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Productivity of Western
Coniferous Forests
J. N. Long

INTRODUCTION

A unique attribute of forests, in contrast with other types of plant com-
munities, is their striking accumulation of biomass. Among the forest types of
the world none is more massive than the old-growth coniferous forest of the
middle latitudes of western North America (Franklin and Dyrness 1973; Kim
1975; Westman and Whittaker 1975; Fujimori 1977).

The productivity of forest ecosystems worldwide is extremely variable
(Kim 1975; Shidei and Kim 1977), but with the exception of the humid tropics,
nowhere are found forests more productive than in western Oregon and Wash-
ington (Fujimori 1971a; Zavitkovski and Stevens 1972; Grier 1978).

Investigation of the production, accumulation, and distribution of organic
matter in these forest ecosystems was a principal pursuit of the Coniferous
Forest Biome. While tissue-level study of production-related processes in for-
est ecosystems has definite value (Chapter 6), it is difficult, if not impossible,
to extrapolate such studies to whole trees and stands (Assmann 1970). The
understanding of stand productivity and biomass distribution provides an excel-
lent framework for studies of ecosystem-level functions such as water relations
(Chapter 6), and nutrient cycling (Chapter 7).

Most of the work on primary production was conducted within Douglas-
fir-dominated ecosystems. This widespread species is both ecologically and
economically important in the region; it also dominates all but a small part of
the Thompson and H. J. Andrews research sites. The studies have for the most
part involved destructive sampling and extensive use of allometric correlations
(Newbould 1967); inferences concerning changes in productivity and biomass
distribution associated with ecosystem development are based on comparisons
of different aged stands.

The purpose of this chapter is: (1) to discuss changes in the distribution of
organic matter within developing Douglas-fir ecosystems; (2) to indicate trends
in production-related processes (such as gross and net primary productivity,
respiration) within the same forests; and (3) to discuss ways in which these
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processes may differ in other types of forest ecosystems. The first part of the
chapter, dealing with the accumulation and distribution of organic matter, is
divided into sections on the crown, bole, understory, forest floor, and below-
ground components of developing Douglas-fir stands.

DEVELOPMENT OF INDIVIDUAL CROWNS AND
STAND CANOPIES

Knowledge of crown structure is a prerequisite for detailed ecosystem-
level studies related to productivity, microclimatology, and nutrient and or-
ganic matter cycling. Crown structure has, for example, been shown to be an
important determinant of the photosynthetic productivity of plant canopies
(Chapter 6; Monsi et al. 1973). Knowledge derived from such studies provides
a link between investigations of stand structure and process-related studies of
assimilation and water relations. For example, estimates of foliar distribution in
tree crowns are necessary for extrapolation of gas exchange data (Stephens
1969; Kinerson and Fritschen 1971; Walker et al. 1972); however, extrapola-
tion is difficult because of the complexity of canopy structure, arising from both
spatial and temporal variations. Without detailed information on these varia-
tions, extrapolation of gas-exchange data can be the source of substantial error
in estimates of stand primary production (Newbould 1967).

Crown Development

The development of foliar biomass and surface area for many tree species
has been shown to be exponentially related to diameter at breast height (dbh)
(for example, Assmann 1970; Kira and Shidei 1967). This allometric relation-
ship and the bias introduced by the use of the logarithmic transformation have
been the subject of considerable work (Madgwick 1970; Baskerville 1972;
Beauchamp and Olson 1973; Mountford and Bunce 1973). The relation be-
tween crown weight (foliage and branches) and dbh for Douglas-fir is shown in
Figure 5.1.

It has been suggested (Kim and Shidei 1967) that under some circum-
stances the allometric correlation between diameter and crown weight for a
particular species may differ from that which is normal for the species. An
example of such a change is the overestimation of foliar biomass for trees with
large diameters, for example, greater than 50 cm dbh (Kim and Shidei 1967). It
has been shown by Grier and Waring (1974) that for several species of conifers,
including Douglas-fir, sapwood cross-sectional area at breast height is a better
predictor of foliar biomass than is total basal area, particularly for large trees.
The ratio of sapwood cross-sectional area to total area tends to decrease with
tree size. The relation between foliage and the water-conducting tissue of the
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FIGURE 5.1 Douglas-fir crown and bole weights as a fisnction of breast
height diameter (based on equations from Grier and Logan 1977).

sapwood may provide support for an explanation of stem form based on physi-
ology (Larson 1963; Shinozaki et al. 1964; Assmann 1970; Hinckley et al.
1978).

Distribution of Biomass Within the
Crowns of Individual Trees

The distribution of biomass within the crowns of trees has important mor-
phological, ecological, and silvicultural implications. The relation between
canopy structure and photosynthesis has been reviewed by Monsi et al. (1973).
Much of the forestry literature concerning the relation between crown structure
and productivity of forest trees has been synthesized by Assmann (1970).
Information concerning the crown structure of Douglas-fir has been incorpo-
rated into a stand growth model (Mitchell 1975).

A detailed treatment of crown dynamics is, of course, dependent on an
understanding of patterns of individual branch growth. For example, the exten-
sion of primary branch internodes is, for Douglas-fir, highly dependent on the
position of the branch within the crown of the tree such that internode length
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decreases with increasing internode number from the bole. While the pattern of
internode extension with increasing branch age is similar for the trees on
different sites, internode lengths are in general much greater on more produc-
tive sites.

