at identifying deficiencies over a broad range of

stand and site conditions (Fisher and Binkley, 2000). Often, these trials are used as

screening tests for stands prior to the installation of the larger, more costly fixed-area

trials (Carter, 1992). Individual-tree trials, however, are generally unrealistic in predicting

response at the stand (per acre or hectare) level due error involved in expanding results to

the stand level.

Larger fixed-area trials monitored over long periods are much more useful in accurately

representing response to fertilization on the stand level. Larger trials also factor in
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response variance due to environmental factors such as elevation, slope, species

composition, and soil or site data. Predicting stands that will achieve a similar response

based on correlated site characteristics is the goal of these trials.

"Fixed area trials normally measure mortality and ingrowth, allow for calculating
response at both the crop tree and stand level and are best at monitoring growth
response over a long time period" (Carter, 1992).

1. Field Trial Design Guidelines

Designing fertilization trials involves many considerations. The following is a bulleted

summary modified from Fisher and Binkley, 2000 to illustrate the steps to consider in

developing a set of field trials:

1) Decide on the range of sites to be examined.
2) Decide on the range of site conditions to be examined (soil type, (soil parent

material, depth, texture, other), site class
3) Decide on the range of stand conditions to be examined (species, stand age, stage

of stand development, stocking (trees per acre, basal area).
4) Stratify the field installations to explain the variance across the range of sites in

question. Decide if the goal is to accurately identif' response within a single site
or across a population.

5) Determine plot size and buffer strips. Plot size of 0.25 to 0.5 acres including 25
to 100 trees are common. Buffer strips remove boundary effects from roots that
can extend beyond treated plot edges. Control plots should be established at each
treatment location and be

6) How many treatment replications are required to accurately represent the
population sampled. The authors suggest consulting a statistician at this point.

7) What nutrients will be examined and at what levels? The authors recommend
either single tree field trials or bioassays growing seedlings in field soil be used.
This information can be used to guide the design of larger fixed-area field trial
installations prior to large investments of time and money.

8) Choose the growth measurements to be evaluated. Variables include basal
area, volume, and biomass. The best measures are usually cubic volume, which
couples basal area and height. The authors warn that some species such as radiata
pine can also change stem taper in response to fertilization, rendering diameter at
breast height measurements inadequate as a representation of total volume
response. Young coastal Douglas-fir trees may also change stem taper as a
response to fertilization (Mark Gourley Starker Forests pers. Comm.).

9) Decide how to compare fertilized and control plots. Fisher and Binkley, 2000
explain three common approaches:

a. Compare growth differences between treatments at the stand level. This is
suggested to be the simplest approach, but difficult due to different stand
conditions existing at the time of treatment.

b. Compare growth rates of similar-sized trees in control vs. treated plots in
an attempt to remove the effects of tree size from the response analysis.
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c. Contrast the pre-treatment versus post-treatment growth for each sample
tree utilizing each tree as its own control.

The authors suggest choosing methods that best explain the response variance through

correlation with easily measured site variables specific to the area in question. Response

variance acquired from many fixed-area trials must attempt to capture the variance of

fertilizer response at the project level. Trial locations should attempt to capture the range

of sites in question. If the goal of the installations is to capture the variance of response

on a single study site or stand, then multiple replicate plots are needed. These replicates

should be blocked (full sets of treatment plots are stratified across the site). Blocks are

typically separated by factors such as slope position, aspect, or other variables potentially

controlling response within a site. Blocking plots attempts to remove noise from the

response estimate (Fisher and Binkley, 2000). To support operational needs, the goal is

to sample a large population of stands that best represents the fertilization project area. In

this case, variation among sites is more important than variation within a single site.

"A population is sampled most efficiently by installing a single replicate plot for each
treatment in as many different locations as possible. Addition of extra replicates within
single locations does not add "degrees of freedom" to the estimate of the response of
the whole population since replicates are not independent samples of the population"
(Fisher and Binkley, 2000).

The next consideration is plot size. Fixed area plots should be stratified at several levels

such as stand age (stage of development), relative species composition (% Douglas-fir by

BA or TPA), elevation, soil type, and stocking (BA, TPA). Following stratification by

site and stand variables, diagnostic tests can be done within the plots prior to fertilization.

These tests are usually more costly; however, they can provide valuable correlation

between probability for growth response and measurable characteristics such as foliar

nutrient concentration and soil assays. These diagnostic tests can add confidence when

screening additional stands for fertilization.

H. Summary

There are many diagnostic approaches to evaluate the nutritional status of a forest

stand.
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"Inference based on site and stand characteristics, visual symptoms, and foliar analysis
are suggested to have the greatest utility in routine evaluations, while soil analysis and
pot trial techniques should primarily be regarded as research tools (Carter, 1992)."

Field trials are the ultimate proof that a stand will respond to fertilization. Fertilization

trials should be carefully designed to aid in predicting response from stands where field

trials have not yet been evaluated. Although this section is useful for selecting stands for

fertilization, its focus was diagnosing nutrient deficiency. Once a deficiency is

diagnosed, the next step is to determine whether the particular site in question is likely to

respond to fertilization. What is the probability of response? More detailed knowledge

including strategic, biological, and operational considerations of nitrogen fertilization

must now be built. Subsequent sections will attempt to build this foundation with the

ultimate goal of providing the knowledge to successfully establish a large-scale

fertilization program.

V. Screening Stands for N-Fertilization: Developing a Fertilization Program

Developing a fertilization program can be a complex endeavor. When deciding

whether or not to fertilize stands at the project level, more factors must be considered

than simply knowing that a nutrient deficiency exists. Subsequent steps in developing a

fertilization program include evaluating the strategic, biological, and operational

constraints to fertilizing stands (Brockley et al, 1999).

A. The Three Keys to Developing a Successful Fertilization Program

1. Step One: Evaluate Strategic Constraints

Strategic considerations refer to constraints relating to wood supply. Strategically

unsuitable sites are those that do not address projected timber supply falldowns such as

insufficient area of a responsive tree species, or lack of acreage in age classes conducive

to fertilization (Brockley et al, 1999). Other strategic considerations may be proximity to

markets or future changes in land use. An example is transition land that may be sold

prior to realizing the return from fertilization. Social-political factors can also be

considered here. Examples include proximity to public water intakes or other sensitive

areas that may initiate unwanted controversy. Strategic considerations should be

considered a first order screening tool in deciding whether or not to fertilize. Screening



stands first based on strategic constraints can minimize the cost to benefit ratio of

investing in a nutritional assessment program. From a value stand point, sites with

significant strategic constraints should not be evaluated for nutrient deficiencies.

2. Step Two: Evaluate Biological Constraints

Biological considerations should then be evaluated for the sites in question. A

biologically unsuitable site is limited by one or more climatic or soil moisture factors that

would prevent response to fertilization. Common examples include: high elevation sites,

dry sites, and sites with significant insect or disease problems. These constraints should

be taken into account as part of the nutrient diagnosis process.

3. Step Three: Operational Constraints

Operational constraints are categorized as any factor that limits the economics of

fertilizer application or realization of the growth response obtained (Brockley et al,

1999). These commonly include geographical constraints including access blockages

(narrow roads, bridge weight limits, etc), isolated locations (high transportation costs),

and steep or broken ground where high harvesting costs will be incurred. Operational

constraints are different case by case but should be evaluated regardless of the situation.

Stands to be fertilized should pass all three tests posed here. Exceptional

circumstances may exist where a constraint is not applicable; however, these three

screening steps should be considered mandatory for any large-scale fertilization program.

Constraints may change with time; therefore, it is important to track when and why a

stand was not fertilized. Stands dropped due to operational or strategic constraints may

become beneficial to fertilize in the future. Since strategic constraints are so unique to

specific ownerships, laws and regulations, or company policies, they will not be covered

in depth here. Biological and operational constraints will be focused on due to their

universal applicability to developing a sound forest fertilization program. First, a review

of biological considerations will be presented, followed by an evaluation of operational

considerations.
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B. Growth Responses to N-Fertilization

When evaluating biological constraints to nitrogen fertilization it is important to

consider factors at a large scale first such as soils, climate, and elevation. Ideally, field

trials conducted within a specific ownership or project area are the best sources for

factoring in these variables. In some circumstances; however, field trial data may not be

readily available. Additionally, fertilization projects must often begin prior to the

completion of field trials, which can take several years. Due to these reasons, it is

important to understand regional averages and how they may change based on site and

stand characteristics. The following is a summary of results from nitrogen fertilization

trials conducted by research cooperatives in the Pacific Northwest Douglas-fir Region.

1. Regional Volume Growth Response and Probability ofResponse to N- Fertilization

Probability of growth response to N-fertilization is discussed here for the RFNRP and

EP703 Douglas-fir field trials. Analyses were conducted in the early 1 990s and are the

result of 16 and 12 years of growth response analysis for the RFNRP and EP703 projects,

respectively. The RFNRP and EP703 data provides one of the best informational bases

available focused on developing accurate response estimates to N-fertilization in

Douglas-fir stands.

Basing fertilization priority upon regional response trends provides a good starting

point for screening stands in your specific project area. Keep in mind; however, that a

particular ownership or project area may or may not be represented by the average values

presented here. The ultimate goal is to categorize stands into responsive or unresponsive

categories based on site and stand characteristics evaluated from field trials. Table 10

below illustrates the probability of response calculated from the RFNRP field trials.
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Table 9- Initial stand conditions for Douglas-fir
installations in RFNRP N-fertilization trials in
western Oregon and Washington.
(modified from Chappell, et al., 1992)

Table 10- Effects of 224 kg/ha of nitrogen by site class.
(mdified from Shumway and Olson, 1984).

Variable Unthinned
Stands

Thinned
Stands

Site Class
Response2

m3/ha/yr
Reliability3
(percent)

Response
Duration4

(years)Number of installations 80 34
Breast height age (yrs) 31 30 I 1.3 64 6

Site index (m at 50 yr) 36 35 II 2.0 66 8

Site index (ft at 50 yr) 118 114 III 3.6 84 8+

Stems per hectare 1,804 840 IV 2.0 80 8+

Stems per acre 730 340
'King (1966)
2RFNRP (1982)
3Miller and Fight (1979), percentage with basal area respot
4Data from RFNRP

Basal area (m2/ha) 46 28

Basal area (ft2/ac) 200 120

Total volume (m3/ha) 452 265

RFNRP installations span a large range of site quality, stand age, and initial stocking

densities. Table 7 illustrates mean site and stand variables associated with the RFNRP

plots. Fertilization treatments included application of 224 and 448 kg N/ha as urea

initially, and refertilization of a subset of plots with 224 kg N/ha 8 and 12 years following

initial application. Thinned plots were thinned to 60% of original basal area from below

at time of establishment, and rethinned 10 years later to relative density 40 (Curtis 1982).

Effects of the fertilized regimes were determined by calculating total gross basal area and

volume PA! each two-year interval following initial treatment. Growth response was

defined as:

Growth response to = fertilized stand - unfertilized stand
fertilization regime mean growth rate mean growth rate

Figure 11 shows growth results for unthinned stands. Figure 12 shows growth results for

thinned stands. All growth calculations are based on cubic foot volume and square foot

basal area. Treatment codes used for the RFRNP studies are as follows:

Symbolo2y Mana2ement Regime

ON or OT unfertilized (control)
2N or 2T 200 lbs N/A at time of establishment
4N or 4T 400 lbs N/A at time of establishment
ONR or OTR 200 lbs N/A at 8 and 12 years after establishment
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2NR or 2TR 200 lbs N/A at establishment + 200 lbs N/A 8 and 12 years later
4NR or 4TR 400 lbs N/A at establishment + 200 lbs additional, 8 and 12 years
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Figure 13: RFNRP volume growth Figure 14: RFNRP volume growth
response in unthinned Douglas-fir stands. response in thinned Douglas-fir stands.
Bars represent +1- 1 standard error Bars represent +1- 1 standard error
(from RFNRP 1988 report). (from RFNRP 1988 report).

Using the above data, a summary of RFNRP response data shows gross volume growth

increases of at least 10% were found for 75% of the trials in unthinned Douglas-fir stands

and 88% of those in thinned stands (Miller et al. 1986 in Chappell et al. 1992). Earlier

evaluations showed that 64% of Douglas-fir installations responded more than 20%

(Radwan and Shumway, 1984). Growth response to all fertilizer applications was

statistically significant (p<O.O5).

"Only about one stand in four had basal area response of less than 10% four years post
application of 224kg N/ha based on the RFNRP field trials" (Miller, 1986).

Data from another forest nutrition research project in coastal British Columbia called

EP703 shows similar response results. The EP703 Douglas-fir trials showed positive

volume growth response (gross volume PAl >0) in 76% of the fertilized plots over all

levels of thinning (Chappell et al. 1992). EP703 field trials represented a similar range of
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stand and site conditions as shown in table 9 below. Table 10 describes the management

regimes implemented. Growth response to fertilization was measured over a 12-year

period, divided into 3-year periods.

Table 11- Initial stand conditions for Douglas-fir Table 12- Management regimes from EP703
installations from EP703 N-fertilization trials in coastal Douglas-fir field trial installations.
British Columbia (from Chappell et al, 1992). (from Chappell et al, 1992).

Variable Douglas-fir (Mean Plot Data) FERTILIZATION TREATMENTS
Number of installations 21 FO Control (no fertilization)
Total age (yr) 35 Fl 224 kg N/ha at establishment

Site index (m at 50 yr) 32 F2 448 kg N/ha at establishment

Stems per hectare
(before thinning) 2412

Stems per acre
(before thinning) 976

THINNING TREATMENTS

Basal area (m2/ha) 41 TO Control (no thinning)

Basal area (ft2/ac) 180 Ti 20% basal area removal at establishment

Total volume (m3/ha) 811 T2 35% basal area removal at establishment

Vo'ume Response (Si
4C --
30

TOFI TOF2 TO TIFI TV2 T2FO T2FI T2F2
Trsstm.nt.

Growth P.rlod
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Figure 15: EP703 relative volume growth
responses by 3-year growth period for
thinning and fertilization regimes. Response
relative to TOFO (no thinning, no fert)
(from Chappel et al, 1992).
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Figure 16: EP703 absolute and relative volume
growth responses for the 12-year period following
thinning and fertilization. Response relative to T*FO
(unfertilized stands at the same thinning level)
(from Chappell et al, 1992).

a. RFNRP: Unthinned Stands

Gross volume responses following application of 224 and 448 kg N/ha analyzed over

an 8 year period for the RFNRP Douglas-fir trials were as follows: 1.1 to 5.3 m3/halyr.

