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Introduction
R. L. Edmonds

The coniferous forests of western North America, particularly those in
coastal areas, are uniqueindividual trees are unrivaled in size, longevity, and
biomass accumulation. They are among the most productive forests in the
world and have great economic value. In addition, they also lie in a region of
great aesthetic value. Although these forests represent a renewable resource,
they must be managed on a sound biological basis if economic and recreational
values are to be preserved. That is, a sound knowledge of the biology of these
forests and their associated aquatic ecosystems is essential for correct management.
Although many aspects of western coniferous forests have been studied by
scientists, an integrated study at the ecosystem level had not been conducted
before the inception of the Coniferous Forest Biome program. This program
was the most intense interdisciplinary scientific study yet mounted of coniferous forests in the western United States, particularly those dominated by
Douglas-fir (Pseudotsuga menziesii). The primary program goal was understanding the composition, structure, and functioning of natural coniferous forest ecosystems and associated aquatic ecosystems, with a secondary goal of
assessing man's impact on these ecosystems.
This volume is a synthesis of many data collected during the program. It
brings together our current understanding of vegetation distribution in the
biome (Chapters 2, 3, and 4), forest productivity and its physiological controls
(Chapters 5 and 6), nutrient cycling in terrestrial ecosystems (Chapter 7), the
physical stability of coniferous ecosystems, particularly with respect to erosion
processes (Chapter 8), relations between terrestrial and aquatic ecosystems and
the importance of the riparian zone (Chapter 9), and productivity and nutrient
cycling in stream (Chapter 10) and lake (Chapter 11) ecosystems. The effects of
forest management practices, particularly clearcutting and fertilization, on
structure and behavior of natural ecosystems are also discussed.
Included in this introductory chapter are: (1) brief descriptions of the general
features of the western coniferous forest biome (2) descriptions of the study
sites; (3) some of the highlights of our research findings; and (4) discussion of
the use of our research findings for forest management. The total complement
of biome publications is listed in the Appendix.
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GENERAL FEATURES OF THE WESTERN
CONIFEROUS FOREST BIOME

Physical Features
Forests in the western coniferous biome occur mostly in mountainous
country (Figure 1.1) where the geology, physiography, and soils are locally and

regionally complex. Relief ranges from sea level to over 4300 m; conifer
forests range from sea level to about 1700 m in the Cascade Mountains and to

about 3300 m in the Sierra Nevada and Rocky Mountains. Vulcanism and
glaciation have shaped much of the landscape formed from volcanic, intrusive
igneous, sedimentary, and metamorphic rocks.
The oldest rock strata are Precambrian and are found in the northern Rocky
Mountains (Figure 1.1). They consist of sandstone, shale, and limestone and
are slightly metamorphosed. Some Paleozoic and Mesozoic rock formations
occur throughout the central section of the biome and in the northern Cascades,

but it is the Cenozoic record that is of the most interest. During that period
considerable volcanic activity occurred. The great Cascade Mountain volcanoes were formed at that time, and much of the sedimentary Cenozoic materials
aru composed of volcanic materials derived by erosion. Many formations in-

clude volcanic ash.
Glaciation also occurred during the Cenozoic. Today, however, glaciers
exist only in higher mountains and are only remnants of the once vast ice sheets
that covered a great deal of the western coniferous biome. Glaciation and
volcanic activity have had considerable influence on the current soils and
vegetation in the biome.
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FIGURE 1.1 Physiographicfratures of the western coniferous forest biome.
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Climate, Soils, and Vegetation
The western coniferous biome (Figure 1.2) covers wide geographic and
climatic ranges. Annual precipitation varies from 20 cm to over 300 cm and
annual average temperatures range from close to 0°C to over 20°C. In most of
the area precipitation occurs mainly in winter, particularly in the form of snow
at higher elevations. There is little precipitation in summer.
Soil types in the biome are extremely varied and include Inceptisols (brown
forest and sol bran acids), Spodosols (podzols), and Ultisols (red-yellow pod-

zols and reddish brown laterites). Glaciation has had an influence on soil
formation, especially in the northern part of the biome, and the soils derived
from the most recent glacial deposits tend to be immature. The great relief in the
extensive mountainous regions of Oregon and Washington results in soil creep,

landslides, or both.
In terms of vegetation the coniferous forests of western North America
consist of a mosaic of ecosystems dominated by different tree species, not all of

which are conifers. Some are deciduous, such as red alder (Alnus rubra).
Others are evergreen hardwoods such as tanoak (Lithocarpus densiflora) and
madrone (Arbutus menziesii). Five main vegetation divisions can be distinguished (Figure 1.2): coastal, subalpine, Sierra, Rocky Mountain, and boreal.
Most of the research in the Coniferous Forest Biome program was concentrated
in the coastal and subalpine division forests, more specifically those west of the
Cascade crest in Washington and Oregon. The vegetation, climate, and soils in
this area are described below. Subalpine forests also occur at high elevations in
the Sierra and Rocky mountains.

Vegetation, Climate, and Soils in the Area West of the Cascade
Crest in Oregon and Washington
The vegetation in the area is conventionally described in terms of zones
named for a single tree species thought to be the major climax dominant, for
example, western hemlock (Tsuga heterophylla). Within each of the zones
several associations can exist, each of which represents a climatic climax.
Vegetation zones in the area west of the Cascade crest are shown in Figure 1.3.
The important forested zones are the Sitka spruce (Picea sitchensis), western
hemlock, Pacific silver fir (Abies amabilis), and mountain hemlock (Tsuga
mertensiana) zones.
Despite its name, large areas of the western hemlock zone are forested with
the pioneer species Douglas-fir, since it is the dominant species in seral stands
developed after logging and burning. Even old-growth stands quite commonly
maintain a major component of Douglas-fir. The climate, soils, and vegetation
of these zones are summarized in Table 1.1. Further details can be found in
Franklin and Dyrness (1973).