The regular pattern of branch extension (that is, the sum of successive
branch primary internodes) results in a predictable relation between branch age
and total length for trees on a given site. This relation has been used for the
prediction of crown structure necessary for modeling of tree growth and stand
development (Mitchell 1975). The prediction of crown shape from branch
lengths, however, is based on the simplifying assumption that branches develop
perpendicular to the bole of the tree and remain horizontal for their entire
length. For at least several species of conifers this is not the case (Stiehl 1969;
Jensen 1976). The departure of individual branches from a horizontal orienta-
tion can, in fact, be considerable. The pattern for Douglas-fir is one of the
decreasing branch angle, from the top of the crown, and increasing weight to a
point near the base of the live crown. Beneath this point the branches again
demonstrate an upward sweep. Branches that depart from the horizontal, either
by virtue of their orientation with the bole or by curvature, result in a somewhat
reduced crown profile compared with horizontal branches of similar length.
The orientation of the branches with respect to the horizontal can be explained
in large part on the basis of the distribution of foliar biomass (Jensen 1976). In
general, the center of mass for the foliage moves outward on individual
branches as they age (Figure 5.2). It is possible, by combining the distribution
of foliage along individual branches, to approximate the overall distribution of
foliage within the tree crown (Figure 5.3). The contours, representing percent-
age of maximum foliar weight, indicate that above whorl 11 foliage is concen-
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FIGURE 5.2 Distribution of foliar biomass on individual branches of a
codominant Douglas-fir (Jensen 1976). Whorl number equals branch age.
Dashed lines = whorls 4 (left) and 14 fright), solid lines = whorls 6 (left) and
17 fright); dot-and-dashed lines = whorls 8 (left) and 22 fright).
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FIGURE 5.3 Relative distribution offoliar weight within the crown of a
codominant Douglas-fir (Jensen 1976); contour intervals represent 10 percent
of maximum foliar weight.

trated near the ends of individual branches. For example, the peak in foliage
weight for a branch at whorl 8 is about 1.0 m from the bole. For a branch at
whorl 4 the peak is about 0.5 m from the bole. Thus foliage tends to be
distributed farther from the bole with increasing distance from the top of the
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tree. Such an arrangement tends to minimize self-shading and maximize photo-
synthetic efficiency (Chapter 6; Monsi et al. 1973). In contrast, there appears
to be a great deal of "stacking" of foliage below whorl 11, an arrangement of
foliage that undoubtedly increases self-shading of these needles and decreases
productivity in that part of the crown.

It has been observed that maximum radial increment along the upper stem
of a conifer often occurs at a point above the base of the live crown (Chapter 6;
Duff and Nolan 1957; Larson 1963; Dobbs 1966). There are within the crowns,
and even within individual branches of Douglas-fir, zones corresponding to
different levels of photosynthetic efficiency (Woodman 1968; Kinerson 1971;
Leverenz 1974). Not surprisingly, this efficiency decreases from the top of the
tree to the base of the live crown. The height, therefore, of the maximum
"effective" foliar biomass is not necessarily coincident with the position of the
maximum in foliar biomass (Woodman 1968; Kinerson 1971). It has been
suggested that the position of maximum radial increment may correspond to the
height of the maximum "effective" foliar biomass (Larson 1963; Assmann
1970).

The relation between twig and foliage weights at different heights within
the crowns of codominant Douglas-fir (Dice 1970; Jensen 1976) suggests a
possible structural link between the distribution of foliage and radial increment
along the bole. In the upper portion of the crown, dry weights of foliage and
woody branch material are approximately equal (Figure 5.4). Lower in the
crown the values diverge, with the weight of woody material increasing more
rapidly than the foliage. As can be seen in Figure 5.4, the area of maximum ring
width along the bole coincides with the divergence of foliage and twig weights.

The age structure and population dynamics of a tree's needle complement
are important in the context of foliar efficiency, nutrient cycling, and crown
morphology. Younger age classes of foliage tend to have a higher photosyn-
thetic efficiency (Woodman 1968; Leverenz 1974), and models of needle litter
production involve assumptions about the age-class distribution of living nee-
dles (Gessel and Turner 1976; Tadaki 1977). The woody material of branches is
the supportive tissue of foliage. Older and larger branches are less efficient than
younger, smaller branches on the basis of foliage-to-twig weight ratios (Figure
5.4); it seems likely that the maintenance costs associated with large branches
in the lower portions of the crown are higher per unit of supported foliage than
for smaller branches in the upper crown (Assmann 1970; Jensen 1976).

The age structure of needles within the crowns of Douglas-fir suggests a
fairly regular loss of needles across age classes. Silver (1962), working with
eight- to ten-year-old Douglas-fir, found the youngest age class of foliage
typically accounted for about 23 to 25 percent of the total; the next age class
accounted for somewhat less, and so on. Jensen (1976), working with a large
codominant tree, found almost exactly the same pattern (Figure 5.5). He found
in addition, however, that the age structure of the branch internodes is very
similar to that of the foliage (Figure 5.5).

It is apparent from the age-class distributions of needles and internodes
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FIGURE 5.4 Distribution of stem radial increment and crown
biomass in a codominant Douglas-fir (Jensen 1976). Dashed line
= twig biomass, solid line = foliage biornass.

(Figure 5.5) that the reduction in older needles results, for the most part, from
the death of older internodes. Much of this internode mortality results in turn
from the death of both short-lived internodal branches and relatively old
branches at the bottom of the crown (Jensen 1976). Within the crown of the tree
studied by Jensen significant needle loss from living internodes did not occur
until individual internodes and their needles were between five and six years of
age.

These data appear to lend support to the concept that the crowns of
Douglas-fir may attain a state of dynamic equilibrium in terms of their inter-
node and foliage age-class distributions. Because of its high proportion of one-
and two-year-old foliage (approximately 45 percent of total), this particular age
distribution is more efficient than one in which older needles are relatively
more abundant. The similarity between the foliar age distribution of the eight-
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FIGURE 5.5 Age-class distributions for needles and internodes in the crown
ofa codominant Douglas-fir (Jensen 1976). Solid line = needles, dashed line
= internodes.

to ten-year-old trees of Silver (1962) and the thirty-seven-year-old tree of
Jensen (1976) and the 53-year-old trees of Kay (1978) may indicate that equilib-
rium of age structure is achieved early in crown development and maintained at
least through the stage of canopy closure. In comparison, Pike et al. (1977)
found that only about 37 percent of the foliage of a 400-year-old Douglas-fir
was one and two years old. They pointed out, however, that this figure is
probably an underestimate, since their sample did not include the top several
meters of the crown.