Refertilization in these unthinned stands both 8 and 12 years following initial fertilization

resulted in statistically significant growth responses. Growth response to refertilization,
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although significant, was less than the response to the initial application. The probability

of a positive response in unthinned stands was greater on low quality sites (Stegemoeller

and Chappell, 1989).

b. EP703: Unihinned Stands

Volume response in EP703 unthinned stands represented as percent above control in

m3/halyr were 10% or greater for the first 6 years following fertilization. Growth of plots

fertilized with 224 kg N/ha dropped below this 10% level during the 6-9 year period,

while plots receiving 448 kg N/ha continued to respond above the 10% level until some

time within the 9-12 year period following initial application.

c. RFNRP: Thinned Stands

Thinned stands responded similarly, ranging from 0.8 to 5.9 m3/halyr for the 8-year

period following initial fertilization. Similar responses occurred following refertilization

as can be seen in figure 14. Volume growth response in the thinned stand treatments

ranged from 10 to 25% and 16 to 30% greater than control growth rates in the first 6

years following initial fertilization with 224 kg N/ha and 448 kg/ha respectively.

Following refertilization, response to reapplication of 224 kg N/ha was greater for plots

that had originally received the 224 kg N/ha treatment versus the plots that had originally

received the higher N dose.

d. EP703: Thinned Stands

Fertilization significantly increased growth across all levels of thinning for the entire

12-year response period. Gross volume gained over the period ranged from 2.2 to 5.4

m3/haJyr (Chappell et al, 1992). Figure 16 illustrates both the absolute and relative

volume growth gains. As can be seen from figure 13, the greater application rates

increased both the magnitude and duration of response.

e. Regional Average Gross Volume Gains

Broad regional averages have been described by combining results from both the

RFNRP and EP703 trials: The following are average gross volume gains over a 10-year

response period to a single application of 224 kg N/ha as urea. Unthinned stands from
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both studies averaged gross volume gains of 22 to 25 m3/ha while thinned stands gained

from 27-32 m3/ha (Chappell et al, 1992).

Heath, 1989 summarized volume growth response for RFNRP thinned and unthinned

Douglas-fir installations of breast height age 25 years or less. Estimated growth for a 6-

year period following application of 200 lbs/acre of urea-N was 50.3 +/- 7.8 ft3/acre/yr in

unthinned stands and 44.3 +/- 4.5 ft3/acre/yr in thinned stands. These numbers translated

into relative growth responses of 16% and 20% above controls, respectively.

These are some of the general response trends for Douglas-fir to nitrogen fertilization

in this region. Growth response is generally more consistent and of greater magnitude

and duration on poor sites than on high sites (Shumway and Olson, 1984).

Magnitude of response to N-fertilization varies greatly depending upon the supply rate

of available nutrients. Nutrient supply rates vary naturally across landscapes, with

changes in vegetation, and under the influence of management practices. These patterns

largely determine the growth and vigor of forests. When these factors limit tree growth,

fertilization can be very economically profitable. Generally, single applications of

fertilizer commonly increase wood production by 3 to 10 m3/ha over periods of 5 years or

longer (Fisher and Binkley, 2000). Fertilization also increases the size of individual trees

and therefore average stand diameter, with the largest increase in diameter allocated to

the larger, dominant trees in the stand. Weetman and Fournier (1984) found that sites

that respond to nitrogen fertilization typically require 15 to 25 kg/ha nitrogen to produce

an extra cubic meter of wood. Many factors contribute to differences in response.

Important factors include stand condition (age, size, stocking, and vigor), patterns of

nitrogen immobilization or mineralization, and the availability of other nutrients and

water.

An example from Curtis et al. 1982 using DFSIM clearly demonstrates the benefits of

fertilization on a hectare of site III Douglas-fir timberland west of the Cascades. The

following management regimes were analyzed on a 50-year rotation. The first example

shows that natural regeneration yielding 40% of a fully stocked natural stand with no

additional silvicultural treatments will yield 174 m3/ha at final harvest. The second

shows planting to full stocking on the same site while not performing any future

management yields 427 m3/ha at final harvest. The third example shows if this same

hectare is planted with genetically improved stock (assuming to increase yield by 10%),
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thinned to maintain optimal spacing, and fertilized twice during the rotation, the expected

yield rises to 643 m3/ha. The difference between the natural regeneration option and the

intensive management option is 216 m3/ha, or a 51% increase in yield over the 50-year

rotation.

3. Duration ofVolume Growth Response
Response duration to a single dose of 224 kg N/ha as urea for the RFNRP plots ranges

from 8 to 10 years in thinned stands and 12 to 14 years in unthinned stands (Stegemoeller

and Chappell, 1989). Volume response to refertilization of 224 kg N/ha 8 years

following the initial applications of either 224 kg N/ha or 448 kg N/ha were significant

throughout the 4-year period analyzed. In some instances, nitrogen growth responses

have lasted more than 15 years. Such is the case for a site IV Douglas-fir stand in the

Wind River Experimental Forest near Carson, WA (Miller and Tarrant, 1983). Growth

responses are generally of greater magnitude and duration on sites of low quality versus

more productive sites (DeBell et al, 1992). Cases of extremely productive sites (site class

I) not responding to nitrogen additions have been documented in the Oregon Coast

Range. The Toledo South installation (Miller et al, 2001) showed no response to

additions of 200 lbs N/acre over a 4-year period following application (stand stats: 600

trees per acre, BA 140-150 sq. ft./acre, and stand age from seed = 17 years). Estimated

50-year site index was estimated as 143 feet for the site. Many Oregon Coast Range sites

have failed to respond to nitrogen due to the greater mean soil N content within this

province when compared to northern Washington glacial soils or older Cascade soils.

4. Effect ofStand Age and Density on Volume Growth Response

Stand age and density are important considerations when deciding to fertilize. As is

evident from the RFNRP and EP703 results, significant volume growth response can be

achieved in stands of varying age and density. Stand age past which crown closure

occurs should be used as a rule for considering the first application to a rotation (not

including seedling fertilization). Seedling fertilization at time of outplanting has shown

mixed results. Slow release fertilizer applications within the planting hole are common

and can increase seedling height growth; however, browse and vegetation control have

proven to be more limiting to initial seedling growth on most sites.
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a. Stand Age Considerations

RFNRP installations have illustrated similar volume growth response across age

classes (approximately 10 to 50-years), although a trend exists for greater probability of

response in younger stands (Chappell et al. 1992). Older Douglas-fir stands (up to 110

yrs) have also shown response to nitrogen (Harrington and Miller, 1979). Stand age is

less important than the stage of stand development and corresponding stand structure,

primarily density in even-aged stands of Douglas-fir.

Greater response in younger stands can be attributed to a high nitrogen demand during

the time of crown closure, and more rapid crown expansion potential within stands

receiving early stocking control (Chappel et al. 1992). Older natural stands (> 70 yrs)

often have less room for crown expansion or lower live crown ratios. This can reduce the

initial response to nitrogen; later stages of stand development also correspond to reduced

height growth to rebuild crown length. Fertilization; however, may be a means of

increasing foliage density per given crown length, thereby minimizing the time required

to reestablish vigorous crowns in older, thinned stands. Economic factors have focused

research in early to mid-rotation aged stands; therefore, a general lack of fertilization

research in older Douglas-fir stands has resulted.

b. Stand Density Considerations

Thinned stands are generally preferred for fertilization. RFNIRP and EP703 installations

discussed previously suggest greater volume gains can be achieved in thinned stands

(Stegmoeller and Chappell, 1990).

Stand density should be used a screening tool to asses the following factors:

1. Is the stand adequately stocked or are their significant treeless voids in the

stand?

2. Do current density levels predispose the stand to significant suppression

mortality or winter damage prior to scheduled final harvest or commercial

thinning?

Understocked stands should generally be avoided unless unique conditions dictate

treatment. Poorly stocked stands (<80% Douglas-fir stocking) can dramatically decrease

the effectiveness of application and often contain higher concentrations of understory
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vegetation with the ability to intercept applied fertilizer. Relative density (RD) levels can

be used as a reference for categorizing stands within or beyond the range of field trial

stocking and to predict potential for suppression mortality in the time between fertilizer

application and scheduled thinning or final harvest. Dense stands can be predisposed to

winter snow and ice damage following fertilization (Chappell et al; Miller and Tarrant,

1983). Dense, high elevation and wind-prone stands should be evaluated for winter

damage potential following fertilization. High elevation Douglas-fir stands (>3 000 feet

in western Oregon and Washington) are considered at risk for winter damage. Local

knowledge and experience should be used when evaluating stand specific risk.

Thinned stands should be prioritized for fertilization- together thinning and

fertilization create a synergistic effect that results from increased leaf area and increased

photosynthetic efficiency under high light intensities (>2000 foot candles) (Brix, 1971;

Brix, 1983). Benefits of fertilizing thinned stands are biological as well as economic.

Economic advantages to fertilizing thinned stands will be discussed later under section

economic considerations.

C. Predicting Growth Response to N-Fertilization: Use ofSite Variables

Now that we have reviewed the probability and magnitude of response from regional

studies, the next step is to correlate response to easily measured site and stand variables.

This is part of step 2: evaluating biological constraints. To review, there are three

primary steps in developing a nutrition assessment program (Fisher and Binkley, 2000).

1) Selection of criteria for defining nutritional status.
2) Identification of site variables that correlate well with growth response to

fertilization.
3) Operational evaluation of sites by measuring the chosen variables that

correlate well to a desired level of response.

The following are some results from the Pacific Northwest regional RFNRP field trials

relating to use of site and stand factors in predicting the probability of response to

fertilizer nitrogen.



1. Predicting PAl Growth Response to N-Fertilization

Peterson and Hazard, 1990 analyzed RFNRP installations to test for differences in

growth responses among physiographic strata, thinning levels and N-dosage. Empirical

models predicting 4-year PA! growth response to fertilization were then constructed.

Installations were stratified into 6 provinces. Province response variation was not

"highly" significant based on the authors calculations; however, the provincial variable

was kept within the data for future refinement. The study provided valuable predictive

power in estimating fertilization response within the western Oregon and western

Washington region. Subsequent refinements to these empirical models have found their

way into growth model equations simulating fertilization and thinning and their effects on

stand growth and structure. Table 11 illustrates example PAT growth predictions from

this study.

Table 13: Estimated absolute 4-year volume PAl response to N-fertilizer in
second-growth Douglas-fir stands in Province 1 (Puget Sound Region)
(total m3/halyr to mm. dbh of 3.8cm) (from Peterson and Hazard, 1990).

Unthinned stands
50-year sate index (m)

B.H.
Age kgNha' 26 32 38 44

15 224 5.2 3.9 2.6 1.3
448 5.9 4.6 3.3 2.0

25 224 5.9 4.6 3.2 2.0
448 6.5 5.2 3.9 2.6

35 224 6.5 5.2 3.9 2.6
448 7.2 5.9 4.6 3.3

45 224 7.2 5.9 4.5 3.3
4.48 7.8 6.5 5.2 3.9

Thinned stands
50-year site index (m)

B.H.
Age kgNha' 26 32 38 44

15 224 5.4 4.2 3.0 1.8
448 6.3 5.1 3.9 2.7

25 224 5.7 4.5 3.3 2.0
448 6.6 5.4 4.1 2.9

35 224 5.9 4.7 3.5 2.3
448 6.8 5.6 4.4 3.2

45 224 6.2 5.0 3.8 2.6
448 7.1 5.9 4.7 3.5

2. Using Site Class as a Predictor ofResponse

Much debate has centered on utilizing site class or site index to predict Douglas-fir

growth response to nitrogen. The following is a brief summary on the value of using site

class as an indicator of response. Considerable variation in response has been illustrated
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within a given site class (Stegemoeller and Chappell, 1989). This limits the effectiveness

of site class as a predictor of response (Shumway and Olson, 1984). It is important to

note, however, that site class is still a useful attribute when prioritizing stands as is

evident in table 9 and 10.

Greater response can occur in stands of relatively lower productivity. Contrasting

response magnitudes of site III and site II show a 1.6 m3fha/yr greater response in site III

installations. 'When contrasted relative to site I installations, the site III installations

responded an additional 2.3 m3/ha/yr.

"Studies from RFNRP installations show that volume response in unthinned stands of
Douglas-fir was negatively related to site index over the first 4 years following
fertilization and not beyond; volume response in thinned stands was not significantly
related to site index" (Radwan and Shumway, 1984).

Despite these findings, site index is often used as predicting fertilizer response due

largely to its universal availability to the forest manager. Site index combines biotic and

abiotic factors that control site productivity. Other important considerations include

species content and stand age. Soil and site variables previously discussed can further

group candidate stands into response categories.

Many of these variables are extremely difficult and costly to measure; therefore, they

are used more as second order screening tools for fertilizer response or determining site

productivity. The following sections discuss the site variables most linked with N-

fertilizer response in Douglas-fir stands.

3. Soil Variables

Soil series (generally from state or county soil survey data) can help screen stands for

important variables linked to fertilizer response. Soil properties such as parent material

(e.g. glacial, igneous, ash or sedimentary), effective rooting depth, and depth of A

horizon can help predict the size of soil nutrient poois and the potential for growth

response.

