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A study was conducted to evaluate site quality of western hem-

lock in the fog-belt zone of the western Oregon Coast Range. Stan-

dard site index curves were shown to be accurate for this area for

40 to 100 year age classes. Beyond these limits, considerable skew-

ness was found to exist. Growth rates were found to be markedly re-

duced with age beyond 100 years.

Site index data were evaluated with respect to several soil

chemical and physical properties, expressed as a weighted average

of the effective rooting depth, and elevation. Simple and multiple

correlation and regression analysis showed that elevation has the

strongest simple linear relationship (r=:-. 91) to site index of the

variables tested. Some of the variability of site index with elevation

is explained by other variables, including soil depth and some



nutrient factors. Other variables significantly correlated with site

index were effective soil depth (r=. 71), available P 78), CEC

(r=-. 66), and organic matter content (r=. 68). Total nitrogen content

was significantly related at the P=. 10 level (r=. 50). Multiple regres-

sion, with eleven independent variables entered, resulted in a model

with four variables. In order, these are: elevation (R2 =. 83), P

(R
2=. 88), Na (R2 =. 92), and K (R2

=. 93).

A concept of habitat types which included both soil series and

vegetation was found to be the best approach for assessment of site

quality of western hemlock and Sitka spruce. Ten habitat types were

defined for the western Oregon Coast Range.

A biological assay of four andic surface soils from the Oregon

Coast Range was conducted to evaluate soil fertility. Monterey pine

seedlings were grown for six months on the soils to which five rates

of N, P, K, and Ca fertilizers had been added. The Astoria soil

(from marine shale) yielded significantly higher dry matter produc-

tion than the three soils from basalt parent materials. Seedlings on

Astoria soil also had the highest uptake (mgm/pot) of N and P, but K

uptake was lower than from either the Hembre or Klickitat soils.

Response surface models illustrated N times P interactions for

all soils. Maximum yields were obtained when intermediate to high

levels of N and P were applied. The largest response of seedlings

to application of a single nutrient was obtained with N on all soils



except Kilchis. When P was applied alone, the highest yield re-

sponses were obtained on the Astoria and Kilchis soils, respectively.

Analysis of variance showed a significant quadratic effect for Ca on

the Hembre and Klickitat soils, and for K on the Klickitat soil.

Significant K times Ca interaction effects were observed on the

Astoria and Klickitat soils. Highest yields were obtained when K

was in excess of Ca at the moderate to moderately high level of K.

Applications of Ca were more effective in raisings yields when N

was at moderately low to low levels, resulting in a significant inter-

action on the Klickitat soil.

A toposequen.ce of four andic soils representing different site

classes were characterized for clay mineralogy and some selected

chemical properties. The predominant crystalline phyllosilicates

were chloritic intergrades. Smectite clays were present in all sam-

ples, but partial expansion of the 14 X component with glycerol de-

creased as weathering intensity and degree of profile development

increased. Percent weight loss values by a KOH dissolution sequence

ranged from 43 to 72. The lowest values were obtained from a Hem-

bre profile at 106 m elevation where site index values are 180 feet.

The highest values were from a profile at 778 m elevation and the

site index values are 110 feet. Analyses of the dissolution extracts

indicated hydrous oxides of Fe were the most abundant interlayer

materials followed by Al.



All the soils had very low permanent charge CEC and high pH

dependent CEC. pH dependent CEC was attributed to a complex

relationship of both organic matter and hydrous oxides of iron and

aluminum. It was concluded that calculation of percent base satura-

tion is more meaningful for these soils when based on permanent

charge CEC. Activity of Ca,-FMg in equilibrium extracts were higher

for five surface soils studied than for other western Oregon soils

with less organic matter and less amorphous constituents.

The western Oregon coastal soils from basic igneous rock were

classified as Dystrandepts, rather than the previous classification

of Haplumbrepts. Morphologic and mineralogical characteristics

among the four soils reflected different degrees of soil formation and

similarly relate to site quality of western hemlock.
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SITE QUALITY OF WESTERN HEMLOCK AND CHEMICAL
CHARACTERISTICS OF SOME WESTERN OREGON ANDIC SOILS

INTRODUCTION

Foresters, ecologists, and soil scientists have only recently

been brought together in a common endeavor for the ultimate purpose

of classifying forest types (sites) in terms of productivity, succes-

sional patterns and distribution of a particular type. The rapid deple-

tion of extensive mature forest stands and subsequent conversion to

second growth or, in many cases reversion to seral communities of

other tree, shrub, and grass species, provided impetus for methods

of evaluating site quality or productive capacity of forest areas.

Other forest-soil research problems notwithstanding, one of

our more pressing needs today is for the development of a prediction

scheme for measuring the response of timber stands to various cul-

tural treatments and to classify sites by their ability to produce fiber

and other products without loss in productivity. Hence, a means of

predicting site quality has become essential as a corollary to more in-

tensive silvicultural and other land use practices. In addition, it is

imperative that we possess the ability to evaluate the effect of alter-

native treatments upon yields. The logical place to begin such a

classification or prediction scheme is with the soil.

The western hemlock (Tsuga heterophylla [ Raf.] Sarg. )
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habitat ranges from the Kenai Peninsula in Alaska to south of Eureka,

California and inland to western Montana. It occupies approximately

9.32 million ha (23 million acres) throughout its habitat. The western

hemlock forest type is perhaps the least understood in terms of pro-

ductivity, nutrient, and other silvical requirements of any major

North American forest type. Only one significant study has been con-

ducted in the Pacific Northwest relating certain environmental factors

to growth and management of western hemlock. That study was con-

ducted in the Olympic Peninsula of northwest Washington by Wooldridge

(1961) on soils generally considered to be Brown Lateritics or Pod-

zolics derived from glacial till.

Most of the soils throughout the western hemlock habitat in

Oregon and southwest Washington have properties similar to those

ascribed to"Andosols". These include relatively thick dark brown to

black surface horizons with organic matter contents ranging to more

than 30 percent; fine granular structure; high amounts of exchange-

able aluminum and free aluminum and iron compounds; aluminum

complexed by fulvic and other humic acids; low pH; low base satura-

tion when determined on the basis of CEC measured at pH 7. 0; high

anion exchange capacity; low bulk density; a high water-holding capa-

city and a "smeary" feeling suggestive of amorphous or allophane-like

material (Jenne, 1961; Singleton, 1965; and Franklin, 1970).

These Ando-like soils have developed from materials derived
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from basalts, gabbros, diorites, and marine shales apparently in

the absence of significant quantities of volcanic ash (Norgren, 1962

and Franklin, 1970). Soils similar to Andosols, formed from mixed

basalt, andesite, and sandstone and andesitic rock, respectively,

have been observed in Scotland (Mitchell and Farmer, 1962) and

New Zealand (Wright, 1963).

Many of the andic soils provide some of the highest sites for

the growth of hemlock, Sitka spruce (Picea sitchensis (Bong. ) Carr.

and Douglas-fir (Pseudotsuga menziesii (Mirb. ) Franco) in the Oregon

and Washington Coast Range. Growth of 2000 bd. ft. per acre per

year is not uncommon on soils representing the better sites in the

area (Ruth, 1964). However, many of the soils support stands of

very low productivity and there is considerable variability in site

quality within very short distances (Meurisse and Youngberg, 1971).

Because of their extent and range in productivity, as well as

the unusual chemical and mineralogical properties, it is essential to

possess a better knowledge of the nature of these soils. Such a need

is basic to understanding the fundamental properties which influence

forest growth and cause differences in site quality.

This study was initiated to determine how selected chemical

and physical properties of the soils were related to site index and to

determine the relationship of soil series and understory vegetation to

site quality of western hemlock. Another objective was to
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characterize four soils from basic igneous rock as to clay mineralogy

and selected chemical and nutrient properties.
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DESCRIPTION OF THE STUDY AREA

Location

The study area is located on approximately 10,939 ha (27, 000

acres) of Publisher's Paper Company lands divided between two tree

farms on the west slope of the northwest Oregon Coast Range in the

fog-belt coastal zone (Bailey and Poulton, 1968) or coastal strip

(Hansen, 1947). The Tillamook Tree Farm is about 5, 184 ha

(12, 800 acres) in the vicinity of Garibaldi, Rockaway, and Wheeler,

Oregon. The Munson Falls Tree Farm contains about 5, 807 ha

(14, 350 acres) and is located southeast of the town of Tillamook be-

tween the Trask River on the north and East Beaver Creek on the

south. Elevations range from sea level to 395 m on the Tillamook

Tree Farm and from 76 to 945 m on the Munson Falls Tree Farm.

Geology

Surface geology of the area is moderately complex. The Tilla-

mook Tree Farm is dominated by sedimentary marine rocks. These

are chiefly shale and siltstone rocks of middle Eocene Age mapped

as the Nestucca formation (Baldwin, 1964). They are intercalated

with slightly more recent dark gray, fine to coarse grained grano-

phyric gabbro and diorite sills and diabase, gabbro and diorite dikes
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of early Miocene or late Oligocene Age. These are also interfingered

with upper Eocene dark gray to black pyroclastic rocks and related

intrusives. In the eastern edge of the tree farm, there are some

dark greenish-gray aphanitic to porphyritic basalt flows, breccia,

tuff, and related intrusive rocks which are part of the Siletz River

Volcanic Series (Baldwin, 1964).

In contrast, the Munson Falls Tree Farm is dominated by lower

Eocene chloritized basalt rocks and altered volcanic glass of the

Siletz River Volcanic Series. Intercalated with this are fine to coarse

grained diabase, gabbro and diorite intrusives. The lower elevations

in the western part of the tree farm contain dark gray tuffaceous

shale and siltstone rocks of the Nestucca formation and part of the

Siletz River Volcanic Series.

Soils

Two soil series derived from colluvium and residuum from sedi-

mentary rocks were identified and mapped (IvIeurisse and Youngberg, 1971)

These were the Astoria and Trask series. Three series, derived in

colluvium and residuum from volcanic rocks, were identified and

mapped. These were the Hembre, Klickitat, and Kilchis series.

Some properties common to all the soils are the (1) very high

organic matter contents (8-38% in the A horizons and 2-19% in the

B1 and B22 horizons); (2) very acid to strongly acid reaction
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(pH range of 4. 1-5.4 in 1:2 soil to water suspension); (3) low bulk

density (mostly less than 1 g/cc in the surface horizons and less than

1.4 g/cc in the subsoil); and (4) relatively high CEC at pH 7.0 with

NH
4
OAc (24-72 me/100g). A mull humus layer is present in all soils

in the area.

Presently, the Astoria series is classed as a member of a fine,

mixed, mesic family of Andic Haplumbrepts (Soil Survey Staff, 1967).

Typically these are deep and very deep, well drained soils with thick,

dark brown or dark grayish`-brown, silty clay and silty clay loam B

horizons.

The Trask series is presently classed as a member of a loamy-

skeletal, mixed, mesic family of Umbric Dystrochrepts. Typically

these are moderately deep and deep, well drained soils with dark

brown and dark yellowish brown, gravelly, silt loam A horizons and

moderately thin, dark brown and dark yellowish brown, very gravelly,

clay loam B horizons.

Hembre soils are members of a fine-loamy, mixed, mesic

family of Typic Haplumbrepts. Typically these are deep and very

deep, well drained soils with dark reddish brown silt loam or loam A

horizons and dark reddish brown or yellowish red clay loam B

horizons.

Klickitat soils are members of a loamy-skeletal, mixed, mesic

family of Typic Haplumbrepts. Typically these are moderatley deep
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and deep, well drained soils with dark brown or dark reddish brown,

very gravelly, loam A horizons and dark reddish brown or dark brown,

very gravelly, loam or clay loam B horizons.

The Kilchis series is a member of a loamy-skeletal, mixed,

mesic family of Lithic Haplumbrepts. Typically these are shallow,

well drained soils with very dark gray to dark reddish brown, stony,

loam A horizons and dark brown to dark reddish brown, stony, clay

loam or loam B horizons.

Climate

The moderate climate of the coastal area of Oregon is controlled

by westerly winds and the North Pacific Drift (Heusser, 1960). Ex-

tremes in temperatures are almost never encountered and the soil

probably is never frozen, except on occasion at the highest elevations

(Bowisby and Swanson, 1964). Winters are wet and cool; summers

are dry and warm. July and August are the driest and hottest months.

November, December, and January are the wettest months. Most of

the precipitation is in the form of gentle rains, but much is due to the

frequent fog and fog drip which is present throughout much of the year.

Noticeable differences in trends for temperature and precipita-

tion are evident for the period 1931-1960 (Table 1) between the two

tree farms. The growing season may be somewhat longer on the

Tillamook Tree Farm, but summer temperatures are higher on the



Table 1. Climatic data from nearby stations and extrapolated data from isolines. 1

Station Mean Ann.
Precip. (mm)

Mean Ann.
Temp. (°C)

Freeze Threshold
Temp. (°C)

Mean Date of
Last Spring Occurrence

Mean Date of
First Fall Occurrence

Mean No. Days
Between Dates

Seaside

Tillamook

2024.4

2272.0

11

10.5

0
2.2
4.5

0
2.2
4.5

04-18
03-04
02-01

05-08
04-13
02-21

11-05
12-03
12-13

10-22
11-13
11-27

201
274
315

167
214
279

Location
Mean Ann.

Precip. (mm)

Extrapolated from Iso lines

Mean Max.
July Temp. (0C)

Mean Min.
July Temp. (0C)

Mean Max.
Jan. Temp. (0C)

Mean MM.
Jan. Temp. (0C)

Miami River 2032.0 8.8 -- --
Tillamook 2235.2 8.8 0 22.2 9.5
12 miles east of

Tillamook 2540-3048 7.8 1.2 24.4 8.8

Nehalem
(Tillamook Tree Farm) -- 10 2.2 20 10

Lees Camp 3048 5.5 1.2 25 8.8

1 Climates of the States--Oregon. U. S. Dept. of Commerce, Environmental Science Services Administration, U. S. Government Printing Office,
Wash., D. C. 1960. (Revised, 1967)

,C)



10

Munson Falls Tree Farm. These differences appear to be reflected

in understory vegetation composition and density as well as observed

moisture contents in the soils.

Vegetation

Studies by Hansen (1947) and Heusser (1960) indicate that the

climate has been relatively stable for the past 4000 years in the

Coast Range. This would seem to be adequate time for plant species

adapted to the present climatic conditions to establish and to become

sorted according to local variations in effective environment. Thus,

changes in understory vegetation probably represent real changes in

the micro-environment and reflect differences in the ability of a site

to produce forest species.

The Tillamook Tree Farm probably falls within the Sitka spruce

Zone (Franklin and Dyrness, 1969) which occupies a narrow strip

along the coast. Thus, if succession was allowed to run its course,

the climax species would be Sitka spruce. Major associated species

are western hemlock, western red cedar (Thuja plicata Donn), and

Douglas-fir. Western red cedar is generally confined to the moist

sites along the draws and Douglas-fir occurs only sporadically in the

early stages of succession and generally is confined to south slopes.

Western hemlock is the most important species in the succession to-

ward Sitka spruce and usually regenerates beneath its own stands.
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Sitka spruce is most abundant on west facing slopes and extends up the

draws which drain toward the west.

Understories are lush in this zone and modal sites contain

sword fern (Polystichum munitum (Kau lf. ) Presl), oxalis (Oxalis

oregana Nutt. ex T. and G. ), false lily-of-the-valley (Mianthemum

bifolium var. Kamtschataticum (Gmel. ) Jeps. ), western spring beauty

(Montia sibirica (L. ) How. ), trillium (Trillium ovatum Pursh), three

leaved coolwort (Tiarella trifoliata L. ), evergreen violet (Viola

sempervirens Greene), smith's fairy bells (Disporum smithii (Hook. )

Piper), red huckleberry (Vaccinium parvifolium Smith), and rusty

leaf (Menziesia ferruginea Smith). On less favorable sites, salal

(Gaultheria shallon Pursh) is very common; and on wetter sites,

devil's club (Oplopanax horridum (J. E. Smith) Miq. ), salmonberry

(Rubus spectabilis Pursh), deer fern (Struthiopteris spicant (L. )

Weis. ), and lady fern (Athyrium filix-femina (L. ) Roth) are common.

Red alder (Alnus rubra Bong. ) normally is a major seral spe-

cies in this zone and appears on disturbed sites. Relatively few

stands are present on the Tillamook Tree Farm, however. This

species may even top conifer regeneration, resulting in a pure or

nearly pure alder forest. Replacement by other tree species is often

very slow. Red alder .may be variously replaced by semipermanent

brush fields (especially salmonberry) or by release of Sitka spruce,

western hemlock, or western red cedar.
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The Munson Falls Tree Farm is in the transition between the

western edge of the Western Hemlock Zone and part of the Sitka

Spruce Zone. The Western Hemlock Zone is more likely to contain

Dougals -fir as a subclimax species, especially on drier sites and

south aspects. Major forest species include western hemlock, Doug-

las-fir, and western red cedar. Minor species include red alder and

noble fir (Abies procera Rehd. ) in this area.

Since this area is in the wettest end of the Western Hemlock

Zone, the most common understory species are oxalis, sword fern,

salmonberry, thimbleberry (Rubus parviflorus Nutt. ), red huckle-

berry, blue huckleberry (Vaccinium ovalifolium Smith), rusty leaf,

evergreen violet, false lily-of-the-valley, lady fern, trillium, and

deer fern. Some of the drier sites are represented by vine maple

(Acer circinatum Pursh), Oregon grape (Berberis aquifolium Pursh

star flower (Trientalis latifolia Hook. ), and other less important

species. Most of this area appears to be too wet or too warm for

salal; thus, it is a very minor species on the Munson Falls Tree

Farm.
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SOIL-VEGETATION RELATIONSHIPS AFFECTING
SITE QUALITY OF WESTERN HEMLOCK

Introduction

Numerous individual attempts have been made by foresters,

ecologists, and soil scientists to classify forest sites for the ultimate

purpose of evaluating productivity, successional patterns, and distri-

bution of a particular type. To date, most of the attention in the

Pacific Northwest has been given to Douglas-fir and ponderosa pine,

and much research still needs to be done toward development of a

prediction scheme for site quality of these species. The problem is

even more acute in the case of the western hemlock and Sitka spruce

forest type which has not been studied intensively.

There is a great need to know what properties of the soils in

the western Oregon Coast Range are related to site quality.. Also, it

is important to determine what phytosociological relationships are

related to productivity, brush invasion, plant competition, and other

qualities of western hemlock sites in this area.

The objectives of this portion of the study were:

1. To relate selected properties of these soils

to site index and develop models for predicting

site index.
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2. To develop a scheme of soil-vegetation

habitat types for identifying differences

in site quality of western hemlock in the

northwest Oregon Coast Range.

Review of Literature

Concept of Site, Site Index, and Site Quality

Early European approaches to the concept of site began with

the definition of habitat by Tans ley (1923). He defined habitat as

the sum of the effective conditions under which the plant or plant

community lives". About the same time, Cajander (1926) proposed

a theory of forest types. The fundamental hypotheses of forest (site)

types are that: (1) the ground vegetation reflects the inherent quality

of site better and with less variation than do forest stands, and (2)

forest types are to a high degree independent of the composition, age,

and density of the forest stand that may occupy an area at any given

time.

Sukachev (1928) used similar techniques to describe the spruce

forests of European Russia. He divided the spruce forest into five

types which differed in phytosociological structure of their communi-

ties and size of trees. The five types were based on soil texture,

drainage, and nutrient status.
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Studies pertaining to site classification did not begin in North

America until considerably later for a number of reasons. Perhaps

chief among these is the extensive acreage of forests and the fact that

foresters were concerned with little more than harvesting timber.

Coile (1938) critically reviewed the classification of site by ground

vegetation and suggested that only broad relationships exist between

ground vegetation and productivity. He further suggested that classi-

fication of sites should be based upon more permanent features such

as soil and topographic position. However, it is not a matter of

determining a priori which is more important, the vegetation or the

land. Each type has a variable role and must be considered as dis-

tinct, but inter-related, entities in the dynamic concept of site.

More recently, the concept of site has been defined by Rowe

(1962) as "that indefinite medium that determines forest production",

and this is distinguished from forest type (Hills, 1960) which includes

only green plants and the fungi and other reducing organisms which

participate in the primary production cycles within the forest eco-

system. Thus, site can be considered to be synonomous with eco-

system and biogeocoenose. The latter term was introduced by

Sukachev (1960) to include all biotic and abiotic factors that go to

make up a forest productivity system.

In contrast, the concept of site index is much more specific.

It is well known that height growth of most conifers and many
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hardwoods correlates with the total volume growth of fully stocked

stands. Hence, height of a stand referenced to a given age, usually

100 years for western species, is used as a measure of productivity

of the stand. The conventional approach to site index has most often

been to measure average heights of dominant and codominant trees

and average age of these same trees. From this data, the site index

could be determined from a family of curves for a given species.

Other methods for estimating site index have been evaluated

by Ker (1952) in addition to the one described above. These are:

(1) an average of dominant heights only, (2) average measured dia-

meters of dominant and codominant trees, and (3) an average of basal

areas of dominant and codominant trees. He concluded that the mea-

sure of dominant heights was the best and most economical. In appli-

cation, however, most have used average height of dominant and

codominant trees.