Canopy Development

The structural development of forest canopies is a function of the develop-
ment of many individual trees. Not all trees, of course, develop in the same
way. Inter- and intraspecific competition within developing forest communities
results in the differentiation of crown classes, which in turn are differentially
susceptible to mortality. Crown differentiation is one attribute of vigorous,
even-aged forests (Assmann 1970). All of the trees, typically representing a
number of different crown classes, together compose the overstory forest can-
opy.

A number of investigations, primarily within the last decade, dealing with
the accumulation of organic matter in forests, have led to the suggestion of an
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equilibrium or steady state in overstory foliar biomass. Mar:MØller (1947)
attributed this suggested upper limit of foliar biomass to the full "occupancy"
of the site by the stand. This condition was obtained only following canopy
closure. Tadaki et al. (1970) suggest that the timing of canopy closure and thus
the timing of a peak or equilibrium in foliar biomass may be related to initial
stand density.

The ecological implications of an equilibrium in overstory foliar biomass
are considerable. For example, such an equilibrium may be associated with an
equilibrium in gross primary production for the stand; this, along with the
continued accumulation of respiring biomass, may result in a decline in net
primary production. In addition, achievement of an equilibrium in overstory
foliage may signal a change in patterns of nutrient cycling by the developing
ecosystem to patterns characteristic of mature forests (Chapter 7; Marks and
Bormann 1972; Turner 1975; Vitousek and Reiners 1975; Vitousek 1977). The
subcanopy environment of a stand's subordinate vegetation must also be influ-
enced by the presence of a relatively constant amount of overstory foliage.

The development of an equilibrium level of overstory foliar biomass (Fig-
ure 5.6) has been demonstrated for low-site-quality (Ill-TV) Douglas-fir stands
(Turner and Long 1975). The accumulation of foliar biomass is primarily a
function of age but may be rapid or slow depending on initial stand density
(Tadaki et al. 1970; Long and Turner 1975). The fact that high initial densities
accelerate stand development for such parameters as basal area and volume has
been recognized for many years (Assmann 1970); high density also appears to
affect such parameters as canopy closure, foliar biomass and, indirectly, under-
story weight and succession (Long and Turner 1975).

The data used in the analysis of foliar equilibrium represented by Figure
5.6 are from low-site-quality stands, all of which are less than 75 years old. The
status of the canopy beyond this stage is important; unfortunately, few compar-
ison data are available from older stands. Data from a 450-year-old stand
located in the H. J. Andrews Experimental Forest provide some basis for
speculation on the maintenance of foliar biomass in old-growth Douglas-fir.
Gner et al. (1974) report that this stand, on a relatively low-quality site,
supported an overstory foliar biomass of 8906 kg/ha. It may be argued that this
comparatively low figure illustrates a stage of decline in foliar biomass from a
previously higher equilibrium level. Alternatively, if the foliage of the subordi-
nate vegetation, which includes trees up to 15 cm dbh, is included as a compo-
nent of the overstory foliage, the total is 10,510 kg/ha. Thus it might be argued
that this stand has maintained a relatively constant foliar biomass by virtue of
ingrowth during the stage of overstory deterioration.

It is interesting to speculate on the environmental or physiological factors
that might affect an equilibrium in foliar biomass. It is apparent, for example,
that there are different upper limits for different species, and much of this
variation is attributable to differences in life form and climate (Gholz et al.
1976; Tadaki 1977). Intuitively, it seems as if upper limits of foliar biomass
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FIGURE 5.6 Douglas -fir foliar biomass as a function of stand density and
age (after Turner and Long 1975). Data are from stands ofsimilar site qual-
ity.

should vary among sites; however, investigations of the foliar carrying capac-
ity of different sites for a given species are limited and conflicting (Mar:MØller
1947; Doucet et al. 1976).

Environmental factors that may affect an equilibrium level include light,
nutrient, and moisture regimes. Equilibrium levels of foliar biomass found for
several coniferous forest biome species include: western hemlock 21 ,000 kg!
ha (Fujimori 197 la); Pacific silver fir 18 ,000 kg/ha (Turner and Singer 1976;
Fujimori et al. 1976); and Douglas-fir 11 ,000 kg/ha (Turner and Long 1975).
The differences between species may reflect a light-limited upper limit to foliar
biomass; western hemlock is perhaps slightly more tolerant than is Pacific
silver fir (Hodges and Scott 1968; Thornburgh 1969), while Douglas-fir is
relatively intolerant (Fowells 1965). It has been observed (Kajihara 1977) for
plantations of Cryptomeria japonica that the crown surface area exposed to
sunlight reaches an equilibrium at the same time as foliar biomass.
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Nutrient deficiencies in an ecosystem may also act to limit the accumula-
tion of foliage (Chapter 7). While some investigations have shown foliar bio-
mass to be independent of or inversely proportional to site quality, many have
shown a positive relationship between these two parameters (Doucet et al.
1976). For example, Heilman (1961) has shown a positive correlation between
site quality, foliage, and total crown weight for Douglas-fir. An argument for
nutrient-limited foliar biomass is provided by the fact that nitrogen fertilization
often results in increased foliage weights (Heilman and Gessel 1963). The
increase in weight is a function of the increase in size of individual needles as
well as longer rentention of older needles (Gessel and Turner 1976; Turner and
Olson 1976). While data of more than several years' duration are few, there is
some indication that the increase in stand foliar biomass associated with fertil-
ization may be short-lived, with a return to pretreatment levels occurring in
several years (Gessel and Turner 1976).

Moisture is a third factor that may be important in limiting an ecosystem's
overstory foliar biomass. For example, there appears to be a strong relation
between the total leaf area supported by a coniferous forest community and the
water balance of the community (Grier and Running 1797). Leaf area is, of
course, strongly related to foliar biomass. It is suggested, therefore, that avail-
able soil moisture and evaporative demand may be important determinants of
maximum foliar biomass.