S INTENSIVE SITES
0 COORDINATING SITES

Main vegetation divisions in the western coniferous forest biome and the location of intensive and
coordinating sites.
FIGURE 1.2
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Vegetation in Other Areas of the Biome
On the dry eastern side of the Cascade Mountains, pines are most important, particularly ponderosa (Pinusponderosa) and lodgepole (Pinus contorta).

Douglas-fir and western larch (Larix occidentalis) are also widespread. In
coastal northern California, Douglas-fir and coastal redwood (Sequoia semper-

virens) dominate. In the Sierras, conifers are mixed, with white fir (Abies
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TABLE 1.1

Features of the four important forests zones in the coastal vegetation division west
Oregon and Washington.

of

the Cascade crest in

Zone

Tsuga heterophylla
(Western hemlock)

Abies amabilis
(Pacific silver fir)

Mild, maritime, 1500-3000
mm/yr; mostly in winter;
6-9% in summer
Sea level-l000 m
Dystrochrepts (sols bruns
acides), Haplohumults
(reddish brown laterites),
Haplumbrempts (brown forest
soils), Haplorthods (brown
podzols) and Xenimbrepts and
Vitrandepts (regosols)

Cold, montane, 1500-3000
mm/yr; winter snowpacks
1-3 m
600-1500 m
Cryorthods (podzols) and
Haplorthods (brown podzolics)
Organic accumulations from 5

Sitka spruce, western red
cedar (Thuja plicala), western
hemlock, and Douglas-fir

Douglas-fir, western hemlock,
western red cedar, grand fir
(Abies grandis), Sitka spruce,

(Pseudotsgua ?flenziesii)

western white piie (Pinus
monticola), and Pacific silver

Pacific silver fir, western
hemlock, noble fir (Abies
procera), Douglas-fir, western
red cedar and western white

Picea sirchensis
(Sitka spruce)

Feature
Climate

Elevation
Soils

Mild, maritime, 2000-3000
mmlyr; rainfall mostly in
winter; fog drip occurs
Sea level-l60 m
Haplohumultsb (brown
laterites, and reddish brown
laterites). Surface soils high in

orgaaic matter and total
nitrogen, low in base
saturation

Tsuga mertensiana
(Mountain hemlock)

Cold, montane, 1600-3000
mm/yr; winter snowpacks

>3 m
1300-2000 m
Cryorthods (podzols) and
Haplorthods (brown podzolics)

to 30cm

Major tree species
Conifers

fir

pine

Varies with locale, few species
are found as dothinants,
mountain hemlock dominates
old-growth forests and
subalpine fir (Abies
lasiocarpa) dominates seral or
older stands; white fir (Abies
concolor) and Pacific silver fir
are also important.

Deciduous

Red alder
(Alnus rubra)
and evergreen
hardwoods

Red alder, big leaf maple
(Acer rnacrophyllum),
chinkapin (Castanopsis
chrysophylla), Oregon white
oak (Quercus garryana),
OregQn ash (Fraxinus
latifolia), and black
cottonwood (Populus
trichocarpa)

Other features

Mature forests have lush under
stories of shrubs, herb
cryptograms; sand dunes, tidal
marshes, prairies, and forested
swamps are included
"Fmm Franklin and Dyrness (1973).
bUS Department of Agriculture (1972) Soil Classification.

Understories are dominated by
ericaceous shrubs

Understory species belong
mainly to the Ericaceae,
Rosaceae, and Compositae
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concolor), California red fir (Abies inagnifica), incense cedar Libocedrus decurrens), ponderosa pine, Jeffrey pine (Pinusjeffreyi), sugar pine (Pinus lambertiana), Douglas-fir and giant redwood (Sequoia gigantea) occurring. In the
Rocky Mountains, grand fir, subalpine fir, lodgepole pine, ponderosa pine,
Engelmann spruce (Picea engelmannii), western white pine (Pinus monticola),
and Douglas-fir dominate. The driest coniferous ecosystems, pinyon-juniper
woodlands, extend from the central Rockies to the arid uplands of central
Mexico and down the eastern slope of the Cascade-Sierra ranges from Oregon
to Mexico.
In boreal forests white spruce (Picea glauca), and black spruce (Picea
inariana) are the dominant conifers. Tamarack (Larix laricina) is common in
wet muskeg areas. Paper birch (Betula papyifera), balsam poplar (Populus
balsamifera) and quaking aspen (Populus tremuloides) are common deciduous
species. In interior Alaska, taiga forests cover broad expanses of lowland,
which grade into the Arctic tundra.