Soil type should be considered a first order screening tool; more specific soil

properties must be evaluated to increase the predictability of response. General soil

survey data is usually limited to average measures of rooting depth (not effective rooting

depth), soil texture, parent material, and marginal estimates of site index for a dominant



tree species. Soil type classifications are no substitute for actual soil tests; however, they

may be very useful once correlated to actual field trial response data. Some of the most

common and useful soil variables not obtainable from soil survey data are mineralizable

soil N and total soil N content to a specified depth. The range of these two variables has

been reported by several studies. Generally, higher total N content was found on coastal

sites versus sites in the Cascade zone. Common ranges in mineralizable N from RFNRP

installations from Radwan and Shumway, 1984 are as follows:

Zone Range of total N (kg/ha) Range of Mineralized N (kg/ha)

Coastal n=8 1057-2977 mean= 2198 15-88 mean=47
Cascade n=8 337-2962 mean = 1463 4-54 mean = 28
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Figure 17: Relationship between Douglas-fir % growth response to N fertilizer
and mineralizable N in mineral soil (0-15cm). Forest floor was not sampled due to
the lack of a distinct forest floor layer in all stands( Radwan and Shumway,1984).

a. Mineralizable N, Total N, C/N Ratios

Radwan and Shumway, 1984 found that site index, total N, and mineralizable N were

the only variables correlated (negatively) with growth response of Douglas-fir. These

results were from a study of 25 RFNRP Douglas-fir installations, 15 of which were

thinned. Since 1978, using mineralizable N was suggested to be a helpful guide in
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selecting unthinned stands of Douglas-fir for N-fertilization. The study found that

mineralizable N was correlated to growth response at the p<O.Ol level, r = -0.60. Soils

with less than between 30 to 40 kg/ha of mineralizable N yielded significant growth

response to fertilization as illustrated in figure 15. The authors point out that this is a

promising predictor of growth response; however, hardly better than site index in

predicting growth response. It is suggested that mineralizable N be used in conjunction

with foliar analysis and site index or other site and stand characteristics to better screen

stands into responsive and unresponsive categories. Additional soil diagnostic techniques

may include C:N ratios. Soils that have high C:N ratios in the litter layer can exhibit high

rates of N-immobilization following fertilization; therefore, have lesser potential for

significant N-response. The following study found other soil properties that related well

to growth response of Douglas-fir to N-fertilization.

b. Correlation ofSoil and Site Properties to Regional Growth Response: Case Study

Peterson 1984 evaluated many site-soil variables and their relative ability to predict

response to urea-N fertilization in young second growth Douglas-fir stands in western

Oregon and Washington. Response was measured as volume PAl and basal area PAl for

84 unthinned and 35 thinned stands from the RFNRP fertilization trials. Field

installations were set up as randomized block designs with each installation containing

two 0.04 ha or larger plots per treatment. The following treatments were examined:

control (no fert), 224 kg urea-N/ha (200lbs N/ac), and 448 kg urea-N/ha (400lbs N/ac).

Stands were grouped by breast-height age 10-50 yrs and site class 1-4 (based on King,

1966). Stands were then randomly selected to create the 85 unthinned and 35 thinned

treatment installations. Unthinned plots were fertilized in 1969-1970. Thinned plots

were thinned to 60% of original basal area then fertilized in 1971-1972.

b.1. Tree Measurements

Pre-treatment tree measurements included only dbh and height of site trees used to

calculate site index. Post-treatment measurements were dbh and height of all trees every

2 yrs for a total of 6 years.
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b.2. Soil Measurements

Soil sampling was conducted to characterize pre-treatment soil properties, and then

correlate soil-site variables to subsequent tree volume and basal area growth. Twenty soil

cores (7.6 cm diameter) were randomly used to sample the 0-15cm surface soil layer on

each plot. Samples were combined by plot for analysis. Two forest floor samples

(0.09m2) were also taken on each plot. Within the buffer zones of control plots soil pits

were dug to characterize soils using Soil Survey staff methods from 1951. Eighteen soil

variables were measured from soil samples: 6 for forest floor and 12 for the 0-15 cm

surface soil layer.

b.3. Statistical Analysis

Observed response (basal area-PA! and volume-PA!) was calculated as the difference

between mean treatment PA! and mean control PA! at each installation. Response was

then categorized as LOW, AVERAGE, or HIGH. LOW equals stands responding less

than 10%, HIGH equals stands responding more than 2 times the mean response minus

10%. Soil variables significantly correlated with HIGH or LOW responses were then

reported for unthinned stands. The smaller sample size for thinned stands (n=35) did not

allow for categorization of LOW, AyE, or HIGH.

b.4. Soil Variables ofSignificance

The dominant variable correlated with both basal area and volume response for both

thinned and unthinned stands was forest floor C/N ratio. C/N ratio of the surface soil (0-

15cm), forest floor %N, and site index (in decending order) were all correlated with high

response. Site index was absent for response analysis in thinned stands; therefore, no

conclusions can be drawn as to the correlation of site index and response to thinned

stands in this study. The only forest floor variable significantly correlated with site index

was found to be forest floor C/N ratio (r = -0.23) for unthinned stands. C/N ratios were

found to be inversely proportional to 1.) rates of organic matter decomposition (Fisher

and Binkley, 2000 and Waring and Running, 1998) and 2) mineral nitrogen available for

plant uptake (Powers, 1980). In a study by Heilman, 1981, C/N ratios in the Douglas-fir

region range from 17 to 67 in the forest floor and 9 to 49 in mineral soils. This study

found these same variables to range from 27 to 57 and 16 to 44 respectively. C/N ratios

greater than 25 to 30 indicate immobilization of N by microbiota and low N-availability

(Heilman, 1981). No response thresholds for C/N ratio were given in the Peterson study.
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Fertilizer response correlations in thinned plots had less consistency with forest floor

and surface soil properties than in unthinned plots. Correlation coefficients were

uniformly higher for growth response in thinned stands. Forest floor variables were best

correlated with growth response in the thinned stands. This included the weights of

forest floor and forest floor N and C; however, these weight variables were not correlated

to response in unthinned stands. This study concludes by stating the following:

"The consistent relationships found between Douglas-fir response (however measured)
to urea fertilization and forest floor C/N ratios of the unfertilized stands encourages
further investigation of factors regulating organic matter decomposition and nitrogen
availability in the Douglas-fir region soils. Of specific interest is the relationship
between forest floor C/N ratio (and other related properties such as lignin content) and
mineralizable N of the forest floor and surface soils (Peterson et al., 1985)."

4. Other factors Affrcling N-Status and Growth Response

a. Past Disturbance

Disturbance factors can also be helpful in predicting fertilizer response. Past

management or natural disturbance events that occurred on site can have lingering effects

on the nutrition of the current stand. Most often, N-deficiency from disturbance occurs

on relatively unproductive sites (low site index pre-disturbance) that experienced intense

fire. Such sites are common along ridge tops in the Yacolt Burn area in Washington,

where soils did not have the surplus nutrient capital to maintain productive growth

following the fire. Intense fires volatilize significant nutrient capital in the forest floor

and surface horizons- the pool containing the majority of site nitrogen capital. Young

Douglas-fir plantations established on similar sites may be predisposed to thinning shock

(Harrington and Reukema 1983). These stands recover from thinning much more quickly

with N-fertilization immediately following thinning operations; however, DeBell et al.

2002 found that thinning followed by fertilization increased competition from understory

plants and shrubs, decreasing the effect of the fertilizer. Where smaller scale

disturbances such as mass wasting and road building have occurred, N-deficiency is often

exhibited. Douglas-fir and other species growing in these areas are often chlorotic and

achieve relatively slow growth rates due to a lack of sufficient N and other essential

nutrients. This is most often seen in trees growing on steep roadside cut-banks or in
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trees that inhabit upper landslide zones where surface horizons have been removed or

severely compacted.

Sites that have previously been windrow scarified can also be predisposed to nutrient

deficiencies due to nutrient displacement and loss, especially if coupled with burning.

Such effects have been illustrated in southern pine plantations where volume of 11-year

old slash pine planted adjacent to windrows was 35% greater than in the remaining rows

(Morris et al, 1983).

b. Genetic Influence on N-response

All plant characteristics are genetically controlled to some degree. Studies from

agricultural plants have shown many transport processes, primarily nutrient uptake and

nutrient use efficiency to be heritable (van den Driessche, 2000) (Fischer and Binkley,

2000).

"The level at which ion concentrations are lowered at the root surface depends on the
minimum concentration at which uptake can occur and the affinity between the ion
and the root surface. This mechanism is genetically controlled (van den Driessche,
2000)."

Tree breeding programs have focused on selecting families of trees that exhibit

superior growth over a large range of soil and site conditions; programs generally focus

on growth form and growth rate without specific concern to interactions between

genotype and nutrients. Evaluation of nutrient use efficiency has been achieved

primarily through pot trials in conifer seedlings. Most of the available literature has

focused on evaluating these characteristics in commercial Pinus species (P. radiata, P.

contorta, P. sylvestris). Genotype X nutrient use interactions have been difficult to

discover and accurately quantify due largely to the following reasons:

1.) Long generation times of conifers increase the time and expense necessary to

evaluate the performance of specific genotypes (van den Driessche, 2000).

2.) Past history of the seed or seedling may influence the response to different

environmental conditions. To prove observed differences originated from genetic

differences, heritability of the traits in question must be demonstrated (Goddard

and Hollis, 1984).



3.) Due to high variability in genetic make-up, testing of superior genotype crosses

requires large sample sizes to assure statistical significance (Goddard and Hollis,

1984).

4.) Biomass indices typically used to measure nutrient uptake effectiveness can fail

to account for energy allocated to tree reproduction and survival (defense)

mechanisms (Chapin, F.S. 1988 in van den Driessche, 2000).

5.) Sampling times must be properly selected as to coordinate between seasonal links

in growth and nutrient uptake, storage and translocation in conifers. (van den

Driessche, 2000).

Despite the aforementioned reasons, fertilizer responses have been shown to differ

among species and do differ among some genotypes. Pseudotsuga menziesii family X

fertilizer response interactions have been illustrated in one-year-old Douglas-fir seedlings

(Bell et al., 1979). More significant genotype X nutrient use interactions, however, can

be illustrated by comparing two clones of Eucalyptus grandis from Brazil:

"The superior clone absorbed twice as much phosphorus from the soil (and fertilizer)
than the inferior clone and produced twice as much stem biomass" (Barros and Novais,
1996, in Fisher and Binkley, 2000).

Studies on nutrient X genotype interactions in loblolly and slash pine, however, have

shown no significant interactions. These studies concluded no significant differences in

fertilization response among genotypes:

"Superior trees selected responded to fertilization with the same volume increment as
other genotypes. On the contrary, studies in radiata pine found the best responding
family to nitrogen fertilization doubled its growth while the poorest responding family
of radiata increased its growth by only 9 percent! All families in this study increased
their water use efficiencies following fertilization" (Fife and Nambiar, 1995 in Fisher
and Binkley, 2000).

What factors influence these interactions? A common belief is that specific

genotypes are more efficient at nutrient utilization. This has been shown in agricultural

plants where greater growth per unit of soil nutrient and greater total uptake from the soil

has been observed (Waring and Snowdon, 1977; Nambiar, 1984) in (Fisher and Binkley,

2000). Future developments in tree breeding and pot trials may discover more about

these interactions and how they affect Douglas-fir.



5. Growth Response to N-Fertilization: Summary

Many biotic and abiotic variables control site productivity and the potential for

fertilizer response. When considering biological constraints to fertilization, all factors

potentially limiting productivity and the ability of a stand to respond to nitrogen should

be considered at some level. First order screening tools such as stand density, soil type,

site index, elevation, and species composition should be used initially. Second order

screening tools such as specific soil tests, and foliar sampling should be used to further

group stands into responsive or unresponsive categories. Regional trends of response to

N-fertilization can be used as a guideline for fertilizing similar Douglas-fir stands;

however, field trial results specific to your ownership or project area is the best source of

data to predict response.

Factors driving the use of specific screening tools are prohibited by cost and time.

Response is inversely correlated with foliar nitrogen concentrations (Peterson et al.

1988); however, foliage analysis of each forest stand is hugely impractical due to cost,

difficulty in sampling, and variability in sample values due to variation in age, stage of

sexual reproduction, and heterogeneity of soils within stand boundaries (Fisher and

Binkley, 2000). Furthermore, the relationship between foliar N and growth response is

not yet sufficiently accurate in predicting growth response (Peterson et al. 1988). This is

the primary reason that site index and soil type are used to predict candidate stands for N-

fertilization on an ownership or other large scale. The utility of site index and soil type is

limited, however, unless linked to results of actual field trials in similar stands. More

specific soil tests such as total N to a specified depth, C/N ratio and mineralizable N are

costly, but may help eliminate additional nonresponsive stands. Approaches used to

biologically screening stands for fertilization should consider a!! these factors at some

level.

Although these predictors of response are a!! useful in screening stands for

fertilization, each has unacceptable accuracy as a stand-alone tool. When screening

stands for N-response, an integrated approach should be employed. Now that factors

affecting N-response have been discussed, it is time to begin analyzing step three of stand

screening: operational considerations.



VI. Douglas-fir N-Fertilization: Operational Considerations

Once it has been determined that a stand is likely to respond to N-fertilization, it is

time to factor in operational considerations. Even a large growth response potential is

worthless without the ability to efficiently apply nitrogen to the site and realize the

increased growth through efficient harvesting. This discussion will focus on constraints

independent of project size.

To simplify the process, any constraints not already addressed under strategic

considerations should simply be considered operational in nature. A simple set of five

steps modified from Hanley et al, 1995 can be used to consider operational constraints:

1. Choose a type of N-fertilizer,
2. Application rate,
3. Application method,
4. Application timing, and
5. Frequency of application.

A. Types of N-Fertilizers

The principal nitrogen sources applied to forest soils are urea CO(NH2)2 and

ammonium nitrate (NH4NO3). Urea is 46% nitrogen by weight while ammonium nitrate

(AN) is 33% by weight. Due to the higher N-content, urea is a more efficient vehicle for

applying nitrogen. Commericial application in the Pacific Northwest is dominated by

urea due to its lower cost per ton to apply aerially. Growth response has been shown to be

very similar when comparing these two N-sources.

"Sources of applied nitrogen have been investigated in several studies, and have
included applications of ammonium nitrate, slow-release N-sources, ammoniated
phosphates, foliar nitrogen solutions, and others. Results form these studies rarely
indicate that one N-sources is superior when applied at the same rate" (Chappell et al,
1992).

Urea and AN differ in their chemical properties, primarily their acid-base chemistry.

This results in important differences in their behavior within the applied ecosystem

(Nason & Myrold, 1992). Alkalinity created during urea hydrolysis causes potential for

loss of ammonia through volatilization. Volatilization losses can be minimized by

applying urea in cool, moist weather- typically late fall through early spring in the Pacific

Northwest. Ammonium nitrate (AN) is a slightly acidic salt that dissociates completely



in the soil solution. This exposes the nitrate to high leaching risks; therefore, AN should

not be applied when forest soils are saturated or tree uptake is idle. These conditions are

best met in spring in the Pacific Northwest.

Urea and AN are granular formulations. Custom forestry-grade urea consists of larger

granules or 'prills' (3-5mm in diameter). Prills have better ballistic properties that aid in

penetrating the forest canopy during aerial application and result in more even

distribution during windy conditions. Forestry grade urea is usually purchased through

large contracts, typically the barge-load. Much of the urea used in the Pacific Northwest

is manufactured in Kenai, Alaska.

B. Rates ofN-fr rtilizers

The most common N-application rates for coastal Douglas-fir is 224 kg N/ha as urea

(200lbs/acre). This is equivalent to 435 lbs/acre of urea. As a comparison, an equivalent

N-rate as ammonium nitrate would be 606 lbs/ac.

"The biologically optimum rate for a single N-application to Douglas-fir appears to be
between 135 and 270 kg N/ha" (Chappell et al, 1992).