STEM DEVELOPMENT

Figure 5.7 illustrates a possible pattern of bole (stemwood plus bark)
biomass accumulation with time for relatively low-site-quality Douglas-fir
stands. The weight o,f the boles in the stands appears to increase rapidly for
approximately 130 to 150 years, at which time a leveling off occurs. This high
level of biomass can be maintained for at least 400 to 500 years. Eventually
increasing mortality in the stand begins to offset stemwood increment of the
remaining trees such that total bole biomass may decline (Grier and Logan
1977). It is especially noteworthy that much of this striking accumulation of
stemwood is associated with a relatively constant amount of foliar biomass.

UNDERSTORY DEVELOPMENT

The development of the overstory canopy in these Douglas-fir-dominated
ecosystems is associated with drastic changes in understory composition and
structure (Long and Turner 1975). The most dynamic period in the develop-
ment of the understory is that stage of stand development prior to and immedi-
ately following canopy closure. In the first several years following stand initia-
tion the understory is characterized by high levels of diversity (Figure 5.8),
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FIGURE 5.7 Bole weight as a function of age in low-site
Douglas-fir stands. I = Turner and Long (1975); Li = C. C.
Grier (pers. comm.); 0 = Grier and Logan (1977).
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FIGURE 5.8 Plant species diversity in a series of different-aged
Douglas-fir stands (after Long 1977).
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rapid species replacement, and relatively low aboveground biomass (Figure
5.9; Long 1977; Long and Turner 1975; Dyrness 1973; Shugart and Hett
1973). Composition of the understory includes many "residual" species char-
acteristic of mature forests (Mueller-Dombois 1965) as well as "opportunis-
tic" species adapted to recently disturbed habitats (Dyrness 1973). High diver-
sity results from a combination of species richness (that is, many different
species) and the absence of strong dominance by any single species (Long
1977).

As low-site-quality Douglas-fir stands continue to grow, another stage of
stand development is characterized by a rapid increase in the aboveground
biomass of the ericaceous shrub Gaultheria shallon (Pursh). The increase in
Gaultheria biomass may be attributable to the creation of a more favorable
environment beneath the still open canopy of the developing overstory (Swank
1972). It is undoubtedly due also in part to the strong vegetative growth of this
rhizomatous species (Sabhasri 1961).

As the overstory canopy closes, Gaultheria biomass declines. The declin-
ing Gaultheria biomass results in a reduction of total aboveground understory
biomass but is associated with an increase in the understory biomass contrib-
uted by those species other than Gaultheria (Long and Turner 1975). Various
species of moss in particular become increasingly important in the understory
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FIGURE 5.9 The development of understory bio-
mass with time for naturally regenerated stands of

Douglas-fir (Long and Turner 1975).
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of the developing stand. For example, Long and Turner (1975) found mosses
contributing less than 1 percent of aboveground understory biomass immedi-
ately prior to canopy closure, but nearly 60 percent following canopy closure.
The increase in the importance of mosses reflects an absolute increase in moss
biomass of about 600 percent, as well as a relative increase associated with the
decline in Gaultheria (Long and Turner 1975).

Many of the changes in understory structure are associated with canopy
closure. For example, the aboveground biomass of Gaultheria is closely corre-
lated with changes in overstory foliar biomass (Figure 5.10). Similarly,
changes in the relative importance of Gaultheria are strongly correlated with
changes in the diversity of the subordinant herbs and mosses (Figure 5.11).

Prior to and immediately following closure of the Douglas-fir overstory is
a period of rapid change in the composition and structure of the understory.
Following canopy closure, understory composition and diversity appear to
stabilize (Long and Turner 1975, Long 1977). Aboveground understory bio-
mass also appears to stabilize at between 2000 and 3000 kg/ha (Long and
Turner 1975, Grier and Logan 1977).

CHANGES IN THE RETURN OF ORGANIC MATTER
TO THE FOREST FLOOR

There are some general trends in litter production for the intensively stud-
ied Douglas-fir forests. For example, there is an increase in leaf litter produc-
tion within the developing stands up to time of canopy closure (Gessel and
Turner 1976). The equilibrium in leaf litter production is, not surprisingly,
associated with the equilibrium in overstory foliar biomass. Typically, leaf
litter produced annually represents approximately 20 percent of the foliar bio-
mass (Gessel and Turner 1976). As can be inferred from the age distribution of
needles in the crown of a Douglas-fir (Figure 5.5), the loss is not merely from
the oldest age class of needles, but rather represents losses from all age classes.

Total litter production, needles plus woody material, continues to increase
after canopy closure because of the increasing contribution of woody material
from the crowns of the trees. In the Douglas-fir stands studied by Turner and
Long (1975) at the Thompson site, the woody component of tree litter produc-
tion increased from approximately 6 percent in the twenty-two-year-old stand
to over 50 percent in the seventy-three-year-old stand. In old-growth stands the
production of woody litter may exceed 60 percent as large logs are added to the
forest floor (Grier et al. 1974, Sollins etal. 1980). A similar increase in woody
litter production has been observed in overmature stands of Alnus rubra
(Turner et al. 1976).

The return of organic matter from the understory to the forest floor changes
drastically with stand development (Turner and Long 1975). Prior to canopy
closure the contribution of the understory to total litter production may exceed
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40 percent; following canopy closure this component may decline to less than
20 percent. The organic matter returned to the forest floor by the understory
changes in character as well as amount as the species composition of the
understory changes. For example, the understory return includes increasingly
greater proportions of moss. It includes not only discrete pieces of organic
matter that fall on the surface of the forest floor but also the portion of the moss
layer that has already been partially incorporated into the forest floor (Turner
and Long 1975).