Lakes and Streams
The lakes and streams of most interest in the program occur in the coastal

division. Most of the lakes in the coastal division are found in the state of
Washington, where more than 7800 lakes, ponds, and reservoirs occur. In the
Puget Sound lowland of western Washington, most lakes occupy depressions in
the surface of glacial driftthe sand, gravel, silt, clay, and till laid down by the
Puget lobe of continental glaciers during the last ice age. These depressions are
either elongate troughs cut by the passing ice sheet or are more circular kettles
formed by the melting of stagnant ice blocks. In the adjacent foothills of the

Cascade Range and Olympic Mountains, most lakes occur in depressions
eroded into the bedrock by the passing continental glacier, while lakes in the
higher mountains are in basins cut by local alpine glaciers (Washington State
Department of Ecology 1975).
A majority of the lakes are shallow, with mean depths of 3.6 to 7.6 m,
although some of the larger lakes, such as Lake Washington in Seattle and
Crater Lake in Oregon, are considerably deeper. Mean summer temperatures of
the photic zone range from 15°C to 16°C. Most lakes are clear and mesoeutrophic or mesotrophic.
The coastal division is also rich in streams and rivers. Many of the streams
are characterized by high gradients, especially toward their headwaters, and
experience strong spring freshets and low summer flows.
Common fish species resident in lakes and streams are: Dolly Varden
(Salvelinus ma/ma), rainbow trout (Salmo gairdneri), peamouth (Mylocheilus

caurinus), threespine stickleback (Gasterosteus aculeatus), yellow perch
(Perca flavescens), longfin smelt (Spirinchus thaleichthys), prickly sculpin
(Cottus asper), and northern squawfish (Ptychocelilus oregonensis). Anadromous fish also utilize northwestern lakes and streams for part of their life cycle.
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Common species include sockeye salmon (Oncorhynchus nerka) and steelhead

tmut (Salmo gairdneri).

RESEARCH SITES
It became obvious in the organizational phase of the program that not all
the diverse ecosystems in the biome could be studied. Thus attention was
focused on a few selected terrestrial ecosystems and their associated aquatic
ecosystems. Most of the research was carried out in the productive western
hemlock zone forests, which are dominated by Douglas-fir. Research efforts
were concentrated at two intensive sites, the H. J. Andrews Experimental
Forest in Oregon and the Lake Washington drainage in Washington (Figure
1.2). Both are in the Cascade Mountains. Limited research was conducted at
the other sites indicated in Figure 1.2. Research activities at all the research
sites are summarized in Table 1.2.

The H. J. Andrews Experimental Forest
TheH. J. Andrews Forest (Figure 1.4) is administered by the U.S. Department of Agriculture Forest Service, Pacific Northwest Forest and Range Experiment Station, and is a 6080-ha drainage ranging in elevation from 460 to
1615 m. A general site description is given in Table 1.3. Work on the Andrews
Forest has. centered on hydrologic and nutrient cycles in watersheds dominated
by mature old-growth (450-year-old) Douglas-fir/western hemlock stands
(Figure 1.5) and on stream ecosystems. Stream side vegetation is dominated by
red alder. The gauged watersheds of the forest range in size from 10 to 100 ha
and provide excellent areas in which to study ecosystem responses. Considerable effort was focused on watershed 10 (Figure 1.4), which is located adjacent
to the H. J. Andrews Forest. Extensive data on climate, soils, geology, flora,
plant communities, mammals, birds, hydrology and stream biology, and the
impact of forest management practices, such as clearcutting, were obtained for
this site during the biome program. Soils in the H. J. Andrews Forest are
generally derived from basic volcanic parent material. They are generally
Dystrochrepts (deep, well-drained, brown to dark brown barns developed from
andesitic (basic) tuffs and breccias) and are high in potassium and calcium.
Nineteen reference stands were established in the Andrews forest and the soils
in each were characterized. A typical soil profile at an elevation of 490 rn in
reference stand 2 is shown in Table 1.4 (see page 13).
Forest community composition, especially that of understory vegetation,
is strongly influenced by moisture. For example, sites characterized by understories of ocean spray (Holodiscus discolor) or salal (Gaultheria shallon) are
dry. More mesic sites are typified by Oregon grape (Berberis nervosa), vine
maple (Acer circinatum), and sword fern (Polystichum munitum). Wet sites
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TABLE 1.2

Summary of research activities at the two intensive sites (H.

Andrews Experimental Forest, Oregon, and Lake
Washington drainage basin, Washington) and the
coordinating and environmental grid sites.
.1.

Terrestrial studies

Aquatic and
aquatic/terrestrial studies

H. J. Andrews Experimental Forest
Forest type: old-growth (450 years old) Douglas-fir/
western hemlock, some young growth
Research: Unit watershed studies concerning hydmlogic and nutrient cycles, assessment of impact of

cleaivutting; assessment of water relations and
stand productivity; plant and animal community
analysis; decomposition; erosion

Stream biology (litter processing, pri-

mary and secondary production,
impact of clearcutting); relations
between stream and forest ecosystems

Lake Washington Drainage Basin
A.E. Thompson site
Forest type: young-growth (10 to 100 years old)
Douglas-fir/red alder/western hemlock
Research (conducted at the stand and process levels):
primary production and water relations; stand productivity; nutrient cycling; plant and animal community analysis; decomposition

Lake biology (Litter processing, pri-

mary and secondary production,
succession); relations between lake

and forest ecosystems at Findley
Lake

Findley Lake
Forest type: old-growth (170 years old) Pacific silver
fir
Research: stand productivity; nutrient cycling; plant
community analysis; decomposition

Coordinating Sites
Blodgett Forest, Calif.: tree photosynthesis
Fairbanks, Alaska: stand productivity and nutrient
cycling
Flagstaff, Ariz.: stand productivity extant data synthesis
Fort Collins, Cob.: extant data synthesis
Logan, Utah: extant data synthesis
Missoula, Mont.: fire, nutrient cycling
Moscow, Idaho: litter decomposition

Lo.ngview, Wash.: experimental
stream studies

Cascade Head, Oreg.: productivity, nutrient cycling, log decomposition
Wildcat Mt., Oreg.: productivity, litter decomposition
Note: An additional twenty-one sites in eight states were involved in The biome environmental grid

(see Chapter 3 for site descriptions).
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FIGURE 1.4 Map of the H. J. And rews Experimental Forest, Oregon, show-

ing the location of gauged watershed and main study creeks.

