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The objectives of this research were to study: a) the
effect of thinning and treatments consisting of pruning
and inultinutrient fertilization on aboveground biolnass

increment, growth efficiency (GE), and foliar nutrients;

b) the influence of topoedaphic variables (soil
nutrients, slope, aspect, and rock content) and foliar
nutrients on both leaf area increment and GE; and c) the
influence of topoedaphic variables on the rate of
iiJneralizable N. Studies were conducted in young Douglas-

fir plantations in the western Cascades of Oregon.

Net aboveground biomass increment over a 6-year

period averaged 14.5, 7.8, and 5.5 Mgha.yr

for

unthinned, noderately thinned, and heavily thinned

stands, respectively. Aboveground biornass increment and

GE were analyzed in three 2-year periods. Density
affected aboveground biomass increment in all periods,
and there was an increasingly significant treatment
effect in each period, but no significant interaction
between stocking density and treatment.

Stand density had

the major effect on GE, but there was also a significant
interaction between stocking density and treatment during
the 1985-'87 period. Foliar analysis indicated that
thinning improved N, K, and Mg nutrition, and resulted in
increased translocation of K from one-year old to current
year foliage.

Nultivariate and regression analyses suggest that
relative leaf area increment is correlated most closely
with one or another measure of Mg, K, and N availability,
whereas GE correlates most strongly with leaf area index,
mineralizable N, and foliar Mg content.

Mineralizable N in two soil depths did not vary
significantly by stocking density, treatment, or densitytreatment interaction. The rate of mineralizable nitrogen
expressed as concentration basis averaged 49 per cent
lower at the 20-40 cm depth than at the 0-20 cm depth.
Mineralizable N expressed on an area basis correlated
positively with total soil N, exchangeable Ca, and

adjusted aspect, and negatively with rock content and
slope steepness.
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INTERACTING EFFECTS OF STAND DENSITY,
SITE FACTORS, AND NUTRIENTS ON PRODUCTIVITY
AND PRODUCTIVE EFFICIENCY OF DOUGLAS-FIR PLANTATIONS
IN THE OREGON CASCADES

CHAPTER I

General Introduction

The increasing demand for wood products, coupled with
a reduction of forest land available for harvest and the
possible depletion of soil nutrients, creates a need for
a clearer understanding of forest soil fertility,

its

interaction with silvicultural practices, and how this
interaction influences the development and growth of
forest stands.

The role of soil fertility in forest productivity is
poorly understood. However, other than stand density, the
management of soil and nutrients is the most important
silvicultural tool available. These aspects of
silviculture have the potential to significantly enhance
both short-term and long-tei.iit productivity of forest
stands.
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Despite numerous studies of the importance of
silvicultural practices such as fertilization on tree
growth (Albrektson

j 1977; Brix 1981a, 198lb, 1983;

Binkley and Reid 1984; Beets and Nadgwick 1988; Vose and
Allen 1988; Miller et

.

1989), more information is

needed regarding the relative influence of various site
factors on forest productivity. At present little is
known about the role played by nutrients other than
nitrogen, and how productivity and the factors that
control it vary with stand structure and across local
landscapes.

Growth efficiency (GE) is important from a research
standpoint because productivity depends on two things:
a) leaf area, which is a function of available water,
nutrients, and to some extent species (i.e. genetics,

competition, shade tolerance); and b) the efficiency of
leaf use. The latter is a function of numerous factors
such as site resources, stand density, and respiratory
demand. When we are interested in a single component
(e.g. stems), the way in which photosynthate is allocated

within the tree becomes an additional factor affecting
growth efficiency.

Both increased leaf area and improved photosynthetic
efficiency contribute to the improved productivity
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observed following fertilization (Albrektson

t i.

1977; Brix 1981a, 1981b, 1983; Linder and Axeisson 1982,

Vose and Allen 1988). Reduction of stand canopy by
thinning also improves photosynthetic efficiency, and in
addition stimulates decomposition and mineralization of
nutrients which further contribute to increased
efficiency of the remaining trees (Waring and Schlesinger
1985). Organic matter decomposition and N release by
microbes provides much of the N available for
unfertilized plants, and N mineralization rate is
believed to be an important factor in forest
productivity.

In this thesis I report studies of factors that
influence forest productivity in Douglas-fir plantations
that had received differents treatments of thinning,
pruning, and multinutrient fertilization. The thesis is
organized as follows: In Chapter II, GE and aboveground
biomass are compared among the different treatments. In
addition, nutrient and needle biomass relationships are

presented. In Chapter III, LI increment is compared
among the different stand conditions and an analysis of
factors that influence GE and LAI increment is presented.

In Chapter IV, I compare mineralizable nitrogen at two
soil depths, and analyze factors that affect the rate at
which soil nitrogen is mineralized.
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CHAPTER II

Response of growth, growth efficiency,
and foliar nutrients to thinning and fertilization
in young Douglas-fir plantations in
the Central Oregon Cascades

Alejandro Velazquez-Martinez
David A. Perry
and

Thomas E. Bell

Department of Forest Science
Oregon State University
Corvallis, Oregon 97331
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ABSTRACT

The effect of thinning and treatments consisting of

pruning and multinutrient fertilization on aboveground
biomass growth and growth efficiency (GE) was studied
over a 6-year period in young Douglas-fir (Pseudotsug,
inenziesii (Mirb) Franco) plantations. Data were analyzed

in three 2-year periods. Net aboveground biomass
increment over the 6-year period averaged 14.5, 7.8, and

5.5 Mg'hayr

for unthinned, moderately, and heavily

thinned plots, respectively. Density affected growth in
all periods. There was an increasingly significant
treatment effect in each period, but no significant
interaction between stocking density and treatment.

Stocking density had the major effect on GE in both the
'83-'85 and '85-'87 growth periods, however there was
also a significant interaction between density and
treatment in the latter period, control plots (neither
fertilized nor pruned) having the highest GE (310

gm2'yr) in the less densely stocked areas. Foliar
analyses indicate that thinning improved N, K, and Mg
nutrition, and increased the translocation of K from oneyear old foliage. Significant intra-tree competition for
nutrients was indicated by the fact that fertilization

within a given stocking density generally raised foliar
nutrient levels only when coupled with prunning.
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INTRODUCTION

Forest productivity may be considered as the
accretion of matter and energy in biomass. It depends on

both leaf area and the

efficiency with which leaves are

used, which depend, in turn, on numerous things such as
site resources, stand density, and physiological
characteristics of particular tree species. One index of
forest productivity is growth efficiency (GE), measured
as the ratio of stemwood or aboveground biomass
production per unit of leaf area (Waring 1983). GE
incorporates the influences of both photosynthetic
efficiency and carbon allocation to aboveground tissues
(Vose and Allen 1988). Additionally, GE can serve as an
index of competition among individual trees and of the

general vigor or disease resistance of a stand (Waring
and Pitman 1985).

Growth response to thinning and fertilization has
received a great deal of attention in forestry. Studies
of Douglas-fir include those of Brix (1981a, 1983),
Binkley and Reid (1984), Barclay and Brix (1985), and
Barclay

j.

(1986). Most work on tree nutrition has

focused on growth response to nitrogen (N) fertilization.

Recently, however, researchers have utilized foliar
nutrient concentration and contents to aid in
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interpreting growth responses, and in particular to
explore the influence of multiple nutrients in tree
growth (Weetman and Algar 1974; Timmer and Stone 1978;
Morrow and Tinuner 1981; Timmer and Morrow 1984; Pang
.

1987).

In this study we measured aboveground biomass growth,
GE, and foliar nutrient levels in Douglas-fir stands that
had received various combinations of thinning,
multinutrient fertilization, and pruning. Our objectives

were to: a) study the interacting effects of nutrient
availability and stand leaf area on growth and GE of
Douglas-fir, and b) to examine foliar nutrient status and
foliar bioinass changes as a result of application of

thinning, fertilization, and pruning treatments.

8

METHODS

Study Site

The study was undertaken on the H.J, Andrews
Experimental Forest located about 80 km east of Eugene,
Oregon, in the Blue River Ranger District of the
Willainette National Forest (lat. 440 15'N., long. 122°

10' W.). The climate of the experimental forest is wet
and fairly mild in the winter and warm and dry in the
summer (Bierlmaier and McKee 1989). Yearly average daily
air temperature is 8.5°C. At low elevation, the January
mean temperature is 2.3°C and the July mean is 26.6°C
(Rothacher et aJ,. 1967). Extreme temperatures range from

about -18°C to 38°C. Annual precipitation averages about
2300 mm at lower elevations and may amount to over 2500
mm on some higher ridges (Dyrness

.

1974).

Most soils of the experimental forest are classified
as Inceptisols, but some Alfisols are present (Brown and
Parson 1973). The highly porous soils allow rapid
absorption of water and provide storage for 30 to 40 cm
of water (Bierlrnaier and McKee 1989).

Vegetation of the Experimental forest is typical of
the central portion of the western slope of the Cascade

9

range in Oregon and is stratified in two major forest
zones, the western hemlock (Tsuga heterophylla) zone
which is generally below 1050 in and has abundant western

hemlock and Douglas-fir, and the Pacific silver fir
(Abies amabilis) zone, generally above 1050

in

with

abundant Pacific silver fir (Bierlmaier and McKee 1989).

Our study plots were installed in four Douglas-fir
plantations, all in the western hemlock zone of Franklin
and Dyrness (1973). Topoedaphic characteristics of the
study sites are provided in Table 11.1. The plantations
ranged in age from 21 to 27 years (dated from planting)

in 1987, and were established with 2-0 Douglas-fir
following clearcutting and slashburning.

Treatments

The experimental design was a split plot with three
density levels as main plots and subplots consisting of
four treatments: pruning, fertilization, pruning and
fertilization, and controls. Each of the four plantations
served as a block, giving 48 plots in total.

The plantations were thinned to three levels in 1981:

heavily thinned, moderately thinned, and unthinned. In
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1983, Leaf Area Index (LAI) averaged 2 m2/m2, 3
and 8 m2/m2 for heavy, medium, and unthinned,

respectively. Each level of thinning was represented by
one randomly selected block within each plantation. Each
thinning block was subdivided into four plots
(corresponding to the four treatments) that contained 35

to 50 trees regardless of thinning level, hence varied in
area depending on stocking density. Treatment plots were
separated by a 10 m buffer strip.

Stands were pruned and fertilized in 1982 and again
in 1984. Fertilization was with slow-release tabs (one
for each 1.2 cm of D.B.H), buried at 15 to 20 cm depth,

evenly distributed around the tree at a distance from the
bole equal to the crown width. Each tab contained 4.2 g
N, 2.1 g P205, 1.0 g 1<20, 0.55 g Ca, O.34g S, and 0.07 g
Fe, in the following compounds: ureaforinaldehyde, calcium

phosphate, and potassium, calcium, and ferrous sulfates.
Estimates of the amount of fertilizer added per ha and
per tree are shown in Table 11.2. Trees were numbered and
tagged, and small nail driven at D.B.H. to mark a single
measurement point for each measurement time.
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Leaf Area and Growth Efficieny Estimation

Leaf area

was estimated using the equation

presented by Waring

.

(1982). Two increment cores

were taken at D.B.H. from one third of the trees in 1983,
another one third in 1985 and the final one third in
1987. Plot trees smaller than 5 cm D.B.H. were not cored,
rather trees of similar size were cored in the buffer
area of each plot. In each core, sapwood width was
measured in order to derive the relationship between
basal area and sapwood area of each tree. This
relationship was then applied to all trees on a subplot
in order to calculate leaf area per plot. This was
expanded to leaf area per ha. from tree counts on fixedarea plots within each measurement plot. Individual tree
bioxnasses in 1981, 1983, 1985, and 1987 were calculated

from D.B.H. using the allometric equations of Gholz
j. (1979), and these were expanded to a per ha basis as
above. Growth efficiency was calculated as the average
yearly aboveground biomass growth during each 2-year
period divided by leaf area at the beginning of the
period. ANOVAS and the Tukey test were used to
investigate treatment differences (Steel and Torrie
1980)
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Foliar Analysis

Foliage for nitrogen, phosphorus, and cation analyses
was collected from all plots in late summer, 1988. Five
trees were selected at random from each plot. Either a
looper pole or shotgun were used to clip one branch tip
from the north side and from the south side of each tree
at niidcrown. Current and previous year growth were

clipped from each branch. In the field, all samples were
labeled, placed in plastic bags, tied shut, and placed in
ice filled styrofoam coolers for transport. In the lab,

samples were kept in walk-in coolers at 2°C for no more
than one week. Needles were clipped and separated by
growth year and composited to make a single sample for
each growth year per plot, dried for 48 hr. at 70°C, and
ground in a Wiley Mill.