A distinct feature of these Douglas-fir ecosystems is the lack of equilibrium
in detritus (litter plus large woody matter) even after several hundred years of
stand development. Figure 5.12 illustrates the trends in accumulation of or-
ganic matter on the forest floor of several Douglas-fir stands. The weight of the
forest floor (leaf litter plus woody litter less than 15 cm in diameter) appears to
stabilize relatively early in stand development, indicating that the addition of
litter is being offset by decomposition. The continuing addition of large logs,
however, results in a nearly linear increase in total detritus. The ratio of detritus
to total aboveground organic matter increases from less than 10 percent in the
22-year-old stand at the Thompson site to over 27 percent in the 450-year-old
stand on watershed 10.

The long-term imbalance between detritus production and decomposition
and the resulting buildup of organic matter has important consequences in
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FIGURE 5.12 Detrital weight as afttnction of stand age for low-site-quality
Douglas-fir. Solid line forest floor + large woody material; dashed line =
forest floor alone; á = Grier and Logan (1977), E = Turner and Long
(1975); 0 = C. C. Grier, (pers. comm.).
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terms of nutrient cycling and fire ecology. The accumulated dead organic
matter represents an important reservoir of nutrients. Natural wildfire may
represent an important decomposing agent in temperate coniferous ecosystems
(Habeck and Mutch 1973; St. John and Rundel 1976).

ROOT BIOMASS

The physiological and structural importance of roots is unquestioned;
however, root systems of plant communities have been neglected in most
ecosystem-level studies because of the formidable problems associated with
their analysis. Data compiled by Santantonio et al. (1977) for many different
tree species demonstrate the existence of a consistent relation between root
system biomass and stem diameter (Figure 5.13). The data come from a variety
of sources and represent a wide range of methodology, environmental condi-
tions, and diameters. It is noteworthy that within-species variation may be as
great as the variation between different species of conifers and angiosperms
(Santantonio et al. 1977).

Using regression equations developed for the prediction of biomass of
roots larger than 5 mm in diameter and data from Santantonio et al. (1977) for
biomass of the smaller roots, Grier and Logan (1977) derived estimates of root
biomass for the old-growth forest on watershed 10. Total root biomass was
estimated to be 152.5 t/ha or 18 percent of the total biomass for the community.
Of this amount, 11.3 t/ha or 1 percent was estimated to be fine roots.

Several investigators have suggested that root system biomass, fine roots in
particular, may reach a more or less steady state at some early stage of stand
development (Mar:Mller 1947; Tadaki et al. 1970). Santantonio etal. (1977)
have suggested that this hypothesized equilibrium in fine root biomass may
indicate the existence of a mechanism that controls a "balance between the
physiologically most active parts of the belowground and aboveground por-
tions of older woody plants." They estimate, for example, that the old-growth
forest of watershed 10 is supporting a fine root biomass of approximately 11.3
t/ha, and is at the same time supporting a foliarbiomass of approximately 10.5
t/ha. It is possible that both figures represent equilibrium values, achieved
following canopy closure, imposed by environmental conditions and main-
tained notwithstanding drastic changes in the biomass of stems, branches, and
large roots.

STAND PRODUCTIVITY

The accumulation of organic matter in an ecosystem is a function of the
balance between the production of organic matter and its removal or decompo-
sition. Biomass is thus an integration of these processes over the entire period of
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FIGURE 5.13 Relation between biomass of root sys-
tems and tree diameter at breast height for several tree
species (after Santantonio et al. 1977).

stand development. Productivity, in the broad sense, is the rate at which or-
ganic matter is produced, Net primary productivity is the rate of accumulation
of organic matter in excess of autotrophic respiration (that is, gross primary
productivity minus autotrophic respiration). In forest production ecology, pro-
ductivity is usually estimated in kilograms per hectare per year.

The aboveground productivity of trees can be estimated as follows (New-
bould 1967):

P = P + P +

where F,, is net production, F, is aboveground production of the trees over a
one-year period, Pd is loss by death, and P, is loss by consumers (this compo-
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nent is commonly ignored). The component P, can be subdivided for measure-
ment as follows:

Pt = P1 + Pb + P.

where P1 is foliar production, Pb is branch production, and P. is stem produc-
tion. The total aboveground productivity for a stand is the sum of productivity
of the trees plus that of the understory.

Estimates of net aboveground primary productivity for seven stands at the
Thompson site are shown in Table 5.1 (Turner and Long 1975). The productiv-
ity estimates indicate the importance of the understory in relation to total stand
productivity. Within the tree component of the stand, foliar productivity is
relatively constant regardless of stand age. Generally, the higher productivities
occur in the younger stands, and the greatest total tree productivity that was
measured occurred in the lightly stocked forty-two-year-old natural stand. This
may indicate that the period of highest productivity in a stand occurs at about
the time of canopy closure, independent of age. When the ratio of foliar bio-
mass and leaf litter production is compared, it becomes obvious that there is a
rapid turnover of foliage in the twenty-two- and thirty-year-old stands, which
indicates a short period of needle retention in these younger, highly competitive
stands. There is a tapering off in tree productivity with age, which is to be
expected from past volume studies in Douglas-fir as well as in other species
(Assmann 1970).

The aboveground productivity of the understory is also greatest before
crown closure. The decline in productivity ofGaultheria, the dominant under-
story species, with stand age is associated with increasing canopy biomass
(Long and Turner 1975), and there is a similar trend for the rest of the vascular
understory. The mosses begin to increase in importance with time in both
biomass and productivity, so that at twenty-two years the mosses represent 0.4
percent of the understory aboveground production, but at seventy-three years
they represent 82 percent. The understory makes a greater contribution to stand
productivity than to accumulated biomass. For example, in the twenty-two-
year-old stand the understory provides 17 percent of total aboveground produc-
tivity and declines to 10 percent in the seventy-three-year-old stand, while the
understory is never more than 5.5 percent of the total aboveground biomass.