FIGURE 1.5 A 450-year-old Douglas-fir stand in the H. J. Andrews Experi-

mental Forest, Oregon.

TABLE 1.3

General site descriptions for the A. E. Thompson Research Center and Findley Lake, Washington, and the H. J.
Andrews Experimental Forest, Oregon.
Mean
annual

Site

Latitude Longitude Elevation (m)

A. E. Thompson 47°23' N l2l°57' W

210

Mean
annual

radiation temperature
(°C)
(cal/rn2)

99280

9.4

Mean
annual
precipitation
(mm)

Precipitation
during
growing
season
(mm)

1140

670

Young-

growth
Douglasfir
Oldgrowth
Pacific
silver fir

Research
Center

Findley Lake

470 19' N 121°35' W

1128

71 540

5.4

2730

270

H. J. Andrews

44° 15' N 122°20' W

430-900

141 970

8.5

2300

<300

Experimental
Forest

Forest
type

Oldgrowth
Douglas-

fir

Soil type
& geology

Soil
pH

Typic Haplorthod
derived from glacial
till; good drainage

5.4-5.9

Cryandepts
(Podzols),
Andesite

4.6-5.6

Regasol, reddish
brown lateritic
intergrade; good
drainage, Miocene
tuffs & breccias

5.5-6.2

Introduction
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TABLE 1.4 Description of a typical soil profile in the H. J. Andrews
Forest (reference stand no. 2-Typic Dystrochrept).
Honzon
011
012

Al
A3
JIB I

IIB2
IIB3

IIC

Depth
(cm)

Descnption

4-3
3-0

Twigs, needles, cones and so forth (L)
Partially decomposed twigs, cones, and so forth (F)
0-15
Dark-brown, gravelly silt loam, very fine granular structure, very
friable, gradual smooth boundary, few pumice grains, pH 5.5
15-33
Dark-brown gravelly silt loam, very fine granular structure, very
friable, gradual smooth boundary, few pumice grains, pH 5.5
33-53
Brown, dark-brown, silty clay, very fine subangular blocky
structure, friable gradual wavy boundary, common pumice grains,
pH 5.8
53-74
Brown, dark-brown, silty clay, fine subangular blocky structure,
friable, gradual wavy boundary, common pumice grain, pH 5.8
74-94
Brown, dark-brown, gravelly silty clay, fine subangular blocky
structure, friable, abundant pumice grains, pH 5.8
94-119+ Brown, dark-brown, gravelly silty clay, massive structure, friable,
pumice grains common, pH 5.8

Source: R. B. Brown and R. B . Parsons, 1973, Soils of the Refrrence Stands, Oregon, IBP
Coniferous Forest Biome Internal Report 128, 76 p.

TABLE 1.5 Physical characterization

of streams

in and near the H. .1.

Andrews Forest.

Mean
width
Stream

Watershed 10 stream
Devil's Club Creek
Mack Creek
Lookou,t Creek
McKenzie River

(m)

1.0

Mean
depth
(m)

Stream
gradi-

Water
shed
area

em (%)

(km)

Freshets/yr
Stream
length
(km)

5X
base
flow

tO )<
base
flow

32

13

order

Elev.
(m)

I

430

I

810
800

Stream

45.0
40.0

0.1
0.2

0.5
0.5

13.0

12.0
14.4

5

3.0

6.0
60.5

5

12.0

0.05
0.05
0.22
0.90

6

2

3
5

40.0

1.60

0.6

1024.0

57.6

0

2

6

0.6
3.0

420
420

often have western red cedar (Thuja plicata) as the dominant tree species with
devil's club (Oplopanax horridum) as the major understory species. A more
comprehensive description of the vegetation of the Andrews Forest is given in

Hawk et al. (1978).
Three of the five stream study sites are within the Andrews Forest (Devil's
Club Creek, Mack Creek, and Lookout Creek) and the others are adjacent to the
forest (watershed 10 and McKenzie River). The characteristics of these streams
are shown in Table 1.5 and a representative section of Mack Creek is shown in

Figure 1.6
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FIGURE 1.6 A section of Mack Creek, in the H. J.
Andrews Forest, Oregon.
In addition to studies of terrestrial and stream biology, erosion studies were

also carried out throughout the H. J. Andrews Forest. The impact of road
construction on erosion and the effect of erosion on streams was assessed.

Lake Washington Drainage
The Lake Washington drainage basin (Figure 1.7) is composed of two
distinct subdrainages, the Sammamish valley, which includes Lake Sammamish, and the Cedar River valley. Findley Lake at 1128 m elevation and Chester
Morse Lake at 470 m (a larger reservoir system) are in the Cedar River valley.
Both valleys drain into Lake Washington. The landforms of the lower Cedar
River watershed are primarily the result of continental glaciation. The upper
Cedar River watershed reflects alpine glaciation during the Pleistocene.