Cation concentrations were determined by perchloric
acid digestion. Twelve milliliters of concentrated HNO3
were added to 1 g of foliage in a flask and then boiled
until foaming stopped. Then, flasks were cooled and 6 ml
of perchloric acid were added and digested for about 20
minutes. Samples were removed from hot plate and cooled
about 1-2 minutes, 15 ml of deionized water were added
and filtered immediately through Whatman No. 50 filter
paper into 100 ml volumetric flasks. Volumetric flasks

13

were cooled and brought to volume with deionized water.
Samples were analyzed with an atomic absorption
spectrophotometer.

Phosphorus and nitrogen concentrations were
determined by microkjeldahl digestion. a 0.5 g foliage
sample was placed in a 75 ml digestion flask and 2.2 g of
catalyst mix was added (100 parts of K2SO4, 10 parts of
CuSO4

5H20, and one part of Se), 10 ml of H2SO4, and 4

- 6 ml of 30% H202. Samples were digested for
approximately 3 hr., removed from digestion unit, and
cooled. Distilled water was added to the flasks and then
were shaken three times. Finally a 3.5 ml aliquot was
taken for technicon sample vial and analyzed with an
Alpken Rapid Flow Analyzer (R.F.A-300).

Needle biomass was obtained by weighing 5 lots of 10
randomly selected needles for each plot from the same
collected foliage for nutrient analyses. Needle nutrient
composition was expressed both as percentage of oven-dry
weight (concentration) and ug/lO needles (absolute
content). To facilitate interpretation, changes in needle
weight, concentration, and content are displayed in a
single graph for each element by the technique presented
by Weetman (1971) and Timmer and Stone (1978). Although
this technique was designed to evaluate fertilizer
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responses, it has also been used successfully to assess
response to other silvicultural treatments such as
thinning (Timmer and Morrow 1984).
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RESULTS

L.I and biomass growth

In 1987 IAI averaged 2.8 in2/m2 for heavily thinned
plots, 4.4 m2/ni2 for moderately thinned plots, and 10.7

m2/m2 for unthinned plots. Between 1983 and 1987, LAI
increased 55, 46 and 35 per cent for heavily thinned,

moderately thinned, and unthinned plots respectively
(Table 11.3).

Average aboveground tree biomass in 1987 was 173, 82,

and 52 Mgha- in the high, medium, and low density
plots, respectively (Table 11.3). High density plots had
the highest aboveground biomass in all measurement
periods. Between 1981 and 1987 biomass increased 100, 135
and 176 per cent in the high, medium, and low density
plots respectively. Figure 11,1 shows the relationship
between aboveground tree biomass increment from 1985 to

1987 and LI in 1985. Aboveground biomass increment
increased as L.I increased. However GE decreased sharply
as the canopy leaf area increased from 1 m2/m2 to about 7

1u2/m2 then remained constant at 130 gm2yr

up to the

maximun LAI measured (17 in2/m2; Figure 11.2).

ANOVA of aboveground biomass growth (per ha) between
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1981-83, '83-'85, and '85-'87 shows a significant density
effect in all periods and an increasingly significant
treatment effect in each period, but no significant
interaction between density and treatment (Table 11.4).

Net aboveground tree biomass increment over the 6

year period averaged 14.5 Mgha"yr

plots, 7.8 Mgha1yr

in unthinned

in moderately thinned plots, and

5.5 Ngha"yr1 in heavily thinned plots (Figure 11.3).
Productivity remained relatively constant throughout the
entire period within a given stocking density.

Significant treatment effects during the '83-'85 and
'85-'87 periods were due to lower growth in treated plots
than in controls, particularly pruned and pruned
/fertilized plots (Figure 11.4).

Growth efficiency

Stocking density had the major effect on GE in both
the '83-'85 and '85-'87 growth periods (Table 11.5). GE
during the 1983-'85 period averaged 188

unthinned plots, 248 gin2yr

plots, and 290 gm2yr

gin2

yr

in

in moderately thinned

in heavily thinned plots

(Figure 11.5) whereas in the 1985-'87 period GE averaged

180, 236, and 268 gm2yr1 for the same thinning
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treatments, respectively (Figure 11.6). However there was
also a significant interaction between density and
treatment in the latter period that resulted from a
change in the relative ranking of control and fertilized
plots within each density level (Figure 11.6). Whereas
controls (unfertilized, unpruned) had the highest GE

(310 gm2yr) in the less densely stocked areas, and
treatments did not differ in moderately stocked areas, in
the unthinned areas GE was significantly higher in
fertilized than in control plots. GE in unthinned plots
averaged 202, 183, 177, and 160

gm2yr, for

fertilized, pruned and fertilized, pruned, and control
(unpruned/unfertilized) plots, respectively. GE of the

last three treatments was significantly lower than that
of all other density-treatment combinations.

Effects of stocking

jy and foliar nutrients

Current (1988) foliage N concentrations averaged
1.01%, 1.09%, and 1.15% for unthinned, moderately
thinned, and heavily thinned plots respectively, whereas
one-year old (1987) N concentrations averaged .96%,
1.07%, and 1.09%

for the same density levels (Table

11.6). Average foliar concentration of all other
nutrients increased with increasing stand density in both
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one year and current year foliage.

The effect of stocking density on needle weight,

nutrient concentration and nutrient content is shown in
Figures 11.7 (1988) and 11.8 (1987) (means for each
density are averages of all treatments within that
density). One-year old needle weight averaged more in
heavily thinned plots (47 mg/b

needles) than in either

unthinned or moderately thinned plots (42 mg/b

needles

in both, p=.05), whereas current needle weight averaged
46, 38, and 35 mg/b

needles in heavily thinned,

moderately thinned, and unthinned plots, respectively
(Table 11.6).

Current year foliage content of all nutrients
averaged higher in stands that had been heavily thinned
than in those that were either unthinned or moderately
thinned (significant at p=.05 for all but Ca; Table
11.6). This was priinarely due to greater foliage weight,

N being the only nutrient with higher concentration in
the heavy thinnings (p=.05). Graphical analyses of
current year foliage indicate that both moderate and
heavy thinning improved N, K, and Mg nutrition, the
strongest and most statistically significant effects
being with N (Figure 11.7).
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As with current-year foliage, one-year old needles in
the heavily thinned stands were heavier and had greater N
content and concentration than in unthinned stands (all
at p=.05; Table 11.6, Figure 11.8). K content averaged
higher in the heavily thinned than in the unthinned
stands but the difference was small and not significant
at p=.05. Content of other nutrients in one-year old
foliage did not differ between heavy thinnings and
unthinned plots.

Patterns were somewhat different in the one-year old
foliage of moderately thinned stands. Needle weights did
not differ from those of unthinned stands, however both N
content and concentration were higher (p=.05). Increased
N content with no concomitant increase in needle weight
may indicate that some other factor limited needle
growth, or alternatively that less N was translocated
from one-year old needles in moderately-thinned than in
unthinned stands. In contrast to N, both concentration
and content of other nutrients in one-year old needles
averaged lower in moderately thinned than in unthinned
stands. Differences were not statistically significant,

however the consistency of the response among the
different nutrients suggests that they may be real.

Comparing 1987 and 1988 needles from trees growing at
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the same stocking level gives sortie indication of

differences. among stocking levels in nutrient

translocation. K contents of 1987 needles averaged 9
percent, 24 percent, and 20 percent lower than those of
1988 needles in unthinned, moderately thinned, and
heavily thinned stands, respectively, suggesting greater
translocation in thinned than in unthinried stands (Table

11.6). N concentration averaged higher in 1988 than in
1987 foliage at all density levels, but because current

foliage weighed less than oneyear old, this translated
into higher average N contents only in the most heavily
thinned stands, and even this difference was quite small.
Contents of other nutrients either did not differ between
1987 and 1988 needles or were higher in the older age
class of needles.

Treatment effects on foliar nutrients

Treatment effects on foliage weight and nutrients are
shown in Figures 11.9 and 11.10 (unthinned plots) and
11.11 and 11.12 (heavily thinned plots). Differences in
needle weight among treatments within a given density
level were small and statistically insignificant (p=.O5)
in both unthinned and heavily thinned plots (Table 11.7).

The same was true for moderately thinned plots (data not
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shown).

Fertilizing unthinned stands raised current-year
foliar contents of N, K, P, and Mg, but except for K,

this occured only when fertilization was coupled with
pruning (Figure 11.9). In the case of Ca and P.

fertilization without pruning resulted in rather sharp
declines in both content and concentration in current
foliage. Fertilization both with and without pruning
lowered contents of all nutrients except Ca in one-year
old foliage (Figure 11.10), suggesting increased
translocation to support new growth. That nutrient
declines do reflect translocation is supported by the
fact that Ca, generally considered inmobile in plant
tissues, was the only nutrient whose contents did not
decline in this age class of needles.

Treatments affected foliage weight and nutrient
contents quite differently in heavily-thinned than in
unthinned plots. At this stocking density several
nutrients responded positively to one or another
treatment. Compared to controls, K content of old foliage
averaged nearly 25 per cent higher in fertilized and 10
per cent higher in fertilized and pruned trees (Figure
11.12). Changes in the foliar content of other nutrients
in response to fertilization of heavily thinned stands
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varied depending on whether trees were pruned or not,
with nutrient status consistently better in fertilized
and pruned trees than in fertilized and unpruned trees.

Fertilization without pruning resulted in rather sharp
drops in concentration arid content of Ca and Mg in one-

year old foliage, and of N, P, and Mg in current foliage
(Figures 11.11, 11.12). In current foliage, all nutrients

but Ca behaved similarly when trees were pruned or pruned
and fertilized, their responses indicating relief of
deficiency when pruned, and luxury consumption when
pruned and fertilized. These patterns probably reflect
competition for nutrients within the large crowns of
these open grown trees, something that would be
exacerbated by fertilization and relieved by pruning.
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DISCUSSION

Bioxnass qrowth and growth efficienc.y

Estimates of total aboveground biomass for unthinned
and moderately thinned plots (Table 11.3) are within the
range of values reported for other northwest stands of
Douglas-fir of comparable age and density (Turner and
Long 1975; Keyes and Grier 1981; Binkley 1983; Fogel and
Hunt 1983; Barclay

.

1986; Espinosa and Perry 1987).

In addition, average aboveground NPP expressed as

Mghayr

for all densities are comparable with values

reported for other temperate evergreens growing in inesic

environments and lowland tropical rain forest (Kira 1975;
Waring

j. 1980; Cannell 1982).

Growth efficiency estimates are comparable to that
reported by Brix (1983), although comparisons with other
studies are limited because most have reported GE as stem
growth per unit of leaf area rather than total
aboveground biomass growth as we did (Binkley and Reid
1984; Waring

j. 1981)

Over the wide range of LAI's found in this study
there is no plateau or decline in aboveground bioniass

increment at highs LAI's (Figure 11.1). This supports
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Waring and Schlesinger's (1985) contention that a sparse
canopy with high efficiency cannot produce as much as a
dense canopy with low efficiency. Because GE did not
decline as LI increased from about 7 m2 /m2 to 16 m2/m2,
productivity in these stands continued to increase at
LAI's well above what, according to the Beer-Lanthert law,

should be the LAI of maximum light interception (Jarvis
and Leverenz 1983). This phenomenon can probably be
explained by the canopy structure, or the arrangement of
leaves in such a way that light transmission to lower
leaves is facilitated (Kira and Kumura 1983; Jarvis and
Leverenz 1983). The average inclination of leaves has
been recognized as an important factor influencing the
efficiency of solar energy utilization in plant canopies
since the classical Japanese study by Nonsi and Saeki
1953 (Kira and Kumura 1983).