McArdle, Meyer, and Bruce (1949) constructed harmonized

curves and yield tables for Douglas-fir, and Barnes (1962) for western

hemlock, from a number of sample plots throughout Oregon, Wash-

ington, British Columbia, and Alaska based upon measures of aver-

age height of dominant and codominant trees over age. These curves

are constructed from samples of even-aged, fully stocked stands.

Some inherent problems with this procedure are readily appar-

ent. As pointed out by Spurr (1955) and Carmean (1956, 1970) this
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assumes the shape of the curve is the same for all sites. However,

in many cases the curves need to be altered for local conditions.

Many of the other advantages and disadvantages of the site index meth-

od have been described by Vincent (1961), Mader (1963), and Cool

(1965) and will not be elaborated on here.

The third, and perhaps most important, concept is that of site

quality. While it is somewhat similar to the concept of site, it more

specifically refers to the relative productive capacity of a forest area

determined by the combination of climatic,edaphic, and biological fac-

tors (Coile, 1952 and Barnes, 1962). It is the sum total of all the

factors affecting the capacity to produce forests or other vegetation.

Productivity of one site is distinguished from productivity of another

by site quality classes derived from direct measures of growth as

discussed previously.

Five site quality classes are recognized by Barnes (1962) for

western hemlock. Based on the height of a stand at 100 years these

are:

Site class I 186+ feet

II 156 to 185

III 126 to 155

IV 96 to 125

V less than 95

It should be realized that site index is only an index for the
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particular stand where the measures were made. It is to be distin-

guished from the more encompassing concept of site quality. There

are other factors which affect the overall quality of site. That is, we

can numerically categorize for productivity per se, but there may be

other very important factors which are more subjective in nature.

These include (1) plant competition, (2) time lag due to poor regenera-

tion or suppression from overstocking, (3) regeneration potential,

(4) response to cultural treatments, (5) consideration of another spe-

cies, (6) equipment limitations, and others.

In addition, problems of estimating site index, hence site qual-

ity, become increasingly confounded where stands are extremely old

or young, poorly stocked or non-stocked, and of mixed age classes.

These reasons, plus others, have led to the numerous approaches for

estimating site equality by such methods as relating it to soil series,

soil physical or chemical properties, understory vegetation, or

physiography.

Much of the early literature regarding site quality studies has

been reviewed and summarized by Coile (1952) for different regions

of North America. Because of the large number of studies that have

been carried out, and the fact that growth for each region and species

apparently is affected by different controlling factors of the site, this

review will be confined chiefly to the Pacific Northwest including

northern California and British Columbia. Since there is only one
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significant study reported for western hemlock (Wooldridge, 1961),

studies pertaining to Douglas-fir and ponderosa pine (Pinus ponder-

osa Laws. ) are included.

Soil Factors For Predicting Site Quality

Of all the indirect approaches utilized in evaluating site quality,

soil factors have received the greatest attention. Other closely re-

lated factors include topography and physiography. It is suggested

that these factors should be considered as soil factors because soils

cannot be separated from their naturally occurring positions which

occupy space on the landscape. Soil factors have been most often

used because of their fundamental and reasonably permanent features.

Also, it is the belief of many workers that soil is the best expression

of all the integrated effects of the site, including biotic and abiotic.

Physical Factors.--One of the early attempts in the Pacific

Northwest to relate tree growth to soils was the result of observa-

tions made in Douglas-fir stands by Hanzlick (1912). He noted the

best growth occurred on slopes rather than level land where poor

soil drainage may have occurred. McArdle, et. al. (1949) reported

the effects of slope, aspect, and other surface conditions on the

yield and rate of height growth of Douglas-fir in one of the first sys-

tematic investigations of site conditions for this species.

Storie and Wieslander (1948) conducted an extensive survey of
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soils and timber sites in northern California and, after separating

the area into four broad geographical regions, concluded that four

main soil factors govern growth of conifers. These are: (1) depth-

texture characteristics, (2) soil permeability, (3) chemical proper-

ties, and (4) drainage-runoff characteristics.

Hill, Arnst, and Bond (1948) were among the first workers in

the Douglas-fir region to relate soil mapping units to site quality.

Soil depth and other factors affecting the ability of the soil profile to

retain and store moisture were some of the important factors in des-.

ignating mapping units and also were of importance for site quality.

The use of soil mapping units for evaluating site quality has

been further investigated by Tarrant (1950), Gessel and Lloyd (1950),

and Schlots, Lloyd, and Deardorff (1956). Tarrant suggested mapping

a phase of soil type based on topography. Gessel and Lloyd observed

a relationship between textural classes and site index when comparing

profiles in the same precipitation belt of northwestern Washington.

Schlots and coworkers studied soil-site relationships in western Wash-

ington and concluded the summation of factors which determine soil

type were also most important in determining productivity.

Carmean (1954) found that site quality of Douglas-fir in south-

western Washington decreased with increased gravel content, in-

creased compaction, and elevation. Separating soils by parent

materials resulted in increased correlations for certain factors and
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poorer correlations for other factors. Another study in Washington

by Forristall and Gessel (1955) showed effective soil depth, natural

bulk density, and soil moisture to be related to productivity of Douglas-

fir, western hemlock, and red alder. Lemmon (1955) studied factors

affecting Douglas -fir productivity in the Willamette Basin of Oregon.

He reported that soil depth was the most important factor on north

slopes and level areas; but on south slopes, elevation, slope percent,

and precipitation were significantly related to growth rate.

A study of site quality for Douglas-fir and ponderosa pine in

northwestern California was related to climate, topography, and soil

(Zinke, 1958). This study was of interest because it considered the

fog-belt and adjacent areas. Exposure did not influence Douglas-fir

growth outside the fog-belt, but within, north exposures had higher

site index values than others. For ponderosa pine, south exposures

had higher site index values than north exposures. Site index was

found to decrease with elevation within the fog-belt, but increased

with elevation outside the fog-belt. Increased depth resulted in in-

creased site index for the fog and non-fog areas.

Urie (1959) conducted a detailed study of soil-site relationships

in second growth Douglas-fir stands in the central Oregon Coast

Range. He concluded that the use of soil series together with soil

depth was the best initial step toward evaluating site productivity for

cut-over or burned-over soil. Furthermore, when depth phases are
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delineated on soil maps, site quality may be determined directly from

such maps for a given area. Site index also was shown to vary pre-

dictably according to changing values of stoniness and slope.

In one of the few comprehensive studies relating environmental

factors to growth and management of western hemlock, Wooldridge

(1961) obtained significant simple correlations for several soil vari-

ables in the Forks area of western Washington. Effective soil depth

was most strongly related to site index in a positive correlation.

Elevation and percent clay were negatively correlated while total

moisture storage was positively related to site index.

Two of the more recent studies relating soil factors to produc-

tivity of Douglas-fir were carried out in the northwestern Cascades of

Oregon (Stephens, 1963) and western Washington (Steinbrenner, 1963).

In the Cascades, differences in site index were obtained between

Yellowish Brown Lateritics, Brown Podzolics, and Podzols with a

highly significant interaction between the great groups. In western

Washington, Steinbrenner found that 41 percent of the variation in

site index was accounted for by effective depth and was followed by

gravel content which accounted for 36 percent of the variation. Depth

of A horizon exhibited a curvilinear relationship and accounted for 34

percent of the variation in site index.

Chemical Factors. --Considerably fewer studies have been con-

ducted which relate soil chemical factors to tree growth. Ostensibly
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this stems from many of the pre-conceived ideas that nutrient levels

were too high to be limiting factors for tree growth. Another factor

is the difficulty in measuring certain chemical properties. The situ-

ation is even more complex when trying to relate availability of nu-

trients to site quality. These problems must inevitably be resolved

if we are to truly evaluate the dynamics of site quality in light of

fertilization, intensive silvicultural practices, and successful re-

forestation.

Tarrant (1949) conducted one of the first studies relating

Douglas-fir site quality to soil fertility. He obtained no significant

correlation between site class and laboratory values for soil acidity,

total nitrogen, organic matter; and available phosphorus, potassium,

calcium, and magnesium expressed as ppm, and cation exchange

capacity. The data indicated that phosphorus and potassium were

marginal for the species in question on some sites.

Forristall and Gessel (1955) found a relationship between pro-

ductivity of Douglas-fir, hemlock, and red alder and cation exchange

capacity and nitrogen content of some glacial soils. Zinke (1960) ob-

tained a significant correlation (r=. 71 between soil nitrogen, expres-

sed as grams per square meter for a 122 cm depth, and site quality

of ponderosa pine.

Wooldridge (1961) obtained significant correlations between

available nutrients, expressed in pounds per acre, and western
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hemlock growth in the Olympic Penninsula of Washington. When ex-

changeable nutrients, percent nitrogen, or ppm phosphorus were re-

lated to site index, there was no significant correlation. A compari-

son of nutrient uptake for three elements in 50 year old stands

resulted in substantially higher amounts on site I than site III. It

should be emphasized that many of these soils are glaciated and were

described as Podzols.

The data from these studies suggests that significant relation-

ships between soil chemical factors and site index do indeed exist in

many cases and whether or not these relationships are established,

depends on the methods of sampling and ability to evaluate nutrients

as well as the method of expressing the data.

Biological Factors. --There have been no explicit studies in the

northwestern United States for evaluating site quality by biological

factors. Studies to determine rates of nitrogen release from organic

matter might prove fruitful.

Vegetation Factors For Predicting Site Quality

Understory vegetation has been used to interpret and estimate

the biotically effective part of the total environment beginning with

the definitive work of Cajander (1926) in Finland. Single plant spe-

cies have been used in some instances with only limited success.

However, floristically defined communities have provided the most
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satisfactory phytometers of site.

Understory vegetation has not been extensively examined in

terms of site quality in the northwestern United States. The first

significant study was reported by Dyrness and Youngberg (1958),

Dyrness (1960) and Youngberg and Dahms (1970) for ponderosa and

lodgepole pine in the pumice soil region of central Oregon. They

concluded that understory plant communities were very useful for

several aspects of forest management and provided more information

than soils alone.

A comprehensive study by Waring and Major (1964) in the

coastal redwood region of California and by Waring (1970) in the

Siskiyou Mountains of southern Oregon related vegetation to gradients

of moisture, nutrients, light, and temperature. They concluded that

site quality could be evaluated by relating gradient values to under--

story species.

Corliss and Dyrness (1963) reported on a simultaneous soil-.

vegetation survey in the Alsea Basin of the central Oregon Coast

Range. A map of soil series, slope and landforms, and understory

plant communities resulted in a great number of soil and vegetation

combinations. By mapping soils and vegetation together, they were

better able to evaluate site quality than from either of these alone.

This procedure offered considerably greater opportunity than site

index measures alone for predicting successional patterns and
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Methods and Materials

Field Procedures
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A detailed soil-vegetation survey was made of the two tree

farms during a period of three summers beginning in 1968. The re-

sults are described in detail by Meurisse and Youngberg (1971). The

soil survey meets the requirements of the National Cooperative Soil

Survey. Definition of terms and standards of measurement were

taken from U. S. D. A. Soil Survey Manual, Agricultural Handbook

No. 18.

The understory vegetation (plant communities) was mapped in

accord with the idea of a community described by Daubenmire (1968).

Reconnaissance of the area was useful for stratification of vegetation

into relatively homogeneous groups. Two strip transects were laid

out near the center of homogeneous stands similar to the method de-

scribed by Bailey (1963) and percent canopy cover was estimated.

Notes were made for determining constancy and frequency.

Nine plant communities were identified and mapped. These

communities, listed in order of generally increasing effective mois-

ture, are as follows:

(1) Thimbleberry-Star Flower TB-ST
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(2) Bracken-Lotus BR-LO

(3) Salal-Red huckleberry S-RH

(4) Blue huckleberry-Salmonberry RH-SB

(5) Salal-Sword fern S-SF

(6) Vine maple-Sword fern VM-SF

(7) Sword fern SF

(8) Salmonberry-Sword fern SB -SF

(9) Sword fern-Oxalis SF -0

The first three communities were described by Bailey (1963)

in the Cedar Creek drainage of the Tillamook Burn area. Communi-

ties 5 through 9 were described in the Alsea Basin Area Soil and

Vegetation Survey by Corliss and Dyrness (1961). The blue huckle-

berry-salmonberry community on the Munson Falls Tree Farm is

the only new community described in this study.

Site Index. --Site index measurements were collected on 66 sites

(27 on the Tillamook Tree Farm and 39 on the Munson Falls Tree

Farm). Site index was determined by measuring average height of

seven to ten dominant and codominant trees and average age by bor-

ing four to six of these same trees. Seven years was added to the age

at breast height to estimate the age of trees. The curves constructed

by Barnes (1962) were used for estimating site index at 100 years.

Stands were selected which were fully stocked, even-aged, and

in a healthy vigorous condition. Some stands were selected that had
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been thinned within the past year. Because much of the area has been

clear cut or burned, considerable difficulty was encountered in select-

ing suitable stands. No stands were sampled that were less than one

acre in size.

Special attention was given to selecting stands which were on

known soils and plant communities. At each site, the depth of profile

was determined and percentage coarse fragments estimated for each

horizon. In addition, elevation, slope percent, aspect, and position

on slope were recorded.

Laboratory Procedures

Soil samples were collected by horizon from 14 selected sites.

Sites were chosen for sampling sous to provide a range in site index

values, plant communities, elevation, and aspect. Soil samples were

air dried and passed through a 2 mm sieve.

Standard chemical analyses, except pH, were determined by the

0. S. U. Soil Testing Laboratory, Corvallis, Oregon (Roberts et. al.

1971). Soil acidity was determined on 10 g of soil by measuring pH

in -a 1:2 soil to solution ratio and a 1:2 soil in 1 N KCI, solution with

a Corning Model 7 pH meter. Both the calomel and glass electrodes

were immersed in the solution phase after allowing the sediment to

settle for 30 minutes. Bulk density measurements were determined

by using wax coated clods immersed in water (Blake, 1965).
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Analysis of Data

Evaluation of Site Index Curves

Site index curves for western hemlock were carefully prepared

for Oregon and Washington (Barnes, 1962). However, Carmean (1956,

1970) has demonstrated the need to evaluate the regional curves for

each area to be studied. If the standard curves are not properly

drawn to fit the area in question, then the apparent differences in

growth patterns could be corrected by a new set of curves to fit the

growth pattern of the area. Establishment of these relationships is

important if site index curves are to be used for growth and yield

predictions.

Two methods were used in this study to compare the growth

patterns with the standard curves. A curve of the mean height of

dominant and codominant trees plotted over the average age of the

individual stands by five year age classes was constructed. This pro-

cedure was used for each tree farm and for all plots combined

(Figures 1, 2, and 3). These data were compared to the standard

curves. Some slight differences were detected between the two tree

farms. For the Tillamook Tree Farm, growth appeared to decline

more rapidly than the standard curve near 100 years; but for the

Munson Falls Tree Farm, more rapid decline occurred near 80 years.
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The data reveals that this is largely due to the basaltic soils, espec-

ially Klickitat and Kilchis, at elevations greater than 334 m (1100 ft. ).

A coefficient for the regression of the logarithm of average

height on mean age was determined from a modification of the equa-

tion by Carmean (1956):

L°g10 Ht. = Log Site Index + b(1/Age - .01) (1)

The modified form of this curve passing through the point of

average height and average age of all plots:

Log10 Ht. = Log10 123.2 ft. + b(1/Age - 1/76.8 yrs.) (2)

is the equation for the plot data illustrated in Figure 4. The resulting

regression coefficient was b = -15.56. The curve of equation (2) was

plotted against the standard site index curve passing through the same

coordinates (123.2 feet, 76.8 years). The computed curve shows

growth rates to be slightly greater prior to about 60 years, and some-

what less after 100 years, than the standard curves. Since most of

the stands were less than 100 years, it seemed reasonable to use the

standard curves for predicting growth of hemlock in this area. Allow-

ances should be made for predicting site index from very young stands

(especially less than 40 years).

Summation of Data for Correlation and Regression

In order for data from a series of horizons to be used in corre-

lation or regression analysis, it must be unified to a single value for
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the profile. This problem is seldom encountered in agricultural soils

where only the surface layer is sampled. However, forest soils vary

widely in bulk densities and the entire rooting zone must be consid-

ered for reliable estimates of available nutrients and water.

In this study, a simple method has been used to calculate

weighted average soil properties for any number of soil samples at

varying profile depths. Using bulk density values, and average ad-

jacent horizon values, a cross product is obtained. When multiplied

by 62. 4, the actual weight of a horizontal square foot of sample is

obtained to the depth of the lowest sampled horizon. The percent of

total represented by each sampled horizon is then calculated.

Analytical data presented as percent, ppm, or milliequivalents,

may be converted to mean weighted values for the profile. For avail-

able nutrients, total N, organic matter content and effective depth,

the values for each horizon were reduced by the amount of coarse

fragments greater than 2 mm.

Single and Multiple Factor Analysis

Simple linear regression and correlation analysis was used to

determine relationships between site index and age, elevation, and

effective depth of solum for all 66 plots sampled. In addition, vari-

ables of soil chemical properties plus elevation and effective depth of

solum were tested for the 14 sites selected for laboratory analysis
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(Appendix II). Scattergrams were plotted for each of eleven indepen-

dent variables against site index.

Stepwise multiple regression allows one to examine the change

in the contribution of each soil (or climatic) factor as additional vari-

ables are added to the equation in successive steps. At each step, a

coefficient of determination (R2) and a partial regression coefficient

(by1.2, 3... k) for each test variable may be calculated. R2 is the per-

centage of the corrected sums of squares for Y which is accounted for

by regression. The partial regression coefficient of variable Xi,

(by1.2, 3...k), is the simple regression coefficient of the residual

value of Y on X1 when all other X variables are held constant at their

respective means.

Results and Discussion

Considerable variability in site quality class was found to exist

in the study area. The range varied from a high of 200 (feet) to 90

(feet) within a distance of 3.2 to 6.4 Km (2 to 4 miles). Variations in

site index of 50 to 60 feet within 0.4 to 0. 8 Km (1/4 to 1/2 mile) are

not uncommon (Meurisse and Youngberg, 1971). These variations

appear to be related to a number of soil and climatic factors, many of

which are inter-related (Table 2). Some of the variation in site index

is related, as an inverse function, to age of the stand. For the 66

plots sampled, the correlation coefficient (r=,,.32) was significant at



Table 2. Simple linear correlation coefficients* for several variables when related to all other variables (N=14).

Variable 2 3 4 5 6 7 8 9 10 11 12

1. Elev. (m)

2. Effective Depth (cm)

3. T. N. X 10
3
(kg/ha)

4. O. M. X 103(kg/ ha)

5. P(kg/ha)

6. Ca(kg/ha)

7. Mg(kg/ ha)

8. K(kg/ha)

9. Ca + Mg + K(kg/ha)

10. Na(kg/ha)

11, CEC(me/100g)

12. Site Index (feet)

-.668 -.438

.902

-.624

.865

.894

-.677

.878

.822

.871

-. 254

.166

.310

.232

.057

-.500

.351

.445

.506

.317

.850

-.215

. 279

.417

.423

.243

.753

.671

-.342

.256

.393

.370

.178

.976

.923

.826

-.581

.591

.514

. 654

.524

.082

.357

.154

.188

.729

-.824

-.595

-. 658

-.742

.014

-.113

-.166

-.578

-.709

-.913

.708

.497

. 67S

.778

.177

.463

.291

.301

.409

-. 664

*Significance levels of correlation coefficients for each variable: 5% = .532; 1% = .684
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the one percent level. A similar relationship was observed for sec-

ond growth hemlock stands in western Washington by Wooldridge

(1961).

In light of the comparison of growth curves for the study area

and standard curves, it is plausible to suggest that Barnes' site

classification curves contain a considerable degree of skewness. If

the standard curves are not properly drawn for this area, then the

apparent reductions in site index could be evaluated and corrected by

a new set of curves drawn to fit the height-age growth pattern of the

area. As previously demonstrated (Figures 3 and 4) most of the re-

duction in growth rate does not occur until after 80 to 100 years.

Thus, the standard curves are suitable for age classes up to about

100 years.

It should be pointed out that of 252 plots sampled by Barnes

(1962) in Oregon and Washington, only 15 represented stands greater

than one hundred years in age. Of these, only one was in site class

IV, the remainder were in class I, II, or III. This could explain

some of the skewness in the standard curves. Thus, rapid reduction

in growth rates of western hemlock in unmanaged stands probably are

normal for this area.

The question is raised as to why the reduction in growth rate

in western hemlock should occur at a relatively early age. Data

presented in Table 2 indicates site index is related to certain
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available soil nutrients and effective soil depth. It is possible that

in many of the soils, especially the shallow and stony ones, the dense

root system of hemlock stands results in severe competition for nu-

trients and moisture which may be limiting as the stands mature.

These relationships are discussed in greater detail in succeeding

sections.

Assessment of Site Index by Physical Factors

Elevation. --Elevation indicates a relatively strong, but complex,

relationship to site index (Figures 5, 6, 7). When all 66 plots are

considered in single factor analysis, the correlation is significantly

related to site index in an inverse way (r = . 672). These findings are

in agreement with those of Carmean (1954) and Zinke (1958) for

Douglas-fir and Wooldridge (1961) for western hemlock. However,

none of these workers reported on the complex nature of elevation in

relation to site index as demonstrated in this study.