Introduction
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FIGURE 1.7 Map
the location
lakes

of

of the Lake Washington drainage, Washington, showing
the Allen E. Thompson Research Center and the four study

Terrestrial research was carried out at the Allen E. Thompson Research
Center in the lower Cedar River watershed and at Findley Lake (Figure 1.7).
General site descriptions are given in Table 1.3. Research at the Thompson site,
elevation 210 m, focused on process studies of primary productivity (including

16

R. L. Edmonds

gas-exchange studies); consumers; decomposers; and mineral, carbon, and
water cycling in young-growth (10- to 100-year-old) Douglas-fir stands. Vege-

tation and vertebrate and invertebrate consumer surveys were made in the
whole watershed. Findley Lake, in the upper watershed (Figures 1.7 and 1.8),
was the primary site for research concerning the transfer of nutrients, energy,
and water from land to lake. These studies were complemented by sedimentation and decomposition measurements in the lake.

Three forest community types can be delineated at the Thompson site.
These seral communities are, in order of increasing soil moisture: Douglas-fir!
salal, Douglas-fir/sword fern, and red alder/sword fern. A forty-three-year-old
Douglas-fir/salal community is shown in Figure 1.9.

Soils at the Thompson site are typically derived from glacial outwash
deposits and are gravelly, sandy barns. The Douglas-fir/salal community generally occurs on the Everett series (Typic Haplorthod). A profile is given in
Table 1.6. The Alderwood soil series occurs in moister areas at the Thompson
site.

The Findley Lake study area is an approximately 150-ha cirque basin
containing a small (10-ha) cirque lake. Elevations in the study area range from
1128 m at lake level to about 1450 m along the ridges bordering the cirque.
Vegetation of the basin is diverse, ranging from dense, 170-year-old Pa-

cific silver fir/western hemlock stands through Alnus sinuata (Sitka alder)
brushland to wet meadows, avalanche tracks, and talus slopes (del Moral
1973). Primary understory species are beargrass (Xerophyllum tena.x) and several species of huckleberry (Vaccinium membranecium and V ovalifolium).

FIGURE 1.8 Findley Lake, Washington.
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FIGURE 1.9
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A 43-year-old Douglas-fir stand

at the Allen E. Thompson Research Center,
Washington.

Description of the Everett soil profile (Typic Haplorthod)
occurring at the Allen E. Thompson research site.

TABLE 1.6

Horizon
Forest
floor

Al

Depth
(cm)

2.5-0
0-8

B2 1

8-24

B22

24-45

Cl

45-72

C2

>72

From Edmonds 1974.

Description

Undecomposed moses, twigs, needles
Decomposed organic matter
Dark brown gravelly, sandy loam; weak granular structure; friable;
clear wavy boundary; many roots; pH 5.4
Dark brown gravelly, sandy loam; massive to very weak structure;
very friable; clear wavy boundary; many roots; pH 5.6
Brown gravelly, loamy sand; massive structure; very friable; an
abrupt wavy boundary; many roots; pH 5.85
Yellow brownish gray very gravelly sand; single grain structure;
friable; clear wavy boundary; few roots; pH 5.85
Variegated colored very gravelly sand; single grain structure; friable;
no roots

R. L. Edrnonds
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Bedrock geology consists primarily of fractured andesitic lava flow over-

lain near the lake outlet by terminal and lateral moraines, which are also
composed primarily of andesite. A number of volcanic ash layers have been
deposited on both the bedrock and glacial moraines. Soils of the watershed,
primarily podzols, have developed in these deposits. A typical soil profile is

shown in Table 1.7.
Characteristics of the four study lakes (Findley, Chester Morse, Sammamish, and Washington) are shown in Table 1.8. Within these lakes, primary and
secondary production, nutrient cycling, and the life histories, energetics, and
population dynamics of resident and migratory fishes were studied. All but
Findley Lake contain fish.
The four lakes drain substantially different basins. Findley Lake and its
forested watershed have not been subjected to any significant human disturbance. Chester Morse Lake, which is a reservoir, is surrounded by secondgrowth Douglas-fir forests. Lake Sammamish is characterized by second-

growth Douglas-fir forests, small farms, and residential areas. Lake

Washington is located within the boundaries of metropolitan Seattle and receives intensive recreational use. The lake has a well-documented history of
change, including lowering of the lake level during construction of a ship canal
as a new outlet in 1916. This was followed by a period of human-caused
eutrophication through about 1963 with subsequent recovery in recent years
(Edmondson 1972).

TABLE 1.7 Description of a typical soil profile at Findley Lake."
Horizon
01

02
A2

Depth
(cm)

5-3
3-0

0-Il

IIB2hir

11-31

1131

31-53

1VB32

53-100

IVC

> I 00

Description

Partially decomposed conifer needles and broken twigs
Well-decomposed and humified organic matter
Gray sandy clay loam; weakly structured, very friable, clear
irregular boundary, plentiful roots, Mt. St. Helens volcanic ash; pH
4.3
Dark yellowish-brown coarse sandy loam, weakly structured, very
friable, abrupt broken boundary, plentiful roots, Mazama volcanic

ash; pH 4.7
Dark yellowish-brown very gravelly clay loam, moderate structure,
clear wavy boundary, few roots, Mazama volcanic ash; pH 4.8
>90 percent coarse (>5 cm in diameter) fragments mostly of
broken andesite rocks, rock fragments coated with both organic and
clayey material; pH 4.6
Fragmented andesite; gravelly in the upper 5 cm, becoming
bouldery below

Adapted from tJgolini et al. 1977.

TABLE 1.8

Lake
Findley

Chester
Morse
Sammamish
Washington

Physical characteristics

of

lakes Findley, Chester Morse, Sammamish, and Washington.