In this study GE increased sharply as LAI decreased
below 5 m2/m2 (Figure 11.2). Several authors have found
an increase of growth efficiency as a result of thinning
(Waring

aJ,. 1981; Brix 1983; Binkley and Reid 1984;

Waring and Pitman 1985). In general, any reduction of the
stand canopy improves the penetration of solar radiation
and causes a greater photosynthetic efficiency. Thinning
also permits more heat and precipitation to penetrate to
the ground, stimulating decomposition and mineralization,
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which presumably contributes to increased efficiency of
the remaining trees (Waring and Schelesinger 1985),

however GE did not improve with reductions in L1I from 17
down to 7 m2/m2 (Figure 11.2). This may indicate
that GE is limited by factors other than LXI.

With regards to fertilization and pruning treatments,
in the unthinned stands all treatments averaged lower
aboveground biomass growth than controls (Figure 11.4).

Although only pruning was significant at the p=.05 level,
pruning plus fertilization approached significance at
that level. Lower growth in pruned plots can probably be
attributed to the reduced LAI. Reversal of the effect of
fertilizer on GE between low and high density may be
attributed to the fact that some nutrients become
limiting within the range of LAI's represented by the
study plots.

The single allometric equation that we used probably
does not accurately portray differences among stocking
levels and treatments in aboveground bioinass increment.

Trees commonly respond to thinning and fertilization by
increasing crown biomass, although effects on tree
allometry are less clear and may vary over time and with
levels of fertilization or thinning (Brix 1983; Binkley
and Reid 1984; Miller and Cooper 1973; Miller and Miller
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1976; Pang

.

1987). Espinosa and Perry (1987) found

that alloinetric relations between diameter and

aboveground biomasss differed among three adjacent
Douglas-fir plantations of the same age but with
different stocking densities and tree sizes and growing
on different soil types. Although reporting only diameter
growth avoids uncertainties associated with tree
allometry, we chose to estimate total aboveground biomass
response primarily because of the important questions
associated with forests as sinks for atmospheric CO2.

Foliar

nutrients

Foliar nitrogen concentrations of our trees (Table
1.6) are comparable to those reported by Pang

aJ..

(1987) and Kabzems and Klinka (1987), and fall within the

range of N deficiency suggested by Ballard and Carter
(1985) for Douglas-fir. Although a critical value for

foliar nitrogen has not been firmly established for
Douglas-fir (Waring and Youngberg 1972), values as
high as 1.7% nitrogen may be required for best growth
(van den Driessche 1969). Pang

(1987) suggest that

increased foliar N as a result of thinning is due to both
the immediately increased availability of N with a
decrease in growing stock as well as the delayed increase
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that results from decomposition of the thinned trees.
However, the pulse of high C/N dead stems following
thinning could also create a N sink.

Graphical analyses indicate that thinning improves
not only tree N nutrition, but K and Mg as well. These
results are supported in Chapter III, where we show that
LAI growth per unit of LAI in these stands correlates
closely with levels of foliar Mg and K. Potassium has
been found to limit Douglas-fir response to N
fertilization in the intermountain region (Mika and Moore
1990)

Our results with K and Mg do not match well with at
least some guidelines given for Douglas-fir requirements.
In the case of K, trees across all density levels
maintained concentrations at .8 percent or above,

although .45 per cent has been suggested as being
adequate (Ballard and Carter 1985; Edmonds

.

1989).

Binkley (1986), drawing on data of Ingestad (1979), gives
the optimum ratios of K and Mg to N in Douglas-fir
foliage as 0.5 and 0.04, respectively, however our trees
never dropped below a K/N of 0.7 and Mg/N of 0.1. These
descrepancies may reflect differences between the
nutrient requirements of 25 year-old trees in the field
and those of seedlings used to derive optimum nutrient
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levels. More in line with our findings, van den Driessche
(1979) gives 0.8 per cent as a 'marginal" foliar K
concentration for west-side Douglas-fir. Douglas-fir in
the intermountain region does not respond to N
fertilization when K/N ratios are below 0.65 (Mika and
Moore 1990).

Comparing K contents between 1987 and 1988 foliage
suggests that considerably more of this element is
translocated from older foliage to new growing points in
thinned than in unthinned stands. Others have reported
increased nutrient translocation with improved growing
conditions in conifers. Nambiar and Fife (1987) found
that N fertilization resulted in greater translocation of
N, P, and K from older foliage of radiata pine, and N
fertilization from acid precipitation induces greater Mg
translocation from old foliage of Norway spruce (Picea
abies; Oren

j. 1988b). Chapin and Kedrowski (1983)

also suggest that improved tree nutrition results in more
nutrients being translocated from old foliage to new
growing points.

The fact that twigs grow faster and reach a larger
final size when exposed to more light (Oren and Schulze
1989), probably accounts for much of the relatively high
K translocation in thinned stands. However, the improved
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N supply in thinned stands may have also induced greater
translocation of K from one-year foliage (Oren
1988b; Oren and Schulze 1989). The lower average contents
of all nutrients except N in one-year foliage of moderatelythinned compared to unthinned plots raises the
possibility that N may have been relatively more
available than the other nutrients at moderate densities.

More sampling will be needed to test the validity of
this, however.

It is possible that eiher S or Fe, which were
contained in tabs but which we did not analyze in
foliage, also limited growth in these stands. Both S and
Fe limitations have been previously reported for Douglasfir (Turner

],.

1977; Perry

J,.

1984; Edmonds and

Hsiang 1987).

Fertilization improved foliar nutrition in unthinned
stands only when coupled with pruning, a finding
consistent with that of Fife and Nainbiar (1984) in

radiata pine. Not surprisingly, needles on a given tree
compete for nutrients that are in short supply. The
increases in foliar Mg in pruned and fertilized trees,

despite the fact that it was not supplied in fertilizer
tabs, may indicate that other nutrients supplied in tabs
enhanced root and mycorrhizal growth and allowed trees to
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exploit more soil volume.

Treatment effects were quite different in heavily
thinned than in unthinned plots, fertilization in
particular reducing average 1988 leaf weights and content
of N, Ca, and P. Except for Ca, these declines did not
occur in trees that had been pruned. Foliage for nutrient
and weight measurements were collected from mid-crown,
while lower branches were prunned, suggesting that the
unshaded lower branches of widely spaced trees compete
successfully with mid-crown foliage for nutrients
supplied in tabs. Lower growth efficiency of fertilized
trees relative to controls in heavily thinned plots may
reflect in part at least the increased photosynthesis of
relatively inefficient lower branches.
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Figure 11.1. Relationship between total aboveground
biomass increment from 1985 to 1987 and
1985 Leaf Area Index.

20

32

Growth efficiency (g/m /yr)

400

300

200

100

0
0

5

10
LEAF AREA INDEX (985)

15

20

m2 / m 2

Figure 11.2. Growth efficiency (average per year from
1985 to 1987) in relation to 1985 Leaf
Area Index.
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Figure 11.3. Total aboveground bioivass growth by density.
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Figure 11.4. Aboveground biomass growth by treatment.

35

Growth efficiency (g/m 2/yr)

350

300

250

200

1 50

100

50

LOW

MEDUM
DENSTY

Means with same etter do not differ siniHcarty at

HGH
p

05

Figure 11.5. Growth efficiency (1983-1985) by density.
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Figure 11.6. Growth efficiency (1985-1987) by density and
treatment. A) S.E. for density means at any level
of treatment, and B) S.E. for treatment means at
the same level of density.
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Table 11.1. Mean and range of topoedaphic variables for the study sites.
ELEVATION

SOIL ROCK CONTENT

(m)

SITE

MEAN

SLOPE

MEAN

(ASPECT)
(degrees)

(%)

(%)

RANGE

MEAN

RANGE

MEAN

RANGE

L107

705

11.2

5.2 - 18.3

41

12 - 75

168

0 - 360

Liii

732

8.4

2.7 - 20.5

43

25 - 65

277

200 - 360

L405

854

6.6

1.9 - 15.7

23

12 - 50

182

155 - 215

L701

854

14.6

7.6 - 27.0

42

12 - 63

166

100 - 252

Table 11.2. Estimated

fertilizer

additions

per

ha and per

tree,

by density level.

D

Fe

S

Ca

K

p

N

E

N

A

S
I

B

A

B

A

A

B

B

T
Y

LOW

31.0

94

6.9

21

6.2

19

4.1

12

2.5

8

0.5

2

MEDIUM

51.0

89

11.1

19

10.1

18

6.7

12

4.1

7

0.8

1

163.0

51

35.6

11

32.3

10

21.4

7

13.2

4

2.7

1

HIGH

Kgha1

g-tre&1

Table 11.3. Estimated density, leaf area index, and aboveground bioinass by stand density
in the measurement years.
Y
E

A

C

B

LOW DENSITY

MEDIUM DENSITY

HIGH DENSITY

A
R

A

B

C

A

-

300

18.9 (1.4)

C

B

604

34.7 (4.7)

7.9 (.89)

600

49.7 (5.9)

3.0 (.23)

299

29.1 (1.9)

1.8 (.10)

142.8 (17)

9.3 (.96)

593

64.8 (6.0)

3.7 (.25)

298

34.8 (2.5)

2.3 (.12)

173.3 (18)

10.7 (1.0)

587

81.8 (7.5)

4.4 (.26)

295

52.2 (3.0)

2.8 (.15)

1981

3459

86.1 (13)

1983

3432

115.7 (15)

1985

3305

1987

3201

Treesh&1
Biomass (Mgha1)
Leaf Area Index (m2/m2)

Note: Standard error of the means are in parenthesis.

-

Table 11.4. ANOVA for Ln [Total aboveground biomass growth (Mgh&1)] in the 1981-'83,
'83-'85, and '85-'87 periods.
SOURCE

A

B

PR>F

F-VALUE

MEAN SQUARE

D.F.

C

A

B

C

A

B

C

SITE

3

0.5470

0.4886

0.1236

1.75

3.16

1.09

.2566

.1074 .4242

DENSITY

2

4.6852

3.4284

3.3622

14.97

22.14

29.52

.0047

.0017 .0008

ERROR(a)

6

0.3131

0.1548

0.1139

TREATMENT

3

0.0768

0.1282

0.1288

2.31

2.79

4.77

.0987

.0596 .0085

DENS*TRT

6

0.0585

0.0981

0.0475

1.76

2.14

1.76

.1448

.0817 .1455

ERROR(b)

27

0.0332

0.0459

0.0269

TOTAL

47

1981-1983

1983-1985
1985-1987

Table 11.5. ANOVA for Ln (Growth efficiency) for the 1983-'85 and 1985-'87 periods.

SOURCE

F-VALUE

MEAN SQUARE

DF

A

B

A

B

PR>F

A

B

SITE

3

.23086372

.28879448

2.39

4.17

.1677

.0646

DENSITY

2

.90169731

.76166126

9.32

11.01

.0144

.0098

ERROR (A)

6

.09670530

.06918501

TRT

3

.02067025

.02148687

1.16

1.86

.3432

.1606

DENS*TRT

6

.02147664

.03590784

1.21

3.10

.3339

.0192

ERROR (B)

27

.01782152

.01156693

TOTAL

47

1983 - 1985
1985 - 1987

Table 11.6. Mean values of 1987 and 1988 foliage nutrient concentration, nutrient content,
and foliar biomass at different density levels.
D
Y
E

E

A

S
I

C

B

A

N

R

N

P

Ca

Mg

K

N

P

Ca

Mg

K

T
Y
1987

HIGH

.96b

.27a

.94a

.14a

.66a

408a

113a

406a

58a

273ab

42b

MEDIUM

i.07a

.24a

.88a

.13a

.63a

450b

102a

369a

55a

266b

42b

LOW

1.09a

.24a

.86a

.12a

.63a

520a

115a

410a

60a

301a

47a

(S. E)

1988

HIGH

l.Olb

.25a

.66a

.13a

.86a

365b

84a

221a

43a

299b

35b

MEDIUM

1.09a

.21b

.59a

.13a

.93a

416b

81b

218a

48b

348b

38b

LOW

1.15a

.21b

.55a

.11a

.83a

534a

98a

254a

53a

378a

46a

(S. E)

Nutrient concentration (%)
Nutrient content (uglO needles1)
Foliar biomass (mglO needles1)

* Within a column in the same year, means followed by the same letter do not differ
significantly (P<.05, Tukey's test).