Some anomalies were readily apparent in this relationship on

the Tillamook Tree Farm. Some of the lowest site index values were

at low elevations on west slopes exposed to the ocean. Thus, much of

the variation is explained when sample plots were grouped for north

and east aspects as opposed to south and west aspects. The highest

site index values were on north and east aspects. When further

stratified according to plant communities, a positive correlation
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(significant at the one percent level) was observed for the salal-sword

fern community, but site index did not change with elevation when con-

sidering only sword fern and sword fern-oxalis communities on south

and west aspects (Figures 5 and 6). Furthermore, on north and east

aspects, only one of the points represented the salal-sword fern com-

munity. The remainder were sword fern-oxalis, sword fern or

salmonberry-sword fern communities.

The data for the Munson Falls Tree Farm exhibited a strong

inverse linear relationship between elevation and site index (Figure

7). Several factors probably cause the rapid decline in site index

with elevation. One is the abundance of fog during much of the grow-

ing season which results in lower temperatures than at lower eleva-

tions. Another factor is that, in general, the soils become shallower

and more stony with increased elevation and may exhibit differences

in chemical and mineralogical properties (Chapter V).

It is most likely a combination of the two stated reasons that

results in low site quality on moderately deep Hembre soils which

occur up to 800 m elevation. At elevations above 480 m, these soils

have site index values ranging from 110 feet to 140 feet. These

values are much lower than those normally associated with Hembre

soils. The Klickitat and Kilchis soils may be affected in the same

way.

When considering only the 14 sites sampled for detailed
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chemical analysis, elevation is significantly correlated with organic

matter content (r=-7.624)1, available phosphorus (r.r.677), and available

sodium (r=-7.581), as well as effective soil depth (r=r. 668).

Effective Soil Depth. --Effective soil depth is an important fac-

tor in relation to tree growth because it is a measure of the available

water holding capacity when multiplied by percent available water by

weight and bulk density. In addition, it is indicative of the amount of

space available for root penetration and development. This is im-

portant from the standpoint of nutrient availability, especially when

concentrations are low as indicated in Appendix II.

In a simple linear correlation with site index, effective depth

has a weak relationship (r=. 269) for 66 samples. There is a consider-

ably stronger relationship (r=. 708) when only the 14 sites entered in

multiple factor analysis are considered. The data indicate that a

curvilinear relationship might be stronger. One reason for this is

that some low quality sites are on deep soils near the ocean where

climatic factors are more important in controlling tree growth. An-

other factor is that many of the soils are much deeper than is re-

quired to meet the needs of the trees for moisture and nutrients as

evidenced by the relatively shallow depth of root penetration.

These results are in agreement with those of Forristall and

Gessel (1955), Lemmon (1955), Zinke (1958), Urie (1959), and

Wooldridge (1961). Only the latter study was specifically aimed at
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growth relationships of western hemlock. The other studies were

primarily concerned with Douglas-fir or ponderosa pine which are

considered to be deeper rooted species.

Because of the apparent strong linear relationship of elevation

and possible curvilinear relationship of effective soil depth to site in-

dex, an attempt was made to develop a simple model that included

these terms. This was done in the hope of improving the predicta-

bility of site index by some easily measured variables. The model

was to be of the form: Y = bo + b (Elevation in m) + b
2

(Effective

soil depth in cm) + b
3

(Effective soil depth)2.

Although the quadratic term exhibited a strong relationship to

site index (r=. 671), it was slightly lower than the linear term and did

not add to the predictability of site index. In fact, the best fitting

model, for these three terms, proved to be one with only the eleva-

tion variable. Thus, the equation Y = 189.9 - . 114 (Elevation in m)

with R2 = . 83 and a standard deviation of plus or minus 12.4 feet, is

the best general model for the west slope of the Coast Range. How-

ever, the more specific models shown in Figures 5, 6, and 7 are

more useful because of their relationship to plant communities and

geographic location.

The question that now arises is the one of whether the elevation

variable is simply an effect of climate. Apparently this is not so.

More importantly, elevation and effective soil depth are very strongly



46

inter-dependent and elevation is an integral of this variable as well

as a number of climatic variables. Hence, the decrease in product-

ivity with a simultaneous increase in precipitation, could in fact be a

direct function of inherent productivity in addition to certain climatic

influences (mainly temperature). Further evidence for this is pro-

vided in Chapter IV.

Bulk Density. --The soils from basic igneous rocks have the

lowest bulk densities, .55 g/cc to .95 g/cc in the A horizons, and

. 8 g/cc to 1.3 g/cc in the B horizons (Appendix II). The Astoria

soils from Marine Shales, have values near 1.0 g/cc in the surface

to 1.3 g/cc in the substratum.

There is a weak positive correlation (r=. 738) between bulk den-

sity of the B21 and B22 horizons and site index. This seems to con-

trast with the statement by Wooldridge (1961) that "hemlock roots

were seldom found to penetrate soils with bulk density greater than

0.90 g per cc". In this study, the Astoria soils :generally had the

highest site index values and the highest bulk densities. One plaus-

ible explanation for these results is that the higher bulk densities re-

sult in greater concentrations of nutrients in contact with tree roots.

This could result in higher diffusion rates and greater root inter-

ception.
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Assessment of Site Index by Soil Chemical Factors

The practical usefulness of regression analysis for predicting

site index from variables related to available soil nutrients is severly

restricted by the cost and the difficulty of assessing available nutrient

supply. However, these techniques might have considerable value

when trying to evaluate some of the nutrient relationships affecting

tree growth. The ability of soils to supply nutrients in proper

amounts and at the proper time is being given increased attention. It

becomes increasingly important in light of shorter rotations, removal

of ever increasing amounts of forest products, and use of forest

fertilization as a silvicultural tool.

Nitrogen. --Nitrogen has been considered more important as a

limiting factor of tree growth in the Pacific Northwest than any other

element (Gessel, Walker, and Haddock, 1951; Gessel and Shareef,

1957; Heilman, 1961; Gessel, 1962; and Wollum and Youngberg,

1964) and in California (Zinke, 1960). Wooldridge (1961) reported

that site index of second growth hemlock stands in western Washing-

tan was positively related to total nitrogen content, but was not signi-

ficant at the 5 percent level of probability. Sites with low index

values were found to contain 7, 840 kg/ha total nitrogen and high index

sites 26, 880 kg /ha.

In this study, total nitrogen content is related to site index only
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in a general way (r=. 497). When the quadratic form is evaluated,

there is only a small increase in the correlation coefficient (r=. 513),

but is not significant at the 5 percent probability level. The general

trend, however, is for the poorer sites to have the lowest values and

the highest sites the highest values (Appendix III).

This is not to say that the nitrogen economy of the soils is not

related to productivity. Indeed, a greenhouse trial with surface soils

of Astoria, Hembre, Klickitat, and Kilchis did result in a response of

Monterey pine to low and moderate levels of nitrogen, especially in

the presence of added phosphorus (Chapter IV). Thus, it is conceiv-

able that the limiting factor is one of availability, rather than total

nitrogen content.

Taylor (1935) reported that nitrate recovered after a three

month incubation period was related to the distribution of Sitka spruce

seedlings in southwestern Alaska. Furthermore, pot culture studies

revealed considerable differences in mineralization rates of ten dif-

ferent litter types and that favorable temperatures were important.

It is interesting to note that the highest rates were with Rubus spec-

tabilis and red alder sites. Hemlock-Vaccinium sites had one of the

slowest rates of mineralization.

This could be one explanation for the rapid decline in site index

associated with Hembre/Blue huckleberry and Klickitat/Blue huckle-

berry soil-vegetation types. Both of these types have very high
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organic matter accumulations throughout the profile and are at eleva-

tions in excess of 480 m. Temperatures may be much lower than

normal at these elevations in the fog-belt. This is in agreement with

Wright and Bo llen (1961) who concluded that under Dougals -fir in

western Oregon, organic matter decomposition is retarded. The

reasons attributed to this effect were that the climate is either too

cool and wet or too warm and dry for optimum microbial activity.

Tarruicai (1968) found both nitrogen content and concentration to

be higher in the salmonberry-sword fern community than in seven

other understory communities in western Oregon. There was a very

strong positive relationship between nitrogen content in the under-

story vegetation and the site quality from which they were sampled.
1Tarnocai attributed the higher concentration of nitrogen in the salmon-

berry-sword fern community to the alder tree layer associated with it.

Phosphorus...-The role of phosphorus in relation to forest pro-

ductivity is poorly understood. Gessel et. al. (1951) concluded

that nitrogen was more critical than phosphorus for growth of Douglas-

fir in western Washington. However, Crossin, Marlow, and Ains-

cough (1966) reported on the possibility of benefit from phosphorus to

Douglas-fir and western hemlock on some nursery soils on Vancouver

Island.

Strand (1964) reported on the response of hemlock to phosphorus

in pot studies using Hembre and Astoria soils. When phosphorus was
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applied in the field, a similar response was not observed.

A fertilizer study in 25-30 year old stands of grand fir and

western white pine in Idaho resulted in significantly increased growth

when N-P-K was added compared with growth when N alone was ap-

plied (Loewenstein and Pitkin, 1963).

The results of the present study show a very strong linear re-

lationship (r=. 78) between phosphorus content and site index of west-

ern hemlock. As evidenced by the data for the deep, well developed

profiles, there is a strong trend toward increased site index with in-

creased levels of phosphorus (Figure 8). This is especially true at

60 cm (2 ft. ), above which the majority of fine hemlock roots are

concentrated. The stony soils have lower total contents of available

P than the non-stony soils and the relationship to site index is weaker

for these soils (Figure 9).

For most of the soils in site class II, or greater, phosphorus

contents range from 28 to 40 kg/ha. The Hembre profile sampled at

an elevation of 778 m contains only 9 kg/ha and is in site class IV.

The profile that deviates most from the general trend is the Astoria

profile (SI=153) from the Tillamook Tree Farm. It is located on a

west-facing ridge landform exposed to the ocean where other factors

appear to be dominating influences limiting tree growth.

The relationship between site index and available phosphorus

content in the shallow and stony soils is much less apparent. However,
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the highest sites in this group have the highest total levels of P. In

all cases, these soils have less than 17 kg/ha available phosphorus

(Appendix III).

Tarnocai (1968) found the highest contents of P in the vine

maple-sword fern community (25 kg/ha) and the lowest levels in the

sword fern-oxalis community (3 kg/ha). The former is most often

indicative of very high site index values. Interestingly, the vine

maple-sword fern site (SI=196) in this study contained the second high-

est phosphorus content (40.6 kg/ha). Furthermore, the two sites

sampled beneath the Blue huckleberry-salmonberry community

(II/SFr-0 habitat type with SI=110) contained 10 and 15.6 kg/ha, respec-

tively. Both of these sites are on deep soils.

Wooldridge (1961) calculated that the maximum annual rate of

phosphorus uptake in site I hemlock stands does not exceed 22.4 kg/

ha. Similarly, class III stands have an annual uptake rate of about

11.2 kg/ha. Although no quantitative information is available con-

cerning the degree of penetration of a soil mass by roots of western

hemlock, the many profiles sampled in this study indicated the major-

ity of roots were confined to the upper 60 cm of soil. Even though

rooting depths of 120 to 150 cm are common, a very small percentage

of the soil mass is occupied by roots at these depths. Thus, a reason-

able estimate might be 25 to 40 percent of the total "available" nu-

trients might be absorbed from the soil profile in a year based on
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root penetration. When available phosphorus levels are reduced by

this amount, low site quality plots appear to have definitely limited

reserves of phosphorus.

Available Ca, Mg, K, and Na. --Total available bases appear

to bear little relationship to site index on these soils (Table 2). Mag-

nesium and sodium show the strongest linear relationship of these

nutrients, though they are not significantly related at the 5 percent

probability level. When the quadratic form for calcium was tested,

its value increased slightly from .18 to .20. However, the quadratic

form of the sum of calcium, magnesium, and potassium resulted in a

slightly poorer correlation (r-=. 28) than the linear form (r=. 30).

The data in Appendix II shows the very low levels of exchange-

able bases in these soils, especially Ca. However, because of the

great depths of many profiles, total nutrient content is not extremely

low. Several of the sites do appear to have sufficiently low levels to

be limiting factors for tree growth, however. This could explain

partly the more uniform distribution of roots throughout the profile

in the stony soils.

When the deep non-stony soils are considered separately, a

trend emerges which indicates that the higher sites are associated

with soils having the highest levels of available nutrients (Appendix III).
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Even though Mg concentrations were generally higher than Ca, there

was little apparent relationship to site index for ratios of Ca to Mg.

Sodium is positively related to site index ( =. 41), but not signi-

ficantly so. It is interesting to note that the Klickitat (SI=140) and

Astoria (SI=153) profiles sampled on west slopes of the Tillamook

Tree Farm have the highest concentrations throughout the profile

(Appendix II) and the highest contents (Appendix III). These sites are

two of the most susceptible for reception of salt-laden mist from the

ocean.

Based on the estimated values of 25 to 40 percent of total avail-

able nutrients that might be absorbed from the soil profile in a year,

and calculations of 51.5 kilograms of calcium and 75 kilograms of

potassium per hectare absorbed on site I stands per year (Wooldridge,

1961), available bases do not appear to be insufficient in these soils.

Some sites might be marginal, however. This is important to con-

sider if attempts are made to increase yields through fertilization

with nitrogen or phosphorus, or other intensive silvicultural prac-

tices. The apparent response to calcium in Hembre and Kilchis, and

potassium and calcium in Klickitat soils in the greenhouse (Chapter

IV), may be a. reflection of such an increase in demand for these

nutrients.

Organic Matter Content. --All of the soils in the study area have

high percentages of organic matter (Appendix II). However, when
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expressed as kg/hectare, a positive relationship (r=. 68) is obtained

with site index. This is a bit more difficult to explain for the type of

soils found in this area compared with coarse textured glacial soils.

There are at least two plausible explanations for the relation-

ship observed here. The first is that, even though these soils are

relatively high in clay size particles, the organic fraction is a major

source of nutrients. The high correlation of organic matter with ni-

trogen (r=. 89) and phosphorus (r=.. 87) is suggestive of this possibility.

In addition, it is possible that bases such as calcium, magnesium,

and potassium are held in reserve in the organic fraction. Upon de-

composition, these elements may be released and made available for

tree growth.

Secondly, it may be that the highest organic matter contents are

the result of the highest sites rather than being a causal relationship.

That is., the higher sites have considerably higher productivity, hence,

a greater deposition of organic material that builds up and is slow to

decay. While this may partly explain the relationship, there are still

many unanswered questions. For instance, when expressed as a per-

centage, some of the poorer sites have the highest percent organic

matter. However, when depth and coarse fragment content are con-

sidered, content is markedly reduced. This suggests that the first

explanation is more nearly the correct one.

Cation Exchange Capacity. --CEC has often been considered a



57

measure of the reserve nutrient supply of soils. Forristall and

Gessel (1955) obtained a significant relationship between CEC and tree

growth on some glacial till soils in western Washington. Similarly,

Wooldridge (1961) obtained a strong (r=-. 69) negative correlation be-

tween CEC and site index of western hemlock.

The results from this study show a significant relationship

66)between CEC, measured at pH 7.0, and site index. It is also

important to note the similar relationship (r=t.66) of CEC to organic

matter content. The CEC values are relatively high in these soils

and range from a low of 24 me/100 g to a high of 72 me/100 g. Based

on these values, percent base saturation is very low (1. 3 to 12. 9%).

This should be indicative of low availability of exchangeable bases.

However, when CEC is measured at pH values more nearly like those

encountered in the soil, the cation exchange capacity is greatly re-

duced. Values obtained for four of the soils studied ranged from about

1 to 5 me/100 g (Table 8). When percent base saturation is calculated

on this basis, values are mostly 60 to greater than 100 percent. Ap-

parently these soils possess a very high pH-dependent cation ex-

change capacity due to the complex nature of organic matter and

amorphous components. Discussion of this phenomenon is presented

in Chapter V.
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Multiple Regression Analysis of Site Index

In order to examine the relationship of several variables simul-

taneously with site index, a stepwise multiple regression procedure

was utilized. Eleven "independent" variables were tested against the

dependent site index variable. Because of the small number of obser-

vations, the program terminated after the tenth independent variable

was entered. The variable that did not enter was the sum of available

calcium, magnesium, and potassium.

Elevation had been previously shown to have the highest linear

relationship to site index. In turn, this also proved to be the vari-

able which most significantly reduced the residual sums of squares

when all other variables were considered (R2 =. 83). Also, in accord

with the simple linear correlation, phosphorus was the second vari-

able to enter the regression model (R2 =. 88). However, effective

depth which had the third highest simple correlation coefficient did

not enter the equation until after six other variables had been entered.

Thus, it appears that much of the variation in site index related to

effective depth can be explained by other variables, the most im-

portant one being elevation. This is understandable since the soils

generally decrease in depth with increased elevation.

The model which best fit the data, that is, the limit where all

variables are significant, is a follows:
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Site Index = 176.6 ft. - . 101(Elevation in m) + . 742(Phosphorus

in kg/ha) - . 026(Sodium in kg/ha) + . 008(Potassium in kg/ha) with

R2 = .93 and ST. x 1. 2 3 4 = - 9. 5 ft.

It is of interest to note that potassium, which was poorly cor-

related (r=. 29) in the simple linear model,, is entered in the fourth

step in this model. Thus, the inclusion of potassium significantly re-

duces the residual sums of squares due to regression and further em-

phasizes that certain available nutrients may be in marginal supply on

some of these sites.

To further examine the relationships between certain nutrient

factors and tree growth, another model was tested which did not in-

clude elevation as one of the independent variables. In addition, sev-

eral variables that appeared, from scattergrams, to exhibit curvi-

linear relationships to site index, were included in quadratic forms.

These variables were total nitrogen, calcium content, and sum of

calcium, magnesium, and potassium content. Phosphorus and ef-

fective depth were entered in linear form.

The model developed from these variables is:

Site Index = 101. 0 ft. + 2. 82(Phosphorus in kg/ha) - . 038

(Total N X 10-3 in kg/ha)2 + .95 X 10-6(Sum of bases in kg/ha)2

with R2 = . 78 and Sr. xl. = 15.6 ft.

Although this model does not account for as much of the varia-

tion in site index as the previous model, it demonstrates that when
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only three nutrient variables are entered in a prediction equation, a

highly significant percentage of the variation in site index is accounted

for.

This demonstrates that many factors are important for deter-

mining growth potential of western hemlock on a given site. No

single soil or climatic factor can sufficiently evaluate the expected

growth of forest species. Rather, attempts to determine the produc-

tive capacity, or the quality of a site, should include some factor, or

factors, capable of integrating all of the properties of that site. Such

a procedure is more reliable and functional.

As of Site Quality

As demonstrated in the foregoing discussion, site index was re-

lated to elevation and to several properties of the soils. Notably,

factors were related which are a function of the ability of these soils

to provide an adequate supply of moisture and nutrients. These fac-

tors are invariably complex and usually only quasi-independent of

each other. In addition, many of these same factors are dependent

upon other properties of the soils which are difficult to measure.

Thus, the task remains to find a suitable technique for identifying

sites with similar site quality potential as well as those with vastly

different potential. The dynamic concept of site quality precludes

use of single factors of measurable properties of either soil or
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vegetation and multiple factors are laborious and unwieldy.

Hence, it was concluded from this study, that a system with its

roots founded in the ecosystem or biogeocoenose concepts would be

best suited as an effective measure of site quality of western hemlock

and Sitka spruce.

Inherent productivity alone, as indicated by site index, was

markedly different among the five soil series most prevalent in this

region (Figure 10), There is considerable variability of site index

within a soil series, but much of this variability can be accounted for

by differences in geographic position, elevation, land form, and vari-

ations in soil properties which govern their ability to supply moisture

and nutrients. In general, productivity is in the order Astoria >

Hembre >Klickitat > Trask >Kilchis soils.

When various easily identifiable plant communities are super-

imposed on the soil series, a large portion of the variation in site in-

dex can be accounted for. In addition, these floristically defined phy-

tosociological units provide immeasurably greater information re-

lated to site quality.

Figure 11 illustrates the relationship between the various plant

communities and mean site index values of western hemlock. As

demonstrated by the histogram, the general trend in productivity

is in the order: VM-SF >SF-0(below 480 meters) >SF> SB-SF>

S-SV> SF -0(above 480 meters) > RH-SB and TB-ST. As was the case
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with the soils, mean values were higher for a given community on the

Munson Falls Tree Farm than on the Tillamook Tree Farm. In ac-

cord with the findings of other workers, (Dyrness and Youngberg,

1958, Dyrness, 1960, Corliss and Dyrness, 1963, and Youngberg

and Dahms, 1970) the best approach for evaluating site quality is a

combination of vegetation and soils.

In order to adequately characterize the landscape units of a

particular combination of soil and plant community, a concept of

habitat types (Daubenmire, 1968) proved beneficial.

Daubenmire defines habitat type as "all the area (sum of dis-

crete units) that now supports, or within recent times has supported,

and presumably is still capable of supporting, one plant association".

He further states, "that any of the four basic components of an eco-

system (vegetation, climate, soil, and fauna) may be used to classify

the landscape into habitat types". Daubenmire chooses only the use

of plant associations to characterize habitat types. Soil series and

plant communities were used in this study.