Euphotic
zone Lake
Maximum Mean
area Volume
depth depth
depth
(ha)
(mi)
(m)
(m)
(m)
27

7.8

27.0

35

19.0

14.0

32
65

17.7

7.3
10.0

33.0

12

8.620'

Ice
Turnover
cover
(per
duration
yr)
(mo)

7.0

7-9

681 1.35.108

0.4

0-1

3.5.108

1.8

0

4.910

0.3

0

1980
8760

Annual
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Other Sites
Although limited data were obtained from other regions in the biome, these
data have been used to compare the structure and function of coniferous forest
ecosystems across the biome with those of the intensive sites. To provide the
geographic dimension, research projects were carried out as part of the coordinating sites (Figure 1.2) and environmental grid programs. These activities are

indicated in Table 1.2.

HIGHLIGHTS OF THE CONIFEROUS FOREST BIOME
RESEARCH PROGRAM
Broad-scale ecological questions can be answered adequately only by a
multidisciplinary ecosystem approach such as that undertaken by the Coniferous Forest Biome research program. Because of this approach we now have a
better understanding of how coniferous forests in the western United States
behave in natural and managed situations. Extensive use was made of conceptual and mathematical models to structure and direct the research toward specific goals.
Most of our efforts were concentrated on investigating three questions:
Why do coniferous species dominate in the western United States? How is
forest productivity related to the physical environment, particularly climate and
soil nutrients? What impact do forest management practices such as clearcutting have on these coniferous forests, especially with respect to nutrient losses
and effects on aquatic ecosystems? These questions are discussed below.

Dominance of Coniferous Species
in the Western United States
The forests in the western United States, particularly along the Pacific
coast, are unique among the temperate forests of the world. These evergreen
coniferous forests contrast sharply with the deciduous hardwood forests that
dominate elsewhere in the North Temperate Zone (Waring and Franklin 1979).
The few hardwoods in these forests typically are pioneer species slowly replaced by conifers or occupy environmentally marginal habitats such as lakeshore or streambanks.
We believe that the dominance of coniferous species is due to past climatic
events, including glaciation, periods of dryness, and changes in the annual
distribution of heat. Certain structural features of western conifers have enabled them to compete well against hardwoods.
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Western Conifers

Structural features of conifers, such as evergreen habit, needleshaped
leaves, large leaf areas, conical crowns, massiveness, and the ability to grow to
great ages are all advantageous in the western United States. Western conifers

seem well suited to the present climate where summer drought and winter
rainfall dominate. They seem to do well in stressful environments, particularly
where fire is important. Fire frequencies, however, are low in coastal forests.
Adaptations to temperature, light, moisture, wind, and nutrients are apparent.
The evergreen habit is well adapted to conditions in the biome. Conifers can
assimilate over a broad temperature range. Since winter temperatures are mild
(above freezing daytime temperatures are not uncommon even in montane
environments) photosynthesis can proceed year-round. In fact, as much as half
the annual net carbon assimilation by lowland Douglas-fir may occur between
October and May. This period is entirely lost to deciduous hardwoods. Long
conical crowns further assist by intercepting a great amount of radiation during
low winter sun angles.
Favorable winter moisture in the biome allows conifer photosynthesis to
proceed, but dry summer conditions constrain it. Stomata are forced to close to
reduce water loss by transpiration and at the same time CO2 uptake is reduced.
Stomatal closure is induced both by low soil moisture and high evaporative
demand. Dry summer conditons, however, are even more eefavorable for
deciduous hardwoods since this is their growing season.
The water storage capacity of the large volume of sapwood possessed by
many western conifers tends to lessen the effect of dry surnmers It is a significant buffer against transpiration extremes and may partially recharge after
summer rain. Large leaf areas also help the summer water balance since they
serve as condensing surfaces for fog or dew.
It is likely that the general lack of hurricane-strength winds, except close to
the coast or on ridgetops, allows conifers to grow to large sizes and ages. Many
of the twenty-five coniferous species in the Pacific Northwest are extremely
long-lived. For example, Douglas-fir can live to 1000 years and giant redwood
may live for over 3800 years. The oldest living plant, a bristleconepine (Pinus
aristata), is 4600 years old. In addition, in coastal areas insect epidemics are
rare, heart rots act slowly, and fire frequency is low.
Conifers generally have lower nutrient requirements and use nutrients,
particularly nitrogen, more efficiently than hardwoods. The reduction of annual nutrient requirements through foliage retention is an obvious advantage for
conifers, particularly on low-nitrogen soils. Also decomposition and nutrient

release are low during the summer in the biome and it is at this time that
hardwood nutrient demand is high. Therefore, it is not surprising that one of the
most widespread deciduous species in the biome, red alder, is a nitrogen fixer.

\\
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The dominance of evergreen conifers in western United States forests
appears to be an evolutionary response to a climate with warm, dry summers
and cool, wet winters. These forests are well adapted to such an environment.
The adaptation is extremely successful; they are among the most productive
forests in the world.
Determination of plant productivity and of the factors influencing it was
one of the major objectives of the International Biological Program. Biome
scientists now have considerably better estimates of the productivity of western
coniferous forests. Certainly a large amount of information now exists for
Douglas-fir forests as discussed below.