Table 11.7. weight of ten 1987 and 1988 Douglas-fir needles at different treatments and
density levels.

YEAR

TREATMENT

HIGH DENSITY

LOW DENSITY

ug/lO needles
1987

CONTROL

42.9a

45.7a

FERTILIZATION

43. 7a

la

PRUNING

40.9a

5a

FERTILIZATION AND
PRUNING

41.5a

48. 5a

CONTROL

32.9a

47. la

FERTILIZATION

35. 6a

41. 8a

PRUNING

3l.5a

6a

PRUNING AND
FERTILIZATION

39. 4a

45. 8a

(S.E.)

1988

(S.E.)

Note: Standard errors are in parentheses. Within columns, in the same year values of needle
weight followed by same letter do not differ significantly (p<.05, Tukey's test).
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ABS TRACT

The influence of topoedaphic variables (soil
nutrients, slope, aspect, and rock content), LXI, and
foliar nutrients on leaf area index (LAI) increment and
growth efficiency (GE) was studied in young Douglas-fir
plantations that had been thinned and multinutrient
fertilized. Relative LAI increment from 1985 to 1987
averaged 18 to 21 per cent and did not differ among

density levels. GE averaged 180, 236, and 268 gm2yr,
for unthinned, moderately thinned, and heavily thinned
stands, respectively. Stepwise models suggest that
relative LAI increment in these stands correlated most
closely with one or another measure of Mg, K, and N
availability. GE was affected by several of the variables
that were measured, however LAI and mineralizable N had
by far the greatest influence at both the high and
moderate densities. At low density, GE correlated most
strongly with foliar Mg content. With a few exceptions,

measures of soil nutrients were poor predictors of foliar
nutrients, being somewhat better predictors of foliar
concentrations than of foliar contents.
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INTRODUCTION

Forest productivity is a function of two factors: the
total leaf area per unit of ground area (leaf area index,
or LXI), and the efficiency with which leaves are used
(GE). Over certain ranges of LAI, productivity has been
shown to increase linearly with LAI in several conifers
1977; Binkley and Reid 1984;

(Albrektson

Magnusseen

,

1986). However, GE drops sharply as LAI

increses, and productivity plateaus and may even decline
at higher LAI's (Schroeder

.

1982; Perry 1985;

Waring and Schlesinger 1985).

Understanding the influence of site factors on forest
productivity requires that we understand the factors that
determine both LAI increment, and GE at any given level
of LAI. The LAI of fully stocked stands has been related
to site water balance (Gholz et al. 1976; Grier and

Running 1977; Gholz 1982) and soil nutrients (Albrektson
et

.

1977; Linder and Axeisson 1982; Waring and

Schlesinger 1985). GE is initially improved by
fertilization, but the longer term response of conifers
to improved fertility is to expand leaves with subsequent
declines in GE unless stands are also thinned
l981a, 1983; Waring
Vose and Allen 1988).

(Brix

al. 1981; Binkley and Reid 1984;
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Studies of the influence of site factors on LI and
GE have generally been conducted over broad resource
gradients (e.g. Gholz

.

1976). In mountains, however,

water availability and perhaps soil nutrients and
nutrient cycling may vary widely over relatively short
distances. Better information is needed regarding the
effects of such variations on forest productivity.

This study of factors influencing LAI increment and
GE of 20 to 25 year-old Douglas-fir plantations was
conducted within a single 6000 ha drainage in the Central
Cascades of Oregon. Stands had been thinned to different
levels and plots within thinning levels either fertilized
or not fertilized with multi-nutrient tabs and trees
pruned or not pruned. We used multivariate statistical
analyses to evaluate the influence of topoedaphic
variables (soil nutrients, slope, aspect, and soil rock
content), LAl, and foliar nutrients on LAI increment and
GE.
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METHODS

This study was conducted in the H.J. Andrews
Experimental Forest in the Douglas-fir plantations
described in Chapter II. Detailed description of
treatments, site, stand characteristics, and the
procedures for leaf area determination and foliage
analysis have been described previously (Chapter II).

Foliar nutrient levels (concentration and content) are
summarized in Chapter II. Growth efficiency (GE) was
calculated as the average yearly aboveground bioinass

growth during 1985 and 1987 divided by 1985 Leaf Area
Index.

Soil analysis

Soils were analyzed for total nitrogen, total
phosphorus, exchangeable cations, arid mineralizable

nitrogen. Three soil samples per plot were extracted from
the top

0-20 cm of mineral soil. Samples were placed in

plastic bags and stored in walk-in coolers until
analysis. Samples were sieved to 4mm and homogenized in a
splitter. A 50-g subsample was taken from each sample to
determine anaerobically mineralizable nitrogen using the
technique of Waring and Bremner (1964). Soil nitrogen

arid
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phosphorus concentrations were determined by standard
microkj eldahi technique.

Dried and ground soils were analyzed for exchangeable
potassium, calcium, and magnesium using the ammonium
acetate method. Two grams of soil per sample were scooped
into a 50-mi extracting vessels, 40 ml of ammonium
acetate extracting solution were added to the vessels,

which were then shaken for 30 minutes, then filtered
through a Whatman No. 49 filter paper. One-half ml
aliquots of the filtrate were diluted with 12 ml of
Lithium-lanthanum chloride (LaCl3-LiCl) solution.

Standards were prepared by substituting 0.5 ml of
standard K, Ca, and Mg solutions for the sample filtrate.
The blanks were made by diluting the aminonium acetate

extraction solution. Cations were determined with an
atomic absorption spectrophotometer.

pH was determined for each sample using both
distilled water and iN KC1 solution, both methods using
10 g of soil and 20 ml of solution, pH was measured with
Corning ion analyzer 250. Soil pH and nutrient levels are
summarized in Chapter IV.

Soil rock content and bulk density were determined
from five additional cores per plot. Volume of extracted
cores was determined by lining the hole with plastic and
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filling with a measured volume of water. Extracted cores
were soaked for 36 hours in pyrophosphate to break up
large aggregates, then sieved to 2 mm for rock content.
Weight of soil divided by soil volume (total core less
rock volume) gave an estimate of soil bulk density.

Statistical analysis

Two kinds of statistical analysis were done. First,

ANOVAs and the Tukey test were used to investigate
treatment differences on LAI increment between 1985-1987
and relative LAI increment (LAI increment '85-'87)/LAI
'85)

(Steel and Torrie 1980). Principal Components

Analysis (PCA) and stepwise regression (SAS Institute
Inc. 1985) were used to examine the relationship between
either GE or LAI increment, and topoedaphic variables,

stand leaf area, and foliar nutrients (concentration and
content).

Because previously we found nutrient translocation
in one-year old foliage (Chapter II), we input current
(1988) foliar nutrient levels in both PCA and stepwise

regression. In order to reduce the effect of initial LAI
on growth and better explore the environmental effects,
we performed stepwise regression with relative LAI

63

increment rather than UI increment as the dependent
variable. Stewise procedure was also used to determine
which factors are influencing GE. Data were transformed
as necessary to achieve the best distribution of
residuals. In general most cases entailed log-log
transformation.
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RESULTS

Leaf Area Index in 1985 averaged 9.3 m2/m

for

unthinned plots, 3.7 m/'m2 for moderately thinned plots,
and 2.3 m2/m2 for heavily thinned plots, whereas 1987 LAI
averages were 10.7

4.4 m/m, and 2.8 1n2/m2 for

the three thinning levels respectively (Table 111.1).

ANOVA for LAI increment between

1985-1987 shows a

significant density effect, but no significant treatment
effect or interaction between density and treatment
("treatment" refers to fertilization or pruning). ANOVA

for relative LAI increment shows no significant
differences for either treatment and density or
treatment-density interaction (Table 111.2).

LAI increment from 1985 to 1987 averaged 1.44 m2/xn2
for unthinned plots, 0.70 m2/Tn2 for moderately thinned

plots and 0.47 m2/m2 for heavily thinned plots, whereas
the relative LAI increment averaged .18,

.20, and .21 for

the three density levels respectively (Table 111.3).

Figure 111.1 shows the relationship between LAI
increment ('85-'87) and LAI '85. All thinned and 8 of 16

unthinned plots fell on the same curve, while the
remaining 8 unthinned plots fell on another curve. LAI
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increment increased linearly with increasing LAI in
both.

We used Principal Components Analysis (PCA)

and

multiple regression to explore how stand and site factors
affected GE and relative LAl increment. PCA were
performed on both fertilized and unfertilized plots
separately. Prior to regression, we used the dummy
variable approach (Neter

al. 1983) to determine

whether the relation between GE and LAI varied among
density levels or treatments. Density levels did vary
significantly in this regard, but treatments did not
(p=.000l). Therefore, we performed stepwise regression on

each density level separately, but did not distinguish
between treatments within a density level. Relationships

between GE and LPI for each of the density levels are
shown in Table 111.4. seventy-three percent of variation
in GE was explained by LAI in unthinned plots (p=.0001)
and 53 percent in moderately thinned plots (p=.0013),
whereas LAI had no effect on GE in heavily thinned plots.

Factors Influenciflq Relative LAI Increment

Models explained 62 per cent, 91 per cent, and 90
per cent of the variation in relative LAl increment at
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low, moderate, and high stocking densities respectively
(Table 111.5). Relative LAI increment at the low and
moderate stocking levels correlated most closely with
foliar levels of Mg and K, although at moderate densities
topoedaphic variables also entered the model. At the
lowest stocking densities, Mg concentration of current
foliage accounted for 49 per cent of the variation in
previous LAI growth (p=.0026; Figure 111.2), and Ca/Mg
ratio in current foliage accounted for an additional 13
percent (p=.O5O3).

Relative LAI increment at moderate stocking densities
correlated positively with measures of K and Mg, and
negatively with topoedaphic variables that probably
reflect droughtiness. Foliar K content accounted for 45
per cent of the variation in relative LAI increment at
this stocking level (p=.0047; Figure 111.3). Aspect
explained an additional 22 per cent (p=.0O98), LAI
increment tending to be greater on northerly than on
southerly aspects. Greater LAI increment also correlated
positively with both foliar Mg concentration and
exchangeable soil Mg, and negatively with slope
steepness.

Relative LAI increment correlated most closely with
mineralizable N at the highest stocking levels (r2=.45,
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p=.0O46; Figure 111.4). However foliar N did not enter
the model, nor was it associated very closely with

mineralizable N (Tables 111.7 and 111.8). Relative LI
increment also correlated positively with foliar P and Mg
content but, in contrast to moderate densities,
correlated negatively with foliar K content.

Factor Influencinq Growth Efficiency

Stepwise models explained 78 per cent, 97 per cent,

and 97 per cent of variation in GE in low, moderate, and
high stocking levels, respectively (Table 111.6). LAI did
not influence GE at the lowest stocking levels, but not
surprisingly became increasingly important as density
level increased. At the lowest density level, GE
correlated positively with foliar Mg content (p=.03l7;
Figure 111.5), and negatively with total soil N (p=.0057)

and foliar P content (p=.1l52). At moderate stocking
levels LAI and mineralizable N together explained 85 per
cent of the variation in GE, the former having a negative
effect (p=.0005; Figure 111.6), the latter a positive one
(p=.0004) .

Exchangeable Ca had a relatively weak but

significant negative effect within the model, while
foliar P content and slope steepness entered the model
correlating positively with GE,
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LAI and mineralizable N were still the most important
variables in the model for GE at the highest stocking
level, however LAI alone explained the 73 per cent of the
variation (Figure 111.7). Mineralizable N accounted for
an additional 8 per cent. Both P and Mg content of
needles, entered the model correlating negatively with GE
at this density level.