Figure 12 illustrates the distribution of ten habitat types within

the fog-belt to the crest of the Coast Range in northwest Oregon as a

function of site quality class and elevation. Although the lines, as

drawn, do not represent explicit regression functions, the slope of

the lines is approximate. Thus, at a given elevation, site class can

be predicted with a standard deviation of plus or minus one ten foot
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class.

These habitat types, although defined in the Tillamook area of

Oregon, should have application throughout much of the western hem-

lock and Sitka spruce zones as defined by Franklin and Dyrness (1969)

for northwest Oregon and southwest Washington. Some slight modifi-

cations may be required as the area is extended and some additional

types may need to be described. However, these habitat types appear

to provide the best approach to evaluating site quality of western hem-

lock to date.

Brief descriptions of the habitat types, in generally decreasing

order of productivity, are provided. More complete descriptions of

the individual soils and plant communities are reported by Meurisse

and Youngberg (1971).

(1) Astoria/Vine Maple-Sword fern habitat type (AVM -SF).

This habitat type is indicative of site index values 180 through 200 and

is the most productive type in this area. It is confined to :a narrow

elevation range, about 50 to 150 m, and within this range is usually

on north, east, or west facing slopes, and only seldom on south fac-

ing slopes. The great depth of Astoria soils provides adequate space

for maximum root development and storage of soil moisture. Con-

centration of available nutrients is relatively low, but total content

is high (Appendix III).

The vine maple-sword fern community may be a meta-stable
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intermediate stage in the developmental sequence toward a more

stable climax (possibly sword fern) community. It usually is identifi-

able with Astoria soils within a few years after clear cuts through

development to mature stands. It is possible to find the seral

salmonberry-sword fern community in the early stages of succession

on this habitat type. Also, dense thickets of bracken fern may be

present in the absence of a tree overstory on drier portions of this

type.

Seldom is this habitat type on slopes in excess of 45 percent

and most are less than 30 percent. Plant competition during early

stages of seedling establishment is one of the most limiting factors.

However, the terrain affords ample opportunity for site preparation.

(2) Astoria-Hembre/Sword fern-Oxalis habitat type (A-H/

SF-0). This type has a slightly wider range in productivity and ele-

vation than the Astoria/Vine Maple-Sword fern type. Site quality

class is mostly II, but site index values range from 150 to 190.feet . Elevations

extend to near 400 m and the lowest site indices are normally as-

sociated with the highest elevations. This type usually contains the

greatest abundance of Sitka spruce of any type in this area. It ap-

pears to represent slightly cooler and more moist sites than either

the Hembre/Sword fern or Astoria/Sword fern types. Thus, it is

most common on the lower one half of north and east slopes. It is

almost never on south slopes and seldom on west slopes.
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Disturbance of this type nearly always results in seral vegeta-

tion of the salmonberry-sword fern community, which may persist

until the canopy is nearly closed. In some areas, the salal-sword

fern community may occupy these sites following removal of the over-

story. In either case, plant competition is severe and Sitka spruce is

the best species with which to reforest these sites.

Frequently, red alder with the salmonberry-sword fern under-

story, dominates these sites for many years before Sitka spruce,

western hemlock, or western red cedar are able to over-top the alder.

Spraying the alder usually results in liberation of the salmonberry

and may further delay succession of tree species. As a result of

severe disturbance, many of these sites are occupied by semi-

permanent brush fields (salmonberry) in the west slope of the Oregon

Coast Range.

(3) Astoria/Sword fern habitat type (A/SF). This habitat

type ranges in site index values of 140 to 190, but averages 170 feet.

Elevations range from about 50 to 350 m. Although the general trend

is for the higher classes to be at low elevations, strict adherence is

not always observed. Rather, one would expect about the same site

class regardless of elevation within a given geographic area and with-

in the confines of the normal distribution of this type. Hence, the

reason for the triangle shape in Figure 12.

Aspect appears to be an important factor governing site class
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of this type. Generally, the higher sight classes are on north and

east facing slopes, and the lower classes are on south and west facing

slopes.

Apparently the sword fern community represents climax vegeta-

tion in the hemlock and Sitka spruce zones. Consequently there are

not many large areas of these sites remaining. This community also

is indicative of dense stands of timber where shading minimizes the

amount of shrub species present. When clear cut, these sites nor-

mally revert to the salal-sword fern community on the drier sites

near the ocean and the salmonberry -sword fern community on the

more moist sites.

(4) Hembre/Sword fern habitat type (H/SF). The distribution

of this habitat type is mostly at elevations between 100 and 500 m. It

occupies all aspects within this range. Site class is normally II, but

site index values range from 150 to 180 and average about 160. Thus,

it has a slightly narrower range than the Astoria/Sword fern habitat

type. It normally is in areas of higher precipitation than the Astoria/

Sword fern type, thus, the site class on south slopes may be as high,

or higher, than on other aspects. For this reason, there is very

little relationship between elevation and site class for this habitat

type. The rectangular shape discribes the distribution of this habitat

type.

This type is much like the A- H /SF -O habitat type with regard
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to seral vegetation. In fact, most of this type is currently occupied

by the salmonberry-sword fern community with, or without, an assoc-

iated alder overstory. Because of the severe competition, this type

represents one of the most difficult to reforest following clear cutting.

Unlike the AVM -SF habitat type, much of the area is on steep slopes

where site preparation is more difficult.

(5) Klickitat/Sword fern habitat type (KT/SF). In many re-

spects, this habitat type resembles the H/SF habitat type. However,

it usually is at elevations of 300 to 500 m and average site class is

III. Klickitat soils are somewhat shallower than Hembre soils and

are stony. Thus, effective depth is markedly reduced. In addition,

these soils frequently occupy higher positions on the landscape sous

to be in unfavorable positions for lateral seepage. Although nutrient

concentrations often are higher than Hembre soils, total content is

much less.

Aspect and elevation play a stronger role in the KT/SF habitat

type than for the H/SF type. Predominantly, the KT/SF habitat type

is on south and west aspects, but is not completely absent from north

and east facing slopes. A strong inverse relationship between eleva-

tion and site class is exhibited. Much of this is due to a correspond-

ing decrease in depth with increased elevation.

For some reason, natural regeneration appears to be consider-

ably better on this type than the H/SF type. It may be that south



71

slopes are dry enough to markedly reduce the density of seral vege-

tation.

Following removal of the tree canopy, the salmonberry-sword

fern community invariably occupies these sites.

(6) Trask/Sword fern-Oxalis habitat type (T /SF -O). The

Trask/Sword fern-Oxalis habitat type encompasses one of the narrow-

est elevation and site class distributions of all the types in this area.

It is found at elevations slightly less than 300 m to slightly over 400

m where the site index values are 140 to 150. It is indicative of cool

sites where precipitation is about 2000 mm, or greater, and soils

are moderatley deep to underlying sediments. These conditions are

favorable for temporary perched water tables which may account for

the sword fern-oxalis community in otherwise sword fern or salal-

sword fern sites.

Ridge land forms are the most prevalent, but uneven slopes on

north aspects are common. Removal of the canopy cover usually

gives rise to the salal-red huckleberry or salal-sword fern commun-

ities. When sites are occupied by the former, regeneration of coni-

fers is slow to occur. Because of its position and lack of soil depth,

this is one of the types most prone to windthrow in the area.

(7) Astoria-Hembre/Salal-Sword fern habitat type (A -H/

S-SF). This is the first of two habitat types that nearly always has a

positive relationship between elevation and site class. It probably is
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due to its proximity to the ocean and concurrent decrease in site in-

dex values. However, on a given slope, site index values are higher

on the lower portion than on the upper portion.

Elevations range from about 30 m to slightly more than 350 m.

Site index values are 120 to 150 and represent the lowest sites where

Astoria and Hembre soils are found. This situation represents the

only site less than 400 m where Astoria and Hembre soils have site

index values lower than 140. Aspects on which this type are found

are primarily northwest to south.

Dense thickets of the salal-sword fern or salal-red huckleberry

occur on these sites when the canopy cover is removed. Because of

this, succession to conifer species is slow to occur. At a given

elevation, this habitat type possesses a higher site class than the

T-KT/S-SF types.

(8) Trask-Klickitat/Salal-Sword fern habitat type (T-KT/

S-SF). This habitat type is similar, in many respects, to the A-H/

S-SF type. Notable exceptions are the broader site index range

(110 to 150) and the stony characteristic of the soils. Hence, soil

moisture may be limiting. Also, soils in this habitat type have some

of the highest concentrations of available sodium of any in the area,

though the effect on tree growth is not certain.

When the tree canopy is removed, the primary change in under-

story vegetation is a marked increase in salal density. However,
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many sites may be occupied by the salal-red huckleberry community.

This habitat type is found on all aspects, but is most prominent

on west and south slopes. The highest site classes within the type are

mostly on north and east slopes and at intermediate elevations. This

habitat type, like the T/SF-0 type, is very prone to wind damage.

(9) Hembre /Sword fern-Oxalis habitat type (H /SF -O). This

habitat type is distinguished from the A-H/SF-0 habitat type for sev-

eral reasons. Chief among these is the much reduced site quality

class; a somewhat different character of the sword fern-oxalis com-

munity and associated seral communities (blue huckleberry-salmon-

berry and salmonberry-sword fern): the high elevation range; and

some unique features of the Hembre soils. Notably, these soils are

usually black (7. 5YRN /), dark brown (7. 5YR3/2) or dark grayish

brown (10YR4/2); have high organic matter contents (5-10%) in the

lower subsoil; and higher amounts of amorphous minerals than the

typical Hembre profile (Chapter V).

Site index values range from 150 at the lower elevations (400 m)

to 110 at the highest elevations (850 m). Typically, the present vege-

tation is either the blue huckleberry-salmonberry or salmonberry-

sword fern community. Generally, the former is on west and south

aspects and the latter on north an east aspects.

At these elevations, the sword fern-oxalis community takes on

a somewhat different character than at lower elevations. Most
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notably, the influence of sword fern is reduced and devil's club is

abundant in the few remaining stands. In fact, further study may

show this to be better described as a devil's club-oxalis community,

or simply an oxalis community.

Sitka spruce and noble fir are common associates during the

seedling and sapling stage, but spruce is quickly replaced by hem-

lock. The presence of these species apparently is a reflection of

cool, moist conditions. Further inland, near the crest of the Coast

Range, Douglas-fir is more prominent and Sitka spruce less prom-

inent during early stages of succession.

(10) Klickitat-Kilchis/Sword fern-Oxalis habitat type (KT-IV

SF-0). The characteristics of the sword fern-oxalis community are

similar to those described for the H /SF -O habitat type. One impor-

tant difference is the increased presence of Oregon grape which

probably reflects somewhat more droughty conditions.

This habitat type is one of the most abundant at elevations of

400 to 975 m in the northwest Oregon Coast Range. Site index values

are 90 to 140, but averages about 110. It is common on all aspects,

but the typical seral associated communities are, more selective of

aspect.

North aspects generally are occupied by the salmonberry -sword

fern community. East aspects contain chiefly the thimbleberry-star

flower community intricately mixed with the bracken-lotus community.
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South and west aspects contain either the thimbleberry-star flower or

blue huckleberry-salmonberry communities.

Douglas-fir is the most abundant conifer species during early

stages of succession followed by noble fir. During later stages,

western hemlock becomes more prominent.

Even though precipitation usually exceeds 2500 mm, effective

moisture is considerably less as indicated by the dominance of the

thimbleberry-star flower community and Douglas-fir vegetation. This

habitat type represents the shallowest and stoniest limits of the

Klickitat soils and the shallow Kilchis soils. Effective depths for

moisture and nutrients frequently are 15 to 25 cm.

Summary

A study for evaluating site quality of western hemlock was con-

ducted in the fog-belt zone of the western Oregon Coast Range. Anal-

ysis of the standard site index curves (Barnes, 1962) revealed that the

curves were accurately drawn for this area for the 40 to 100 year age

classes. Considerably skewness was found to exist beyond these

limits, especially in the older age classes.

A significant inverse relationship between age and site index

provided further evidence for the inaccuracy of the standard curves

beyond 100 years and led to the suggestion that growth rates are

markedly reduced with age. It is not possible to conclude from this
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study whether the reduction in growth with age is due to limited re-

serves of nutrients or moisture, since most of the older stands were

only on the poorer sites.

Site index data was evaluated with respect to several soil chem-

ical and physical properties. These properties were expressed as a

weighted average for the effective rooting depth of the soil profile.

Simple and multiple correlation and regression analysis was used to

evaluate the relationships between site index and the soil properties,

as well as elevation.

Elevation was found to have the strongest relationship with site

index as an inverse function (r =-.913 for 14 samples). Elevation was

also inversely related to organic matter content, available phosphorus,

CEC, and effective soil depth, all of which were themselves related

to growth of western hemlock. The correlation coefficient for ef-

fective soil depth and site index was -.708. For phosphorus, CEC,

and organic matter, the values were .78, -.66, and .68, respect-

ively. Bulk density of the B21 and B22 horizons was related to site

index in a positive manner.

Total nitorgen content was linearly related to site index only at

the 10 percent probability level (r=. 50). It appears that a measure of

availability of nitrogen is needed to better understand the require-

ments of hemlock stands for this element.

A concept of habitat types was found to be the best approach for
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determining site quality of western hemlock and Sitka spruce. Ten

habitat types were described for this area based on a combination of

understory plant communities and soil series on coordinates of ele-

vation and site index. These habitat types in generally decreasing

order of productivity are: Astoria,/ Vine Maple-Sword fern, Astoria-

Hembre/Sword fern-Oxalis, Astoria/Sword fern, Hembre/Sword

fern, Klickitat/Sword fern, Trask/Sword fern-Oxalis, Astoria-.

Hembre/Salal-Sword fern, Trask-Klickitat/Salal-Sword fern,

Hembre/Sword fern-Oxalis, and Klickitat-Kilchis/Sword fern-Oxalis.
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BIOLOGICAL ASSAY OF FOUR ANDIC SOILS
FROM THE WESTERN OREGON FOG-BELT ZONE

Introduction

Agricultural workers have used greenhouse studies frequently

for evaluating fertility status of soils in relation to the crop grown.

However, somewhat less satisfactory results have been obtained with

the use of similar techniques for studying nutrient relationships of

forest soils and tree growth.

Some advantages and disadvantages of the use of greenhouse

studies applied to forest nutrition problems have been discussed by

Mead and Pritchett (1971). One of the most obvious advantages is

that results are obtained in a much shorter time than field studies.

Also, more complicated designs can be used under conditionls of less

variable soil and climate.

One of the main disadvantages of pot studies is the difficulty of

extrapolating results beyond the conditions imposed in the controlled

environment to field conditions. Also, studies in the greenhouse are

of short duration and requirements of seedlings are not synonymous

with those for trees during their period of most rapid growth.

In spite of the limitations of greenhouse studies, Swan (1960,

1966) has found them useful as a tool in diagnosing nutrient defici-

encies of some Canadian pulpwood species. Among the species
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studied by Swan was western hemlock. He observed reduced growth

in sand cultures with low applications of N and K (11.2 and 7. 8 ppm

respectively). Low levels of P (6. 2 ppm) were adequate for vigorous

growth, but very low levels (.62 ppm) resulted in marked reduction of

growth.

Richards (1968) used pot studies in conjunction with field studies

for evaluating the effect of soil fertility on the distribution of plant

communities in Australia. From these studies, he concluded that

nitrogen and phosphorus were limiting to the growth of hoop pine on

dry scierophyl forest sites.

Tamm (1964) concluded that results of pot trials gave excellent

information on nutrition of seedlings, but that the results were not

necessarily applicable to older stands. Such studies might be very

useful for determining nutritional requirements of young seedlings

growing on similar soils. Similarly, Swan (1970) established some

general relationships between nutrient supply, growth and foliar con-

centrations of nutrients for black spruce and jack pine seedlings in

the greenhouse.

Youngberg and Dyrness (1965) conducted a bioassay of pumice

soil fertility in the greenhouse using ponderosa pine as an indicator

crop. They obtained significant responses to applications of N, P,

and S, either alone or as interaction effects.

Fertility status of western Oregon andic soils has not been
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adequately determined, nor are the nutrient requirements known for

the species growing on these soils. Gessel (1968) has reported that

Sitka spruce and western red cedar are more sensitive to levels of

certain nutrients than Douglas-fir. Actual needs for these species

have not been determined, however. It is expected that requirements

of western hemlock will not differ greatly from those for either Sitka

spruce or western red cedar growing on the same soils. Results ob-

tained by correlation and regression analysis of several nutrient

variables in relation to site index indicated that certain nutrients

might be limiting tree growth on these soils (Chapter III). Phosphorus

and nitrogen gave the strongest indications of these effects. Although

total available bases were not closely related to site index, soil test

values show these elements to be present in very low concentrations.

Calcium is most notable in this regard.

The objective of this study was to evaluate the fertility status

of the surface horizons of four andic soils from the western Oregon

coastal fog-belt zone. These soils are representative of site index

values for western hemlock ranging from 130-190 feet.

Methods and Materials

Bulk samples were collected from Al horizons of four soil

series representing widely divergent sites. A Hembre soil was

sampled beneath a salmonberry-sword fern community at 106 m
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elevation where the site index is 180 feet. A Klickitat sample was

taken at 438 m beneath a salmonberry-sowrd fern community where

the site index is 150 feet. The Kilchis series was sampled at 438 m

beneath a salmonberry -sowrd fern community where the site index is

128 feet. Each of these soils is derived from parent materials from

colluvium and residum from basic igneous rock. The Astoria series

was sampled at 129 m beneath a vine maple-sword fern community

where the site index is 196 feet for western hemlock. This series is

derived from marine shales and silt stones.

All samples were stored in a field moist condition and passed

through a screen to remove coarse fragments larger than . 64 cm

(1/4 in. ) diameter. Eighteen hundred and sixteen grams (4lb.) of soil

(air-dry basis) was placed in plastic pots. Fertilizers were added in

solid form to each pot and thoroughly mixed. Table 3 shows the rates

and source of the fertilizers used. Some chemical properties of the

soils are presented in Appendix II.

Six Monterey pine seeds were placed in each pot. After the

seeds had germinated and become well established (about 4 weeks

after planting), seedlings were thinned to four per pot. Pots were

irrigated at regular intervals and seedlings were grown for six

months with a 16 hour photoperiod.

At the end of the experiment, seedlings were harvested by cut-

ting at the soil level. The tops were dried in a forced air oven at
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Table 3,, Amounts and source of nutrients added to each of four surface soils.

Level
No,

Coded
Level

N P K Ca

PPin
1 -2 0 0 0 0

2 -1 75 50 50 125

3 0 150 100 100 250

4 +1 225 150 150 375

5 +2 300 200 200 500

Nutrient sources

N - NH NO
4 3

P - NaH2PO4 + H2O

K - KC1

Ca - CaCO3
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70°C for 48 hours and ground in a Wiley mill to pass a 20 mesh screen

and stored in coin envelopes for analysis of N, P, K, Ca, and Mg.

N - Total nitorgen content was determined on 0.5 g samples by

a micro-Kjeldahl procedure as outlined by Jackson (1958). Salicylic

acid was added to include nitrates.

P, K, Ca, Mg - One gram of dry, ground sample was digested

in HNO
3

and HC10
4

acid and brought to 100 ml volume. Samples were

diluted and Sr added for Ca and Mg determination; K, Ca, and Mg

were determined using a Perkin Elmer Model 303 atomic absorption

spectrophotometer. Phosphorus was determined from an aliquot of

the digest by the molybdevanadophosphoric acid colorimetric method

outlined by Jackson (1958). After allowing 30 minutes for color

development, readings were taken on a. Bauch and Lomb Spectronic

20 colorimeter at 420 mp,wavelength.

Experimental Design

A central, composite, rotatable design with 25 treatment com-

binations was selected to evaluate response and provide estimates of

linear and quadratic effects of four variables and linear effects of

factor interactions. The nature and usefulness of central, composite

designs is discussed by Box (1954) and Clutter (1968). Youngberg

and Dyrness (1965) used a. similar design for a biological assay of

pumice soil fertility in the greenhouse and Vimmerstedt and Osmond
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(1970) studied the response of yellow-poplar to fertilization in the

field with a central, composite design.

The treatment combinations were determined by the formula

2
k+2k+1; where k is the number of treatment variables. The value

of 2k represents the factorial and includes treatments 1-16. Treat-

merits 17-24 form the star (2k) and treatment 25 is the central point.

Each combination was replicated twice and randomized from a ran-

dom number table.

The data were analyzed by use of the stepwise multiple regres-

sion program of the 0. S. U. Computer Center. This program per-

mitted calculation of the equation to fit the model:

Y = (response variable i. e. , wt. + g/pot); N, P, K =

mgm/pot

- a constant

b 1-4 1-4X X
I

=N; X2 =P;=P; X =K; X
4

=Ca

+ b5-10X5-10 X
5
=NP; X

6
=NK; X

7
=NCa; X

8
=PCa;

X10 =KC a

+ b 11-14
X11-14 XI =P2; Xi3=K

2; =Ca2

In addition, analyses of variance for the main effects, inter-

actions and quadratic effects were calculated.
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Results and Discussion

The data show that the Astoria soil yielded considerably higher

dry matter than the three soils from basic igneous rock (Table 4).