Early RFNRP trials evaluated N-rates from 112 to 900 kg N/ha for single applications.

Higher N doses result in growth responses of greater magnitude and duration; however,

the higher N-rates were less cost effective due to a higher unit cost for the additional

wood produced. The most recommended rate for nitrogen fertilization is 224 kg N/ha as

urea. Repeated applications at 224 kg N/ha are recommended every 8-10 years for

maximum economic return from fertilization.

C. Application Methods

Most large-scale fertilization of Douglas-fir is performed by aerial application of nitrogen

fertilizers. This is to date the most economically efficient method of application. Hand

applications are also common for small-scale applications where foot and vehicle access

is adequate; however, hand application is typically limited to small private ownerships

and research installations. Aerial application has benefited from GPS technology called

SAT LOCK. This allows pilots to upload treatment area maps and useful map layers

such as roads and streams to an on-board computer. When the pilot activates the

fertilizer spreader, a shaded line is drawn on the map to indicate the treated area. This



eliminates many 'skips' or untreated areas previously quite common. Unit boundaries

can be located with GPS within the 'sea of green' topography where no hard boundaries

are visible. Additionally, greater environmental protection can be achieved by mapping

streams that could not otherwise be detected from the air. Maps can be printed for

records following treatment and serve future use in quality control and environmental

audits.

D. Timing and Frequency ofApplication

Nitrogen fertilizers are applied during the dormant season from fall to spring in the

Pacific Northwest. Cool, moist conditions are conducive to the incorporation of urea into

the surface soil horizon and serve to minimize potential losses from volatilization. Table

14 shows the recommended application timing for urea-N based on Pacific Northwest

Province.

Table 14: Recommended times of the year for urea
fertilization in western Washington.
(Heilman et al. 1981 in Shumway and Olson, 1984)

Area Application Window for Urea Nitrogen
October to April, exept during peak

Coastal midwinter rainfall
(December_and January)

Puget Sound Lowlands End of October to first of March
Western Cascades Mid-October to first of April
Low rainfall areas

(e.g., rain shadow area of November and December
north Puget_Sound)

Fertilization of Douglas-fir

is usually limited to

established stands, although

fertilization at the time of

out planting has been done

on a small scale. Initial

applications of nitrogen commonly begin as early as stand age 15 to 25 depending upon

stand and site characteristics. The first application window to apply nitrogen is near the

time of crown closure, which corresponds to peak nitrogen demand (Nason & Myrold,

1992). Crown closure suppresses understory vegetation that could potentially intercept

the applied nitrogen. Vegetation competition is perhaps the most critical consideration

when applying fertilizer during stand establishment or to older stands with developed

understory plant communities.

Reapplications then occur as frequently as every 5-8 years thereafter, although many

fertilizer applications are targeted for the end of the rotation when the growth response

from fertilization results in an increase of higher value merchantable wood volume.

Limiting applications to the end of the rotation lowers economic risk due to a much
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shorter investment period. Multiple fertilization treatments; however, yield higher stand

volumes then single treatments assuming equal silvicultural regimes (see figure 13, 14).

Figures 13 and 14 illustrate that reapplication of 224 kg N/ha eight years after initial

application yields similar magnitudes of response. Similar results are shown below in

Figure 18
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Figure 18: Average volume growth response to N-fertilization over a 20-year
period. Fertilizer units are pounds per acre. Percent volume response is expressed as
the difference between volume added in fertilized and control plots over 20 years
relative to control volume increment. (RFNRP plot data from SMC, University of
Washington Website, 2005).

which shows the percent volume response to a cumulative fertilization regime of up to

1000 total lbs N/ac (200 lbs N/ac every 4 years for a 20-year period). These results

indicate that cumulative N-fertilization may increase growth response. There is no

indication that growth response will level off once cumulative N-applications exceed

1000 lbs/ac (SMC website, 2005).

E. Economic Considerations

Fertilization is a silvicultural investment. Economic factors ultimately determine whether

a stand is fertilized or not. As with other investment strategies, fertilization is often

measured in net present value (NPV). Application on a small scale may reduce the

desired accuracy of economic analysis, requiring only that revenue gained exceed total

costs; breakeven economic analyses can test for this requirement. Regardless of the
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detail desired in economically evaluating fertilization, much of the same information is

required. The following is a basic discussion of the minimum economic considerations

for fertilization. Figure 17 shows calculated net present value for an intensive

fertilization regime in Douglas-fir.

1. Treatment Costs

Once responsive sites are identified for application and desired types and rates of

fertilizer have been chosen, it is now time to estimate treatment costs. Initial costs

generally include the following: contract costs (fertilizer, transportation to the heliports,

and helicopter application), contract administration costs (providing access including

road and heliport construction and maintenance, and contract compliance which includes

quality control and environmental monitoring). Cost of fertilizer is approximately 60-

70% of the total treatment cost (Miller and Fight, 1979); therefore, the price of fertilizer

is the main economic driver.

A--Unthinred
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Figure 19: Average present value of net revenues from nitrogen fertilization over a 20-
year period. Fertilization regime = 200 lbs urea N/acre every 4 years for a 20-year period.
Assumptions: $65/acre application costs (1997), Pre-commercial thinning costs of
$105/acre, Average stumpage price of $427/mbf (delivered price, includes logging,
hauling costs), 5 board foot per cubic foot conversion, discount rate of 6%. (From SMC
website, University of Washington, 2005).
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a. Treatment Cost Estimates

Recently, the cost of urea fertilizer has sky-rocketed. Price per ton of urea has

approximately doubled from 2000 to 2005. Current prices for urea-N are approximately

$280-300/ton. Total treatment costs range from approximately $100 to $ 120/acre based

on 2005 estimates of applying 200 lbs N/acre as urea (4351bs urealacre). Some

fertilization programs have switched from using custom formulated forestry-grade 'prills'

to using smaller agriculture-grade pellets that can be purchased at a reduced price. The

reduced efficacy of the smaller agricultural grade urea is a trade-off that must be factored

into an economic analysis. Global demand and increasing natural gas prices (natural gas

is used to manufacture urea) are thought responsible for the recent price jump (Byron

Rickert, pers comm.). Increased urea prices have decreased the profit margin of

fertilizing; however, fertilization remains an attractive investment in responding stands.

As the profit margin from fertilization decreases, stand screening becomes more and

more important. Increasing stumpage and lumber prices are working to balance the

effects of rising fertilizer costs.

b. Reducing Treatment Costs

To minimize per acre fertilization costs there are several factors to consider. First, is

buying fertilizer in bulk. This is not always an option; however, can serve to decrease the

cost per unit of fertilizer purchased. Second is making project areas larger. Treatment

costs tend to decline when spread out over more acres. Contracts bids can vary over 20

percent between small (1000 acres) and large projects (10,000 acres or larger). Third,

buy fertilizers during seasonal down cycles such as in the fall for agriculture fertilizers.

Fourth, consider timing application for smaller projects in the spring. Helicopters are

often finishing larger fertilization projects in the late winter to early spring and can need

additional work before spring herbicide spraying begins. Helicopter costs can sometimes

be reduced by being flexible with application times; however, caution should be taken to

apply only during cool, moist conditions when using urea. Application should generally

not be extended beyond the first few weeks of April in western Oregon and Washington.
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2. Timing Harvest Following Fertilization

To receive full economic value from a typical application of nitrogen to Douglas-fir,

regeneration harvest should not occur prior to 8 years (average response duration) post

application on a typical site Ito site III stand. On less productive sites, harvest should

occur no sooner than 8-10 years post application. Duration of response should be

considered on a site class or other basis to ensure the full growth benefit from fertilization

is realized. Discounting formulas have been devised such as those by Weyerhaeuser

Company to calculate the percentage of net present value (NPV) realized by the

application each year post application. For example, if a Douglas-fir stand was fertilized

with urea-N at age 45 years and harvested at age 46 years, then NPV of the fertilization

would have been reduced by approximately 85 percent, while foregoing harvest until

stand age 50 years would only reduce NPV of the treatment by 15 percent. NPV of a

single nitrogen application is fully realized on most sites by 8 to 10 years following

application- however growth responses can vary tremendously on extremely productive

or unproductive sites. These sites are not targeted for fertilization as often due to

marginal economic returns or the potential for other site factors limiting growth in these

stands.

3. Operational Fall-down Factors

If stand characteristics differ between operationally fertilized stands and in field trials,

then simple expansion factors will not accurately predict stand response to fertilization at

the project level. Operational fall-down factors should be used for these reasons. Fall-

down factors (usually calculated as a percent reduction from observed field trial growth

response) can be used to account for reduced stocking levels, uneven fertilizer

application, or presence of non-responsive species. For example, a stand operationally

fertilized from a 2005 project contained on average, 10 percent non-responsive species

(such as western hemlock). In addition, 2 percent of the stand was non-stocked.

Assumptions must be made to calculate these affects on stand growth relative to field

trials. If field trials were established in similar mixed stands, then fall-down factors may

not be required; however, fall-down factors should be considered for any operational

fertilization.
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F. Fertilization Efficiency

Fertilization efficiency can be increased by using nitrate-based sources or limiting

application of ammonium-based N-fertilizers to periods of cool, moist weather.

Fertilization efficiency is defined as the percentage of applied nitrogen absorbed by the

trees. These conditions begin in the fall and persist through most of the winter and early

spring in the Pacific Northwest. These practices limit the magnitude of N-

immobilization; therefore, increasing fertilization efficiency. Data available from field

studies indicate that the immobilization process is rapid: Heilman et al. 1982 traced

inorganic and organic forms of nitrogen from three days to two years post application of

urea-N at 224 kg/ha to 7 to 9-year-old Douglas-fir. In the study, immobilization

increased hyperbolically to a maximum of 53% at six months (table 16). Contrastingly,

Nason (1989) found that 50% of a 200 kg/ha application of urea-N was immobilized

within three weeks (within a 38-year-old Douglas-fir stand). Immobilization is

concentrated in forest floor materials which have high C:N ratios in conifer dominated

stands. N-rates must be sufficient to account for the N that will be immobilized by the

forest floor while ensuring N-uptake by the trees is adequate to produce desired response

levels. The vertical distribution of immobilized N may also be important to the

availability of nitrogen to trees (Nason & Myrold, 1992).

"In both the studies above, season of application had little effect on how much 15N was

immobilized. Distribution of the immobilized N, however, was skewed to a greater
depth with the fall applications- which had greater growth responses than the other
seasons" (Heilma et al. 1982b; in Nason 1989).

G. Fertilization Planning: An Example from the Mt. Hood N.F.

A useful example in fertilization planning comes from an article by Daoust (1992).

The planning model developed and used by Daoust serves to summarize many key points

previously discussed. Daoust illustrates the planning process the USFS used to evaluate

fertilization on the Mt. Hood National Forest. He highlights the Forest Planning System

used in the project that utilized the following main points:

1. Consider forest fertilization on an operational basis only where research indicates a
reasonable assurance of the desired response economic analysis reveals an acceptable
return, and the treatment meets multiple use direction for the site.
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2. Although the economic analysis within the framework of the Forest Plan provides
information on the types and amounts of TSI (timber stand improvement) needed, further
economic analysis may be necessary to determine the most cost-effective method to carry
out a treatment or to set priorities between projects when all of them cannot be financed.

3. Fertilization can meet objectives of other resources as well ass timber management
through coordination. Mitigation of some fertilization activities may be necessary to
accommodate specific needs of other resources on specific areas.

"Regional and forest-level policy follows these guidelines very closely and give
additional detail as to how to carry this plan out. (1) Fertilization may be done in
established stands where research or studies predict gains in volume or value. (2)
Predicted effects should be included in an environmental analysis. (3) Fertilization
should be based on a silvicultural prescription containing appropriate supportive
information including stand examination data, economic evaluation, and multiple use
direction. (4) Established studies should be continued for at least ten years following
treatment" (Daoust, 1992).

Evaluations of these planning methods are discussed by Daoust as he follows the Forest

Planning System, as outlined by the National Forest Management Act (NFMA) of 1976.

G.1 Planning

An example of integrating forest fertilization into a landscape plan is illustrated in the Mt.

Hood Forest Plan. The plan gives direction on the following during the planning phase:

land allocations where fertilization is allowed, species mixes and soil types appropriate

for fertilization, stand prioritization processes, forestwide yield projections comparing

fertilization and no fertilization, economic analysis, long-range planning over a 150-year

horizon, and when the gain from fertilization will be utilized. It is important to note, that

if fertilization is proven to help meet the desired future condition of certain land

allocations, then it is allowed as a management tool under the Forest Service guidelines at

the time of this publication. Species groups and soil types proven to be responsive to

fertilization based on research plots or similar studies are then used to prioritize stands for

treatment. Additionally, soil types similar in physical properties to those "proven" to be

responsive were included as fertilization candidates. The following table is an example of

the prioritization process used by Daoust in the Mt. Hood Forest Plan:
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table 15: Stand Screening Data for Fertilization I

Priority Site
Class Age Commercial

Entry Age Soil Rating

I IV 25-35 45 1

2 IV 25-35 45 2

3 IV 55-100 65-110 1

4 IV 55-100 65-110 2

5 III 25-35 45 1

6 III 25-35 45 2

7 III 55-100 65-110 1

8 Ill 55-100 65-110 2

priority

Soil ratings can be used linking soil series from available soil surveys to observed field

trial response in your local project area. For example, soils with a shallow A horizon

may indicate less nitrogen availability and a greater probability of response.

G.2 Ac/ion

Actions taken are derived directly from the policy and direction of the Forest Planning

System. Other considerations driving action, common to most fertilization plans are as

follows: how many acres to fertilize on the forest per year or per decade, stand-level

decisions regarding priorities for treatment and economic analysis of groups of stands,

and operational decisions, such as fertilization contract considerations.

Selection of individual stands to fertilize is then done by prioritization based on

guidelines utilizing the responsiveness and economic factors previously mentioned.

Physical characteristics cited include site quality, land classification, and land type.

Stand characteristics considered included species composition, live crown ratios, general

vigor and growth, stocking levels, and levels ofPhellinus infection. Economic

considerations included tree diameters, time to commercial entry (commercial thin or

final harvest) and operational factors including size and distribution of the stands to treat

and equipment access issues.

G.3 Monitoring

In this example, monitoring was set in place to accomplish the following goals:

monitoring accomplishment of acre targets; setting up administrative studies to be studied

for a minimum often years after treatment; and installing plots to measure (1) growth
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response in height, diameter, and volume, and (2) water quality following fertilizer

applications.