Results of Principal Components Analysis are shown in
tables 111.7 and 111.8. The first two principal
components (PC'S) accounted for 47 per cent and 41 per
cent of the total variation among the measured variables
in the fertilized and unfertilized plots, respectively.

The first PC in unfertilized plots was dominated by
foliar N (content and concentration), and foliar K and P
contents. Foliar Mg contents also loaded on the first PC
but not as strongly as N, K, and P. Foliar Ca content was
not associated with the other nutrients, loading equally
on the second and fifth PC's. In addition to foliar Ca,
the second PC of unfertilized plots consisted of
exchangeable cations (especially Ca and Mg),

mineralizable N, soil rock content, and soil pH. High
levels of exchangeable cations and mineralizable N were
associated with low rock contents and low pH. Total soil
N and P did not associated strongly with one another or
with exchangeable cations.
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Patterns of variable loading were somewhat different
in fertilized plots (Table 111.8). As with unfertilized
plots, foliar N and K loaded strongly on the first PC,

however in this case foliar Mg associated much more
closely with N and K on the first PC, while foliar P
contents fell on the second PC along with foliar Ca
contents. Like the unfertilized plots, soil rock content
and pH loaded most strongly on the second PC and were
negatively associated with exchangeable cations and
mineralizable N.

Table 111.9 and 111.10 show the simple correlation
coefficients between 1988 foliar and soil nutrients
(unfertilized plots only). With a few exceptions, soil
measures were poor predictors of foliar levels. Foliar N

contents did correlate with mineralizable N, but only in
heavily thinned plots (r=+.673, p=.O7; Table 111.9). Soil
measures were somewhat better predictors of foliar
concentrations than of foliar contents, however this
varied widely depending on density level (Table 111.10).
In moderately thinned stands, foliar concentrations of Mg
and P correlated significantly with their respective soil
measures (especially Mg), and N concentration correlated
significantly with total soil N but not with
mineralizable N. At the lowest density levels only N
concentration was explained by soil measures, in this
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case by mineralizable as well as total N. All

correlations were quite low in unthinned plots.

Table 111.11 shows simple correlations among 1988
foliar nutrients by density level. N, P, and Mg contents
were highly correlated at all densities. K associated
strongly with N at high and moderate density levels but
not at low stocking, while Ca followed the opposite
trend, correlating significantly with N, P, and Mg only
at the low stocking level. K and Ca levels did not
correlated at any density.
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DISCUSSION

The maximum values for leaf area index in the

unthinned plots of 16,9 m21n2 in 1985 and 19.5

m2m2 in

1987 are comparable to maximums reported in other studies
of Douglas-fir (Gholz et
1977; Waring

.

.

1976; Grier and Running

1978; Gholz 1982) . The 19.5 in2/m2

value is higher than most other reported values, but may
be an artifact due to small plot size.

Over this wide range of leaf areas, in our plots

there was a significant difference in LI growth due to
density but not to treatments. Differences in LJI growth
were solely due to initial differences in LAI among
densities. Relative LAI increment averaged 18 to 21 per
cent and did not differ among density levels.

Stepwise models suggest that relative LAI increment
in our stands correlated most closely with one or another
measure of Mg, K, and N availability. Despite a wide
range of soil rock contents, slope steepness, and aspect
(all factors that should affect water availability),

these appear to have had little influence on relative LAI
growth except at moderate densities, where aspect
explained 22 per cent of the variation in relative LAI
increment. Waring

(1978) state that the LAI of
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forests is restricted more by local climate than by
nutrients, but Grier and Running (1977) have pointed out
that factors regulating LAI are more complex than water
availability alone. Our stands may not have encompassed a
wide enough range of moisture availability to demonstrate
a strong relationship between water availability and leaf
area increment, or, alternatively, rock content, slope
steepness, and aspect may not be a good measures of the
water available to trees. Direct measurement of tree
water status could have yielded different results.

On the other hand, it seems likely that the trend
toward lower relative LAI growth on south than on north
aspects does reflect greater evaporative demand on the
former. Studies with other conifers have shown that
transpiration varies little among similar stands
occupying different local topographies (Kaufinann 1984;

McNaughton and Jarvis 1983). If this is true in our
stands, trees on southerly aspects may regulate water
loss through stomata more closely than those on northerly
apects, leading to lower photosynthesis and less LAI
growth per unit of LAI (Emmingham and Waring 1977; Grier
and Running 1977). The lack of influence of aspect on LAI
growth at other density levels probably reflects changes
in the relative availabilities of nutrients, water, and
light as stand density increases.
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Although 1988 foliar nutrients can have no direct
physiological influence on growth that ocurred between
1985 and 1987, they do serve as an index of the nutrients
available to trees on a given site. Stepwise models
indicated that foliar Mg concentration influenced
relative LAI increment in both low and medium stocking
densities, explaining nearly one-half of the variation in
relative LAI growth in the former. Foliar K content
correlated most strongly with relative LAI increment of
the moderate density stands, explaining 45 per cent of
the variation. These results are consistent with the
graphical analyses presented in Chapter II, which also
indicated that trees in these stands are limited by K and
Mg, as well as N.

Mika and Moore (1990) have recently reported that
Douglas-fir stands in the Interinountain region do not

respond to N fertilization when they have low foliar K
levels, and that growth response to N fertilization
increases when both foliar N and foliar K levels increase
after N-fertilization. In our stands, needle contents of
N and K correlated quite closely except at the lowest
densities.

In Chapter II we saw that unthinned plots are
more N limited than thinned plots, this may explain the
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high relationship between mineralizable N and LAI
increment in these plots. However despite the fact that
mineralizable N explained 45 per cent of the variation in
LAI increment in unthinned plots, foliar N neither is
related to mineralizable N and LAI increment, nor is it
associated in the PCA with these variables. As these
more densely stocked stands approach maximum site leaf
area, foliar nutrients are likely to change significantly
over the period of a few years. Therefore, in the

unthinned stands, nutrient levels in 1988 foliage may not
be good indices of tree nutrition during the 1985 to 1987
growth period.

GE was affected by several of the variables that we
measured, however LAI and mineralizable N had by far the
greatest influence at both the high and moderate
densities. Leaf area begins to reduce GE rather quickly
as stand density increases, having no significant effect
at LAI's between 2.3 m2/m2 and 2.8 m2/m2, but having a
strong negative effect at LAI of 3.7 m2/m2 and above. In

the stepwise models LAI had the strongest influence on GE
over the range of LAI's represented by the high density
plots (4.9 to 16.9 m2/m2), but at given LAI within this
range GE correlated positively with mineralizable

nitrogen expressed as Kgha. GE correlated positively
with foliar Mg content and with aspect at high densities,
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indicating that GE in fully stocked stands is higher in
south than in north aspects. The greater amount of direct
radiation in these stands probably result in greater
photosynthesis per unit leaf area increasing GE. Over the
range of LAI's represented by the medium density (2.3 to
5.6 in2/xn2) LAI still influences GE, but mineralizable

nitrogen had a greater positive effect than in high
density plots. At the range of LAI's represented by low
density plots (1.5 to 2.9 rn2/in2) LAI no longer had a

significant influence; foliar Mg content being the most
limiting to GE, whereas total soil N and foliar P content
had a negative effect.

The negative correlation between GE and total soil N
at low stocking levels may indicate competition with
understory plants that are more N demanding than Douglasfir or it may indicate that our measure of soil N does
not accurately reflect what is available to trees.
However, total soil N did correlated reasonably well with
foliar N concentration in both moderately and heavily
thinned plots.

Mineralizable nitrogen has previously been found
positively correlated with some measure of forest
productivity in Douglas-fir stands (Powers 1980; Kabzems
and Klinka 1987). In this study anaerobically determined
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mineralizable nitrogen correlated more closely with GE

when expressed on an area basis (Kgha) than when
expressed as a concentration (mg'kg), although the
latter has been successfully used to predict fertilizer
response in conifers (Shumway and Atkinson 1978; Powers
1980).

Mineralizable nitrogen might directly affect tree
N nutrition, however foliar N neither appeared as a
variable related to GE nor was it highly correlated with
mineralizable N. Anaerobic mineralizable N is
considered to reflect labile N pools such as microbial
biomass and probably other forms of labile organic matter
(Paul 1984; Myrold 1987), hence probably correlates

indirectly with a number of factors that we did not
measure such as faster cycling of a variety of nutrients
associated with SOM, and perhaps either more fine roots
and mycorrhizae or greater turnover of fine roots. In
fact, the supply of nutrients to trees in forests depend
in part on the soil solution but even more on the rate of
root expansion (Ingestad and Kahr 1985).

Our results indicate that various nutrient elements
play roles in leaf area growth and the efficiency with
which leaves are used. Needle growth of conifers is
thought to be determined primarily by N availability,
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while photosynthesis is influenced by a number of
additional factors including the supply of other
nutrients (Oren and Schuize 1989). In fact, a base cation
deficiency has been implicated in the decline of acidstressed European forests (Rehfuess 1987; Oren et
1988a, 1988b)

In our study, the importance of Mg and K to LI
increment at the low and moderate stocking levels
reflects the importance of these elements to numerous
physiological processes. Potassium is known to have an
important role in osrnoregulation and carbohydrate

translocation (Rains 1976; Binkley 1986; Marschner 1986),

and there are more than 50 enzymes which either
completely depend on or are stimulated by K (Suelter
1970). K also may function to balance charges of anions
that may be needed in excess of cation nutrients (Mengel
and Kirkby 1982; Binkley 1986). In K-deficient plants
some gross chemical changes occur, including an
accumulation of soluble nitrogen compounds (Marschner
1986). In Scots pine needles, for example, K deficiencies
cause an increase in the proportional vacuolar space and
severe vesiculation of the tonoplast (Holopainen and
Nygren 1989).

The best known role of magnesium is in the structure
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of chlorophyll (Mengel and Kirkby 1982; Binkley 1986),

however the fraction of the total plant Mg associated

with chlorophyll is relatively small, on the order of
15 to 20% (Mengel and Kirkby 1982). The majority of Mg

within leaves element is used to facilitate energy
transfers involving ATP and ADP, serving as a bridge that
links enzymes with the ATP or ADP molecules (Mengel and
Kirkby 1982; Binkley 1986; Marschner 1986). Symptoms of
Mg deficiency are varied, for example Mg deficiency in
radiata pine is manifested when needle tips appear golden
yellow (Turner and Lambert 1986). Further research on
effects of deficiencies of both elements is necessary in
order to determine how these elements are regulating leaf
growth in our stands.

Mg concentration, rather that content, was most
important to LAI increment at low density, while GE at
the same density level was influenced positively by Mg
content. This may reflect different physiological
processes involved in leaf growth on one hand and the
efficiency with which leaves are used on the other.

Except for N at low and moderate stocking levels and
Mg at moderate stocking, soil and foliar nutrients
correlated very poorly in these stands. This may reflect
in part within-tree nutrient competition, i.e. trees
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respond to increased soil fertility by growing more
leaves rather than increasing nutrient concentration per
leaf. However simple correlation coefficients between
soil and tree nutrients in unfertilized plots showed the
same pattern on pruned and unpruned plots. One exception
to this pattern was N, both concentration and content of
which correlated reasonably well with total soil and
mineralizable N on unpruned stands, but not pruned. As
others have pointed out, standard measurements of soil
nutrients may not accurately reflect what is actually
available to the trees (Powers 1980, 1984; Radwan and
Shumway 1984; Edrnonds and Hsiang 1987).
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Figure 111.1. Relationship between leaf area index
increraent from 1985 to 1987 and 1985 leaf
area index for all plots.
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Figure 111.5. Relationship between growth efficiency and
foliar Mg content in heavily thinned stands.
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86

Growth efflcency (g/rn2/yr)

300

a

250
a

200

a

150
a

a
a

100

50

5

10
985 Leat Area index
rn 2/rn

15

20

2
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Table 111.1. Averages and ranges of leaf area index measured in 1985 and 1987, and growth
efficiency in the same period at three density levels.