Forest Productivity in the Biome and
the Factors Influencing It
Biomass Accumulation and Productivity
of Conifers in the Biome

Biomass accumulations in old-growth coastal forests of the biome are
huge. For example, estimates of total standing biomass excluding roots may be
as high as 1700 t/ha for Douglas-fir and noble fir. Maximum values for coastal
redwood are about twice that for Douglas-fir (3500 t/ha). These values greatly

exceed accepted norms for temperate forests. Maximum reported values for
temperate deciduous, temperate evergreen hardwood, and tropical forests in
contrast are 422, 575, and 415 t/ha, respectively (Art and Marks 1971).
Annual above-ground net primary production ranges from 5.7 to 13.1 t/ha
for Douglas-fir, with maximum rates in young stands. Higher annual aboveground rates have been recorded for western hemlock (32.2 t/ha) and red alder
(26 t/ha). The major factors influencing this productivity are leaf surface area,
rates of canopy closure, and moisture and nutrient regimes.

Factors Influencing Productivity
Leaf surface area. Accumulations of biomass result from carbon fixation
in the photosynthetic process in the tree canopy. The amount of photosynthesis
occurring in an ecosystem is related to the amount of leaf surface area exposed

to sunlight. Other things being equal, the more leaf area an ecosystem can
maintain, the more photosynthesis it can carry on. Clearly, then, the leaf area of
a stand is an important factor determining its productivity (Grier et al. 1979).
Sites capable of supporting large leaf areas are in general more productive than

those supporting smaller leaf areas.
The maximum leaf area of a stand is related to a number of factors. Among
these are climate, soil nutrition, and species. Typically, as trees in a developing
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stand get larger, the leaf area increases until it reaches a plateau at canopy
closure. Peak production of a stand occurs at canopy closure.
The major factor influencing maximum leaf area appears to be the site
water balance. A summer dry period in the Pacific Northwest is common and
this period coincides with the growing season. This means that water required
by forests for growth and survival through the summer is provided mainly by
water stored in the soil at the beginning of the growing season. Normal growth
of a stand in the early growing season causes leaf area to overshoot levels the

climate can support. As soil water levels become low later in the growing
season, trees react by closing their stomata; this halts photosynthesis but does
not stop other necessary life processes of individual trees. The life processes
are sustained by photosynthate reserves stored in the trees. If the reserves of a
tree are exhausted the tree dies, lowering the total stand's leaf area. Weaker
trees have smaller reserves; thus they are more likely to die than the dominant
trees in a stand. This is one of the reasons for a continuing decline in stand
density with increasing tree size. Growing trees are continuously putting pres-

sure on an essentially fixed resource. Other factors also having a potential
influence on maximum leaf area are winter water balance, gross nutrient deficits or imbalance, and mechanical damage by wind or snow.
Rate of canopy closure. The rate at which the canopy closes also influences forest productivity. Our studies have shown that the rate at which a forest

canopy closes on a given site is related to three primary factors: (1) initial
stocking density; (2) soil nutrient status; and (3) competition from brushy and
herbaceous species. The influence of brush competition on tree growth is
obviousseedling growth is suppressed by heavy competition for light, water,
and nutrients.
In some parts of the Pacific Northwest, reliable stand regeneration is
virtually impossible without pre- or postplanting herbicide treatment. The influence of initial stocking density on canopy closure rate is relatively straightforward. In a stand with low initial stocking each individual tree contributes a
relatively large proportion of a total crown. The time required for each tree to
develop its proportion of the total canopy is greater than in a dense stand where
much less growth is required before between-tree competition begins.

Nutrition. Nutrition is another important factor influencing the rate of
canopy closure and, at least over the short term, leaf area. The foliage of a tree
contains large amounts of nutrients. For a stand to reach maximum productivity

it must take up enough of the various nutrients required to develop a full
canopy. Time is required for a canopy to develop. Some of the nutrients
required to grow new foliage and increase the canopy each year are supplied by
the soil; the remainder are translocated to the new foliage from older parts of the

tree. If nutrients are only sparingly available from the soil, then the amount
translocated from older tissues is large; if nutrients are readily available then
translocation is small. Thus translocation serves to conserve within the tree
nutrients that are in short supply.
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In spite of translocation, if nutrients such as nitrogen are in short supply,
the amount of new foliage that can be produced each year is less than could be
produced if nutrients were more available. Hence the rate at which a full canopy
can develop is in many cases limited by the rate at which nutrients are made
available to the trees.
Probably the most important single factor in the mineral nutrition of forests
is the availability of nutrients. This subject was one of the major areas of biome
research. Many forests have large amounts of the various plant nutrients present

but, because they are not in the proper chemical formthat is, generally
ionicthey are not available to the trees.
Nutrients must be mineralized before they can be taken up and mineraliza-

tion can be influenced by a number of factors. Some of the more important
results of our research concerned the influence of litter quality on decomposition and nutrient mineralization. Forests produce a variety of different kinds of
litter ranging from tree needles to whole logs. Biome researchers have shown
substantial uptake and immobilization of nitrogen by decomposers inhabiting
woody material such as branches and fallen logs. These observations imply that
addition of woody residues to a forest ecosystem by precommercial thinning or
a harvest operation could serve to reduce the availability of nutrients while the

material is decomposing. This could serve both to reduce nutrient losses by
leaching and reduce nutrient availability for residual trees or seedlings. In fact,
undisturbed coniferous forests are strongly conservative of nutrients that are
present in limited amounts, such as nitrogen.
Biome scientists have demonstrated that the native forests in the biome are
well adapted to a climate where summer drought dominates and nutrients,
particularly nitrogen, are in poor supply. Despite these apparent handicaps they
are still among the most productive forests in the world. Many of the original
old-growth forests, however, have been removed as a result of forest management and converted to young-growth plantations with rotation ages of sixty to
eighty years. Forests in the biome have changed drastically in the last fifty years
and the nature of this change was investigated by biome researchers. Particular

attention was paid to clearcutting and its impacts as discussed below.