G. 4 Evaluation
Dauost presents evaluation as the final step to provide feedback to the Forest Plan.

Evaluation is noted as critical in providing the information that will improve the plan by

recommending necessary changes. The following are reviewed as part of this final

evaluation step: (1) attainment of acreage targets over the years, (2) impacts on all

resources, (3) predictions made of gains at the forest level and stand level, and (4)

research plots from the Regional Forest Nutrition Research Project (RFNRP).

G.5 Modeling Fertilization on a National Forest
The methods illustrated here for the Mt. Hood National Forest offer many points of

interest; however, they are only examples. It is important to note that as forest

inventories, financial situations, and objectives vary, so will the methods and outcomes of

the associated fertilization plan. The following illustrates how the USFS modeled

fertilization on the Mt. Hood National Forest.

In the modeling process, the following steps were taken: (1) fertilization responses are

projected at the stand level on a per-acre basis and economic possibilities are analyzed on

a per-acre basis; and (2) fertilization responses are projected at the forest level by

simulating forest development, harvest, revenue, and costs under intensive management

at various levels.
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Figure 20. Douglas-fir yield for urea N-fertilized stands in the Western Hemlock Zone. Examples of
the percentage increase in CMAI experienced from N-fertilization on a per-acre basis, compared to no
fertilization in the same yield table. Site index has a 50-year base (King 1966), and culmination of mean
annual increment (CMAI) is in ft3/acre per year. Rotation lengths for these yield tables range from 75 to
115 years for site index 87, and 85 to 125 years for site index 72. (CT = commercial thinning, Fert = 200
lbs N/acre 10 years before CT (Dauost, 1992).



VII. Ecosystem Considerations

A. Fertilizer Recovery

1. Soil Recovery

Soil recovery of ammonium-based fertilizers in temperate coniferous forest soils is

usually high due to N-immobilization rates, which average 5 0-60% in the first year

following application (Fischer and Binkly, 2000). Results from table 6 show soil

recovery results from 33 to 58% based on '5N experiments by Preston, Heilman, and

Nason.

2. Plant Recovery

The secondary fate of fertilizer-N is usually plant uptake. Conventional N-dosages

usually result in 20-30% of the applied rate being taken up by plants (Fisher and Binkley,

2000).

B. Efftcts ofN-ft rtilization on Water Quality and Wildlife

Many studies have focused on the environmental effects of nitrogen fertilizers in the

Douglas-fir region. This is a brief summary of research results focused on nitrogen

effects on aquatic and terrestrial ecosystems. Most environmental concerns focus on

drinking water quality and the effect of elevated nitrogen levels on fish populations and

terrestrial wildlife that may receive direct exposure to the applied fertilizer.

By nature, aerial applications can have a high potential for direct input to water

courses. Winter application timing corresponds with significant rainfall that can

contribute to run-off and leaching. Ceasing operations during periods of peak rainfall or

storm events can minimize potential losses of fertilizer from the site; however, it is

important to note that leaching losses are typically quite small. Refer to previous section

on volatilization and leaching for details. Rates of direct delivery to water are highly

dependent upon stream buffering during application. Current GPS technology (trade

name SAT LOCK) allows input of digital unit maps into the helicopter's navigational

system producing a map of actual application strips and their proximity to existing
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streams. Hydro data layers can be integrated into the SAT LOCK prior to flight,

minimizing accidental stream application.

Despite operational precautions, minor amounts of fertilizer directly enter ephemeral

streams, which frequent fertilized sites. Fertilizing large headwater areas has the

potential to produce cumulative effects downstream. Results from research have shown

that elevated concentrations of urea may be present in stream water for several days

following urea fertilization; however, urea is relatively non-toxic and concentrations high

enough to affect human or fish health would only result in direct spillage of large

quantities (Bisson et al, 1992).

Fertilizer spills from truck transport or heliport storage incur the greatest risk of

groundwater and surface water contamination; therefore, heliports are located away from

main water courses and monitored for spillage throughout operations. Boundary

amendments during operations can result in excess fertilizer on a heliport; hence, it is

important to identify nearby stands where excess fertilizer can be safely applied to

eliminate additional transport to the next heliport.

C. Effrct ofN-Fertilization on Soil pH

"Fertilization of forest soils with commonly used N-rates has not resulted in measurable
long-term acidification" (Nason and Myrold, 1992).

Simulations suggest that, in the pH range of 4 to 5- common in coniferous forest soils-

fixed additions of acidity (protons) result in very small pH changes due to hydrolysis

reactions of aluminum liberated from primary minerals and hydroxides. Current forest

nitrogen fertilization practice is not likely to cause long-term acidification in western

North American forest soils due to the following: 1) N-loading rates in relation to site

nitrogen capital are relatively low, 2) the balance between nitrate generation and plant

uptake, and 3) the high buffer capacity of forest soils. (Nason and Myrold, 1992).

D. Effrct ofFertilization on Understory Vegetation

N-fertilization usually results in a temporary understory plant growth increase.

Increased availability of the applied elements to existing understory species will result in

increased growth assuming applied nutrients are limiting growth and there is a surplus of

available light and water. Fertilization with nitrogen generally increases the concentration
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of nitrogen in tissues of understory species (Nason and Myrold, 1992). Stanek et al.

(1979) showed significant N-content increases for both salal (Gaultheria shallon) and

bracken fern (Pteridium aquilinum) following urea fertilization. Recovery of '5N in

understory plants has been less than 11% in all studies except one Scandinavian study in

Scots pine using unusually low N-doses of 60 kg N/ha or lower (Nason & Myrold, 1992).

See table Y for a summary of 15N recovery study results. Understory recovery of applied

N is usually less than 5%; however, higher recovery rates are possible when stand density

is low or leaf area has been significantly reduced by pests, disease, or fire (Nason &

Myrold, 1992).

The fate of fertilizer nitrogen immobilized in understory plant tissues may be an

important question. Does this nitrogen become available to the crop trees in amounts

capable of affecting growth? This may be worthwhile to study in stands where

understory recovery is high (Nason & Myrold, 1992).

Table 16: Recovery of fertilizer '5N from field experiments.
(Modified from Nason and Myrold, 1992).

Species/ Fertilization % Recovery Reference

Age (yr) Duration
Dosage Chemical(seasons)

(kg N/ha) Source Tree Understory 5 Includes branches,
Douglas-fir twigs, and foliage only

7,9 2 224 Urea 30
Heilman et al. (1982)

12 1 200 Urea 5.5 10.8 Prestonetal.(1990)
Nason (1989)

38 3 200 Urea 23

Understory growth responses to fertilization are most obvious in natural openings

within the stand or in roadside vegetation. These are areas of a stand where plants can

fully utilize the increased nutrient availability from the applied fertilizer. Specifically,

grasses and forbes growing on old roadbeds respond quite noticeably to N-fertilization.

Due to the rapid expansion of leaf area in the fertilized stand, understory growth is

quickly reduced due to the lack of available light. It has been reported that total

understory biomass decreases due to N-fertilization (Nason and Myrold, 1992). Others

have reported this same result, including: Wolters and Schmidtling, 1975; Stanek et al.

1979; Gerhardt et al. 1986. Generally, N-fertilization can be expected to result in a

temporary increase in understory vegetation followed by a decline as crop tree canopies



expand to reduce forest floor illumination (Nason and Myrold, 1992). This effect is

almost entirely based upon tree spacing and stocking levels.

Young Douglas-fir stands that have been pruned and fertilized often contain more

understory vegetation biomass than non-pruned stands with similar stocking levels. Since

more light initially penetrates these pruned stands, understory vegetation is able to thrive

for a longer period since canopy closure is in essence delayed. Therefore, in young

pruned stands, fertilizer-N will have greater potential to be intercepted and immobilized

by understory plants if fertilizer is applied prior to understory exclusion. Following

canopy closure and subsequent understory exclusion, N immobilized by the understory

should largely be recycled within the ecosystem and later be recovered by the trees (Cole

and Johnson, 1979).

VIII. Tree and Stand Level Responses to N-ft rtilization

A. Tree Level Responses

1. Foliage Responses to N-Fertilization

Nitrogen fertilization on N-deficient sites adds a common growth limiting resource

that can improve stand and site productivity. Increases in stem growth are often the focus

of fertilization response; however, volume growth is a result from changes within tree

foliage. The tree crown is a photosynthetic factory that depends upon proper nutrition to

operate efficiently. Several studies have quantified the efficiency of foliage and the

effect of increased nitrogen availability has on rates of photosynthesis; this section will

summarize results this work in the Pacific Northwest Douglas-fir Region.

a. N-Fertilization Increases Leaf Area and the Efficiency ofPhotosynthesis

Two physiological factors produce increased stem growth following nitrogen

fertilization- increased foliar efficiency and increased foliar biomass. Total foliar

biomass per tree increases following fertilization in the following sequence: First is an

increase in needle length, needle density, and increased number of branchiets. In the first

growing season following fertilization, needle size can increase, but more needles cannot

be produced from each bud due to the determinate growth characteristic of conifers. At

the end of the first growing season following fertilization, more buds are set for the

following growing season. In year two, more branchlets develop and needle density on



each branch usually increases resulting in more total foliage production per tree. Study

results indicate that increased needle production lasts several years following treatment,

but varies with rates of fertilization and thinning. The following studies by Brix and

others utilize data from the following Douglas-fir study site:

Location: Near Shawnigan Lake, British Columbia
Stand Age: 24-years old in 1970- time of plot trial establishment
Plot size = 0.04 ha replicated twice
50-year S.I. = 21m169 ft
Treatments:
T2 = thinned to 1/3 of original basal area
F2 = fertilized with urea-N at 448 kg N/ha
T2F2 = combined thinning and fertilization
TOFO = untreated control
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Figure 21: Net assimilation rates (E) annually based
on total aboveground dry matter production; rates are
expressed as percentage relative to controls (solid line).
Means within 1 year are significantly different (P =
0.05) if not followed by the same letter
(from Brix, 1983).

Figure 21 illustrates the increased

rates of aboveground biomass per unit

leaf area following fertilization and

thinning. This increase in net

assimilation (often referred to as growth

efficiency) was statistically significant

for 3 to 4 years following treatment.

Brix attributed this tree-level increase to

a combination of increased

photosynthetic efficiency and increased

tree leaf area. This increase in E

accounted for 20, 37, and 27% of the

stemwood dry matter response to

thinning, fertilization, and the combined

treatments, respectively (Brix, 1983).

The remaining increases were attributed

to increased tree leaf area per tree.



Photosynthesis becomes more efficient following N-fertilization due to increased

nitrogen concentration within the needles, including an increase of major enzymes such

as RUBISCO (ribulose- 1 ,5-biphosphate carboxylase/oxygenase).

In foliage, most nitrogen is present in the carboxylating enzyme RUBISCO.

"This enzyme is responsible for the harvesting (i.e. fixation) of carbon dioxide in the
dark reactions of photosynthesis. Thus a balance must be maintained between nitrogen
allocation to harvesting light (i.e. chlorophyll) and nitrogen allocation to harvesting
carbon (i.e. Rubisco)" (Hinckley et al.1992).

Higher foliage N levels increase RUBISCO concentrations and increase rates of

photosynthesis assuming other factors are not limiting growth. These factors combine to

increase net photosynthesis in the individual trees and therefore, on the stand level as

well. An example from the fertilization of loblolly pine illustrates an increase in net

primary production. Stem wood production increased by 5.5 Mg/ha annually, in part

through increased net primary production (by 9.2 Mg/ha annually) and in part from

decreased allocation to fine root growth (40% lower in fertilized plots) (Fischer and

Binkley, 2000). Many authors have found a strong positive relationship between leaf

nitrogen concentration, and the maximum rate of net photosynthesis in conifers and other

woody plants (Brix 1983; Hirose et al. 1989; Matyssek and Schulze 1987 in Hinckley et

al. 1992).

It is important to point out that the increase in foliar nutrient concentrations and leaf

area may or may not be associated with substantial increases in total production. This is

Leaf Nitrogen

Ught CO2 Other Defense ij
Harvesting Harvesting Metabolic Chemicals Leaf
Chlorophyll Enzyme Functions Preies

Maximize (Leaf Longevity * Productivity)

Figure 22: Various functions that leaf nitrogen may be
allocated towards to maximize leaf productivity. The thicker
arrow represents the majority of nitrogen allocated to carbon
fixation. (from Hinckley et al. 1992).



due to the following factors: not all leaf-N is comprised of photosynthetically active

enzymes, the entire canopy is not illuminated, and overall canopy transpiration may be

restricted by water supply (Fisher and Binkley, 2000). Leaf nitrogen can be allocated to

many functions as is illustrated in figure 13, in order to maximize leaf productivity

subject to environmental stress factors.

Simulation models are beginning to accurately account for physiological factors such

as nutrient limitations. Although growth models and ecosystem level models both have

the ability to predict the growth response to nitrogen fertilization, accuracy is lacking on

a site-specific basis required for operational use in the Douglas-fir Region. Furthermore,

current simulation models do not accurately represent belowground biomass production

(Fisher and Binkley, 2000).

2. Below-ground Responses to N-Fertilization

Carbon is allocated either above or below ground to compensate for a change in N-

supply. Generally, Douglas-fir growing on infertile sites (N-stressed), will allocate more

carbon to root growth to exploit additional N from the soil. On the contrary, trees

growing on very fertile sites will channel a greater percentage of their energy into

increasing leaf area (canopy growth) and stem growth as shown in the study by Brix.

Figures 14 and 15 illustrate the relative allocation of energy below- versus aboveground.
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Figure 23: Rooting density versus foliar
N for Douglas-fir. Shaded dots represent
root proliferation in localized enriched
regions of soil for Douglas-fir seedlings.
(Friend et al. 1990). Open dots represent
rooting density in a 50-year old Douglas-
fir stand from a RFNRP installation in
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Fine root and hyphal growth in Douglas-fir stands is affected by nitrogen supply and

availability. Results suggest the roles of N stress and soil microenvironment N

availability are key in influencing Douglas-fir root growth. Plastic mesh ingrowth bags

containing 50 g of horticultural vermiculite with 0.02, 1, or 9 mg N/g vermiculite as

ammonium nitrate were installed in a fertilized (75 kg N/ha/yr over 15 yrs) plot and an

unfertilized (N stressed) plot in December, 1986. After 6 months, greater root (2X) and

hyphal (3X) ingrowth had occurred in the unfertilized compared to the fertilized plot.

Root ingrowth was positively correlated with total N of the ingrowth medium (r2 = 0.82)

on the unfertilized but not on the fertilized plot. The N stressed plot exhibited

compensatory root growth responses to N Availability, i.e., an accelerated root growth in

high N microenvironments.