Regression coefficients for estimating prediction equations and statis-

tical significance of linear, interaction, and quadratic effects for

yield (g/pot) are presented in Table 5.

The response surface for the Astoria soil demonstrates the

quadratic effects of N as well as a response to combinations of N and

P when K and Ca were held at the central level (Figure 13). This

interaction is demonstrated by the higher yields obtained when levels

of both N and P were increased simultaneously. Yields also were in-

creased when K was in excess of Ca at the moderate to moderately

high level of K, indicating a strong interaction effect. Analysis of

variance showed the N times P interaction to be significant, but in

the regression model, this effect was not significant. Apparently

some of the effect of N and P was explained by other variables in the

regression model for the response surface. This soil had relatively

high yields, even in the absence of P. This surface soil had the

highest level of available P of the four soils studied (Appendix II).

A yield response surface for the Hernbre soil demonstrates

intermediate and moderately high levels of N gave the highest yields.

Higher applications decreased yields (Figure 13). At low levels of N,



Table 4. Average dry weights (g/ pot) of Monterey pine seedling tops after 6 months growth, on
four surface soils to which varying amounts of N, P, K, and Ca had been added.

Treatment Astoria Hembre Klickitat Kilchis

N
4

P
4

K4 Ca
4

9.5 7, 2 4.8 8.1

N
2

P
4

K
4

Ca
4

9.4 4.6 7.4 7.1

N4 P
2

K4Ca
4 9.6 5.2 1.6 3.2

N2P2K4Ca4 9.6 5.1 6.0 2.6

N
4

P
4

K
2
Ca

4
9.2 7. 4 5.3 9.0

N2P4K2Ca4 7.6 5.1 6.0 6.7

N4P2K2Ca4 6.6 4.3 3.4 3.3

N
2
P

2
K

2
Ca

4
6.8 5.0 6. 1 3, 0

N
4

P
4

K4 Ca
2

7.3 6.4 7.2 6. 6

N
2
P

4
K

4
Ca

2
6.8 5.2 7.9 5.8

N
4

P
2
K

4
Ca

2
7.1 4.6 6.6 3.0

N
2

P
2
K4Ca

2
6.6 4.0 7.8 4.3

N
4

P
4

K
2

Ca
2

8.8 5.5 8.9 6.5

N
2

P
4

K
2

Ca
2

7.1 3.9 5.6 6.1

N
4

P
2

K2Ca
2

5. 6 4.4 5. 2 3. 6

N
2

P
2

K
2

Ca
2

7.0 4.5 4.6 6.5

N1P3K3Ca3 4.2 2.9 1.9 3.0

N
5

P3K3Ca
3

8.6 3.8 2.6 4.3

N3P1K3Ca3 6.6 6.6 2.8 1.8

N3P5K3Ca3 10.8 7.0 4.4 7.0

N3P3K1Ca3 8.6 5.8 4.4 4.0

N3P3K5Ca3 11.4 6.4 7,0 4.0

N3P3K3Ca1 9.7 5.4 6.3 4.0

N
3
P

3
K

3
Ca

5
7.6 7.5 7.0 8.3

N
3

P
3

K
3

Ca
3

9.7 6.7 7.4 5.6

Mean 8.10 5.38 5.48 S.10

S_
y. x

1.86 1.52 2.15 2.39

LSD
. 05

= . 57 g

86
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Table 5. Regression coefficients and statistical significance of linear, interaction, and quadratic
effects for yield (g/pot) on the Astoria, Hembre, Klickitat, and Kilchis soils.

Effects Astoria Hembre Klickitat Kilchis

Constant 0. 567 1. 33 -5. 74 7.82

N 0.048* 0.038* 0.074 ** - 0.0068

P 0.047 -0.011 0.051 -0.011

K 0.011 0.018 0.066 0.0027

Ca 0.0054 0.0071 0.012 -0.026

N X P 0.000082 0.00013* 0.00012 0.00013

N X K - 0.000008 0.000025 - 0.00014 0.000015

N X Ca 0.0000027 0.000005 -0. 000077* 0.00 0049

P X K -0. 00018 0. 000025 - 0.000035 0.000065

P X Ca -0. 000003 0.000011 0.000013 0.00011*

K X Ca 0.000083* - 0.000014 -0. 000068 0.000021

N2 -0. 00017** -0. 00016** -0. 00019** -0.000061

2
P - 0.00014 - 0.00003 0.00029* - 0.000059

K2K -0. 00001 -0. 00009 - 0.00008 -0. 000099

Ca
2 - 0.00002 - 0.000009 0.0000025 0.00 0017

**Significant at 1% probability level

*Significant at 5% probability level
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Response surface showing yield of Monterey pine (g/pot of seedling tops) at various treatment level combinations of N and P
when K and Ca are at the central level (100 and 250 ppm respectively) for the Astoria and Hembre soil.
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applications of P decrease yield, but at the highest levels, applica-

tions of P with N increased yields. This interaction effect was signi-

ficant (Table 5). At the intermediate level of N there was no addi-

tional response to applications of P.

The yield response surface for the Klickitat soil demonstrated

the largest percentage increase of all the soils to intermediate and

moderately high levels of N and P (Figure 14). These increases were

as much as three and four fold, respectively. Strong quadratic ef-

fects for both N and P are demonstrated in this model. When either

of these elements are added in high amounts in the absence of the

other, yields are severely depressed. This apparently indicates that

an inbalance of these nutrients is readily obtained in this soil and

possibly reflects the relative inability to supply N and P. This re-

sponse surface also is affected by the interaction of N times Ca

Analysis of variance showed a significant influence of N with Ca and

K with Ca in addition to a quadratic effect of Ca. This was demon-

strated by increased yields when Ca was applied in combination with

N at moderately low to low levels (Table 5).

The Kilchis soil responded to combinations of added N and P

(Figure 14). The most significant response was to applications of

P with Ca (Table 5). This soil had the lowest mean yield, but was

not significantly less than the Hembre and Klickitat soils. In the ab-

sence of P and at low levels of N and P, much lower yields were
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Response surface showing yield of Monterey pine (g/pot of seedling tops) at various treatment level combinations of N and P
when K and Ca are at the central level (100 and 250 ppm respectively) for the Klickitat and Kilchis soil.
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observed than for any of the other soils.

Nutrient uptake levels varied significantly among the four soils.

In general, uptake levels were highest on the soils which gave the high-

est yields (Table 6). A notable exception was the low uptake of Non

the Hembre soil. During the first two months of growth, many trees

exhibited a chlorotic appearance symptomatic of nitrogen deficiency.

Furthermore, moss growth was a more serious problem on the Hem-

bre soil than any of the others. It is possible that this was utilizing

much of the nitrogen which could have had an adverse effect on growth

and N uptake.

The highest uptake values for N and P were on the Astoria soil,

but K uptake was lower than on the Hembre or Klickitat soils. Con-

centration of K was considerably lower in trees on this soil than

those on either the Hembre, Klickitat, or Kilchis soils. It is pos-

sible that part of the reason for the lower concentration may be due

to a dilution effect as a result of the higher yields. However, this

does not explain the lower total uptake in the tops. These soils are

thought to contain vermiculite as one of the phyllosilicate minerals

and they have low potential for supply of K (Jenne, 1961).

The results of this study correlate with some relationships be-

tween certain nutrients and site index (Chapter III). The site index

data indicate that both nitrogen and phosphorus are the nutrients that

may be most limiting for tree growth on these soils. Also, growth
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Table 6. Mean, range, and standard deviation of N, P, and K uptake by Monterey pine seedling
tops after 6 months growth on four surface soils to which varying amounts of N, P, K,
and Ca hadbeen added,

Astoria Hembre
mgm/pot

N P K N P K

Range 31-250 6. 1,25. 9 41-156 24-183 4. 0-14. 3 48-198

Mean 156.5 14.7 100.8 96.7 8.9 117

S_ 55.1 5.0 29.9 38.4 2.3 41.2
y. x

Klickitat Kilchis
mgm/pot

N P K N P K

Range 23-238 1.1-18.4 34 -220 23-262 1.4 -37.9 16-172

Mean 108.9 8.8 117.0 106.8 10.3 76.3

S 51.4 4.64 51.1 53.1 7.33 36.96
x

N LSD. = 2.34 mgm

P LSD
. 05

= 0.28 mgm

K LSD.
05

= 1.92 mgm
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of planted or naturally established seedlings might be reduced due to

limited supplies of available nitrogen and phosphorus. Furthermore,

as increased demands are placed on these soils through intensive

silviculture, nutrients such as N, P, K, and Ca may become limiting

for maximum growth.

It is suggested that further study is needed to evaluate avail-

ability of nitrogen in these Coast Range soils. Such a study should

be conducted with consideration given to soils and plant communities.

Field fertilization studies should be conducted to evaluate the effects

of N and P fertilizers on the growth of western hemlock and Sitka

spruce. It appears that adding N and P together might be more bene-

ficial than either one alone. It might be beneficial to study the effects

of N and P fertilizer applications to bullet type container planted

seedlings to minimize fertilization of competing brush species. Be-

cause of the high amounts of amorphous minerals which have high P

fixing ability, different sources and methods of application of P

fertilizers should be evaluated.

Summary

A greenhouse study of four andic surface soils from the west-

ern Oregon Coast Range has shown that Monterey pine seedlings re-

spond to various applications of N, P, K, and Ca fertilizers. A N

times P interaction showed the most consistent response on all the
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soils. The largest response of seedlings to application of a single

nutrient was obtained with N on all soils except Kilchis. When P was

applied alone, the highest yield responses were obtained on the

Astoria and Kilchis soils respectively. Quadratic effects for the

yield response surface were significant for N on all the soils except

Kilchis and were significant for P on the Klickitat soil.

Analysis of variance showed a significant quadratic effect for

Ca on the Hembre and Klickitat soils and for K on the Klickitat soil.

Significant K times Ca interaction effects were observed on the

Astoria and Klickitat soils and N times Ca on the Klickitat soil.

Yields were highest on the Astoria soil with no significant dif-

ference among the three soils from basalt for the mean of all treat-

ments. Astoria had the highest N and P uptake values, while Hembre

had the lowest N uptake and Hembre and Klickitat the lowest P uptake.

Potassium uptake was highest on the Hembre and Klickitat soils and

lowest on the Astoria and Kilchis soils.
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CLAY MINERALOGY AND SELECTED CHEMICAL PROPERTIES
OF A TOPOSEQUENCE OF ANDIC SOILS

FROM A SPRUCE-HEMLOCK FOREST TYPE

The well-drained, strongly leached, acid, dark colored soils

of the western hemlock and Sitka spruce forests of the northwest

Oregon Coast Range contrast sharply with the soils in the eastern

hemlock and spruce forests of central and eastern parts of the U. S. A.

The soils of the eastern hemlock forests are primarily Spodosols.

Knox, Corliss, and Williams (1965) regarded some western Oregon

soils as being similar to the Yellowish-Brown Lateritic group but

without oriented clay films. The Astoria series were placed in the

Sol Brun Acide great soil group. These workers concluded that these

soils should be classed as Inceptisols in terms of the new classifica-

tion system.

Jenne (1961) concluded the dominant clay minerals in the

Astoria series were montmorillonite, chlorite, illite, and kaolinite.

Some amorphous materials were present as well. Singleton (1965)

and Franklin (1970) have shown that acid soils from basic igneous

rock in western Oregon contain chloritic intergrades as the pre-

dominant crystalline phyllosilicates, with lesser amounts of smectite,

chlorite, and possibly vermiculite and kaolinite. Franklin concluded

that the soils apparently have developed without the presence of

significant quantities of volcanic ash in the parent materials, but the
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soils have characteristics similar to those formed on volcanic ash in

Japan and New Zealand.

Under certain environmental conditions, Al and Fe precipitate

in interlayer positions of 2: 1 type phyllosilicates. The resulting

minerals have a chlorite-like structure and have been referred to as

chlorite-vermiculite-montmorillonite intergrades (Dixon and Jackson,

1959); vermiculite-chlorite (Bryant and Dixon, 1964); and chlorite-

like (Klages and White, 1957). Sawhney (1960) referred to the forma-

tion of aluminum interlays as "chloritization".

Hydroxy interlayer materials, coatings of oxides, and hydrox-

ides of iron and aluminum, and discrete x-amorphous minerals are

of interest because of their effect on soil fertility and plant nutrition.

Soil physicochemical processes involving variable cation or anion

exchange properties; phosphorus, potassium, or ammonium fixation;

base-holding mechanisms; formation of stable mineral-organic col-

loids; and water rentention are influenced by the presence of these

materials. Additional interest involves the environmental conditions

which are conducive to formation of these materials during pedogenic

processes.

Cation exchange capacity appears to be greatly altered in the

presence of hydroxy interlayers and coatings, or gibbsitic material

(Shen and Rich, 1962; Jackson, 1963; Coleman and Thomas, 1964;

deVilliers and Jackson, 1967a, 1967b; Rich, 1968; and Sawhney,
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1968). Soils with these materials, and those described as allophanes,

exhibit very large pH dependent cation exchange capacities (Wada and

Ataka, 1958; Aomine and Jackson, 1959; Clark, 1964b; Tan, 1965;

deVilliers and Jackson, 1967a, 1967b; and Sawhney, Frink, and

Hill, 1970).

Several workers reported that these minerals fix high amounts

of phosphorus (Hemwall, 1957; Hsu, 1964; and Ramulu, Pratt, and

Page, 1967). In addition, adsorption and fixation and subsequent re-

lease of cations may be regulated by different mechanisms than for

crystalline phyllosilicates (Wada and Ataka, 1958; Birrell, 1961;

Clark, 1964b; Tan, 1965; and vanReeuwijk and deVilliers, 1968).

Webster and Harward (1959) suggested that the presence of amorphous

minerals in Astoria soils may be responsible for high rates of release

of calcium plus magnesium in dilute equilibrium extracts.

The western hemlock-Sitka spruce forest is among the most

productive in North America (Ruth, 1964) and it achieves maximum

productivity in northwestern Oregon and southwestern Washington

(Hi ley, 1950 and Barnes, 1962). However, many of the soils in this

area support stands of very low productivity and there is considerable

variability in growth potential within very short distances (Chapter

III). In order to practice intensive forest management it is essential

to possess a better knowledge of the mineralogical and chemical

nature of these soils and their relation to forest growth.



The objectives of this study were:

1. To characterize the crystalline and amorphous

clays from a toposequence of four profiles from

similar parent materials.

2. To determine the nature of cation exchange

properties and relate them to differences in

mineralogy and organic matter content.

3. To relate differences in clay mineral and

chemical properties to differences in site

quality and classification of these soils.

Methods and Materials

Materials
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Samples from the Al, B21, and C horizons were collected from

two profiles described as Hembre silt loam, a Klickitat, and a Kil-

chis profile (Appendix I). The samples were maintained in a moist

condition by storing in plastic bags. Each of the profiles sampled

were within a single drainage system. The Kilchis site was located

on a ridge at the head of Killam Creek, Hembre (778 m elevation)

was slightly lower on a north aspect in a concave position, Klickitat

was on a south slope, and Hembre (106 m elevation) was on a north

slope near the lower reaches of Killam Creek.
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Methods

Pretreatment of Soils for X-ray Diffraction. --Samples of the

less than 2 mm soil were treated with pH 5 NaOAc for removal of

free carbonates and Mn0
2

and 30 percent H202 for organic matter

removal (Jackson, 1965). The samples were dispersed by suspending

in 2 percent Na2CO3 at room temperature and air-jetted at 25 p. s. i.

for five minutes (Chu and Davidson, 1953).

The less than 24 clay fraction was separated from the soil sam-

ples by gravity sedimentation (Jackson, 1956) in distilled water. Re-

covery of the separated fraction was facilitated by flocculation with

1.0N NaCl. Following this, two subsamples were obtained and de-

signated A and B. Subsample A was given no further treatment prior

to diffraction analysis, except for controlling cation saturation and

solvation. Subsample B was treated for selective dissolution of free

iron, amorphous components, and gibbsite (Dudas and Harward,

1971). Slides were prepared from subsamples A and B by the paste

method (Theisen and Harward, 1962).

X-ray diffraction of one slide of Mg-saturated clay was done at

54 percent R. H. This slide was then solvated with glycerol by a

treatment similar to the one of Brown and Farrow (1956), except that

it was placed over liquid glycerol in a dessicator, heated to 105
oC

for three hours, and equilibrated at room temperature for 12 hours.
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A second slide was solvated in ethylene glycol with a treatment simi-

lar to the one by Kunze (1955) except slides were placed over liquid

ethylene glycol in a dessicator, heated to 65° C for three hours, and

equilibrated at room temperature for 12 hours.

Slides of K-saturated clay were dried at 105° C, dried at 105°

C and equilibrated at 54 percent R. H. , heated to 300° C, and heated

to 5500 C for three hours (Chichester, Youngberg, and Harward, 1969).

X-ray diffraction patterns were obtained with a Philips Norelco

X-ray diffractometer equipped with a Geiger-Mueller tube and focus-

sing monochromater. Patterns were obtained using Cu ISA radiation

with controlled atmospheric relative humidity. Criteria used for

x-ray identification are presented by Chichester et. al. (1969).

Amorphous Constituents. --Organic matter-free samples of the

less than 2 mm size fraction were treated by the selective dissolution

procedure described above, except the soil to KOH ratio was 1 g to

1500 ml. Percent weight loss by this treatment was used as an es-

timate of amorphous constituents plus gibbsite.

Solutions from the three iron removal steps were combined for

analysis of iron, aluminum, magnesium, and silica. Extracts from

the two KOH dissolutions were combined for analysis of silica and

alumina. All analyses were made on a Perkin-Elmer atomic absorp-

tion spectrophotometer Model 303. This procedure was evaluated

and found satisfactory (Raad, Pratz and Thomas, 1969; and Yuan
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and Brelund, 1969).

pH Dependent Cation Exchange Capacity. --Cation exchange cap-

acities were determined on whole soil (<2 mm), organic matter-free

soil, and <2p, clay. CEC was determined at two different pH levels in

order to determine the components of permanent and pH dependent

charge. Samples were from the same horizons as those used in the

clay mineralogy study.

Low pH CEC was measured with unbuffered chloride salts and

was a modification of the procedure by deVilliers and Jackson (1967b).

Three washes of 1N MgC1
2

solutions in a centrifuge were used to sat-

urate the exchange complex. This was followed by water washes for

removal of excess chlorides until a negative test was indicated with

AgNO3. The replacing solution was 1N CaC12. Four extractions of

25 ml each were used; the first extraction included a one hour shak-

ing step prior to centrifuging. Magnesium was determined in the ex-

tract by atomic absorption spectrophotometry. This CEC is referred

to as the permanent charge.

CEC at pH 8.2 was determined on the same samples by wash-

ing four times with NaOAc buffer (Jackson, 1958). Soluble electro-

lyte was removed by four H20-ethanol washes and Na was replaced

by Ca in 1N CaC1
2

solutions adjusted to pH 8.2. The first Ca re--
placement wash was shaken one hour prior to centrifuging. Three

additional Ca washes of 25 ml each were employed. Na was
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determined by atomic absorption spectrophotometry. The difference

between this value and permanent charge CEC was considered a mea-

sure of pH dependent CEC.

Ion Ratio Study, -- Surface soils from the same locations as

those previously described were used to determine the ratio of the

activity of H+ ions to Ca+Mg (Webster and Harward, 1959). Analyses

were also made on an Astoria sample from the same site as the one

used for the greenhouse study. Equilibration was accomplished on

10 g of soil in 40 ml of distilled water.

Different degrees of Ca saturation, based on CEC at pH 7.0,

were obtained by adding varying amounts of Ca(OH)2 (pK=2.43). The

flasks were shaken for one hour while bubbling compressed air

(PCO
2
=:. 0003 atm) through the suspension from capillary tubes fitted

with stoppers. The samples were then centrifuged and filtered into

beakers. The extracts were again equilibrated by bubbling com-

pressed air for 20 minutes prior to determining pH on a Corning

Model 7 pH meter. Calcium, magnesium, and potassium concentra-

tions were determined by atomic absorption spectrophotometry.

Measured concentrations were corrected for activity coefficients by

the Debye-Huckel expression for mean ionic activity coefficients

(Daniels and Alberty, 1967). This expression is as follows:

Log y = -.509z+z_irwhere I is ionic strength and is calculated by

the equation: I = 1/2 mizi . It was assumed that the anions in
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solution were bicarbonate.

Results and Discussion

X-ray Diffraction Analyses

High amounts of background scatter were observed for the

minimal pretreatment in most of the samples. Only the patterns

from the Hembre profile at 106 m elevation could be interpreted for

identification of phyllosilicates with this pretreatment (Figure 15).

Consequently, identification of the matrix crystalline clay compounds

was largely based on diffraction patterns of samples pretreated for

removal of free silica and hydrous oxides. Even with this treatment,

complete removal of hydroxy interlayer was not accomplished.

Following the treatment for removal of free iron oxides and

KOH dissolution, peak intensity and resolution were greatly increased.

There appears to be gross uniformity in composition of the clay size

components. Significant differences in relative abundance and occur-

rence of individual components was observed from horizon to horizon

and from profile to profile, however (Figures 16, 17, 18, 19).