Using the annual productivity figure as the current annual increment of the
trees and using the standing biomass to calculate mean annual increment, it is
found that the time where current and mean annual increments are equal for
stem production is about 30 years (Figure 5.14). The estimate is a function of
stand stocking, as indicated by the forty-two-year-old sparse stand, but it can be
expected that in these relatively low-site-quality stands the productivity will
begin the decline at about the time of canopy closure.

Decline in productivity per unit of foliage with increasing structural bio-
mass (Figure 5.15) is undoubtedly due in part to the differentiation of crown
classes that accompanies stand development. The dense shade to which inter-
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TABLE 5.1 Estimates of net aboveground productivity (kg ha' yr') for low-site-quality Douglas-fir

stands.'

Tree production Understory production Moss Understory
Stand Stand age understory Stand total

no. (yr) Leaf Branch Stem Total Annuals Salal Moss Total (%) total (%)

1 22 nat. 2100 540 6130 8770 1176 806 8 1990 0.4 11560 17

2 30 nat. 3142 527 4763 8432 340 456 151 947 16 9379 10

3 30 plant.b 2097 539 4982 8618
4 42 nat. 2230 673 6392 9295 254 296 83 633 13 9928 6

5 42 plant. 2443 483 3650 6576 95 218 230 543 42 7119 7

6 49 plant. 2200 420 3300 5920 105 211 210 526 40 6446 8

7 73 nat. 2280 330 2500 5110 2 98 467 567 82 5677 tO

Turner and Long 1975.
'Natumlly established.
bPltati established.
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FIGURE 5.14 Changes in mean and current annual increment in low-site-
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mediate and suppressed trees are subjected is accompanied by reduced growth.
In addition, it has long been recognized that, in general, trees with smaller
crowns have higher rates of production per unit of ground area covered. This
decrease in efficiency of growing space occupancy with increasing crown size
has been related to a corresponding increase in nonassimilating shoots and
branches relative to foliage (Assmann 1970). It is thus possible that the declin-
ing efficiency of the larger crown classes may be in part responsible for the
peak in net primary productivity, early in stand development, of even-aged
coniferous forests.

Estimates of annual net primary production for the Douglas-fir stands at
the Thompson site ranged from a low of 5.7 t/ha to 11.6 t/ha (Cole et al. 1968;
Turner and Long 1975). Similar estimates of annual net primary production
were obtained in a study of several 450-year-old stands on watershed 10 at the
H. J. Andrews site (Grier and Logan 1977). These Douglas-fir-dominated,
old-growth stands had annual rates of between 6.3 and 10.1 t/ha. Fujimori et al.
(1976), working in a 110-year-old Douglas-fir stand of higher site quality,
obtained a net productivity estimate of 13 t . ha' yr.

For areas of similar potential productivity (that is, similar site quality), it is
possible that gross production may often be approximately equal for young and
old stands. This may follow as a direct consequence of the early attainment and
maintenance of an equilibrium in foliar and fine root biomass. It is noteworthy
that for coniferous forests foliar respiration may account for between 65 and 70
percent of total autotrophic respiration (Yoda et al. 1965; Grier and Logan
1977).

While foliar biomass and net production for different-aged stands of simi-
lar site quality may be similar following canopy closure, there are dramatic
differences in the allocation of production. In younger stands (for example, 20
to 40 years old) 70 percent or more of the net production may be accumulated as
standing biomass. On the other hand, in mature stands (for example, 450 years
old) an amount equal to or greater than net production may be actually con-
verted to detritus (Grier and Logan 1977). This relation helps to explain the
rapid accumulation of biomass in young stands and the leveling off or even
decline in biomass in old-growth stands even though gross and net production
remain relatively high.

COMPARISONS WITH OTHER ENVIRONMENTS AND
VEGETATION TYPES

Some of the patterns in production and biomass accumulation observed for
Douglas-fir ecosystems appear to parallel those found in some other coniferous
forest ecosystems. Differences do exist, of course, depending on the character
of the vegetation and its physical environment.

The most productive forest ecosystems in the middle latitudes of North
America, and perhaps the world, are included within the western hemlock



Productivity of Western Coniferous Forests 111

forests of coastal Oregon and Washington (Fujimori 197 la,b). The moderate
maritime climate is characterized by high precipitation, low evaporative de-
mand, and a general lack of temperature extremes (Walter 1973).

Fujimori (197 Ia) obtained an estimate of net primary productivity for a
young (nineteen- to thirty-two-year-old) western hemlock stand of approxi-
mately 36 t ha' yr. This exceedingly high value is comparable to the highest
estimates for the forest ecosystems of the world (Tadaki and Hatiya 1968; Kira
1975). It is noteworthy that this stand was estimated to be supporting in excess
of 21 t/ha of overstory foliar biomass. This figure is approximately double the
values typical of low-site Douglas-fir stands (Long and Turner 1975; Grier and
Logan 1977). The estimate of net primary productivity is approximately three
times larger than those for comparably aged Douglas-fir stands (Turner and
Long 1975).

Data from a series of western hemiock stands in coastal Oregon, ranging in
age from approximately 20 to 120 years, suggest a drastic decrease in produc-
tivity following canopy closure. The estimates of productivity for the older
stands are, nevertheless, relatively high comparedwith estimates for deciduous
broadleaf forests and are comparable to estimates for evergreen broadleaf for-
ests (Kira 1975). These comparisons serve to support Kim's (1975) conclusion
that, in general, evergreen forests are significantly more productive than decid-
uous ones, and in addition suggest that some coniferous forests, under appro-
priate environmental conditions, may have productivities comparable even to
evergreen broadleaf forests.

Studies of production and biomass accumulation in deciduous forests of
this conifer-dominated region are understandably limited. Nevertheless, inves-
tigations of forests of the relatively short-lived red alder (Alnus rubra Bong)
seem to indicate that even deciduous broadleaf forests of this region are unusu-
ally productive (Kira 1975).