"Both of the observed responses to N stress- high total fine root growth and
compensatory root growth in high soil microenvironments, are possible mechanisms for
tolerating N stress" (Friend et al. 1990).

B. Changes in Stand Characteristics from N-Fertilization

When scaling up to the stand level, the effect of N-fertilization is generally accelerated

stand development. Fertilization is one of the few silvicultural treatments (other than

irrigation) that can actually increase Net Primary Productivity. In the previous study by

Brix, net assimilation rates were calculated for fertilization and thinning. Subsequent

studies have defined net assimilation rate as growth efficiency in ecosystem studies.

Stand leaf area index and Net Primary Productivity are highly correlated. Growth

efficiency can be defined as aboveground biomass produced per unit of foliage

production.

"Growth efficiency (GE) incorporates the influences of both photosynthetic efficiency
and carbon allocation to aboveground tissues and can be used as an index of stand vigor
and disease resistance" (Velazquez-Martinez et al. 1992).

As trees grow larger following fertilization, the size-density development of the stand is

accelerated causing an early onset of competition induced mortality or self-thinning.

Increased rates of suppression mortality (dependent on stocking levels) result in stands of

greater average diameters versus controls of equal density. Dominant and codominant

trees at treatment respond more to fertilization relative to suppressed trees, causing self-



thinning to not only happen earlier than without fertilization, but also happen at a faster

rate once it begins.

Timing density management entries is critical to the effectiveness of fertilization

programs. Precommercial thinning and subsequent commercial thinning entries should

be timed as to minimize losses to mortality from fertilization. In general, fertilization

treatments immediately following thinning reduce the risk of mortality losses and

interception by understory vegetation-two important factors in timing application to

coincide with stand development. Several studies have demonstrated that this loss to

mortality can significantly reduce the net growth benefit from fertilization. It is critical

that net growth, not gross growth resulting from the fertilization treatment be analyzed.

The following studies illustrate the importance of deciphering between gross and net

growth.

IV. Nutrient Removals from Harvesting

Prior to evaluating nutrient removals from harvesting, it is timely to review the

distribution of nitrogen within the above ground portion of the trees. Stemwood and bark

of most temperate conifers account for approximately 65 to 85 percent of total site

biomass but only 25 to 50 percent of nitrogen in the trees. For a more detailed illustration

of nitrogen distribution within the ecosystem, see section III.E.2.c.

A valuable experiment on this topic comes from University of Washington's Pack Forest:

"The study included three levels of harvesting- bole only, whole tree, and whole tree
plus understory and forest floor removal- in high and low site stands of 55-year old
Douglas-fir. On both the high and low sites, the more biomass removed, the less the
subsequent growth of the new stand. The differences became more pronounced over
the 10-year study period. Fertilization of half the plots with 200 kg N/ha as urea
resulted in much smaller decreases in growth, suggesting that fertilization may be
used to offset the negative impacts of harvesting on nutrient status (Weetman et al.
1992)."

Conventional harvest methods (bole only or whole tree) reduce the nutrient capital of the

site; however, the number of years needed to replace the removed nutrients through the

accumulation of annual inputs from atmospheric deposition, N fixation, and weathering is

usually less than the harvest cycle (Waring and Running, 1998). Common nitrogen

removals from conventional logging range from 70 to 200 kg N/ha (Powers, 1980). If
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harvest rotations average 50 years, then mean annual nitrogen loss from harvesting is less

than 5 kg N/ha/year. N2-fixation can easily negate these losses.

For example, if a 50-year old stand of Douglas-fir is harvested, resulting in the loss of

200 kg N/ha (180 lbs/ac) in stem wood. If red alder invades the newly planted stand for

the first 10 years fixing 20 kg/ha/yr, then the N deficit has been repaid prior to slashing or

spraying the competing alder. Since red alder is commonly slashed or sprayed from post-

planting years 5 to 8, the entire N deficit may not be repaid; however, losses should be

negligible on most sites due to large amounts of N-capital in the soil pool.

It is important to note; however, that intensive management practices have greatly

reduced the occurrence of N-fixing species such as red alder within Douglas-fir

plantations. Site preparation herbicide prescriptions commonly contain soil residual

herbicides such as Oust that prevent red alder germination during the stand establishment

period. While it has been proven that higher yields can be achieved by reducing red alder

competition, the loss of nitrogen fixation coupled with shortened harvest rotations may

have the potential to induce nutrient deficiencies in the long-term on some sites.

Fertilization provides a means of replacing nitrogen lost from harvest that would

otherwise only be replaced through biological N-fixation.

a. Whole-tree Harvesting

Whole tree harvesting has the greatest potential for impact on site productivity of the

conventional harvest methods due to the removal of nutrient rich foliage and branch

biomass.

"Whole-tree harvests can increase average nitrogen removal rates in some temperate

coniferous forests by 100 percent" (Grier et al, 1989).

Whole tree harvesting is widespread in the Pacific Northwest. This method is

economically efficient on steep sites due to mechanized log processing taking place on

the landing versus manually in the harvest unit. Delimbing and bucking now takes place

mostly on landings and roadsides, leaving nutrient rich biomass unevenly distributed

across harvest units. Nutrient removal rates are highly dependent upon the duration

between felling and yarding and the season. If the majority of needles fall from the trees

prior to yarding, nutrient removal rates would not increase significantly above bole only

harvesting. Depending on the nutrient status of the site, whole tree harvesting may not



have any negative effects on productivity of the future stand. If this technique is used on

lower quality sites on short rotations, however, nutrient deficiencies may result. This

highlights the importance of identifying sites susceptible to productivity declines from

intensive harvesting.

B. Site Preparation Methods

Site preparation can enhance productivity by increasing the stockability of a site and

reducing vegetation competition. Site prep methods are categorized as either mechanical

(machine slash piling or windrowing), or chemical (pre-plant herbicide treatments). The

original site prep tool- fire will not be discussed here. Effects of fire on stand

productivity are well researched, but beyond the scope of this review. Common goals

during site prep activities are to allow for efficient planting of seedlings (300-500 per

acre), and secondly to reduce plant competition. These goals should be met while

attempting to reduce the effects of compaction and displacement of the forest floor and

subsoil.

Possible disadvantages of clearing the forest floor layer during site preparation include

increased surface erosion, changes in surface drainage patterns, and removal of nutrients

from much of the growing surface (Morris et al, 1983).

In the Pacific Northwest Douglas-fir Region, slash abatement is currently done with

either site prep excavators utilizing a custom brush claw resembling two giant pitchforks

hinged in the middle or by log loaders during harvest. This method usually involves

minimal disturbance to the forest floor while creating 'mini piles' that are no wider than

the desired planting spacing. This largely avoids the need to burn the piles and retains

the nutrients in more close proximity to the young stand roots. Although the potential for

soil compaction exists with any mechanized site prep technique, the ability to plant to full

stocking outweighs the small loss of growth that may occur due to machine compaction.

As with any best management practice, activities should be restricted during periods of

saturated soil conditions. An advantage of this method is that competing woody

vegetation can be uprooted during slash piling, reducing the dependency on herbicides

targeting woody vegetation.



X. Conclusion- What Will the Future ofForest Nutrition Management Look Like?

The Pacific Northwest Douglas-fir Region is in its 4th decade of forest fertilization and

nutrition research. This period has yielded significant progress in identifying Douglas-fir

nutrient deficiencies and in predicting the growth response of these stands. Sufficient

information exists to develop and implement large-scale fertilization projects with

relative certainty; however, continued improvement in nutrition management is desirable.

The following are some long-term research goals that should be reached in order to

maximize the effectiveness of fertilization and understand how it and other intensive

management practices influence the dynamic processes within the realm of

biogeochemistry:

1. Quantify the availability of soil nutrients for plant uptake using simple, more cost
effective diagnostic tools.

2. Develop more precise, site-specific growth response estimates for multiple
nutrients and multiple tree species.

3. Accurately predict growth response to intensive, multiple application regimes of
additional fertilizer rates and formulations.

4. Quantify interactions between fertilizer and soil processes to increase fertilization
efficiency (percentage of fertilizer absorbed by the trees).

5. Quantify treatment effects on long-term site productivity.

Maintaining high rates of growth within the Douglas-fir Region is a long-term

requirement for this region remaining economically competitive in a global wood

products market. Forest fertilization is a means of achieving this goal. Energy and wood

prices in addition to law and policy will drive the future profitability of fertilization.

Research must keep pace with the increasing demand on forest products and the

ecological effects of practices such as fertilization that help provide those products.

Research is more accurately quantifying biogeochemical processes; this information must

continue to be integrated into growth models that can calculate not only the expected

growth response from fertilization and other intensive management practices, but also

calculate the cost of replenishing nutrients lost from the site. Ongoing research and

refinement of ecosystem level modeling should yield additional knowledge regarding the

influence of management practices on long-term tree growth and net primary

productivity.



Conserving and managing nutrient elements will ultimately determine the long-term

sustainability of intensive management practices. Management practices should be

evaluated as to their potential for nutrient drain on the forest (Bengston, 1981). Nutrient

conservation may be more cost effective than management practices that reduce site

nutrient capital or vice-versa. Advances in nutrition management will serve to quantify

the effect of management practices on long-term productivity and provide an educated

path for the future sustainability of forestry.
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Starker Forest Fertilization Trial Data Analysis

Backiround: This experiment was originated by Mark Gourley, Silviculturist with
Starker Forests to see if fertilization could ameliorate the effects of Swiss
Needle Cast (SNC) on young Douglas-fir plantations. Fertilization of the
study plots below was completed in 1997 and 1998. Nutrients added
included a full multi-nutrient blend including N, P, K, S, Cu, Fe, Zn, and
Bo. All nutrients except nitrogen were applied in 1997. N was applied in
1998.

Objective: To quantify the response to fertilization of young (11-15 year-old)
Douglas-fir plantations infected with Swiss Needle Cast. Quantify 3-year
volume and height growth response to the following 3 treatments:

1. control
2. fertilization only
3. fertilization + weed control

For block A of the Rhody Ridge treatment, volume of individual bole
segments from 3 trees in each treatment were measured. Bole segments
were identified as follows:

Segment 1 0.5 ft. to 4.5 ft.
Segment 2 =4.5 ftto 8 ft
Segment 3 = 8 ft to 16 ft.

Methods: Measurements were taken in winter of 1998 and 2001 by Mark Gourley
and Austin Garden. Height and dbh were measured for all trees in 1998
and 2001, and increment cores from 3 random trees from each treatment
were sampled at Rhody Ridge block A at the following heights in 2001:
0.5 feet, 4.5 feet, 8 feet and 16 feet.

Measurements were analyzed on 20 trees from each of the 3 treatments:
Plot size 1110th acre for all treatments
Plot stocking = 20 trees/plot
Per acre stocking approximately 200 trees per acre

Installation Treatment Plot I.D. Replication
Rhody Ridge Fert + No Herbicide A-i B-i

Fert + Herbicide A-2 B-2
Control A-3 B-3

Installation Treatment Plot I.D. Replication
Shot Pouch Fert + No Herbicide A-i B-i

Fert + Herbicide A-2 B-2
Control A-3 B-3

104



Results:

Rhody Ridge: 3-year total volume growth response.

The following page illustrates the total 3-year cubic foot volume growth per tree
by treatment for the Rhody Ridge installation. Mean 3-year volume growth per
tree ranged from 4.21 cubic feet (Block B control) to 8.1 cubic feet (Block B
fertilized + weed control) over the 3-year period. Volume growth response
represented as % gain from treatment (defined below) ranged from 23% to 92%
for the block B fertilization only and block B fertilization + weed control,
respectively. All treatments were were statistically significant for 3-year volume
growth at the p<O.Ol level except treatment B-i (fertilization only p = 0.04).

% Gain = Treatment Mean Growth Rate Control Mean Growth Rate
Control Mean Growth Rate

Table I
Block A 1998-2001 Volume Growth Response (ftA3)

Rhody Ridge Treatment Mean % > Control Mean % Gain
Block A Control 4.92 N/A N/A

No herbicide 6.9 75 40.24
Herbicide 7.5 90 52.44

Table 2
Block B 1998-2001 Volume Growth Response (ft'3)

Rhody Ridge Treatment Mean % > Control Mean % Gain
Block B Control 4.21 N/A N/A

No herbicide 5.2 75 23.52
Herbicide 8.1 85 92.40

Table 3

1998-2001 mean

Block Treatment 1-sided p-value growth/tree (ftA3) SD SE

A-i No Herbicide 0.01 6.9 3.04 0.680
A-2 Herbicide 0.0001 7.5 1.88 0.420
A-3 Control reference 4.9 2.02 0.452
B-i No Herbicide 0.04 5.2 1.86 0.416
B-2 Herbicide 0.0001 8.1 4.01 0.897
B-3 Control reference 4.2 1.45 0.324
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Results (cont):

Rhody Ridge: 3-year height growth response.

3-year height growth response ranged from -10% for A-i (no herbicide) to 13%
for B-2 (herbicide + fertilization). None of the height growth responses were
statistically significant to the pczO.Ol level.

Rhody Ridge: Allocation of3-year volume growth response to bole segment

Allocation of volume growth to bole segments did not vary significantly between
treatments except in the case of treatment A-2 (fertilization + weed control).
Segment 3 (8 feet to 16 feet) contained 58% greater volume in A-2 versus
controls. This increased allocation to crown bole wood appeared to be at the
expense of lower bole wood. Segments 1 and 2 (0.5 feet to 4.5 feet) and (4.5 feet
to 8 feet) respectively contained 32% less volume in treatment A-2 when
compared with controls! Volume growth allocated to bole segment in the
fertilization only treatment was not significantly different (p<0.01).

Discussion/Conclusions:

Greater allocation of stemwood to the base of live crown observed in treatment A-
2 is similar to results observed at the EP703 fertilization trials in Shawnigan Lake,
B.C. Future data should be taken to see how long this change in stemwood
allocation persists. I theorize that this effect will last up to 10 years,
corresponding with the average growth response period from nitrogen
fertilization; however, this has yet to be proven. It has been 7 years since
treatment, but data analysis has not been done to illustrate this point.

Height growth response was not statistically significant; however, there was
clearly a large volume growth response from fertilization and fertilization with
weed control. Unfortunately, there was not a stand alone weed control treatment;
therefore, it is impossible to quantify the exact treatment response from weed
control only. There is still significant utility in the data, however, as the treated
trees have shown no significant Swiss Needle Cast (SNC) symptoms since
treatment in 1997-1998.