LAI

DENS ITY

LAI

1985

(m2/m2)

Mean

GROWTH EFFICIENCY
(gn12yr1)

1987

(m2/m2)

Range

Mean

Range

Mean

HIGH

9.3

4.9 -

16.9

10.7

5.7 - 19.5

180 (.133) a

MEDIUM

3.7

2.3 - 5.6

4.4

2.9 - 6.1

236 (.078) b

LOW

2.3

1.5 - 2.9

2.8

1.8 -

3.5

268 (.098) c

Note: Standard errors are in parentheses. Means followed by same letter do not differ
significantly at p=.05.

Table 111.2. ANOVA's for Ln (leaf area index increment from 1985 to 1987) and Ln
(relative leaf area index increment)a in Douglas-fir plantations.
SOURCE

MEAN

DF

A

SQUARE
B

F-VALUE

A

PROB>F
B

A

B

SITE

3

0.521636

1.348276

5.64

9.95

.0351

.0096

DENSITY

2

5.031682

0.223380

54.43

1.65

.0001

.2689

ERROR (a)

6

0.092447

0.135538

TRT

3

0.059468

0.008814

1.29

.24

.2969

.8667

DENS*TRT

6

0.063166

0.040603

1.37

1.11

.2608

.3834

ERROR (b)

27

0.045986

0.036636

TOTAL

47

a Relative LAI increment = Leaf Area Index increment ('85-'87)/ LAI '85
LAI increment

Relative LAI increment

OD

Table 111.3. Averaged leaf area index increment and relative leaf area index incrementa
from 1985 to 1987 at three density levels.

DENS ITY

LAI INCREMENT

RELATIVE LAI INCREMENT

(m2/m2)

HIGH

1.44 (.11)a

.18 (.02)a

MEDIUM

0.70 (.04)b

.20 (.01)a

LOW

0.47 (.03)c

.21 (.01)a

Note: Standard errors are in parentheses. Means followed by same letter do not differ
significantly at p=.05
a Relative Leaf Area Index increment= LAI increment ('85-'87)/LAI '85

Table 111.4. Equations derived from individual stand density predicting growth
efficiency from leaf area index.

DENSITY

Y

b

a

R2

PROB>F

RANGE OF LAI's
(1985)

CONTROL

GE

2.49 (.21)

-.58 (.09)

.73

.0001

4.9 - 16.9

MEDIUM

GE

2.02 (.12)

-.37 (.09)

.53

.0013

2.3 -

5.6

LOW

GE

1.68 (.15)

-.017 (.17)

.0007

.9240

1.5 -

2.9

Note:

Equations are of the form in Y= a + b in (LAI), where Y= Growth efficiency, and
LAI= Leaf Area Index in 1985.
Numbers in parenthese are standard errors.
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Table 111.5. Models of relative LAI increment (LAIGWT)a
for high, medium, and low density plots.

A. HIGH DENSITY
Summary of stepwise procedure

MODEL

VARIABLE ENTERED
Step 1
2
3

4
5
6

ln (Mm. N)

.45
58
.69
.76
.85
.90

ln (Fol. P content)
ln (Fol. K content)
in (Fol. Mg content)
slope
in (total soil P)

Model:
ln(LAIGWT)=
(S.E)=

PROB>F
13.3
4.1
4.2
3.5
5.5
4.8

.0046
.0631
.0634
.0893
.0411
.0554

6.87 + .87 in (Mm. N) + 1.24 in (Foi. P
(1.08)

(.25)

(.15)

content - 1.6 in (Fol. K content + i.4i in
(.32)

(Foi. Mg content) + .016 slope + .32 in (soil P)
(.37)

(.15)

(.005)

B. MEDIUM DENSITY
Summary of stepwise procedure
MODEL R2

VARIABLE ENTERED
Step 1
2
3

4
5

Fol. K content
Adjusted aspectb
Fol. Mg concentration
Slope
Soil Mg

.45
67
.79
.84
.91

F

11.3
9.1
6.8
3.3
6.9

PROB>F
.0047
.0098
.0227
.0939
.0245

Model:
LAIGWT = -.097 + .00043 (Fol.K cont)) - .00062 (Ad.
(.0001)
(.00008)
(.078)
(S.E)=

aspect) + 1.77 (Fol. Mg concentration) (.528)

.001 (slope) + .014 (Soil Mg)
(.00035)

(.0052)
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Table 111.5. (continued)

C. LOW DENSITY
Summary of stepwise procedure
MODEL R2

VARIABLE ENTERED
Step 1
2

Fol. Mg concentration
Fol. Ca/Mg ratio

Model:
in (LAIGWT) = -.0730
(S.E)

=

.49
.62

F

13.4
4.6

PROB>F
.0026
.0503

+ 3.18 (Foliar Mg Concentration (1.088)

(.14)

.012 (Foliar Ca/Mg ratio)
(.0056)
a LPIGWT= Leaf area growth (1985 - 1987) / LAI 1985.

b Adjusted aspect= 180 - 180
aspectl. This variable,
rather than an absolute value for aspect, was used in
regression.
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Table 111.6. Models of growth efficiency (GE)a for high,
inediuin, and low densities.

A. HIGH DENSITY
Summary of stepwise procedure
VARIABLE ENTERED

MODEL R2

F

PRO>F

.73
.81
.84
.87
.91
.95
.97

37.27
5.60
2.37
3.03
4.40
7.02
3.95

.0001
.0341
.1493
.1093
.0623
.0264
.0820

Step 1 in (LAI '85)

2 in (Mm. N)
3 in (pH)
4 in (Foi. P content)

5 Adjusted aspect
6 in (Fol. Mg content)
7 in (Fol. Ca/Mg ratio)
Model:

in (GE) = 8.42 - .729 in (LAI '85) + .097 in (Mm. N)
(SE) = (2.04)

-

(.06)

(.0654)

1.92 in (pH) - .268 Fol. P content) + .0019
(.1034)

(i.i45)

(Ad. aspect) - .29 in (Fol. Mg content) - .277
(.1006)

(.00041)

in (Fol. Ca/Mg ratio)
(.139)

B. MEDIUM DENSITY
Summary of stepwise procedure

VARIABLE ENTERED
Step i
2
3
4

5

MODEL R2

LAI '85

Mm. N
Fol. Ca concentration
Fol. P content
Siope

.59
.85
.90
.95
.97

F

PROB>F

20.2
21.9
6.6
10.2
6.0

.0005
.0004
.0248
.0086
.0338

Model:

GE = 4.04 - .301 (LAl '85) + .021 (Mm. N) - .056 (Foi.
(SE)= (.37)

(.043)

(.0023)

Ca concentration) + .0136 (Fol. P content) +
(.Oil)

+ .0058 (slope)
(.0024)

(.0030)

94

Table 111.6. (continued)

C. LOW DENSITY
Suxnnary of stepwise procedure

VARIABLE ENTERED
Step 2
3

5

in (Fol. Mg content)
in (Total soil N)
in (Fol. P content)

MODEL R2

F

.50

5.79
11.28
2.88

.74
.78

PROB>F
.0317
.0057
.1152

Model:

in (GE)= -2.38 + 1.16 in (Fol. Mg Content) - .529 in
(SE)=

(.23)

(.70)

(Total soil N)

.28 ln (Fol. P content).
(.16)

(.10)

a Growth efficiency= aboveground biornass increment

(l985-87)/LA185

Table 111.7. Results of Principal Components Analysis on topoedaphic, site, and tree
variables in unfertilized plots. Foliar nutrient content is expressed as ug/
10 needles, foliar concentration in %, exchangeable soil nutrients in ineq/l00
g, total soil nutrients in %, and mineralizable N in Kgha1.
LOADINGS a
PC'

Foliar N content
Foliar N conc.
Foliar K content
Foliar P content
Foliar Ca conc.
Exchangeable Ca
Exchangeable Mg
Mineralizable N
Exchangeable K (ppm)
pH
Rock content (%)
Foliar K conc.
Foliar Mg Conc.

Foliar Mg content
Adjusted Aspect (°)
Total soil P
Total soil N
Foliar P conc.
Foliar Ca content
Slope (%)

Foliar Ca/Mg ratio

0.93039
0.84581
0.75919
0.72020
-0.66174
-0.50996
-0.57048
0.37401
-0.26674
-0.18271
0.03588
-0.00678
-0.40037
0.55638
0.14536
0.30194
0.37312
-0.49053
0.19653
-0.44223
0.21216

PC2

0.22945
0.09372
0.23514
0.31613
0.35898
0.72647
0.70439
0.56495
0.50636
-0. 53518

-0.67307
0. 11224

0.23904
0.38077
0.16710
-0.34533
0.10048
0.11284
0.53269
-0.20423
-0. 24281

PC3

PC4

PC5

-0.01582 -0.17961 -0.06253
0.21791 -0.26954
0.05850
0.17020 -0.13935
0.47288
0.35400
0.04843
-0.10811
0.42426
0.20126
0.23138
-0.22073 -0.04025 -0.20870
-0.14250 -0.20121
0.01312
0.05363
-0.38405 -0.14160
-0.17686 -0. 31387 -0.05895
0.06866
-0.25357
0.13673
0.29867
0.32506 -0. 12538
0.57038 -0. 21815
0.69719
-0. 12813
0.43633
0.67814
-0. 09414
0.04884
0.62082
0.36031
0.48462 -0.47506
0.14413
0.47834
-0.49939
0.18915 -0.23381
-0. 18915
0.39270
0.59614
0.59614
0.55290
-0. 21131
-0. 21131
-0.36512 -0. 36512 -0.52907
0.01663
-0. 21019
-0. 21019

PC6

PC7

0.00644
-0.16724
0.04075
0.03691
-0.04930 -0.10277
-0.28790 -0.33319
0.34053
0.07415
-0.03899 -0.10638
-0.12950 -0.12919
0.40783 -0.03567
0.48323 -0.18206
-0.28642
0.01242
0.18072
0.07219
-0.03987
0.21059
0.12697
0.17394
0.07764
-0.11506
0.05026
0.39196
0.18094
0.32355
0.37897
0.34042
-0.04348 -0.38655
0.42889
-0. 17462
0.26699
-0. 12692
0.52210 -0.33430

a Loadings listed are simple correlations of the original variables with the new Principal
Components (PCs).

Table 111.8. Results of Principal Components Analysis on topoedaphic, site, and tree
variables in fertilized plots. Foliar nutrient content is expressed as ug/lO
needles, foliar concentration in %, exchangeable soil nutrients in meq/l00 g,
total soil nutrients In %, and mineralizable N in Kgha1.
LOADINGSa
PCi

Exchangeable Mg
Foliar Ca conc.
Exchangeable Ca
Foliar P content
Foliar Ca content

0.86614
0.78793
0.71285
0.70327
-0.58535
-0.65437
-0.69086
-0.70917
0.61227
0.29818

pH

-0. 00931

Foliar
Foliar
Foliar
Foliar

N content
K content
N conc.
Mg content

Slope (%)

Total soil P
Rock content (%)
Adjust aspect (°)
Foliar Mg conc.
Total soil N
Foliar P conc.
Foliar K conc.
Exchangeable K (ppm)
Mineralizable N
Foliar Ca/Mg ratio

0.50032
0.28828
-0. 14517

-0.20467
0.24486
-0. 33108

-0.00955
-0.26160
-0.07693
-0.03396

PC3

PC2

0.01625
0.47693
0.27504 -0.22737
0.37602
0.16736
0.64816
0.08256
0.21148 -0.53467
0.61983 -0.23267
0.26906
0.01094
0.54376 -0.03607
0.13455
0.66100
0.01525
0.62646
0.56755
-0.57680
0.18799
-0.68755
-0.71412 -0.15173
0.67179
0.13654
0.25568
0.60116
-0.04114 -0.50628
0.21645
0.46026
-0.39564 -0.02252
0.49691
0.31387
0.05055
0.63844
0.38465
-0.26299

PC4
-0. 01665

0.17470
0.04127
-0.07781
0.26076
-0. 05481

0.49663
-0. 02114

0.30910
0.35501
0.16046
0.18287
0.37027
-0.30125
0. 03 180

0.47433
0.67178
0.48090
0.33630
-0.11267
-0.17655

PC5

0.05861
0.38478
0.06386
-0.00914
0.19932
0.23081
0.14923
0.11111
0.02739
0.20914
-0.09858
-0.13749
0.03920
0.45885
-0.12472
-0.32773
-0.04017
0.57514
-0. 53 147

-0.23180
0.20550

PC6

-0.09376
0.17687
-0.30515
0.02637
-0.20672
0.03164
-0.07428
0.07255
-0. 063 16

-0.08070
-0.09582
0.05820
0.16907
0.24348
0.03620
0.49708
-0.12591
0.25668
0.10798
0.64859
0.56143

PC7

0.09787
-0. 10970

0.07974
-0.04397
0.14096
0.02688
0.28574
0.07844
-0.02888
0.45206
0.19296
0.12735
0.10272
-0.11853
-0.35966
-0.06946
-0.18600
-0.38574
-0.00734
0.04438
0.44577

-o

a Loadings listed are simple correlations of the original variables with the new Principal
Components (PC's).