Impact of Forest Management Practices on
Western Coniferous Forests
Man was quick to realize the economic value of forests in the western
coniferous biome, particularly the coastal forests, and cutting large areas of
old-growth forests for lumber and pulp has been widely practiced since before the
turn of the century. Clearcutting is now viewed as a routine forest management
tool, especially in coastal Douglas-fir, western hemlock, and redwood forests. It is

not the only forest management tool used, but the others, such as fertilization,
thinning, and the exclusion of fire, have not created the public outcries that
clearcutting has invoked. Hence only cleaitutting is discussed here.
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Although clearcutting and the conversion of old-growth stands to rapidly

growing young-growth stands has been practiced for over seventy years
throughout the biome, we have only recently begun to assess its impact. An
opportunity to examine the impact of clearcutting an old-growth Douglas-fir
ecosystem arose in the Coniferous Forest Biome program with the cutting of
trees in watershed 10 adjacent to the H. J. Andrews Experimental Forest in the
summer of 1975. Changes in forest structure, nutrient losses, productivity, and
aquatic ecosystems were examined.

Changes in Forest Structure
One of the major impacts of clearcutting is the change in the structure of
forests. Resulting young-growth stands are distinctly different from old-growth
stands. There is less diversity in both animal and plant species in young-growth
stands, although annual productivity is higher. Establishment of artificial plantations tends to reduce diversity further since they generally contain one tree
species such as Douglas-fir.

Old-growth forests have greater variations in tree sizes. Canopies are
usually multilayered and patchiness occurs in the understory. Three structural
components of old-growth forests are of major ecological importance: living
old-growth trees, standing dead trees (snags), and large logs on the forest floor.
Standing dead trees form important ecological compartments, particularly for
birds, and logs on the forest floor represent large pools of nutrients and organic
matter. They also provide sites for seedling regeneration, bacterial nitrogen
fixation, and wildlife. Furthermore they assist in preventing erosion. For example, large woody debris in streams stabilizes streambeds and banks, and
influences sediment routing and the distribution of aquatic habitats.

Changes in Forest Function and Productivily
Clearcutting has changed the structure of forests in the coniferous forest
biome, but how has it affected their functioning? It has been proposed that
clearcutting increases nutrient losses from forests because of increased decomposition, nitrification, runoff, and erosion. Erosion in particular is greatly
aggravated by road construction associated with log removal.
Increased nutrient losses potentially reduce forest productivity and many
people have proposed that clearcutting be ceased for this reason. Others believe
wildlife habitats are destroyed, although certain animals such as deer and elk

may thrive in clearcuts as long as they can gain shelter in adjacent forested
areas. Although it is still too early to make a final assessment of the effect of
clearcutting of watershed lOon nutrient losses, nitrate losses to the stream were

not dramatically increased after clearcutting. The maintenance of a zone of
streamside vegetation was extremely important in preventing nitrate losses.
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Assessments of the effects on forest productivity are not yet available and will

take many more years. If nutrient losses are not great, however, it may be
anticipated that clearcutting by itself will have little impact on productivity.
The impact of whole tree harvesting and short rotations may have additional
effects.

Impact on Streams

Clearcutting also has an impact on streams. Fish productivity may be
affected positively or negatively. For example, trout production may increase

because of higher stream temperatures and nutrient levels, resulting in an
increase in algae and insects, which act as food sources for fish. On the other
hand, torrents may remove debris dams and destroy spawning sites, and the
increased turbidity will adversely affect fish production. Careless clearcutting
can result in erosion, nutrient losses, stream degradation, and potential loss of
forest productivity; however, many of the negative aspects can be minimized if
clearcutting is carried out carefully.

MANAGEMENT IMPLICATIONS OF THE
CONIFEROUS FOREST BIOME PROGRAM
It is difficult to deal completely with the full range of potential management implications of a program as large and complex as the Coniferous Forest
Biome. Some of the contributions are indirect. Problem-solving methods and
analytical tools such as modeling developed by biome scientists are now being
incorporated into the training of foresters and many have been exposed to the
concept of ecosystem analysis.

Direct contributions of biome research to understanding the functioning of forests have been far ranging. For example, we now know how strongly
forests influence streams and lakes and the stability of the physical landscape.
Other studies have clarified the processes involved in regulating nutrient availability, and we have a clearer understanding of the processes responsible for
forest growth and development and how forest management influences growth.
Studies of forest productivity point the way for the development of a more
accurate classification of the production potential of forest sites and the ability
to predict growth response to various thinning regimes. Management practices

that hasten canopy closure also may hasten the point during the rotation at
which maximum productivity is achieved.
Research in forest nutrition has yielded a clearer understanding of the
relation between growth and nutrition. Further research in this area could easily
result in: (1) the ability to predict growth response to fertilizer applications; or
(2) development of management techniques that can increase nutrient availabil-

ity without the need for fertilization.
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As research results are directly applied to the solving of silvicultural problems, new methods of assessing site potential and forest growth will probably
emerge. The forester of the future will likely be as familiar with the meaning of
plant and soil analysis as agronomists are today.
Results from the Coniferous Forest Biome program have provided further
insight into the changing nature of western coniferous forests and the impact of
man. The program established the use of ecosystem analysis as a means of

studying coniferous forests. The approach is now firmly established and it
should help in the development of sensible land-use management schemes.
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