Future data should clarify the long-term treatment effect of fertilizing these young
SNC infected stands of Douglas-fir. This experiment is a significant step towards
understanding the interaction of tree nutrition and stand health in Douglas-fir.
Future research is warranted to understand the physiological mechanisms
responsible for the recovery of these trees from Swiss Needle Cast. Current
theories include increased nutrient availability and allocation to defense
compounds that guard against infection or simply greater nutrient availability to
allocate towards needle growth following the period of needle infection in the
spring. The following pages are included as reference including the raw data.
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Block A 1998-2001 Volume Growth Response (ft3)
Rhody Ridge Treatment Mean % > Control Mean % Ga,n

Block A Control 4.92 N/A N/A
No herbicide 6.9 75 40.24
Herbicide 7.5 90 52.44
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Block A 1998-2001 HeIght Growth
Rhody Ridge Treatment Mean % r Control Mean % Gain Aonuel Average HeIght Growth

BlockA Control 9.8 N/A N/A 33
Mo hem/dde 8.8 25 -10.20 2.9
Herb3de 9.9 50 1.02 3.3
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Block B 1998-2001 Height Growth
Rhody Ridge Treatment Mean % 'Control Mean % Gain rtnual Average Hetght Growth

Block B Control 7.6 N/A N/A 25
Noherthcmde 84 80 1053 2.8
Herb/ode 86 65 13.16 29
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Rhody Ridge Fert Data: Bole Volume per Segment by Treatment

Fertilized No Weed Control Volume by Bole Segment
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Rhody Ridge: Block A Fertilization Trial
Percent of Total Volume by Segment by Treatment

Segment 3 (8-16') Comparisons Segment 2 (4.5-8') Comparisons Segment 1 (0.5-4.5') Comparisons
F+NC

%TV0fS3
F+WC

%TVofS3
Control

%TVofS3
F+NC

%TVofS2
F+WC

%TVofS2
Control

%TVofS2
F+NC

%TVofSl
F+WC

%TVofS1
Control

%TVofS1
38.9 56.2 38.7 23.7 15.7 24.7 37.4 28.2 36.6
37.1 57.7 34.6 24.1 16.2 23.9 38.8 26.1 41.5
41.3 58.5 36.9 24.3 15.8 24.0 34.4 25.7 39.1

34.1 60.9 32.2 25.4 15.8 24.2 40.5 23.3 43.6
37.5 54.9 30.6 23.5 17.0 23.6 39.0 28.0 45.8
37.4 48.9 32.7 23.9 17.4 22.3 38.7 33.7 45.0
38.0 56.5 33.1 21.7 16.3 23.8 40.3 27.2 43.1
39.2 60.7 37.4 23.2 15.3 23.9 37.6 24.0 38.6
27.8 57.7 38.1 26.3 16.1 23.5 45.9 26.2 38.4
39.4 51.1 33.7 22.2 17.6 22.7 38.4 31.3 43.6
42.3 56.0 36.6 22.5 16.2 23.9 35.3 27.7 39.5
40.7 53.5 32.3 23.3 16.1 22.5 36.0 30.4 45.2
38.9 56.8 35.5 23.2 16.0 24.5 37.9 27.2 40.0
40.1 53.9 37.3 22.7 17.1 24.1 37.2 29.0 38.5
38.7 55.5 40.6 24.0 17.0 23.2 37.3 27.5 36.3
39.2 57.4 38.1 22.9 15.4 21.9 37.9 27.3 39.9
38.6 55.9 32.5 22.9 15.7 26.2 38.5 28.4 41.4
40.7 59.1 41.6 23.2 15.7 22.7 36.2 25.3 35.7
39.5 57.1 34.2 23.1 15.5 22.5 37.4 27.4 43.3
35.3 55.7 35.5 25.0 15.6 24.2 39.7 28.6 40.3

Means: 38.2 56.2 35.6 23.5 16.2 23.6 38.2 27.6 40.8
% Gain> Control 7% 58% N/A 0% -32% N/A -6% -32% N/A



Rhody Ridge

Block

86 1-880

Trt

No herbicide
5/31/1998 5/31/1998 5/31/1998 5/31/1998

Tree DBH (cm) DBH (in) HT (m) HT (ft)

2/1/2000

DBH (in)

2/1/2000

DBH (cm)
2/1/2000

CLPR (cm)
2/1/2000 2/1/2000 1l19/200111/19/2001 1/19/200111/19/2001 5/31/1998 2/1/2000

HT (m) HT (ft) DBH (in) DBH (cm) HT (ft) HI (m) vol (ft3) vol (ft3)

B 1 861 12.1 4.76 8.6 28.2 5.3 13.5 8.6 5.8 14.73 36.81 11.22

B 1 862 13.0 5.12 8.3 27.2 6.0 15.2 8.3 6.7 17.02 35.04 10.68

B 1 863 12.7 5.00 9.2 30.2 5.7 14.5 9.2 6.4 16.26 39.16 11.94

B 1 864 8.7 3.43 6.4 21.0 4.2 10.7 6.4 4.7 11.94 28.52 8.70

B 1 865 12.0 4.72 9.6 31.5 5.7 14.5 9.6 6.8 17.27 41.21 12.56

B 1 866 10.7 4.21 8.4 27.6 5.0 12.7 8.4 5.9 14.99 37.92 11.56

B 1 867 11.5 4.53 9.2 30.2 5.4 13.7 9.2 6.2 15.75 37.51 11.44

B 1 868 10.7 4.21 8.8 28.9 5.0 12,7 8.8 5.8 14.73 37.42 11.41

B 1 869 4.7 1.85 4.4 14.4 2.2 5.6 4.4 2.8 7.11 20.74 6.32

B 1 870 13.0 5.12 10.4 34.1 5.9 15.0 10.4 6.7 17.02 43.66 13.31

B 1 871 12.6 4.96 10.3 33.8 5.6 14.2 10.3 6.1 15.49 41.90 12.77

B 1 872 11.6 4.57 9.1 29.9 5.1 13.0 9.1 5.8 14.73 38.56 11.76

B 1 873 14.9 5.87 10.5 34.4 6.7 17.0 10.5 7.4 18.80 42.56 12.98

B 1 874 12.8 5.04 10.5 34.4 5.8 14.7 10.5 6.3 16.00 44.06 13.43

B 1 875 9.7 3.82 7.2 23.6 4.6 11.7 7.2 5.1 12.95 32.35 9.86

B 1 876 12.5 4.92 9.6 31.5 5.8 14.7 9.6 6.4 16.26 40.55 12.36

B 1 877 12.4 4.88 9.5 31.2 5.6 14.2 9.5 6.3 16.00 38.80 11.83

B 1 878 12.3 4.84 9.5 31.2 5.6 14.2 9.5 6.2 15.75 40.61 12.38

B 1 879 9.8 3.86 9.4 30.8 4.6 11.7 9.4 5.3 13.46 39.27 11.97

B 1 880 9.6 3.78 7.6 24.9 4.4 11.2 7.6 4.8 12.19 29.61 9.03

mean 11.4 4.5 8.8 29.0 5.2 13.2 8.8 5.9 14.9 37.3 11.4

Rhody Ridge

Block

801-820

Trt

No herbicide
5/31/1998 5/31/1998 5/31/1998 5/31/1998

Tree DBH (cm) OBH (in) HI (m) HT (ft)

2/1/2000

DBH (in)

2/1/2000 2/1/2000

DBH (cm) CLPR (cm)
211/2000 2/1/2000

HI (m) HI (ft)

2/12/200112/12/200112/12/200112/12/2001

DBH (in) DBH (cm) HI (ft) HI (m)
5/31/1998 2/1/2000

vol (ft3) vol (ft3)

A 1 801 12.6 4.96 9.9 32.5 5.6 14.2 6.2 15.75 42.78 13.04

A 1 802 14.0 5.51 9.9 32.5 6.3 16.0 7 17.78 43.46 13.25

A 1 803 10.2 4.02 8.2 26.9 4.7 11.9 5.4 13.72 36.41 11.10

A 1 804 0.8 0.31 8.9 29.2 4.3 10.9 5 12.70 34.52 10.52

A 1 805 11.0 4.33 7.7 25.3 5.0 12.7 5.7 14.48 32.88 10.02

A 1 806 10.3 4.06 9 29.5 4.7 11.9 5.3 13.46 39.17 11.94

A 1 807 10.7 4.21 9 29.5 5.4 13.7 6.2 15.75 42.23 12.88

A 1 808 15.5 6.10 10 32.8 7.4 18.8 9.2 23.37 42.91 13.08

A 1 809 11.0 4.33 8.7 28.5 5.2 13.2 5.8 14.73 36.87 11.24

A 1 810 10.4 4.09 9.2 30.2 4.8 12.2 5.4 13.72 39.31 11.98

A 1 811 13.8 5.43 9.2 30.2 6.3 16.0 7.1 18.03 38.20 11.65

A 1 812 12.0 4.72 7.9 25.9 5.6 14.2 6.3 16.00 33.45 10.20

A 1 813 14.9 5.87 8.7 28.5 6.9 17.5 7.8 19.81 35.27 10.75

A 1 814 16.7 6.57 10.1 33.1 7.9 20.1 9.1 23.11 39.38 12.01

A 1 815 12.7 5.00 10.2 33.5 5.8 14.7 6.6 16.76 42.97 13.10

A 1 816 12.4 4.88 9.1 29.9 6.0 15.2 6.8 17.27 39.80 12.13

A 1 817 10.1 3.98 9.2 30.2 4.9 12.4 6 15.24 38.91 11.86

A 1 818 0.8 0.31 6.9 22.6 4.0 10.2 4.9 12.45 30.56 9.32

A 1 819 0.9 0.37 7.7 25.3 4.5 11.4 5.1 12.95 34.51 10.52

A 1 820 11.5 4.53 8.8 28.9 5.5 14.0 6.3 16.00 36.53 11.14

mean 10.6 4.18 8.9 29.2 5.5 14.1 6.4 16.2 38.0 11.6



Rhody Ridge

Block

821-840

Trt

Herbicide

Tree
5/31/1998 5/31/1998 5/31/1998 5/31/1998
DBH (cm) DBH (in) HT (m) HT (ft)

2/1/2000
DBH (in)

2/1/2000 211/2000
DBH (cm) CLPR (Cm)

2/1/2000 2/1/2000 2/12/2001 2/12/200112/12/200112/12/2001 5/31/1998 2/112000
HT (m) HT (ft) DBH (in) DBH (cm) HT (ft) HT (m) vol (ft3) vol (ft3)

A 2 821 12.2 4.80 8.7 28.5 5.6 14.2 6.40 16.26 42.78 13.04
A 2 822 11.7 4.61 7.6 24.9 5.6 14.2 6.40 16.26 43.46 13.25
A 2 823 13.8 5.43 8.7 28.5 6.4 16.3 7.60 19.30 36.41 11.10
A 2 824 12.4 4.88 9.4 30.8 5.8 14.7 8.00 20.32 34.52 10.52
A 2 825 10.1 3.98 7.8 25.6 4.9 12.4 6.00 15.24 32.88 10.02
A 2 826 14.2 5.59 9.5 31.2 6.5 16.5 7.50 19.05 39.17 11.94
A 2 827 13.0 5.12 8.8 28.9 6.0 15.2 7.40 18.80 42.23 12.88
A 2 828 13.0 5.12 8.6 28.2 6.2 15.7 7.20 18.29 42.91 13.08
A 2 829 10.6 4.17 7.4 24.3 4.9 12.4 6.10 15.49 36.87 11.24
A 2 830 11.8 4.65 8.5 27.9 5.7 14.5 6.60 16.76 39.31 11.98
A 2 831 11.7 4.61 8.5 27.9 5.5 14.0 6.30 16.00 38.20 11.65
A 2 832 12.2 4.80 7.8 25.6 5.6 14.2 6.10 15.49 33.45 10.20
A 2 833 12.0 4.72 8.7 28.5 5.5 14.0 6.60 16.76 35.27 10.75
A 2 834 14.0 5.51 10.6 34.8 6.4 16.3 7.30 18.54 39.38 12.01
A 2 835 13.5 5.31 8.6 28.2 6.2 15.7 6.80 17.27 42.97 13.10
A 2 836 1.0 0.37 7.8 25.6 4.7 11.9 5.80 14.73 39.80 12.13
A 2 837 10.5 4.13 8.1 26.6 5.0 12.7 5.50 13.97 38.91 11.86
A 2 838 11.5 4.53 9.7 31.8 5.5 14.0 6.10 15.49 30.56 9.32
A 2 839 12.3 4.84 9.1 29.9 5.8 14.7 6.60 16.76 34.51 10.52
A 2 840 13.7 5.39 9.0 29.5 6.1 15.5 7.30 18.54 36.53 11.14

mean 11.8 4.6 8.6 28.4 5.7 14.5 6.7 17.0 38.0 11.6

Rhody Ridge

Block

881-900

Trt

Herbicide

Tree
5/3111998 5/31/1998 5/31/1998 5/31/1998
DBH (cm) DBH (in) HT (m) HI (ft)

2/1/2000
DBH (in)

2/1/2000
DBH (cm)

2/1/2000
CLPR (cm)

2/1/2000 2/1/2000 1/19/200111/19/200111/19/200111/19/2001 5/31/1998 2/1/2000
HT (m) HT (It) DBH (in) DBH (cm) HI (It) HT (m) vol (ft3) vol (ft3)