Table 111.9. Simple correlations between foliar nutrient contents and soil nutrients, by
density level (unfertilized stands only).
FOLIAR CONTENT

SOIL MEASURE

Nitrogen

Total soil N

Nitrogen

Mineralizable N
(per ha)

UNTHINNED

MODERATELY THINNED

HEAVILY THINNED

r

r

r

(p)

(p)

(p)

.040
(p=.93)

.496
(p=.21)

.532
(p=.l75)

.503
(p=.20)

.452
(p=.26)

.673
(p=.07)

.278
(p=.5l)

.173
(p=.68)

.342

Phosphorus

Soil P (Kjeldahl)

.306
(p=.46)

Potassium

Exchangeable K

-.138
(p=.75)

(p=.407)

.096
(p=.82)

Calcium

Exchangeable Ca

.082
(p=.85)

.282
(p=.50)

.024
(p=.95)

Magnesium

Exchangeable Mg

-.133

.383
(p=.35)

-.007

(p=.75)

(p=.98)

Table 111.10. Simple correlations between foliar nutrient concentrations and soil nutrients,
by density level (unfertilized stands only).

FOLIAR
CONCENTRATION

SOIL MEASURE

Nitrogen

Total soil N

Nitrogen

Mineralizable N
(per ha)

UNTHINNED

MODERATELY THINNED

HEAVILY THINNED

r

r

r

(p)

(p)

(p)

(p=.96)

-.021

.748
(p=.03)

.639
(p=.06)

.432
(p=.29)

.327
(p=.43)

.656
(p=.08)

(p=.69)

-.169

.713
(p=.05)

(p=.39)

(p=.62)

-.209

.367
(p=.37)

(p=.97)

-.058

Phosphorus

Total P (Kjeldahl)

Potassium

Exchangeable K

Calcium

Exchangeable Ca

.372
(p=.36)

.203
(p=.63)

.016
(p=.97)

Magnesium

Exchangeable Mg

.113
(p=.79)

.862
(p=.006)

-. 174
(p=.63)

-.015
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Table 111.11. Simple correlations between foliar nutrient
contents, by density (fertilized and
unfertilized stands).
a) Unthinned stands
r
(p)

K

P

.80

.83

N

(p=.0002)

(p=.0001)

P

Ca
.46
(p=.074)

Mg
.70
(p=.0026)

.64

.36

(p=.0O8)

(p=.17)

(p=.015)

.46
(p=.07)

(p=.0001)

K

.59

.89

.36

Ca

(p=. 17)

b) Moderately thinned stands
P
.68
(p=.0O4)

N

K
.81
(p=.000l)
.64

p

(p=.007)

K

Ca
.17

(p=.52)
.61
(p=.0l)
.13

(p=.64)

Mg
.83

(p=.0001)
.64

(p=.007)
.68

(p=.004)
.45

Ca

(p=. 08)

c) Heavily thinned stands
P
N

.86

(p=.0001)

p

K
Ca

K
.35
(p=.18)
.45
(p=.08)

Ca

Mg

.63

.84

(p=.009)

(p=.000l)

.62

.77

(p=.0l)

(p=.0005)

-.09
(p=.73)

(p=.36)

.24

.74

(p=.001)
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ABS TRACT

Soil N mineralized during 7-day anaerobic incubation
at 40°C was compared at two soil depths and correlated to
soil and site factors in Douglas-fir stands with
different combinations of thinning and multinutrient
fertilization. Mineralizable N expressed either on an

area basis (kg'ha-) or on a concentration basis

(mgkg) in the two depths did not vary significantly by
stocking density, treatment, or density-treatment
interaction. There was significant difference between the

soil depths averaging 39 mgkg- at 0-20 cm depth, and 20

mgkg

at 20-40 cm depth. Mineralizable N was positively

correlated with total soil N, exchangeable Ca, and
adjusted aspect (the former two factors accounting for 46
per cent of the total variation), and negatively with
rock content and slope steepness. Leaf area index had no
effect on mineralizable N.
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INTRODUCTION

Nutrient availability in forest ecosystems depends on
the interaction of soil, vegetation, and environmental
processes (Binkley et al. 1986). Forest productivity,
like that of most terrestrial ecosystems, is generally
nitrogen limited (Myrold 1987), and

N is recog:nized as

the most limiting element for forest growth in the
Pacific Nortwest (Johnson et al. 1982). Because of its
degree of limitation, there has been a search for an
adequate index of N availability (Keeney :1980; Powers
1980, 1984)

An index that has proved to be a reliable indicator
of N availability, at least for some tree species, is the
rate at which nitrogen is mineralized. Mineralizable N
(hereafter, Nmjn) either aerobic or anaerobically

determined have been found to correlate reasonably well
with growth response to fertilization (Shumway and
Atkinson 1978; Powers 1980; Radwan and Shumway :1984),

aboveground primary production (Nadelhoffer
Pastor et

j. 1983;

1984; Binkley et al. 1986), and site index

(Powers 1980; Kabzems and Klinka 1987).

Although numerous studies have related the :rate of

mineralizable N to some soil characteristics as pH,
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temperature, water content, and soil organic matter (SOM)
(Stanford and Epstein 1974; Nadelhoffer

j. 1983; Hart

and Binkley 1985; Warren and Whitehead 1988), there are
few reports of the relation of this rate to soil
nutrients and topographic characteristics.

In earlier papers (Chapters II and III) we reported
that anaerobically determined mineralizable nitrogen
(Nmin) correlated positively with growth efficiency of

Douglas-fir stands, and we suggested that N is a limiting
nutrient in these stands.

The objectives of the present study were: 1) to
compare Nmin at two soil depths in Douglas-fir stands
with different combinations of thinning and multinutrient
fertilization, and 2) to correlate soil and site factors
with Nmin across a range of sites on the H.J. Andrews
Experimental Forest in the Central Oregon Cascades.
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METHODS

The study was conducted in the H.J. Experimental
Forest in the four Douglas-fir plantations described in
Chapter II. Under a split-plot experimental design, the
plantations were thinned in 1981 at three levels
(representing the main plots): heavily thinned,

moderately thinned, and unthinned. Each level of thinning
was represented by one randomly selected block within
each plantation. Each thinning block was subdivided into
four plots (subplots) receiving treatments of pruning,
fertilization, pruning and fertilization, and controls.

Detailed information about the different treatments and
fertilization rates is provided in Chapter II.

Nmin was determined for two soil depths. Three
randomly selected soil samples were extracted from the
top 0-20 cm of mineral soil and one from 20-40 cm depth
in each plot in mid summer, 1988. Samples were placed in
plastic bags and stored in walk-in coolers no longer than
three days until analysis. After soil samples were sieved
to 4mm and homogenized in a splitter, a 50-g subsample
was taken from each sample and mineralizable nitrogen
determined following anaerobic incubation for 7 days at
40° (waring and Brenmer 1964). Nmin was calculated as the

difference between the N released from initial and
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incubated samples with 2N KC1 solution and the extract
analyzed with an Alpken Rapid Flow Analyzer (R.F.A.-300)

Nmin in the 0-20 cm depth was expressed both on a

concentration basis (mgkg) and on an area basis
(Kgha-), the latter calculated using the soil rock
content reported previously (Chapter III). Soil
exchangeable

cations, total soil nitrogen and

phosphorus, and pH were determined according with the
procedures described in Chapter III. Leaf area index was
estimated using the equation presented by Waring
(1982), as described in Chapter II.

Statistical analysis

ANOVA's and Tukey test were used to investigate
treatment effects on Nmjn (Steel and Torrie 1980). A
t-test was used to compare the rate of Nmin expressed on
a concentration basis in the two sampled soil depths.

Stepwise regression (SAS Institute Inc. 1985) was used to
examine the relationship between mineralizable nitrogen
from the top 0-20 cm of mineral soil, topoedaphic
characteristics, and 1987 leaf area index. In both the
ANOVA's and multiple regression analysis data were
transformed to meet statistical assumptions. In general

all cases entailed log transformations.,

ill

RESULTS

Soil nutrients and physiographic characteristics are
summarized in Table IV.l. In most cases there were no
significant differences among stand densities and
treatments for the measured variables. However,

exchangeable Ca, Mg, and K were highest in soils of high
density plots, and rock content was higher in both medium
and low than in high density plots.

Nmin expressed either on an area basis (kgha) or
on a concentration basis (mgkg) in the two depths did
not vary significantly by stocking density, treatment, or
density-treatment interaction (Table IV.2). Nmjn
expressed on a concentration basis

at 0-20 cm depth and 20 mgkg

averaged 39 mgkg

in the 20-40 cm depth

(significant at p<.05; Figure IV.l). Expressed on an area

basis Nmin in the 0-20 cm depth averaged 47 kgha
(Figure IV.l).

Because Nmjn did not vary significantly among
densities, we combined data from all plots in a stepwise

regression procedure. Nmin (Kg'ha) in the top 0-20 cm
of mineral soil was regressed against topoedaphic
variables and 1987 LAI. The resulting model explained 71%
of the variation in Nmin. Mineralizable N correlated
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positively with total soil N, exchangeable Ca, and
adjusted aspect (i.e. Nmin was higher on south than on
north aspects), and negatively with rock content and
slope steepness. Total soil N and exhangeable Ca
accounted for 46% of the total variation. LAI was not
correlated with mineralizable N.

In order to explore the relationships among the
independent variables used in regression, we performed
Principal Component Analysis (Table IV.4). The first two
principal components (PC's) accounted for 55% of the
total variation among the measured variables. The first
PC was primarily a function of exchangeable Ca and Mg,

rock content, and soil P. Soil P correlated negatively
with exchangeable Ca and Mg, but positively with the
ratio of Ca to Mg. The second PC was more strongly
related to total soil-N and adjusted aspect, which were
correlated negatively (N was higher on northerly than on
southerly aspects).
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DISCUSSION

Nmjn expressed on a concentration basis for the three
density levels are within the range of values reported,
for coniferous forest soils (Shumway and Atkinson 1978;

Powers 1980; Smith

1981; Boyle 1982; Radwan and

Shumway 1983; Binkley and Reid 1985; Mc Nabb

1986;

Myrold 1987).

Several studies have reported differences in the rate
of Nmjn as a result of fertilization and thinning
(Johnson

j. 1980; Binkley and Reid 1985; Hart and

Binkley 1985; Dyck

j,.

1987), however we did not find

significant differences among stand density and
treatments.

The differences that we found between soil depths are
similar to those reported by Powers (1980) in forest
soils of northern California, where the concentration of
Nmin decreased exponentially with soil depth. The
difference in Nmin between 5-15 cm and 25-35 cm depth in
Power's study was 46%, while in our stands the average
difference between 0-20 cm and 20-40 cm was 51%. Because
of these differences and because it has been found that
the coefficient of variation for Nrnjn increases with

increasing soil depth (Shumway and Atkinson 1978), Powers
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(1980, 1984) recommended that soil sampling for Nmjn
determination be confined to the top 0-15 cm.