The predominant crystalline phyllosilicate in all of the soils is

one with properties intermediate between the smectites and vermi-

culite on the one hand and chlorite on the other. These chloritic

intergrades approach a chlorite end member that generally resists
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Figure 15. X-ray diffraction patterns of the Hembre (106 m elevation) clay samples with minimal pretreatment
(Subsanyk A).
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X-ray diffraction patterns of the Hembre (106 m elevation) clay samples following the boiling 0.5 N KOH and Fe removal
treatment sequence.
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Figure 17. X-ray diffraction patterns of the Hembre (778 m elevation) clay samples following the boiling 0.5 N KOH and Fe removal
treatment sequence.
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Figure 18. X-ray diffraction patterns of Klickitat clay samples following the boiling 0.5 N KOH and Fe removal treatment sequence.
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Figure 19. X-ray diffraction patterns of Kilchis clay samples following the boiling 0.5 N KOH and Fe removal treatment sequence.
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expansion with glycerol solvation and resists collapse to 10 A with

K-- saturation even when heated. The matrix minerals of the inter-

grades may be a smectite or vermiculite, or both. Varying degrees

of stability of the hydroxy interlayer were indicated by differing de-

grees of persistence of the K-saturated sample. Stability generally

tended to increase with samples taken near the surface and at lower

elevations. Thus, interlayers apparently become more stable as

weathering intensity increases.

There is some indication that beidellite is present in all of the

samples. This is indicated by the relatively intense 14 X component

even when part of the 14 X peak expands with glycerol. It is most ap-

parent in the low elevation Hembre profile (Figures 15, 16). The sub-

sequent collapse with K-saturation and heat of most of the 14 X peak

and partial re-expansion when hydrated lends further evidence in sup-

port of smectite-like minerals. A similar interpretation was given by

Singleton (1965) for another Hembre profile.

An alternative interpretation for the resistance to expansion

with glycerol is that relatively stable hydroxy interlayers have devel-

oped in the more intensely weathered samples. Apparently it is

stable enough so that it is not removed either by KOH or NaOH. It

is possible that polymeric forms of iron and aluminum are arranged

in such a way that the glycerol molecule is not permitted entry into

the interlamellar spaces, but the more polar solvent, ethylene glycol,

is. Jackson (1963) suggested that swelling 2:1 - 2:2 intergrades may

form heterogeneous brucite and water-cation layers with only one
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surface attached to a silicate layer of montmorillonite. It is possible

that such an arrangement of islands of hydroxy interlayers might pro-

hibit entry of less polar molecules.

Formation of stable interlayers could also explain the relative

resistance to collapse to 10 A when K-saturated. This is most ap-

parent in the A and B21 samples of the low elevation Hembre soil

(Figure 16) and to a lesser degree in the upper horizons of the Klick-

itat and Kilchis soils (Figure 18 and 19). This hypothesis lends sup-

port to the theory that extensive weathering and soil development,

under good drainage, can develop interlayer precipitates that ap-

proach the 2:2 end-member of the series of intergrade minerals.

Montmorillonite apparently is the principal smectite in the high

elevation Hembre (Figure 17) and the Klickitat and Kilchis soils

(Figure 18 and 19). This is indicated by expansion with glycerol of

most of the 14 peak in the Hembre soil and the 16.3 X peak in the

Klickitat and Kilchis soils. Also, there is a considerable degree of

collapse to 10 R. with K-saturation and heating in these soils.

Some difficulty was encountered in determining the nature of

the smectite in the Klickitat and Kilchis profiles. A relatively in-

tense 16.3 X peak was observed in these two profiles with Mg-satura-

tion at 54 percent R. H. Expansion to about 17 X. occurred with

ethylene glycol and about 18 X with glycerol (Figure 18 and 19).

These spacings are expanded somewhat from the criteria given by
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Chichester et. al. (1969). Furthermore, when K-saturated and

heated at 105o C, rehydration resulted in expansion to near 14 X

whereas spacings of about 12 A are expected for smectite. When

heated to 300° C or 550° C, collapse to 10 X was fairly complete in

some cases.

Slaughter and Milne (1960) synthesized hydroxy-Al interlayers

in montmorillonite and reported the presence of 17.2 R spacings at

80 percent R. H. and 17.9 X with ethylene glycol. However, once

collapsed, the complex could not be reexpanded. They suggested that

a layer of water or ethylene glycol was structurally associated with

the interlayer material. Similar results were reported by Sawhney

(1968) who obtained an 18.8 X spacing on formation of Al-hydroxy

montmorillonite with OH /Al of 2.0 or 2.4. Upon aging, this spacing

increased to 19.0 X. Sawhney referred to this expanded mineral as

a "superlattice" structure.

Some suggested explanations proposed for these expanded

structures in the Klickitat and Kilchis samples are: (1) that these

expanded clay minerals contain hydrated hydroxy interlayer material

or a superlattice similar to the one described by Sawhney (1968), or

(2) the interlayer spacing contained a reasonably stable complexed

layer of organic material. As previously discussed, complete re-

moval of the interlayer was not achieved with the KOH dissolution

sequence.
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The second proposition appeared to be a likely cause of the

anomolous behavior in the diffraction patterns of these two soils.

Possibly some complexed organic matter was not removed in the

H202 treatment of the clays. Organic matter contents are very high

in all of these soils prior to peroxide treatment. Amounts of 4. 6 and

11.3 percent were measured in the Klickitat and Kilchis soils, respec-

tively, at depths immediately above fractured bedrock. The hypo-

thesis of organic interlayers was tested using differential thermal

analysis. Samples of the Klickitat clays from the A and C horizons

were analyzed in the presence of air and again in the presence of N2

gas. In air, the patterns revealed the presence of broad exotherms

with peaks near 350° C and 360° C, likely resulting from gradual de-

gradation of organic matter (Figure 20). When oxidation was sup-

pressed in the presence of N2 gas, the exotherms disappeared.

Since these samples were treated with peroxide prior to analyses, the

350o C and 360° C exotherms probably result from burn-off of or-

ganic matter complexed with clays, possibly in interlamellar spac-

ings. This could explain, at least in part, the unusual nature of the

x-ray diffraction patterns in the Klickitat and Kilchis soils. Schnitzer

(1969) reported on the complexing of fulvic acids in interlamellar

spaces of montmorillonite in the laboratory and concluded that such

a phenomenon is indeed possible.

The possible presence of vermiculite in all the samples is
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Figure 20. D. T. A. patterns of the Klickitat Mg-saturated clay samples following peroxide treatment for removal of organic matter.
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indicated by the presence of 14 R peaks when Mg-saturated and breaks

or shoulders at 10 R. in the K-saturated samples heated to 105° C and

equilibrated at 54% R. H.

Some chlorite probably is present in all the transect samples,

This is indicated by the stable 14 X peaks with solvation. and K-satura-

tion and heating. When heated to 550° C, the result was reinforce-

ment of the 14 X peak. Franklin (1970) reported similar results for

many soils in the Coast Range of Oregon.

The presence of kaolinite is difficult to determine by x-ray dif-

fraction if chlorite also is present. The first order reflection of

kaolinite (7. 15 X) corresponds closely to the second order peak of

chlorite. Upon heating to 550° C, the 7 X peak is destroyed for both

of these minerals. Since chlorite probably is present in all the sam-

ples in this study, it is difficult to determine whether or not kaolin is

present. However, there appears to be some expansion of the 7 A

reflection with solvation. Franklin (1970) suggested the possibility

of a poorly crystallized kaolin or a low hydrated form of halloysite in

some similar soils. Further study is needed to adequately determine

the presence or absence of kaolin minerals in these soils.

The question is raised at this point as to why kaolinite appar-

ently is not present in greater amounts in these soils. Montmoril-

lonite normally gives way to kaolinite in strongly acid soils as

weathering progresses. Part of the explanation for the persistance
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of smectite-like minerals may be found in the data from the ion ex-

change portion of this study. That is, percent base saturation is

much higher in these soils than previously considered when calculated

on the basis of the permanent charge component of CEC. Also, the

high organic matter contents furnish an additional supply of bases

during decomposition and further supplies are provided by nutrient

cycling in the forest ecosystem. It is also possible that smectites

can be stabilized by organic matter complexed in the interlamellar

spaces.

A micaceous component appears to be present in the C horizon

of the two Hembre profiles and is indicated by a stable 10 X reflec-

tion, Mica was present in all horizons of the Klickitat and Kilchis

profiles.

Weight Loss and Chemical Analysis of Extracts

The purpose of the KOH dissolution and iron removal treat-

ments was to obtain an estimate of x-amorphous and gibbsite com-

pounds in the less than 2 mm size fraction. The percent weight loss

values are high, ranging from 43 to 72 percent, for all of the trans-

ect profiles (Table 7). The low elevation Hembre samples have the

lowest values. These data. parallel the evidence for lack of crystal-

linity by x-ray diffraction. That is, only the patterns from the low

elevation Hembre profile could be adequately interpreted with



Table 7. Percent weight loss and elemental Al, Si, Fe, and Mg from dissolution of the <2 mm size fraction of four soils from basic igneous rock.
(Elements expressed as a % of original weight of the 1 g of soil and in mmoles/100 g).

Soil and
Horizon

Wt.
Loss

Al Si Si:Al Fe Mg

Hembre
(106 m)

mmoles mmoles mmoles mmoles
100 g 100 g 100 g 100 g

A 46 3.6 133 3.8 136 1.02 6.0 107 .22 9.0
B 61 4.3 159 3.8 136 .86 6.0 107 .18 7.4
C 43 3.6 133 3.5 125 .94 3.4 61 .26 10.7

Hembre
(778 m)

A 56 4.7 112 3.6 125 .74 7.8 139 .22 9.0
B 72 4.7 174 2.8 100 .57 6.7 120 .10 4.1
C 60 5.5 204 3.5 125 .61 6.6 118 .17 7.0

Klickitat
A 61 3.4 124 3.0 107 ,.86 6.9 123 .09 3.7
B 62 5.6 208 3.0 107 .51 6.0 107 .10 4.1
C 61 4.2 154 2.0 71 .46 4.6 82 .15 6.2

Kilchis
A 53 4.6 170 3.5 125 ,..74 8.1 145 .21 8.6
B 60 4.2 154 2.0 71 .46 9.1 162 .20 8.2
C 63 3.6 132 3.4 121 .92 7.4 132 .20 8.2
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minimal pretreatment. The low elevation Hembre soil generally had

considerably lower weight loss than the three profiles from higher

elevations. In general, the greatest amount of weight loss occurred

in the B horizon and the least in the A horizon. An exception to this

was the Kilchis soil which had greater weight loss in the C horizon.

Since these data are for the less than 2 mm size fraction, direct com-

parison cannot be made with results of other studies on similar soils

by Jenne (1961) and Franklin (1970), both of whom used 0. 5N NaOH

for determining weight loss in the clay fraction. However, the re-

sults obtained here are in close agreement with the data reported by

Franklin for the Hembre profile which he studied.

The data indicates that the degree of hydroxy interlayering and

other amorphous materials increases in the relatively youthful soils

with weathering to a certain stage, that is, Kilchis to Klickitat to

high elevation Hembre, but more intense weathering results in extru-

sion of the amorphous interlayer material in a manner described by

Jackson (1963). This is seen in the apparent maximum accumulation

of amorphous materials in the B21 horizon of the high elevation Hem-

bre profile, but with generally much lower amounts in the more in-

tensely weathered Hembre profile from 106 meters elevation.

Analysis of dissolution extracts illustrates the dominant in-

fluence of iron in these soils (Table 7). These findings are in general

agreement with the results of Singleton (1965) who suggested that both
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iron and aluminum were important constituents in the interlayers of

clays studied by him. Similarly, evidence for hydroxy iron com-

pounds in interlayer positions is presented by Clark (1964a), DeMum-

brum and Chesters (1964), Chichester (1967), Rich (1968), and

Carstea, Harward, and Knox (1970). The latter authors concluded

that iron interlayers could easily form in acid environments in mont-

morillonites, but not vermiculites. Hence, it is not unlikely that iron

interlayers might be the major constituents in the soils in this study

since the 2: 1 matrix primarily consists of smectite minerals. In all

the profiles studied, free iron content is lowest in the C horizon. The

amounts increase with increased elevation.

Si t o Al ratios are similar to those reported by Franklin (1970)

for the similar soils he studied. The amount of Si extracted is re-

latively low which indicates that the amorphous components in these

soils may be of a somewhat different nature from allophane as re-

ported by Tan (1969).

pH Dependent Ion Exchange Study

Very low values for the permanent charge CEC and very high

values for pH dependent CEC were obtained for the whole soil (Table

8). These values are similar to those obtained by Clark (1964b).

When organic matter was destroyed, there was a marked increase in

permanent charge CEC in the Hembre (106 m elevation) soil with



Table 8. Permanent charge component, pH dependent component, and percent base saturation of four soils from the western Oregon Coast Range.

Soil and
Horizon

Sum of
Exch.
Bases

< 2 mm Soil

% Base
Sat.

pH
Dep. +
CEC

% Base
Sat. at
pH 8.2

< 2 mm Soil with
0. M. removed

< 2 µ clay

Perm.*
Chg.
CEC

Perm.
Chg.
CEC

pH

Dep.
CEC

Perm.
Chg.
CEC

pH
Dep.
CEC

Hembre
(106 meters)

Al 2. 69 4. 1 65. 6 49.0 5.1 12.5 64.5 12.0 67.7

B21 2.77 4.4 62.9 59.4 4.4 22.2 62.0 20.0 93.6

C 3.78 4.6 82.2 38.8 8.7 30.2 10.6 30.5 27.7

Hembre
(778 meters)

A $ 5.70 4.7 121.3 54.4 9.6 10. 0 53.0 21.4 48.3

B21 1.87 1. 1 170.0 46.0 4. 0 13.2 53.8 14.5 48. 1

C . 56 3.5 16, 0 50.8 1.0 9.2 52.6 7.4 59.9

Klickitat
Al 3.63 4.4 82.5 52,3 6.4 3.0 28.2 2.8 57.8

B21 1.46 1.4 104.3 42.9 3.4 7.4 24.8 9.2 61.1

C 5.45 3.5 155.7 39.9 12.6 11.8 28.5 13.7 30. 2

Kilchis
Al 5.77 4. 6 125.4 49.7 10, 6 6.0 36, 0 13.3 28. 2

B21 2.48 5.1 48.6 64.9 3.5 3.6 41.6 7.0 28.7

C . 80 3. 6 22. 2 52.5 1.4 4.9 27. 6 5.2 35. 2

*CEC © pH of soil in me/100 g
+CEC @ pH 8.2 CEC at pH of soil in me/ 100 g
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lesser increases for each of the remaining soils. Permanent charge

CEC values for the clay fraction were similar to the <2 mm size

fraction with organic matter removed.

pH dependent CEC is very high (Table 8), but does not vary

greatly from one soil to another in the natural condition. When or-

ganic matter is removed, pH dependent CEC was increased in the A

and B21 horizons of the low elevation Hembre soil. The high eleva-

tion Hembre remained about the same and the Klickitat and Kilchis

soils had lower pH dependent CEC values. This indicates that or

ganic matter may be contributing to a greater proportion of pH de-

pendent CEC in the Klickitat and Kilchis soils. In the two Hembre

profiles, a greater proportion of pH dependent CEC apparently is

contributed by hydrous oxides of iron and aluminum. Pratt (1961),

Helling et. al. (1964), and McLean, Reicosky, and Lakshmanan

(1965) concluded that the organic fraction contributed the greater pro-

portion of pH dependent CEC. However, their studies were conducted

on soils where the clays were primarily of the 2: 1 smectite type or on

soils very low in clay content. On the other hand, Clark (1964b) at-

tributed pH dependent CEC in British Columbia soils to both organic

matter and fixed iron and aluminum in silicate clays. deVilliers and

Jackson (1967a, 1967b) found pedogenic aluminous chlorite to be a

major contributer to pH dependent CEC which is blocked by hydroxy

aluminum and unblocked by deprotonation. Wada and Ataka (1958)
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concluded that very high pH dependent CEC in allophanic soils was

due to dissociation of H+ from silanol groups.

The conclusion is reached from this study that pH dependent

CEC in these soils is attributed to both an organic matter component

and to coatings and interlayer hydroxy compounds of Fe and Al. This

is in agreement with the findings of Sawhney, Frink, and Hill (1970).

However, the highest pH dependent CEC appears to be associated with

the most stable hydroxy interlayer material as indicated by x-ray dif-

fraction data (Figures 16, 17, 18, 19).

It is significant to point out the differences in percent base

saturation when calculated by two different methods. Based on per-

manent charge CEC, percent base saturation is about 50 to well over

100 percent. Whether or not these latter figures are due to experi-

mental error is difficult to ascertain. There is another plausible

explanation for this kind of data. Wada and Ataka (1958) and Birrell

(1961) concluded that allophanic soils possessed different mechanisms

of ion adsoption than normal Coulombic attraction. Thus, it is pos-

sible that the CEC procedure did not remove all of the index cation

or that some bases removed by NH4
OAc were not held on the ex-

change complex.

When calculated on the basis of CEC at pH 8.2, percent base

saturation is much lower than when calculated on the basis of per-

manent charge CEC. These results are similar to those obtained by



122

Coleman, Weed, and McCracken (1959) and Clark (1964b).. These

workers suggest that base saturation calculated from permanent

charge CEC is a more realistic value. Indeed, this may partly ex-

plain the lack of response to lime on similar soils in western Oregon

(Webster and Harward, 1959).

The permanent and pH dependent ion exchange data are not

greatly different among the four soils studied. They were of little

value in distinguishing differences among the soils or differences in

site quality when organic matter was present. When organic matter

was removed, the low elevation Hembre, which represents the high-

est site class, had a markedly increased permanent and pH dependent

CEC (Table 8). There was little change in permanent charge CEC of

the high elevation Hembre and Klickitat or Kilchis soils. pH depend-

ent CEC remained the same in the high elevation Hembre and was re-

duced in Klickitat and Kilchis soils following organic matter removal.

The data demonstrated that the ion exchange sites are dominated by

amorphous materials (including organic matter) and not crystalline

phyllosilicates. Thus, they have a relationship to classification of

these soils.

Ion Ratio Study

The curves of pH versus percent Ca+Mg saturation (CEC at

pH 7. 0) are similar for the five surface soils studied (Figure 21).



9.0

8.0

7.0

PH

6.0

5.0

4.0

o Astoria

o Hernbre - Low Elev.

X Hernbre - High Elev.

Klickitat

Kilcbis

a

X

A

0 10 20 30 40 50

% Ca + Mg Saturation

60 70

Figure 21. pH of equilibrated water extract versus percent Ca + Mg, saturation of the exchange complex.

80 90 100



124

They are not unlike the curve for the Hilo subsoil as reported by

Jenne (1961) which is thought to contain large amounts of amorphous

minerals.

The shape of the Ca+Mg release curves are similar in general

shape for all the soils (Figure 22). However, there are some notable

differences in amounts of release of exchangeable bases. The Klicki-

tat soil releases nearly twice as much Ca+Mg to the equilibrium solu-

tion at 30 percent Ca+Mg saturation as the Astoria soil. However,

amounts of release did not markedly increase for this soil at higher

percent Ca+Mg saturation. A similar pattern was observed for the

high elevation Hembre profile, but values were lower than for the

Klickitat soil.

The shape of the Astoria and low elevation Hembre curves were

similar. It appears that this Hembre profile is similar in chemical

characteristics and organic matter content to the Astoria soil

(Appendix II, Jenne, 1961, and Knox, et. al, 1965). These soils are

indicative of the highest site index values in the study area.

These results substantiate those of Webster and Harward (1959)

and Jenne (1961) in that the amounts of Ca+Mg in equilibrium solu-

tions are higher than other soils with lower amounts of amorphous

and/or organic constituents. Soils with much lower Ca+Mg release

values studied by these authors include the Willamette, Olympic,

Cascade, Tillamook, and Nehalem series.



10 20 30 40 50

0

60

Percent Ca + Mg Saturation

o Astoria

o Hembre (106 m)

X Hembre (778 m)

A Klickitat

Kilcbis

70 80 90

Figure 22. Ca + Mg activity in dilute equilibrium water extracts versus percent Ca + Mg saturation of the exchange complex.

100



126

It is difficult to determine from this study whether the amor-

phous components, or organic matter contents, are most important

in determining the nature of the release curves for Ca+Mg. The

Klickitat soil had the highest amount of organic matter (24%) and the

highest weight loss (61%). The high elevation Hembre profile had the

next highest weight loss and organic matter content, but had the low-

est release rate of Ca+Mg at 100 percent base saturation. At 30 per-

cent Ca+Mg saturation, there is a general relationship between per-

cent weight loss and amount of Ca+Mg released in the equilibrium ex-

tracts. The Klickitat, Kilchis, and high elevation Hembre soils

exhibit the highest amounts of Ca+Mg in equilibrium solution. These

soils have higher percent weight loss values and much lower site in-

dex values than the low elevation Hembre and Astoria soils. Thus,

easily released bases might be lost from the profile by leaching and

would not be available for tree growth. Since the concentration of

exchangeable bases is very low (Appendix II), any loss from the

system could result in short supply, especially in shallow and stony

soils where total amounts are also low.