B 2 881 13.4 5.28 10.3 33.8 6.0 15.2 10.3 6.7 17.02 40.61 12.38
B 2 882 12.9 5.08 8.9 29.2 5.9 15.0 8.9 6.7 17.02 39.14 11.93
B 2 883 16.5 6.50 11.8 38.7 7.6 19.3 11.8 8.6 21.84 50.25 15.32
B 2 884 10.9 4.29 9.4 30.8 5.1 13.0 9.4 5.6 14.22 40.45 12.33
B 2 885 10.3 4.06 9.2 30.2 4.6 11.7 9.2 5.4 13.72 39.39 12.01
B 2 886 12.5 4.92 6.8 22.3 5.6 14.2 6.8 6.2 15.75 26.44 8.06
B 2 887 11.4 4.49 9.9 32.5 5.3 13.5 9.9 6.2 15.75 40.59 12.38
B 2 888 15.9 6.26 11.0 36.1 7.3 18.5 11.0 8.2 20.83 47.69 14.54
B 2 889 13.8 5.43 9.2 30.2 6.2 15.7 9.2 7.1 18.03 38.60 11.77
B 2 890 10.3 4.06 8.2 26.9 4.6 11.7 8.2 5.2 13.21 33.84 10.32
B 2 891 9.4 3.70 8.4 27.6 4.2 10.7 8.1 4.8 12.19 35.98 10.97
B 2 892 15.5 6.10 10.4 34.1 6.8 17.3 10.4 7.7 19.56 45.14 13.76
B 2 893 13.9 5.47 9.6 31.5 6.3 16.0 9.6 7 17.78 39.11 11.92
B 2 894 12.8 5.04 8.0 26.2 5.6 14.2 8.0 6.4 16.26 34.50 10.52
B 2 895 18.6 7.32 11.5 37.7 8.4 21.3 11.5 9.6 24.38 45.49 13.87
B 2 896 16.6 6.54 11.8 38.7 7.5 19.1 11.8 8.2 20.83 44.80 13.66
B 2 897 13.2 5.20 9.4 30.8 6.0 15.2 9.4 6.6 16.76 41.11 12.53
B 2 898 18.0 7.09 11.2 36.7 8.5 21.6 11.2 9.4 23.88 48.02 14.64
B 2 899 15.7 6.18 11.7 38.4 7.1 18.0 11.7 7.6 19.30 46.80 14.27
B 2 900 16.2 6.38 10.6 34.8 7.6 19.3 10.6 8.2 20.83 42.90 13.08

mean 13.9 5.5 9.9 32.4 6.3 16.0 9.9 7.1 18.0 41.0 12.5



Rhody Ridge

Block

841-860

Irt

Control

Tree
5131/1998 5/31/1998 5/31/1998 5/31/1998
DBH (cm) DBH n) HT (m) HI (ft)

2/1/2000
DBH (in)

2/1/2000
DBH (cm)

2/1/2000 2/19/2001 2/19/2001 2/19/2001 2/19/2001 5/31/1998 2/1/2000
HI (m) DBH (in) DBH (cm) HT (ft) HT (m) vol (ft3) vol (ff3)

A 3 841 13.2 5.20 10.2 33.5 6.1 15.5 6.60 16.76 41.60 12.68
A 3 842 10.7 4.21 9.4 30.8 4.9 12.4 5.30 13.46 41.71 12.72
A 3 843 10.4 4.09 8.4 27.6 4.9 12.4 5.40 13.72 38.03 11.59
A 3 844 12.8 5.04 8.8 28.9 5.8 14.7 6.40 16.26 38.18 11.64
A 3 845 10.3 4.06 9.1 29.9 4.7 11.9 5.10 12.95 38.85 11.84
A 3 846 10.6 4.17 9.9 32.5 4.8 12.2 5.40 13.72 42.79 13.05
A 3 847 14.3 5.63 10.9 35.8 6.5 16.5 7.00 17.78 45.88 13.99
A 3 848 12.8 5.04 9.1 29.9 5.8 14.7 6.30 16.00 41.33 12.60
A 3 849 12.4 4.88 9.8 32.2 5.7 14.5 6.20 15.75 44.66 13.62
A 3 850 11 4.33 9.0 29.5 5.1 13.0 5.60 14.22 41.64 12.70
A 3 851 10.2 4.02 8.2 26.9 4.5 11.4 4.90 12.45 35.66 10.87
A 3 852 12.9 5.08 9.2 30.2 5.6 14.2 6.10 15.49 38.44 11.72
A 3 853 0.84 0.33 7.3 24.0 4.0 10.2 4.40 11.18 35.08 10.70
A 3 854 10.4 4.09 8.1 26.6 4.9 12.4 5.40 13.72 36.45 11.11

A 3 855 10 3.94 7.3 24.0 4.6 11.7 5.00 12.70 28.17 8.59
A 3 856 13 5.12 9.2 30.2 6.0 15.2 6.80 17.27 43.33 13.21

A 3 857 11.8 4.65 8.5 27.9 5.4 13.7 5.80 14.73 37.57 11.45
A 3 858 10.3 4.06 8.5 27.9 4.7 11.9 5.10 12.95 36.91 11.25
A 3 859 0.88 0.35 7.1 23.3 5.0 12.7 5.50 13.97 39.18 11.95
A 3 860 11.1 4.37 9.3 30.5 4.0 10.2 4.30 10.92 31.91 9.73

mean 10.5 4.1 8.9 29.1 5.2 13.1 5.6 14.3 38.9 11.9

Rhody Ridge

Block

901-920

Trt

Control

Tree
5/31/1998 5/31/1998 5/31/1998 5/31/1998
DBH (cm) DBH (in) HI (m) I-IT (ft)

2/1/2000
DBH (in)

2/1/2000 2/1/2000 2/1/2000
DBH (cm) CLPR (cm) HI (m)

2/1/2000 2/19/2001 2/19/2001 2/19/2001 2/19/2001
HT (ft) DBH (in) DBH (cm) HT (ft) HI (m)

B 3 901 8.8 3.46 7.5 24.6 3.9 9.9 7.5 4.20 10.67 31.51 9.61

B 3 902 12.6 4.96 8.5 27.9 5.5 14.0 8.5 5.90 14.99 38.64 11.78

B 3 903 9.9 3.90 8.6 28.2 4.3 10.9 8.6 4.70 11.94 33.79 10.30

B 3 904 9.4 3.70 7 23.0 4.3 10.9 7.0 4.70 11.94 29.03 8.85
B 3 905 11.1 4.37 7.5 24.6 4.9 12.4 7.5 5.30 13.46 32.90 10.03

B 3 906 8.4 3.31 6.9 22.6 4.0 10.2 6.9 4.40 11.18 33.09 10.09

B 3 907 10.7 4.21 8.1 26.6 4.7 11.9 8.1 5.10 12.95 35.76 10.90

B 3 908 9.8 3.86 8.6 28.2 4.4 11.2 8.8 4.80 12.19 33.78 10.30
B 3 909 12.4 4.88 9.8 32.2 5.5 14.0 9.8 6.00 15.24 40.25 12.27

B 3 910 8.7 3.43 7.4 24.3 4.0 10.2 7.4 4.40 11.18 32.13 9.80
B 3 911 14.2 5.59 9.7 31.8 6.2 15.7 9.7 6.60 16.76 40.77 12.43

B 3 912 9.1 3.58 7.3 24.0 4.1 10.4 7.3 4.40 11.18 34.28 10.45

B 3 913 7.8 3.07 7 23.0 3.5 8.9 7.0 3.80 9.65 27.82 8.48
B 3 914 8.1 3.19 7.1 23.3 3.6 9.1 7.1 3.80 9.65 27.63 8.42
B 3 915 12.3 4.84 10 32.8 5.6 14.2 10.0 6.10 15.49 40.81 12.44

B 3 916 10.5 4.13 9.3 30.5 4.7 11.9 9.3 5.30 13.46 38.65 11.78

B 3 917 8.9 3.50 6.5 21.3 4.1 10.4 6.5 4.60 11.68 27.17 8.28
B 3 918 15 5.91 11.6 38.1 6.7 17.0 11.6 7.20 18.29 46.57 14.20

B 3 919 11 4.33 8.6 28.2 4.8 12.2 8.6 5.10 12.95 35.05 10.69

B 3 920 9.4 3.70 7.3 24.0 4.2 10.7 7.3 4.60 11.68 32.65 9.95
mean 10.4 4.1 8.2 27.0 4.7 11.8 8.2 5.1 12.8 34.6 10.6



Rhody Ridge 01-19-01 Austin Garden and Mark Gourley
Measured in

No weed control (BI) Inches feet
Tree 6" DBH 8' 16' Total Height
861 7.1 5.8 5.2 4.1 36.81
862 8.4 6.7 6.1 4.3 35.04
863 7.3 6.4 5.9 4.7 39.16
864 5.7 4.7 4.1 2.6 28.52
865 8.5 6.8 5.9 4.7 41.21
866 7.2 5.9 5.1 4 37.92
867 8.9 6.2 5.7 4.7 37.51
868 7.5 5.8 5.4 4.2 37.42
869 3.5 2.8 2.3 1.1 20.74
870 8.9 6.7 6 5.2 43.66
871 7.7 6.1 5.7 5 41.90
872 7.1 5.8 5.3 4.4 38.56
873 9.2 7.4 6.5 5.4 42.56
874 8.4 6.3 6 4.8 44.06
875 6.3 5.1 4.7 3.5 32.35
876 8.6 6.4 6.1 4.7 40.55
877 8.1 6.3 5.6 4.6 38.80
878 7.8 6.2 5.8 4.7 40.61
879 6.8 5.3 4.9 3.9 39.27
880 5.9 4.8 4.3 2.8 29.61

Weed Control (B2)
Tree 6'
881 9.3
882 8.6
883 11.3
884 7

885 6.6
886 8.6
887 8

888 10.3
889 9.1
890 7

891 6.3
892 11.1

893 9.5
894 8.2
895 13
896 11.4
897 9.2
898 12.3
899 10.6
900 11

DBH 8'
6.7 6.1
6.7 6.2
8.6 8.1
5.6 5.5
5.4 4.6
6.2 5.2
6.2 5.6
8.2 7.6
7.1 6.5
5.2 4.6
4.8 4.3
7.7 7

7 6.6
6.4 5.6
9.6 9.5
8.2 7.6
6.6 6
9.4 8.9
7.6 7.1
8.2 7

Measured in
Inches feet

otal Height
40.61
39.14
50.25
40.45
39.39
26.44
40.59
47.69
38.60
33.84
35.98
45.14
39.11
34.50
45.49
44.80
41.11
48.02
46.80
42.90

16'
4.9
4.9
6.5
4.4
3.6
3.7
4.4
6.5
5.2
3.2
3.4
5.3
5.1

4.2
6.6
6.2
4.8
7.2
5.7
5.9



Measured in
South Control (B3) Inches feet

Tree 6" DBH 8' 16 Total Height
901 4.90 4.20 3.80 2.80 31.51

902 8.10 5.90 5.50 3.50 38.64
903 5.80 4.70 4.10 3.10 33.79 broken leader
904 6.20 4.70 4.00 2.60 29.03
905 7.20 5.30 4.30 2.90 32.90
906 6.20 4.40 3.60 2.80 33.09
907 6.70 5.10 4.30 3.00 35.76
908 6.00 4.80 4.30 3.20 33.78
909 7.50 6.00 5.30 4.20 40.25
910 6.20 4.40 3.80 2.80 32.13
911 8.40 6.60 5.90 4.30 40.77
912 6.30 4.40 3.70 2.70 3428
913 4.80 3.80 3.40 2.30 27.82
914 4.70 3.80 3.40 2.50 27.63
.915 7.80 6.10 5.80 4.60 40.81
916 7.40 5.30 4.80 4.00 38.65
917 5.40 4.60 3.90 2.30 27.17
918 9.30 7.20 6.90 5.70 46.57
919 7.30 5.10 4.50 3.30 35.05
920 6.00 4.60 4.20 2.80 32.65

Rhody Ridge 02-12-01 Rick Allen
Block A Treatment 2 Measured in
Weed control (A2) Inches feet

Tree 6" DBH 8' 16 Total Height
821 9.00 6.40 5.70 4.40 32.21
822 7.80 6.40 5.60 4.00 33.73
823 10.50 7.60 6.70 4.90 40.42
824 9.50 8.00 6.00 4.80 42.47 Branch whorl swelling DBH
825 7.90 6.00 5.30 3.80 37.28
826 10.30 7.50 6.60 5.30 41.71
827 10.30 7.40 6.10 4.80 37.94
828 10.20 7.20 6.70 5.10 39.31
829 8.50 6.10 4.90 3.50 32.63
830 8.90 6.60 5.70 4.70 37.08
831 8.70 6.30 5.50 4.30 39.47
832 8.90 6.10 5.70 4.00 33.98
833 7.60 6.60 5.60 4.40 36.07
834 10.40 7.30 6.70 5.70 43.84
835 8.20 6.80 6.20 4.90 38.45
836 7.00 5.80 4.90 3.70 39.29
837 7.50 5.50 5.00 4.00 35.00
838 7.90 6.10 5.80 4.60 42.85
839 9.30 6.60 6.10 5.00 40.83
840 9.60 7.30 6.10 4.70 39.56



Rhody Ridge 02-12-01 Rick Allen
Block A Treatment I
No Weed control (Al)

Tree 6" DBH
801 8.2 6.2
802 8.7 7

803 6.8 5.4
804 6.7 5

805 7.9 5.7
806 6.8 5.3
807 8.9 6.2
808 11.3 9.2
809 8.3 5.8
810 7.8 5.4
811 8.4 7.1

812 8.5 6.3
813 10 7.8
814 12.9 9.1

815 9 6.6
816 9.3 6.8
817 8.1 6
818 6.1 4.9
819 6.7 5.1

820 7.9 6.3

Rhody Ridge 02-19-01 Rick Allen
Block A Treatment I
Control (A3)

Tree 6" DBH
841 8.40 6.60
842 7.00 5.30
843 7.20 5.40
844 8.60 6.40
845 7.20 5.10
846 6.60 5.40
847 9.10 7.00
848 8.00 6.30
849 8.20 6.20
850 7.90 5.60
851 5.80 4.90
852 7.20 6.10
853 5.40 4.40
854 7.70 5.40
855 7.10 5.00
856 9.50 6.80
857 7.40 5.80
858 6.60 5.10
859 7.30 5.50
860 5.30 4.30

Measured in
Inches feet

8' 16' Total Height
5.8 4.6 42.78
6.1 4.6 43.46
4.7 3.5 36.41
4.5 3.4 34.52
5.1 3.9 32.88

5 3.7 39.17
5.6 4.7 42.23
7.4 6 42.91
5.3 4 36.87
4.8 4 39.31
6.3 4.8 38.20
5.5 3.7 33.45

7 5.3 35.27
8 6.5 39.38

5.8 4.8 42.97
6.3 5.1 39.80
5.5 4.3 38.91
4.1 2.8 30.56
4.5 3.4 34.51
5.3 4 36.53

Measured in
Inches feet

8' 16' Total Height
6.10 4.30 41.60
5.00 4.00 41.71
4.80 3.90 38.03
5.60 4.50 38.18
4.60 3.50 38.85
5.00 4.30 42.79
6.60 5.50 45.88
5.80 4.50 41.33
5.50 4.60 44.66
5.30 3.90 41.64
4.50 3.70 35.66
5.40 4.10 38.44
3.70 2.70 35.08
4.70 3.50 36.45
4.40 2.90 28.17
6.00 4.60 43.33
5.00 4.00 37.57
4.50 3.50 36.91
5.00 3.70 39.18
3.70 2.80 31.91