An estimate of 22.2 t ha yr' for net aboveground productivity has been
reported for ten- to fifteen-year-old red alder forests (26 t ha" yr' for total net
productivity; Zavitkovski and Stevens 1972). Leaf and litter production were
also found to reach a maximum after about 10 years (Gessel and Turner 1974).
Foliar production in the red alder stands studied by Zavitkovski and Stevens
(1972) was found to represent approximately 25 percent of the total above-
ground production. This figure is comparable to similar estimates for other
temperate forests, for example, 19 percent for a twenty-six-year-old western
hemlock forest (Fujimori 1971a) and 23 percent for a twenty-two-year-old
Douglas-fir forest (Turner and Long 1975).

Zavitkovski and Newton (1971) found red alder litter production to be
essentially unaffected by tree height, density, or site quality. Similarly, Smith
and DeBell (1974) concluded that "stand density is at least as important as site
quality in determining yield of fully stocked red alder stands." Gessel and
Turner (1974) suggest that symbiotic nitrogen fixation may be responsible for
the apparent insensitivity of alder foliar production to differences in site quality.
For species not involved in nitrogen fixation, factors (especially those reducing
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available nitrogen) that lower site quality could be expected to reduce foliar
production (Madgwick 1970; Gessel and Turner 1974).

A rapid buildup of nitrogen during the initial stage (zero to five years) of
ecosystem development is followed by a more gradual increase as the stand
develops further (Van Cleve et at. 1971). Gessel and Turner (1974) suggest that
from about five years of age onward red alder stands return at least
80 kg ha yf (and up to 200 kg ha' yf) of nitrogen to the forest floor. In
contrast, young Douglas-fir stands may have nitrogen returns of between 7
and 22 kgha'yr.

Yield-Density Relations

Data have been presented from a number of even-aged plant communities,
including forests, suggesting the existence of a relation between the density and
mean weight (or volume) of surviving individuals (Yoda et al. 1963). The
relation can be represented in the form:

log i7 = a + b log p

where W is the mean weight of the surviving plants, b is the slope of the line,
equaling 1.5, p is density, and a is a constant, the value of which varies
depending on the species. In their analysis, Yoda et al. (1963) assume that the
plant communities are fully stocked (that is, with closed canopies), even-aged,
and monospecific. They conclude that, while site quality differences do not
affect the relation, species differences do affect the value of the slope intercept.

A geometric model is proposed by Yoda et al. (1963) to explain the 3/2
relation between mean plant weight and stand density. It is assumed that crown
shape is uniform and that the reciprocal of mean density and the mean weight
are proportional to the square and cube, respectively, of some unspecified
linear plant dimension (Ford 1975; Drew and Flewelling 1977).

Evidence has been presented suggesting that populations of two annual
species, grown in combination, may also conform to the 3/2 law (White and
Harper 1970; Bazzaz and Harper 1976). In these cases the dominant species
contribute the most to growth and the least to mortality. This differential
growth and mortality between the two species results in the maintenance of the
expected relation between average plant weight and density when the popula-
tion is considered collectively.

A plot of mean tree aboveground biomass and density for a number of
coniferous biome forests is represented in Figure 5.16. The data range from
young, exceedingly dense stands of red alder to mixed coniferous old growth
consisting of exceedingly large trees. The slope of the fitted regression line is
1.48, which is not significantly different from the hypothesized value of
1.5. These data suggest that, at least for the northern temperate forests
represented here, a general relation between density and biomass does exist.
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FIGURE 5.16 Relation between mean aboveground tree dry weight
and stand density for a variety offorest stands with closed canopies. (A)
Grier et al. (1974); (B) Fujimori et al. (1976); (C) Fujimori (1971a); (D)
Van Cleve and Viereck (1972); (E) Zavitovski and Stevens (1972); (F)
Long and Turner (1975), Turner and Long (1975); (G) Smith and DeBell
(1974); (H) Moore and Verspoor (1973); (1) Long (1976); (J) Elkington
and Jones (1974); (K) Moir (1972); (L) Swank (1960); (M) Barney and
Van Cleve (1973); (N) Weetinan and Harland (1964); (0) Klemmedson
(1976); (P) Dawson et al. (1976).
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The relation, which appears to be independent of site quality and species
differences, may have important silvicultural applications (Drew and Flewell-
ing 1979).

Leaf Area Differences

Knowledge of leaf area and its spatial distribution within a plant commu-
nity is essential for understanding of ecosystem processes such as photosyn-
thesis, transpiration, and respiration (Chapter 6; Gholz et al. 1976). The rela-
tion between leaf area and these production-related functions is intuitive in that
the surface of foliage is the principal interface across which gas exchange
occurs.

Leaf areas for the forested communities of the region are exceptionally
variable. Reported estimates range from approximately 2 m2/m2 for a western
juniper (Juniperus occidentalis) savanna of eastern Oregon (Gholz 1980) to
over 42 m2/m2 for a midelevation western hemlock/Pacific silver fir stand in the
western Cascade Mountains (Gholz et al. 1976). The latter estimate of total leaf
area, when converted to an estimate of projected leaf area, becomes approxi-
mately 18.6 m2/m2 for the hemlock/fir forest. These figures are near the lowest
and highest, respectively, reported for coniferous ecosystems (Tadaki 1977).

Differences in leaf area, precipitation, and elevation for various vegetation
zones are shown in Figure 5.17 (Grier and Running 1977). The data came from
the major vegetation zones crossed by an east-west transect of central Oregon
from the coast (Picea sitchensis) to the interior plateau (Artemesia tridentata).
Rain-shadow effects are apparent in the distribution of precipitation with eleva-
tion.