Implications for Soil Classification and Site Quality

Results from this study, and others (Wooldridge, 1961; Jenne,

1961; Singleton, 1965; and Franklin, 1970) have clearly established

that most soils formed in the western hemlock-Sitka spruce forest
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zone in the Coast Range of Oregon and Washington have properties

which place them in the order of Inceptisols. Presently, most of

these soils are classified as Haplumbrepts. The latter classification

does not adequately reflect the true properties of the soils in this

area and could lead to erroneous interpretations and recommendations

for intensive silvicultural practices. Based on the evidence presented

here, and the work of Franklin (1970), all of the soils from basic

igneous rocks meet the criteria for Andepts, that is, Inceptisols that

have (1) a bulk density of the fine earth fraction of the soil of less than

0.85 g/cc in the epipedon or cambic horizon, or both, and the ex-

change complex is dothinated by amorphous materials; (2) lack char-

acteristics associated with wetness defined for Aquepts; and (3) lack

a plaggen epipedon (Soil Survey Staff, 1967).

The criteria for domination of the exchange complex by amor-

phorus materials are as follows: (1) The exchange capacity of the

measured clay (at pH 8.2) is very high, more than 150 me/100 g

measured clay, and commonly more than 500 meq.; (2) if there is

enough clay to have a 15-bar water content of 20 percent or more, the

pH of 1 g of soil in 50 ml of 1N NaF is 9.4 after 2 minutes; (3) the 15-

bar water retention/measured clay ratio is more than 1. 0; (4) organic

matter exceeds one percent; and (5) differential thermal analysis

shows a low temperature endothern.

The data from the exchange capacity measurements (Table 8)
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and measured clay (Appendix IV) satisfy the criteria for the first

point. The criteria for item 4 is easily satisfied (Appendix II). The

D. T. A. patterns for the Klickitat soil (Figure 20) and for similar

soils (Franklin, 1970) satisfy item 5. Data for a Hembre profile, and

other similar soils, studied by Franklin satisfy the criteria for the

second and third points.

There may be some question whether the soils from marine

shales, such as Astoria, also meet these criteria. Although they are

high in organic matter in the upper horizons, they have higher bulk

densities than maximum allowable values (Appendix II, and Knox et.

al. , 1965 ).

Gross morphological features and mineralogical characteristics

were notably different in each of the transect profiles studied (Appen-

dix I). Although the clay mineral matrix did not vary greatly among

the samples, there were substantial differences in amounts of crystal-

line phyllosilicates, measured clay content, and amorphous compon-

ents (Table 7 and Appendix IV). Furthermore, there appeared to be

some important differences in stability of interlayer material and

composition of dissolution extracts.

Accumulation of organic matter is related in a similar manner

(Appendix II). Soils with the highest amorphous mineral contents also

have the highest percent organic matter in the lower depths of the pro-

file. All the Hembre profiles at low elevations, and the Astoria
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profiles sampled, have more abrupt decline in organic matter with

depth.

The high accumulation of organic matter in the lower depths of

the Hembre (778 m), Klickitat, and Kilchis profiles probably is due

to downward movement of soluble organic materials, such as fulvic

acid. There, they may be complexed with Fe and Al and smectite

minerals to form relatively stable complexes that are resistant to

decomposition (Schnitzer, 1969). This could be partly related to the

higher amounts of Fe and Al extracted from these profiles by the KOH

dissolution sequence (Table 7).

Based on the evidence provided here [ chemical data Appendix

II, and the morphological differences in the profiles (Appendix I)]

there is ample evidence to suggest that the two Hembre profiles be-

long to two different series. The profile from 106 m is similar to the

description for the Hembre series as described at the type location.

In the fog-belt, marked changes in morphology of this series occur

near 480 m elevation. It is near this elevation where marked reduc-

tion in growth of western hemlock also occurs, even on relatively

deep soils with coarse fragment contents lower than 35 percent by

volume. The Hembre series should be restricted to elevations less

than 480 m in the fog-belt where properties are as defined for the

type location. A new series should be considered for the dark colored,

non-skeletal soils at elevations above 480 m. Colors of the Al
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horizon for this series should be 10YR 3/2 or 7. 5YR 3/2 moist, or

darker. Moist chromas of the B horizon should be 3 or less.

In order to more adequately reflect the properties of the soils

in this study, the two profiles sampled as members of the Hembre

series should be classified as fine-loamy mixed, mesic members of

Typic Dystrandepts. The Klickitat series should be loamy-skeletal,

mixed, mesic members of Typic Dystrandepts and Kilchis, loamy-

skeletal, mixed, mesic members of Lithic Dystrandepts. The classi-

fication of the Astoria series as fine, mixed, mesic members of Andic

Haplumbrepts appears to be the proper placement but may require

further study.

The question now arises regarding the relationship of the chem-

ical and mineralogical properties to productivity of the soils. The

field, greenhouse, and laboratory data indicate productivity of the

important hemlock forest soils in western Oregon Coast Coast Range

is in the order: Astoria > Hembre (below 480 m) >Klickitat> Trask>

Hembre (Above 480 m) > Kilchis soils. Generally, the Astoria soils

are indicative of site quality class I or II; Hembre (below 480 in),

class II or III; Klickitat, class III or IV; Trask, class III or IV; Hem-

bre (above 480 m), class III or IV; and Kilchis, class IV or V.

This study provided evidence which suggests there is more than

a simple climatic effect causing a decrease in productivity with ele-

vation in the fog-belt of the Oregon Coast Range. Each of the soils
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represents contrasts in either source of parent material, stage of

development (indicated by amount of measured clay, amount of amor-

phous minerals measured by weight loss, amount and kind of phyllo-

silicates, and morphological characteristics), and ability to supply

nutrients and moisture for tree growth. There is a strong relation-

ship between the degree of weathering in these relatively youthful

soils and site quality. That is, site quality of western hemlock in-

creases with increasing amounts of phyllosilicates and decreasing

amorphous minerals. Also, productivity is higher in soils that have

a more marked decline in organic matter with depth than high eleva-

tion soils with relatively high organic matter contents at lower depths.

Summary

A sequence of four andic soils representing different site

classes from a single drainage system were studied for character-

ization of clay minerals and some selected chemical properties. The

profiles were all derived from colluvium and residuum from parent

materials of basaltic origin. In order of generally decreasing mor-

phologic development, the profiles were: Hembre silt loam at 106 m

elevation and sit index 180 feet, Hembre silt loam at 778 m elevation

and site index 110 feet, Klickitat gravelly loam at 541 m elevation

and site index 110 feet, and Kilchis stony loam at 866 m elevation

and site index 90 feet.
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Gross similarity in the clay mineral suite was observed for

all the soils. Chloritic intergrade was considered to be the pre-

dominant crystalline phyllosilicate mineral in each of the soils.

Smectites were present in all of the samples, but the degree of ex-

pansion of the 14 X component with glycerol decreased with increased

weathering intensity. Stability of hydroxy interlayer generally in-

creased toward the surface, but in some cases was more stable in

the B21 horizons. Also, stability apparently increased with in-

creased weathering intensity.

Some mica was present in the C horizons of the two Hembre

profiles and throughout the Klickitat and Kilchis profiles. Chlorite

was present in small quantities in all of the soils studied. Vermi-

culite may have been present in all of the soils, but in only minor

amounts. The presence or absence of kaolin could not be established

with certainty.

The amount of amorphous minerals, as measured by weight

loss, tended to increase with a decrease in weathering intensity and

increased elevation. This measure included coatings, interlayer

material, discrete sesquioxides and gibbsite. Analyses of the dis-

solution sequence extracts indicated the predominant materials dis-

solved were various forms of hydrous oxides of iron and, to lesser

extent, aluminum.

All of the soils had very low permanent charge CEC and high
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pH dependent CEC. The source of pH dependent CEC was attributed,

in part, to a blockage of exchange sites by a complex relationship of

organic matter and hydroxy iron and aluminum compounds. It was

concluded that a more meaningful estimate of percent base saturation

in these soils is one calculated on the basis of the permanent charge

component of CEC.

A study of release of basic cations in dilute equilibrium water

extracts was conducted on five surface soils. All of the soils demon-

strated high activity of Ca+Mg in the equilibrium solutions. The

Klickitat soil exhibited the highest activity throughout most of the

range of percent Ca+Mg saturation. Activity in the Kilchis soil was

generally the next highest.

It was concluded from this study that all of these soils have

properties which allow their placement into the Dystrandepts under

the U. S. D. A. Comprehensive Soil Classification System. Three of

the profiles are Typic and the Kilchis soil is Lithic. It was proposed

that the black to dark brown colored, high organic matter, non-

skeletal soils at high elevations should be placed in another series

rather than in the present Hembre series. It was concluded that the

Astoria series from marine sediments should remain in the class of

Andic Haplumbrepts.

This study provided evidence which suggests that decreased

productivity with elevation in the fog-belt of western Oregon is related
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to properties of the soil. Real differences exist in the soils and

their ability to supply moisture and nutrients for tree growth. There

is a relationship between the degree of weathering in these soils and

site quality; site quality of western hemlock increases with increas-

ing morphologic development, increasing amounts of phyllosilicates,

and decreasing amorphous minerals.
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SUMMARY AND CONCLUSIONS

A study for evaluating site quality of western hemlock was con-

ducted in the fog-belt zone of the western Oregon Coast Range. Analy-

sis of standard site index curves revealed that the curves were accur-

ately drawn for this area for the 40 to 100 year age classes. Consid-

erable skewness was found to exist beyond these limits, especially in

the older age classes.

A significant inverse relationship between age and site index

provided further evidence for the inaccuracy of the standard curves

beyond 100 years and led to the suggestion that growth rates are

markedly reduced with age. It is not possible to conclude from this

study whether the reduction in growth with age is due to limited re-

serves of nutrients or moisture, since most of the older stands were

only on the poorer sites.

Site index data was evaluated with respect to several soil chem-

ical and physical properties. These properties were expressed as a

weighted average for the effective rooting depth of the soil profile.

Simple and multiple correlation and regression analysis was used to

evaluate the relationships between site index and the soil properties,

as well as elevation.

Elevation was found to have the strongest linear relationship

(r=-. 913) with site index as an inverse function. The correlation
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coefficient for effective soil depth and site index was .708. For

phosphorus, CEC, and organic matter, the values were .78, -. 66,

and . 68, respectively.

Total nitrogen content was related to site index only at the 10

percent probability level (r=. 50) and the quadratic term improved the

relationship slightly (r=. 51). It appears that a measure of avail-

ability of nitrogen is needed to better understand the requirements of

hemlock stands for this element.

A concept of habitat types was found to be the best approach for

determining site quality of western hemlock and Sitka spruce. Ten

habitat types were described for this area based on a combination of

understory plant communities and soil series on coordinates of eleva-

tion and site index. These habitat types in generally decreasing order

of productivity are: Astoria/Vine Maple-Sword fern, Astoria-Hembre/

Sword fern-Oxalis, Astoria/Sword fern, Hembre/Sword fern, Klick-

itat/Sword fern, Trask/Sword fern-Oxalis, Astoria-Hembre/Salal-

Sword fern, Trask-Klickitat/Salal-Sword fern, Hembre/Sword fern-

Oxalis, and Klickitat-Kilchis/Sword fern-Oxalis.

A biological assay of the surface horizon of four andic soils

from the western Oregon Coast Range was conducted in the green-

house. A central, composite, rotatable design with 25 treatment

combinations was used for statistically analyzing response of Mon,

terey pine seedlings to five rates of N, P, K, and Ca fertilizers.
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The Astoria soil yielded significantly higher dry matter production

than the three soils from basalt parent materials. It also had the

highest uptake (mgm/pot) of N and P, but K uptake was lower than

either the Hembre or Klickitat soils and higher than Kilchis.

Response surface models illustrated yield responses to com-

binations of N and P for all the soils. The largest response of seed-

lings to application of a single nutrient was obtained with N on all

soils except Kilchis. When P was applied alone, the highest yield

responses were obtained on the Astoria and Kilchis soils, respec-

tively. Quadratic effects for the yield response surface were signi-

ficant for N on all the soils except Kilchis and for P on the Klickitat

soils.

Analysis of variance showed a significant quadratic effect for

Ca on the Hembre and Klickitat soils and for K on the Klickitat soil.

Significant yield responses to combinations of K and Ca were observed

on the Astoria and Klickitat soils and combinations of N and Ca on

the Klickitat soil indicating interaction effects.

A sequence of four andic soils representing different site

classes from a single drainage system were studied for character-

ization of clay minerals and some selected chemical properties. The

chemical properties selected were those which would reflect the

nature of the exchange complex and the ability to supply bases to

equilibrium solutions.
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The profiles sampled were all derived from colluvium and resi-

duum from parent materials of basaltic origin. In order of generally

decreasing morphologic development, the profiles were: Hembre

silt loam at 106 m elevation and site index 180 feet, Hembre silt loam

at 778 m elevation and site index 110 feet, Klickitat gravelly loam at

541 m elevation and site index 110 feet, and Kilchis stony loam at

886 m elevation and site index 90.

Gross similarity in the clay mineral suite was observed for all

the soils. Chloritic intergrade was considered to be the predominant

crystalline phyllosilicate mineral in each of the soils. Smectite clay

was present in all of the samples, but the degree of expansion of the

14 .Q component with glycerol decreased with increased weathering

intensity. Essentially, none of the 14 peak expanded with glycerol

solvation in the low elevation Hembre profile. This could be inter-

preted as being a beidellite mineral, but an alternative explanation is

that a stable interlayer has formed in such a manner that the glycerol

molecule is unable to enter the interlamellar spacing.

Stability of hydroxy interlayer generally increased toward the

surface, but in some cases greater stability occurred in the B21

horizons. Also, stability apparently increased with increased

weathering intensity.

sured by weight loss,

ing intensity and increased elevation. This measure included

The amount of amorphous minerals, as mea-

tended to increase with a decrease in weather-
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coatings, interlayer material, discrete sesquioxides and gibbsite.

A micaceous mineral was present in the C horizons of two pro-

files designated as Hembre. Mica was present in all horizons of the

Klickitat and Kilchis profiles. Chlorite was present in all the soils

studied. Vermiculite may have been present in small quantities in

all the soils. The presence or absence of kaolinite could not be es-

tablished with certainty due to the confounding presence of chlorite.

Some alteration of the 7 X peak with solvation suggested the possible

presence of halloysite.

Analyses of the dissolution sequence extracts indicated the pre-

dominant materials dissolved were various forms of hydrous oxides

of iron and to lesser extent aluminum. The amount of iron generally

decreased with depth. Amounts generally increased with elevation.

All of the soils had very low permanent charge CEC and high

pH dependent CEC. These differences in source of charge were at-

tributed in part to a blockage of exchange sites by a complex relation-

ship of organic matter and hydrous oxides of iron and aluminum.

Deprotonation apparently is dependent upon degree of polymerization

of mineral components and degree of organic matter decomposition.

A more meaningful measure of percent base saturation in these soils

is based on the permanent component of CEC.

A study of amounts of release of basic cations in dilute equil-

ibrium water extracts was conducted on five surface soils. These
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included the four characterized for clay mineralogy plus the Astoria

series. All of the soils demonstrated high activity of Ca+Mg. The

Klickitat soil exhibited the highest activity throughout most of the

range of percent Ca+Mg saturation. This was generally followed by

Kilchis. It appears that the soils indicative of lower sites had the

highest activity. An exception was the high elevation Hembre profile.

It is possible that this results in greater leaching losses of these

nutrients. It is not possible to determine from this study whether or-

ganic matter or amorphous compounds contribute to the high Ca+Mg

activity.

It was concluded that all of these soils derived from basic ig-

neous rocks have properties which allow their placement into the

Dystrandepts under the U. S. D. A. Comprehensive Soil Classification

System. Three of the profiles are Typic and the Kilchis is Lithic.

This study provided evidence which suggests there is more than

a coincidental decrease in producitivity with elevation in the fog-belt

of the Oregon Coast Range. Rather, real differences exist in the

soils and their ability to supply nutrients and moisture for tree growth.

There is a strong relationship between the degree of weathering in

these relatively youthful soils and site quality. Site quality of western

hemlock increases with increasing amounts of phyllosilicates and de-

creasing amorphous minerals. Also, soils with a higher degree of
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complexed organic matter in the lower depths are indicative of

poorer sites than those with less complexed organic matter.
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APPENDIX I

Profile Descriptions

Hembre silt loam (106 meters elevation)

Location: SW 1/4, NE 1/4, Sec. 14, T. 2 S., R. 9 W. Uneven. - dissected slope.

Horizon Depth (cm)

01 12-7

02 7-0

Al

Description

Fresh mat of leaves, twigs and moss; extremely acid (pH 4.3)

Partly decomposed needles, leaves, twigs, and bark mixing
with mineral soil; extremely acid (pH 4.0)

0-18 Dark reddish brown (5YR 3/2 moist) silt loam; moderate fine,

medium and coarse subangular blocky and moderate medium
granular structure; slightly hard, friable, slightly sticky and
slightly plastic; abundant very fine, medium and common fine

roots; very strongly acid (pH 4.8); clear wavy boundary. (10 to

25 cm thick)

B21 18-51

B22 51-99

B3 99-132

C 132-234

Dark reddish brown (5YR 3/3 moist) light silty clay loam; strong

very fine, fine, and medium granular structure; slightly hard,
friable, slightly sticky and slightly plastic; very few very fine

and fine and few medium and, coarse roots; very strongly acid

(pH 5.0); clear wavy boundary. (25 to 35 cm thick)

Yellowish red (5YR 4/6 moist) silty clay loam; moderate very
fine and fine subangular blocky structure; slightly hard, friable,

sticky and slightly plastic; very few very fine and fine roots;

strongly acid (pH 5.2); clear wavy boundary. (45 to 55 cm

thick)

Reddish brown (5YR 4/4 moist) clay loam or silty clay loam;

weak very fine and fine subangular blocky structure; hard, firm,

sticky and slightly plastic; very few very fine and fine roots;

very strongly acid (pH 4.8); clear wavy boundary. (25 to 3S

cm thick)

Reddish brown (5YR 4/4 moist) clay loam or silty clay loam;
massive; hard, firm, sticky and slightly plastic; very few and

very fine and fine roots; very strongly acid (pH 4.8).
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Hembre silt loam (778 meters elevation)

Location: SE 1/4, SW 1/4, Sec. 17, T. 2 S., R. 9 W. Smooth slope.

Horizon Depth (cm) Description

01 40 Raw leaves, twigs, and bark.

Al 0-10 Black (N2/moist) silt loam; moderate very fine and fine
granular structure; soft, very firable, slightly sticky and
slightly plastic; common very fine and few fine and medium
roots; 10 percent fine gravel; very strongly acid (pH 5.0);
clear smooth boundary. (8 to 15 cm thick)

B21 10-33

B22 33-51

B3 51-81

C 81-122

R 122+

Black (7.5YR 3/2 moist) gravelly silty clay loam; moderate
medium subangular blocky structure; slightly hard, friable,
slightly sticky and slightly plastic; common fine and few very
fine, medium and coarse roots; 20 percent fine gravel;
extremely acid (pH 4.4); clear smooth boundary. (15 to
30 cm thick)

Dark brown (7.5YR 3/2 moist) gravelly silty clay loam; weak
medium subangular blocky structure; slightly hard, friable,
slightly sticky and slightly plastic; 30 percent fine gravel; very
strongly acid (pH 4.6); gradual wavy boundary. (15 to 25 cm
thick)

Brown to dark brown (7.5YR 4/2 and 7,5YR 3/2 moist) gravelly
silt loam; massive or weak medium and coarse subangular blocky
structure; slightly hard, friable, slightly sticky and slightly plas-
tic; few very fine and fine roots; 35 percent fine gravel; very
strongly acid (pH 4.8); gradual irregular boundary. (20 to 35
cm thick)

Brown to dark brown (7. SYR 4/2 and 7.5YR 3/2 moist) gravelly
silt loam; massive; slightly hard, friable, slightly sticky and
slightly plastic; few very fine and fine roots; 50 percent fine
gravel; very strongly acid (pH 5.0); clear wavy boundary. (35

to 50 cm thick)

Fractured basalt rock.



Klickitat gravelly loam (541 meters elevation)

Location: NE 1/4, SE 1/4, Sec. 7; T. 2 S., R. 8 W. Uneven slope.

Horizon Depth (cm) Description

01 and 02 10-0 Hemlock needles and twigs in various stages of decomposition.