Anaerobically determined mineralizable N is believed
to measure three components

of the soil N pool:

ammonium, microbial-N, and N contained in nonmicrobial
but labile SOM (Binkley and Hart 1989). Estimates of the
proportion of variabilility in Nmjn that is explained by
microbial biomass range from 25 to 78 per cent (Paul
1986; Myrold 1987). In an old growth Douglas-fir
forest on the H.J. Andrews, 60 per cent of variation in
Nmin was explained by microbial biomass (Bell, Myrold,

and Perry, unpublished). Smith

j..

(1985) found that

estimates of microbial biomass in several forest soils
correlated strongly (r2 >0.9) with CO2 evolved during
anaerobic incubations, supporting the hypothesis that
Nmin prixnarely reflects microbial biomass (Binkley and
Hart 1989).

Since soil microbes live on the carbon supplied by
plants, their biomass reflects both total amounts of soil
organic matter and the rate at which it is decomposed and
converted to microbial cells. A number of factors
influence decomposition rates, including substrate
quality, moisture, temperature, and the degree of
processing by soil animals (WitkkaTnp and van den Drift
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1961; Fogel and Cromack 1977; Nelillo

.

1982; Paul

1984; Meentemeyer and Berg 1986; Pastor and Post 1986).

In our study 46 per cent of the variation of the
anaerobically determined Nmin was explained by total N
and exchangeable Ca, suggesting that these variables are
promising predictors of Nmjn. Several authors have found
that total soil-N was related to anaerobically determined
Nmin (Lea and Ballard 1982; Powers 1980; Radwan and
Shumway 1983, 1984; McNabb

],.

1986; Miller

1989)

To our knowledge a relationship between Ca and Nmjn
has not been previously reported, however lime added to
conifer soils has been reported to speed decomposition
and stimulate biological activity, including enhancement
of free-living N-fixers (Lutz and Chandler 1947; Williams
1972; Jones and Richards 1977; Lohm et al. 1984; Weier
and Gilliani 1986). Soil Ca has been found to enhance

conifer root growth (Lyle and Adams 1971; Matzner
1986), which should in turn increase the biomass of
rhizosphere microbes within soil. The effect of Ca on
microbial bioniass, especially when added as lime, is

often attributed to increased pH. However, on our study
sites pH correlated negatively with both exchangeable Ca
(r= -.27, p=.07) and Nmjn (r=-.26, p=.08). In at least

some cases the stimulation of microbes by lime has
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immobilized N and made it less available to trees (Jones
and Richards 1977; Williams 1972), and at our sites
foliar N as a proportion of mineralizable N correlates
negatively with exchangeable Ca (unpublished). In the
long run however, stimulation of decomposition and
microbial activity by Ca will probably benefit tree
growth. Ca has long been associated with productive
forest soils (Lutz and Chandler 1947; Jordan and Herrera
1981).

The possibility of Ca effects on microbial biomass is
supported by the the fact that Ca is required in rather
high amounts by some soil microbes and animals. For
example, Ca content in decomposer organisms ranges from
.07 to 14 per cent of dry weight (Swift

1979)

hence limitation in Ca supply may in turn limit microbial
activity having rather direct effects on decomposition.

Additionally, Ca promotes granulation in soils (Lutz and
Chandler 1947). Soils richs in lime usually have better
physical conditions than soils of the same texture but
poor in lime. The favorable effects of Ca in soil
structure may result indirectly from increased activity
on the part of soil and fauna (Lutz and Chandler 1947).

The relationship with adjusted aspect indicates that
Nmin is greater On southerly than on northerly aspects,
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even though total soil N tended to be higher on the
latter. This may be probably because of higher soil
temperatures on southerly slopes. Powers (1980) and
Addiscott (1983) have reported a linear dependence of N
mineralization on soil temperature. Microbial activity
increases directly with temperature in the range common
to forest soils (Brock, 1970).

The negative correlation of Nmjn with slope steepness
may indicate water shortage.

Several studies have shown

that Nmin is related to soil characteristics which
enhance moisture-holding capacity such as soil texture,

suggesting that N mineralization either anaerobic and
aerobically determined is related to site moisture status
(Stanford and Epstein 1974; Nadelhoffer
Pastor

al. 1982, 1984; Plymale et

.

.

1983;

1987). Potential

net aerobic N mineralization has been found to be lower
in xeric than in mesic ecosystems (Zak

1989).

The negative correlation of Nmjn with rock
content is not surprising since we calculated Nmjn on an
area basis. It indicates less soil volume, and
consequently a lower amount of Nmjn

McNabb

],.

(1986)

also found lower Nmin in the Douglas-fir habitat type
(HODI) with rocky soils.
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A

B

Mineralizable N (Kg/ha)
60

50

40
HIGH

MEDIUM

LOW

30

DENSITY

I

S.E.

0-20 cm

20-40cm
20

Within same density means with same letter are not

signhficently different at p.06

10

MEDIUM

H IGH

LOW

DENSITY

I

S.E.

0-20 cm

Meahs with name iotrOr ore not siginificonthy different at p05

Figure IV.l. Minera1izale nitrogen at two soil depths
and (B) Kgha.
(A) mgkg
/

Table IV.l. Averaged soil and physiographic characteristics of Douglas-fir plantations
at different stand densities.
STAND DENSITY

VARIABLE
HIGH

MEDIUM

LOW

TOTAL SOIL NITROGEN (%)

0.20 (O.012)a

0.21 (0.013)a

0.22 (0.0ll)a

TOTAL SOIL PHOSPHORUS (%)

0.14 (0.014)a

0.20 (0.021)a

0.17 (0.020)a

EXCHANGEABLE SOIL CALCIUM (meq/l00 g)

16.7

(1.46)a

10.5 (l.06)b

10.6 (l.16)b

EXCHANGEABLE SOIL MAGNESIUM (iueq/l0O g)

4.6

(0.56)a

2.5 (0.38)b

2.8 (0.39)b

EXCHANGEABLE SOIL POTASSIUM (ppm)

506

(43.6)a

397 (26.0)b

387 (36.8)b

SOIL Ca/Mg RATIO

3.9

(0.28)a

4.8 (0.43)a

4.2 (0.26)a

pH

5.9

(.034)a

6.0 (.049)a

5.9 (.052)a

ROCK CONTENT (%)

7.1

(0.72)b

11.7 (1.64)a

11.8 (1.53)a

SLOPE (%)

44

(4.9)a

34.7 (4.3)a

33.2 (4.2)a

ASPECT (degrees)

195

(19.7)a

197 (27.3)a

202

(23.4)a

Note: Standard errors are in parenthesis. Within a row, means followed by the same letter
are not significantly different at p=.05.
H
H

Table IV.2. ANOVA for Ln (Mineralizable N) in Kgha1 and ingKg1 at two soil depths.
MEAN SQUARE

D.F.

S

0
U

F-VALUE

I

II

C
E

AB

B

A

B

B

SITE

3

3

0.63770

0.25629

0.66491

3.59

1.28

DENSITY

2

2

0.00534

0.01024

0.09654

0.03

ERROR (a)

6

6

0.17774

0.20007

0.15035

TREATMENT

3

3

0.02388

0.04053

0.25810

DENS*TRT

6

6

0.12408

0.09905

0.33447

ERROR (b)

27

23

0.10038

0.10526

0.20657

TOTAL

47

43

II

I

PR>F
II

I

II

I

R

0-20 cm
20-40 cm

Kgha1
mgkg1

A

A

B

B

5.39

.0857

.3642

.0387

0.05

1.72

.9705

.3642

.2560

0.24

0.39

1.54

.8691

.7646

.2298

1.24

0.94

1.62

.3193

.4824

.1870

B

B

Table IV.3. Model of Ln [Mineralizable N (Kgha1)J for all densities.

Suimnary of stepwise procedure

Step 1

F

PR>F

.23

13.6

.0006

.46

19.7

.0001

15.7

.0003

VARIABLE ENTERED

MODEL

Total soil N (N)

R2

2

Exchangeable Ca

3

Adjusted Aspecta (Asp)

.60

4

Rock content (Rock)

.67

8.6

.0053

5

Slope (Sip)

.71

5.5

.0240

(Ca)

Model:

Ln (Mi

N)= 4.88 + .0021 Ln (N) +.29 Ln (Ca) + .0021 (Asp) - .017 (Rock) - .0044 (Sip)
(.0018)
(.0065)
(.078)
(.155)
(.155)
S.E.= (.317)

a Adjusted Aspect= 180 - 18o - aspect. This variable, rather than an absolute value for
aspect, was used in regression.

H
Ni
H

Table IV.4. Results of Principal Components Analysis on soil and site variables in all
plots.

LOADINGSa

PCi

PC2

PC3

PC4

Total soil P (%)

0.80272

0.23029

-0.23287

0.05759

Soil Ca/Mg ratio

0.79089

0.14827

0.04798

0.34643

Rock Content (%)

0.62624

-0.19568

0.39330

-0.04483

Ca (meq/lOO g)

-0.82414

0.19641

0.05579

0.30176

Mg (meq/lOO g)

-0.92944

0.08667

0.13214

0.10898

0.24421

0.84123

-0.12579

-0.01866

-0.18814

-0.74394

-0.43503

-0.10353

-0.45170

0.07814

0.73605

0.01237

0.46922

-0.41014

0.28967

0.66167

-0.46309

0.11840

-0.46839

0.56569

Total soil N (%)

Adjusted aspect
Slope (%)
pH

Soil K (ppm)

(

)

Loadings listed are simple correlations of the original variables with the new Principal
Components.
H
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CHAPTER V

General Conclusions

This study investigated the influence of thinning,
treatments consisting of pruning and inultinutrient

fertilization, and site factors on aboveground tree
bioinass, growth efficiency (GE), leaf area index (LAI)

increment, and on the rate of mineralizable nitrogen in
young Douglas-fir plantations of the Oregon Cascades. The
results of this research indicated several findings.

Statistical analyses of three two-year growth periods
over a six year period

(1981-1987) indicated that thinning

had the major effect on both GE and aboveground tree
biomass, however there was also a significant densitytreatment interaction in the last two-year period.

Stocking density had no effect on either relative LAI
increment from 1985 to 1987 or on the rate of
mineralizable nitrogen measured in 1988. Treatments
lowered growth in unthinned plots but increased growth in
heavily thinned plots.

Although nitrogen is generally considered to be the
nutrient most limiting to productivity of Pacific
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Northwest forests (Johnson et al. 1982), the results
presented in this thesis have demonstrated that magnesium
and potassium also limit productivity of these stands.

Potassium has also been recently reported to influence
response to N-fertilization of Douglas-fir stands in the
Intermountain region (Mika and Moore 1990)

Nutrient translocation and significant intra-tree
competition for nutrients were indicated by the fact that
fertilization within a given stocking density generally
raised foliar nutrient levels only when coupled with
prunning, results consistent with those presented by
several authors (Chapin and Kedroswski 1983; Fife and
Nambiar 1984; Nambiar and Fife 1987; Oren et al. l988a).

Growth efficiency at both high and moderate densities
is mostly controlled by leaf area, which has a negative
effect, and by mineralizable nitrogen, which has a
positive effect. Growth efficiency at low density is
controlled by foliar Mg. Leaf area growth over the study
period was related to one or another measure of Mg, K,

and N availability. Further research on effects of
deficiencies of these elements, particularly magnesium
and potassium, is necessary in order to determine how
these elements are regulating leaf growth and leaf use
efficiency in these stands.
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The relatioship between GE and mineralizable N at
high and moderate densities indicates the importance of
this index of nitrogen availability in forest
productivity. However mineralizable N was not correlated
with foliar N, indicating that mineralizable N probably
reflects factors that were not measured in this research.

Levels of mineralizable N in soils of this study
correlated most strongly with total soil N and
exchangeable Ca. The association between mineralizable N
and Ca probably reflects the importance of this soil
nutrient to root growth and microbial activity.

There are many things to learn about what is going on
in these plots. Further research is recomended on the
belowground system in order to study the effect of the
different treatments on resource allocation by trees.
Research on the dynamics of the understory vegetation,

especially on thinned plots, is also recomendend. I
believe that understory vegetation affects nutrient
uptake by trees, and also by soil microbes that
mineralize soil organic matter.
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