Al 0-15 Dark grayish brown (10YR 4/2 dry) gravelly loam, very dark
grayish brown (10YR 3/2 moist); moderate fine and medium
granular structure; soft, very friable, non-sticky and non-plastic;
abundant very fine and common fine, medium and coarse roots;
25 percent fine gravel; very strongly acid ( pH 4.8); clear wavy
boundary. (6 to 20 cm thick)

B1 15-30

B21 30-56

B22 56-92

C 92-117

R
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Brown to dark brown (10YR 4/3 dry) gravelly silt loam, very
dark grayish brown (10YR 3/2 moist); weak fine and medium
subangular blocky and moderate coarse granular structure; soft,
friable, slightly sticky and non-plastic; abundant very fine and
common fine, medium and coarse roots; 15 percent fine gravel;
very strongly acid (pH 5.0); clear wavy boundary. (6 to 20 cm
thick)

Brown to dark brown (10YR 4/3 dry) gravelly silt loam, dark
brown (7.5YR 3/2 moist); weak fine and medium subangular
blocky structure; soft, friable, slightly sticky and slightly plastic;
common very fine and few fine, medium,a.nd coarse roots; 35

percent gravel and /0 percent cobbles; strongly acid (pH 6.0);
gradual wavy boundary. (20 to 35 cm thick)

Brown to dark brown (10YR 4/3 dry) very gravelly silty clay
loam, dark brown (7.5YR 3/2 moist); weak fine and medium
subangular blocky structure; slightly hard, friable, slightly
sticky and slightly plastic; few very fine, fine, medium and
coarse roots; 50 percent gravel and 10 percent cobbles; strongly

acid (pH 6. 2); gradual wavy boundary. (20 to 60 cm thick)

Brown to dark brown (7.5YR 4/4 moist) very gravelly clay loam;
massive or weak fine subangular blocky structure; very few very
fine, fine, medium and coarse roots; 70 percent gravel and 5
percent cobbles; very strongly acid (pH 5.6); gradual wavy
boundary. (20 to 40 cm thick)

117-142 Hard fractured and weathered basalt rock.



Kilchis stony loam (866 meters elevation)
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Location: NE 1/4, NE 1/4, Sec. 17; T. 2 S., R. 8 W. Ridge.

Horizon Depth (cm)

Al 0-15

B2 15-38

C 38-48

R 48-54

Description

Brown to dark brown (7. SYR 4/2 dry) stony loam, dark brown
(7. SYR 3/2 moist); strong fine granular structure; soft, very
friable, non-sticky and non-plastic; abundant very fine roots;
40 percent fine gravel; very strongly acid (pH 4.8); clear smooth
boundary. (6 to 15 cm thick)

Brown to dark brown (7.5YR 4/4 dry) very gravelly clay loam,
dark brown (7. SYR 3/2 moist); moderate very fine subangular
blocky structure; slightly hard, friable, slightly sticky and non-
plastic; common very fine and few fine roots; 65 percent gravel;
very strongly acid (pH 4. 6); clear wavy boundary. (15 to 20 cm
thick)

Yellowish brown (10YR 5/4 dry) very gravelly clay loam, dark
yellowish brown (10YR 3/4 moist); massive; slightly hard, friable,
slightly sticky and slightly plastic; very few very fine roots; 50
percent gravel, 30 percent stones; very strongly acid (pH 4.8);
clear irregular boundary. (4 to 12 cm thick)

Fractured basalt rock.



APPENDIX II

Selected chemical and physical properties of the less than 2-mm air-dry soil samples by site.

Soil and Depth pH Extractable Cations CEC Base 0. M. TN C/ N P B. D.

Horizon (cm) me/ 100 g me/ 100 g Sat. PPrn g /cc
1:2 H2O N KC1 Ca Mg K Na °A °A %

Astoria silt loam (Map Unit 21-V-45) Site Index 170, Elevation 228 meters, SF Community
All 0-15 4.6 4.1 .34 .35 .13 .29 42.4 2.6 15.4 .38 23.6 4.6 .95
Al2 15-25 5.0 4.4 .17 .14 .04 .17 28.5 2.4 6.9 .27 14.8 3.4
B21, B22 25-84 4.9 4. 5 .17 . 28 .04 . 17 27.8 2.4 5. 2 .16 18. 8 2.3 1.07
B3 24-119 4.8 4.4 .17 .38 .06 .20 28.5 2.8 4.1 .13 18.3 --
C 119-168 4.8 4. 2 .17 .49 .07 .23 29.2 3.3 3. 1 . 09 20.0 -- 1.20

Astoria silt loam (Map Unit 21-R-15) Site Index 153, Elevation 258 meters, SF-0 Community
All, Al2 0-25 4.4 4.0 .17 .28 .20 .33 48.2 2.0 19.8 .51 22.6 4.6 .81
B1 25-40 4.7 4.3 .08 .14 . 07 .23 34.1 1.5 12.8 .35 21.0 3.4 --
B21, B22 40-84 4. 8 4. 6 .20 .07 .07 .29 24,4 2. 6 5. 6 .19 17. 2 2.3 1.03
B3 84-127 4.8 4.2 .27 .80 .10 .31 24.8 5.9 3.1 .11 16.4 - --
C 127-173 4.9 4.0 .34 1.53 .13 .33 25.1 9.3 0.7 .02 20.0 -- 1.16

Astoria silt loam (Map Unit 21-U-45) Site Index 170, Elevation 106 meters, SF Community
Al 0-23 4.7 4.0 3.04 2,, 36 .55 ,33 48.7 12.9 16.0 . 38 24.5 2.3 .98
B21, B22 23-64 4.9 4.2 1.01 1. 11 .17 .29 35,8 7.2 5.7 .19 17.5 2.3 1.09

B3 64-86 4.8 4. 1 .51 .69 . 20 .23 35, 2 4. 6 2. 1 .07 17.5 .... 1. 20

C 86-152 4.8 4.0 .17 .97 .29 .23 33.5 5.0 1.0 .04 14.4 1.30

Astoria silt loam (Map Unit 21-U-15) Site Index 196, Elevation 129 meters, VM- SF Community
Al 0-15 4, 5 3.9 .68 . 97 .40 23 49.4 4. 6 20.4 .54 22.0 5.7 .98
B21 15-40 4.9 4.2 .10 .21 .11 .17 32,7 1.8 9,3 .32 17.0 -- .90
B22 40-102 5.2 4.2 .10 . 14 .07 .11 25.0 1.7 2.1 .10 12.4 2.3 1. 10

C 102-119 4.8 4.1 . 10 . 21 .04 .11 24.7 1.9 0. 6 .02 17.0 1. 20
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Soil and
Horizon

Depth pH
(cm)

1:2 H20 N KC1

Extractable Cations CEC Base
me/ 100 g me/ 100 g Sat.

Ca Mg K Na %

O. M.

%

TN

%

C/ N P

ppm.
B. D.
g /cc

Trask shaly loam (Map Unit 22-U-45) Site Index 152, Elevation 327 meters, SF-0 Community
.85 1.67 .44 .64 64.1 5.6
.08 .49 .20 .38 50.4 2.3
.20 .35 .11 .50 35.8 3.5
.27 .42 .04 .38 36.9 3.0

38.4
20.4
14.7
12. 6

.15

. 24

.33

.28

148.7
49. 1
25.9
26.0

11.4
--
2.3
--

.98

.90
1.10
1.20

All
Al2
B2

Cl

0-10 4.1 3.5
10-18 4.4 3.9
18-46 4.8 4.1
46-78 5.0 4.2

Kilchis stony loam (Map Unit 33-V-75) Site Index 128, Elevation 444 meters, SB-SF Community
Al 0-8 4.9 4.2 .10 .90 .17 .29 56.4 2.6 22.3 .37 35.0 2.3 .56
B2 8-33 5.0 4.5 .41 .56 .11 .38 58. 1 2.5 14. 6 .24 35.0 2. 3 1.33

Kilchis stony loam (Map Unit 33-R-15) Site Index 95, Elevation 866 meters, BR-LO Community
Al 0-15 4.7 4.3 3.21: 1.53 .70 .33 57.8 10.0 14.6 .75 11.3 4.6 .90
B21, B22 15-38 5.0 4.4 1.52 .56 .17 .23 63.4 3.9 12.4 .65 11.1 2.3 .84
C 38-48 5.0 4.6 .34 .14 .07 .11 71.0 0.9 11.3 .65 10.0 2.3 .84

Klickitat gravelly loam (Map Unit 32-U-75) Site Index 140, Elevation 289 meters, S-SF Community
Al 0-10 4.6 3, 9 .68 1.53 .40 .96 59.6 6.0 28.9 .66 25..4 2.3 79

B1 10-20 4. 8 4. 2 .34 .63 .14 .82 44.9 4. 3 17.4 .41 25,-0 2. 3 .92
B21, B22 20-78 4.8 4.5 .03 .28 Tr .59 24.6 3. 7 6. 1 . 17 20.9 2.3 1.04
B3 78-102 5. 1 4.2 . 17 1. 53 .07 64 24.9 9.7 3.0 . 10 17.4 1. 10

Klickitat gravelly loam (Map Unit 32-U-45) Site Index 150, Elevation 438 meters, SB-SF Community
All, Al2 0-25 4.8 4.1 .34 .83 .49 .29 62, 0 3. 1 16, 6 .42 22.9 2. 3 .55
B21 25-56 5. 1 4.4 . 34 .56 .26 29 43.4 3. 3 10.0 . 30 19.4 2. 3 .98
B22 56-89 5.0 4.5 .14 .42 .11 29 37. 2 2.6 5.6 19 17. 0 2. 3 .98
B3 89-130 5.0 4.5 .08 . 28 .02 23 35.2 1.7 2.8 .10 16.2 1.11



APPENDIX II
(Continued)

Soil and Depth pH Extractable Cations CEC Base 0. M. TN C/ N P B. D.

Horizon (cm) me/100 g me/100 g S at. ppm. g /cc
1:2 H20 N KC1 Ca Mg K Na % %

Klickitat gravelly loam (Map Unit 32-U-75) Site Index 110, Elevation 541 meters, RH-SB Community
Al 0-15 4.8 4.3 2.03 83 .40 .33 71.9 5.0 24.0 . 67 20. 8 4. 6 .75
B1 15-30 5.0 4. 7 .68 .28 17 , .23 50.7 2. 7 12. 2 36 19. 6 2. 3 .82
B21 30-56 5.2 4.9 .51 .49 .17 .29 39.3 3.7 7.6 .24 18.4 2.3 90

B22 56-92 5.4 5.0 .41 .56 .23 .17 32.4 4.2 5.0 .16 18.2 2.3 .90
C 92-117 5. 6 4.5 2.54 2.36 .17 . 38 36. 2 15, 1 4. 6 . 15 17. 8 1.02

Hembre silt loam (Map Unit 31-U-45) Site Index 158, Elevation 228 meters, SB-SF Community
Al 0-13 4.6 4. 1 .34 .35 .17 .23 48.9 2, 2 21.6 .48 26.2 2.3 .78
A3 13-28 4. 6 4.4 .68 .07 14 .11 28. 0 3. 6 8. 0 .34 13. 6 2.3 78

B21, B22 28-110 5.0 4. 5 .08 .07 .04 . 17 25. 1 1.4 5.5 .19 17.0 2.3 .92
B3 110-140 5.1 4.4 .12 .10 04 .23 24.9 2.0 3.8 .13 17, 0 2. 3 1.03
Cl 140483 5, 1 4.4 .17 .14 .04 29 24.7 2. 6 2. 1 07 17. 3 1. 14

Hembre silt loam (Map Unit 31-U-15) Site Index 170, Elevation 319 meters, SB -SF Community
AI, A3 0-25 4.7 4.1 .68 1.25 .26 .23 56.0 4.3 20.0 .44 26.4 2.3 .95
B21 25-59 4.8 4.4 . 17 .21 .07 23 40.0 1.7 7.7 29 15.4 3.4 1.05
B22 59-102 5. 1 4.4 .10 .28 Tr .11 31.9 1, 5 3.7 .14 15.3 4.6 1, 05

B3 102-137 4.9 4.3 .17 .28 .04 .11 33.4 1.8 2.6 .10 15.1 2.3 1.06
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Soil and Depth
Horizon (cm)

pH Extractable Cations CEC Base
me/100 g me/ 100 g Sat.

1:2 H20 N KC1 Ca Mg K Na

0. M. TN C/N P B. D.

ppm. g/cc

Hembre silt loam (Map Unit 31-V-45) Site Index 180, Elevation 106 meters, SB-SF Community
Al 0-18 4. 6 3.9 1.01 1.32 .13 .23 51.0 5.3 17.7 .50 20.5 4. 6 .77

B21 18-51 4.7 4.1 1.01 1.25 .13 .38 50.4 5.5 15.3 .45 19.8 3.4 .90

B22 51-99 4.8 4. 2 . 34 .56 .04 . 11 37.8 2.8 4. 6 . 14 19. 2 2.3 1, 90

B3 99-132 4.8 4.0 .34 .76 .07 .11 37.8 3.4 3.6 .10 21.0 2.3 1.10

C 132-234 5. 1 4.0 1.35 2.09 . 17 . 17 40. 2 9.4 1. 2 .04 17.4 2. 3 1. 20

Hembre silt loam (Map Unit 31-M-45) Site Index 110, Elevation 778 meters, RH-SB Community
Al 0-10 5.0 4. 1 2.70 2.09 . 68 .23 63. 1 9. 0 22. 5 68 19. 2 2.3 64

B21 10-33 5.0 4.3 .68 .56 .46 .17 57.2 3.3 18.8 .55 19.8 2.3 .77

B22 33-51 4.8 4.3 .41 .35 .36 .17 58.8 2.2 17.8 .48 21.5 2.3 .77

B3 51-81 4.9 4.5 .34 .14 .17 .11 44.4 1.7 14.1 .41 20.5 2.3 .82

C 81-122 5. 1 4. 6 .24 07 . 14 . 11 44.3 1.3 7.4 .22 19.4 2. 3 .86
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APPENDIX III

Available nutrients and total nitrogen (Kg/ha) by
sampling depths and site for the rooting zone

Soil and Depth Total P Ca Mg

Horizon (cm) Nitrogen

Na

Astoria silt loam, site index 170, age 35 SE 1/4, NW 1/4, Sec. 34; T2N, R1OW
All 0-15 5, 510 6. 6 98 60 74 96

Al2 15-25 3, 220 4.0 53 29 31 54

B21, B22 25-84 11, 030 14.1 170 126 80 196

B3 84-119 1, 610 6.0 87 92 51 106

Total 21, 370 30. 7 408 307 236 452

Astoria silt loam, site index 153, age 100 SE 1/4, NE 1/4, Sec. 9; T2N, R1OW
A11,Al2 0-25 10, 440 9.4 69 69 159 156

B1 25-40 6, 000 5. 6 34 35 77 90

B21, 822 40-84 10, 730 11. 1 111 48 108 238

B3 84-127 11,320 17.4 362 399 233 520

Total 38, 490 43. 5 576 551 577 1, 004

Astoria silt loam, site index 170, age 59 NE 1/4, SW 1/4, Sec. 27; T2S, R9W
Al 0-23 8, 490 5.1 1, 360 633 478 170

B21, B22 23-64 11,810 9.6 1,701 880 589 299

B3 64-86 2.190 3.8 257 183 118 102

Total 22, 49 0 18.5 3, 318 1, 696 1, 185 571

Astoria silt loam, site index 196, age 32 NW 1/4, NW 1/4, Sec. 14; T2S, 119W
AI 0-15 8, 050 8.5 203 172 233 80

B21 15-40 5, 170 12.3 202 182 253 119

B22 40-102 13,420 19.8 128 141 224 205

Total 26, 640 40. 6 533 495 710 404

Trask shaly loam, site index 152, age 106 SE 1/4, SW 1/4, Sec. 11; T2N, R1OW
All 0-10 1,020 7.8 117 138 118 101

Al2 10018 850 3.9 40 56 54 50

B2 18-46 310 5. 2 31 56 70 113

Total 2, 180 16.9 188 250 242 264

Kilchis stony loam, site index 128, age 32 SE 1/4, NE 1/4, Sec. 8; T2S, R8W
Al 0-8 1, 250 .03 7 37 22 23

Bl 8-33 4,040 3,...1 ill 90 57 117

Total 5, 290 3. 13 118 127 79 140

Kilchis stony loam, site index 95 (estimated) NE 1/4, NE 1/4, Sec. 17, T2S, R8W
Al 0-15 3.8 527 151 2246, 170 62

B21, B22 15-38 2.3 327 87 1204,860 44

C 38-48 0.4 33 7 71 270 6

Total 6. 5 887 245 35112, 200 112
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Soil and Depth Total P Ca Mg K

Horizon (cm) Nitrogen

Na

Klickitat gravelly loam, site index 140, age 116 NW 1/4, SE 1/4, Sec. 28, T2N, R1OW

Al 0-10 4, 480 1.5 92 124 105 150

01 10-20 3, 740 1. 6 70 90 73 142

B21, B22 20-78 4, 530 7.3 119 173 84 508

B3 78-102 2 570 4.2 37 197 29 262

Total 15, 320 14. 6 318 584 291 1, 062

Klicldtat gravelly loam, site index 150, age 32 NE 1/4, SE 1/4, Sec. 5, T2S, R8W

All,Al2 0-25 1, 780 2.2 66 97 185 65

B21 25-56 5,420 4.5 102 127 223 100

B22 56-89 4, 630 4.4 92 114 135 130

B2 89-130 2,950 4.8 46 88 48 126

Total 14, 780 15.9 306 426 591 421

Klickitat gravelly loam, site index 110, age 80 NE 1/4, SE 1/4, Sec. 7, T2S, R8W

Al 0-15 5, 750 4.0 348 86 134 64

B1 15-30 5, 230 4.0 275 68 111 65

B21 30-56 3, 600 3.3 144 55 79 72

B22 56-92 2,540 2.9 117 79 99 67

C 92-117 970 1.4 180 106 47 37

Total 18, 090 15. 6 1, 064 394 470 305

Hembre, silt loam, site index 158, age 79 NW 1/4, SE 1/4 Sec. 33, T2N, R1OW

Al 0-13 4, 780 2.2 68 41 66 53

A3 13-28 4, 880 2.7 121 29 74 106

B21, B22 28-110 16, 830 14.9 492 52 226 207

B3 110-140 5,510 8.0 69 35 55 159

Total 32, 000 27.8 750 157 441 525

Hembre silt loam, site index 170, age 29 NE 1/4, NE 1/4 Sec. 14, T2S, R9W

Al, A3 0-25 10, 290 5.4 319 352 236 124

B21 25-59 12,050 9.4 254 294 207 177

B22 59-102 8,500 15.4 107 112 104 151

B3 102-137 3.140 9.0 73 90 60 66

Total 33, 980 39. 2 753 848 607 518

Hembre silt loam, site index 180, age 66 SW 1/4, NE 1/4 Sec. 14, T2S, R9W

Al 0-18 6, 780 6.3 274 215 69 72

B21 18-51 13, 510 11.2 568 433 143 194

B22 51-99 12, 980 12.1 580 467 134 237

B3 99-132 4 000 7.7 227 264 77 84

Total 37, 270 37. 3 1, 649 1, 379 423 587

Hembre silt loam, site index 110, age 32 SE 1/4, SW 1/4 Sec. 17, T2S, R9W

Al 0-10 2, 990 1.0 237 110 116 23

B21 10-33 8, 040 3.0 438 204 288 59

B22 33-51 4, 950 2. 2 103 53 152 37

B3 51-81 5 900 3.1 86 38 135 43

Total 21, 880 9. 3 864 405 691 162



APPENDIX IV

Mechanical analysis of four andic soils from basic igneous rock.

Soil and
Horizon

Depth
(cm) v. co. s. co. s,

% Sand
m, s. f, s. v. f. s. Total

f. s. I
v. f. s.

% Silt % Clay Texture
Lab. Field

Hembre (106 meters)
Al 0-18 1.4 4.1 2.9 7.2 15.0 30.6 .48 50.0 19.4 5i1 Sil
B21 18-51 1.6 3.8 1.3 5.3 7. S 19.5 .71 55.9 25.6 Sil Si Cl
B22 51-99 1, S 4.3 2.8 4.4 9.3 22.2 .47 46.9 30, 9 Cl SiC1
B3 99-132 1.1 3.8 2.4 4.5 13, 5 25.4 .33 43, 4 31.3 Cl Cl
C 132-234 1.6 5.0 3.8 8.7 14.8 34.9 .59 32.7 32.3 Cl Cl

Hembre (778 meters)
Al 0-10 1.7 7.0 5. 6 13.0 8.5 35.8 1.5 50.3 14.0 Sil Sil
B21 10-33 1.0 6,1 6.4 17.1 13, 5 44.0 1.3 45.4 10. 6 1 Si Cl
822 33:51 2. 3 6.3 8.3 18.2 13.8 48.9 1. 3 40.2 11.0 1 SiC1
B3 51-81 0.8 3.4 8.8 20.7 13.3 47.0 1. 6 45.7 7, 4 1 Sil
C 81-122 1, 1 4.9 9, 6 22. 1 13.8 51.4 1. 6 40.3 8.3 1 Sil

Klickitat (541 meters)
A 1 0-15 1.0 3.0 1.9 9.0 12, 2 27.0 .74 68.0 S. 0 Sil 1

BI 15-30 0. 6 3. 0 1.9 10.5 18.4 34.4 , 57 59.8 5.9 Sil Sil
B21 30-56 1. 1 3.8 2. 5 17.0 29. 6 42.3 .58 51. 8 6.0 Sil Sil
B22 56-92 1.2 4.6 3.1 14.5 25.9 48.7 .56 44.9 6.4 1 Si Cl

C 92-117 0.7 6.0 5.2 15.3 19.0 46.2 .81 48.6 S.2 1 Cl

Kilchis (866 meters)
Al 0-15 1.5 6.0 2, 8 7,3 11.3 28.7 .65 56.5 14.7 Sil 1

B2 15-38 1.5 3.6 2.1 8.3 9.8 25.3 .85 59.0 15.7 Sil Cl
C 38-48 1, 6 5. 1 3. 2 10.9 12.9 33.8 .85 56.0 10. 2 Sil Cl