There is a positive relation between community leaf area and precipitation;
nevertheless, the variability is relatively great. Precipitation is, of course, but
one part of water balance. Gner and Running (1977) reason that in areas
"where atmospheric evaporative demand during the growing season is greater
than available water, trees must strike a balance between maximizing photosyn-
thesis and maintaining a suitable internal water status." While an increased leaf
area suggests a higher photosynthetic potential, it also results in potentially
higher transpirational water loss. Grier and Running (1977) suggest that on

FIGURE 5.17 Leaf area, precipitation, and elevation for stands representa-
tive ofseveral vegetation zones in Oregon (after Grier and Running 1977).
The stands form a transect from near the coast to the steppe of central Ore-
gon. PS Picea sitchensis; TN Tsuga heterophylla; IV = interior valley;
A-T = Abies-Tsuga transition; AA = Abies amabilis; TM = Tsuga merten-
siana; MC = mixed conifer, east slope; PP Pinus ponderosa; P-P = P.
ponderosa/Purshia; JO = Juniperus occidentalis; AT = Artemisia tridentata.
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sites where available soil water and stomatal regulation of water loss are insuffi-
cient to maintain water potential above critical levels, leaf area is reduced
sufficiently to restore an equilibrium with the water balance (Figure 5.18).
Major adjustments of leaf area may result from reduction in the amount of
foliage supported by the trees or from mortality of less competitive individuals.
They further suggest that the observed linear relation between water balance
and leaf area may be largely independent of species, at least within the major
coniferous forest zones of Oregon.

Waring et al. (1978) present data that suggest that temperature has an
influence on community leaf area in the west-central Cascade and Siskiyou
mountains of Oregon. In both physiographic regions the highest leaf areas were
associated with adequate soil moisture and moderate temperatures. Under simi-
lar conditions of moisture and temperature, however, the forests of the Cas-
cades were found to have twice the leaf area supported by the forests in the
Siskiyous. The lower leaf area of the forests in the Siskiyous was attributed to
generally greater evaporative demand as well as to lower winter temperatures,
which cause stomatal closure that in turn results in reduced primary production.
Waring et al. (1978) also suggest that under some edaphic conditions, for
example, the nutritionally unbalanced ultrabasic soils in the Siskiyou Moun-
tains, reduced leaf areas may result from nutritional stress.

Another environmental factor that reduces leaf area (and biomass) is prun-
ing. Fujimori et al. (1976) and Grier (1978) attribute the unusually low (7.9
t/ha) foliar biomass of a 120-year-old coastal western hemlock/Sitka spruce
forest to the "pruning of living foliage by winds associated with winter
storms." Pruning by snow limits the foliar biomass and leaf area of some
species near the upper limit of their distributions. For example, as much as 30
percent of the foliar biomass of a 130-year-old Douglas-fir stand on the H. 3.
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FIGURE 5.18 Leaf area as a function of water balance (after Grier and
Running 1977). Water balance index equals the difference between available
water (growing season precipitation plus soil water stored in the rooting zone
at the beginning of the growing season) and open-pan evaporation.
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Andrews Experimental Forest may have been lost as a result of pruning during a
single, unusually heavy snowfall (C. C. Grier, pers. comm.).

Production Efficiencies

Net production in a plant community is a function of two kinds of ecologi-
cal efficiency: the efficiency with which solar energy is captured (gross produc-
tion) and the efficiency with which gross production is used. The efficiency of
gross production typically ranges between 2.0 percent and 3.5 percent for
forests of all types (Kim 1975). The estimates, based on total shortwave radia-
tion, led Kim to conclude that forest communities are exceedingly efficient in
their gross production compared with most terrestrial and aquatic plant com-
munities.

The efficiency with which captured solar energy or gross production is
converted to net production can be expressed by the ratio of net primary
production (NPP) to gross primary production (GPP). Forest communities with
NPP/GPP ratios generally between 0.25 and 0.50 are typically less efficient
than perennial herbaceous or annual herbaceous communities with NPP/GPP
ratios of 0.50 to 0.55 and 0.55 to 0.70, respectively (Kira 1975; Reichle 1975).
This ordering of efficiencies is not surprising when one considers that while
GPP efficiency is increased with high levels of leaf biomass, the increased
foliage is supported by increasing amounts of branch, stem, and root biomass
(Kim 1975). The increase in nonphotosynthetic supportive tissue leads to in-
creased community respiration and smaller NPP/GPP ratios.

Coniferous forests in the Pacific Northwest appear to have higher rates of
GPP than are typical for other forest types (Table 5.2). Estimates of GPP for the
old-growth stands of watershed 10 are exceedingly high, approximately
160 t ha' yf'. This value is similar to the highest estimates reported for any
forests in the world (Kim 1975); however those biotic and environmental
factors that contribute to high GPP (for example, large leaf biomass, relatively
mild summer and winter temperatures, and exceptionally large biomass accu-
mulations) also contribute to high levels of autotrophic respiration.

The high efficiency of GPP of these coniferous ecosystems is thus partially
offset by NPP/GPP ratios much lower than normal for forest communities. For
example, the NPP/GPP ratios estimated by Grier and Logan (1977) for mature
Douglas-firstands on watershed 10 are between 6 and 8 percent. These values
are in sharp contrast to estimates of between 42 and 45 percent for NPP/GPP of
deciduous forests of eastern North America (Woodwell and Botkin 1970; Sol-
lins et al. 1973; Reichle 1975).

The differences in production efficiency may be accounted for in part by
differences in foliar respiration. For the stands of watershed 10 foliar respira-
tion has been estimated to represent 68 percent of total autotrophic respiration
(Gner and Logan 1977). Similar proportions have been observed in Abies
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TABLE 5.2 Estimates of productivity and respiration for several North
American ecosystem types. Values in kilograms carbon per
square meter per year. Old-growth Douglas-fir data have
been converted from biomass estimates assuming carbon
equal to 48 percent of total biomass.

Old-growth Eastern Eastern
Douglas-fir deciduous oak/pine

forest forest forest Prairie Tundra

Gross primary production (GPP) 7.72 1.62 1.32 0.64 0.24
Autotrophic respiration (RH) 7.20 0.94 0.68 0.22 0.12
Net primary production (NPP) 0.52 0.68 0.60 0.42 0.12
Heterotrophic respiration (RH) 0.36 0.52 0.37 0.27 0.11
Net ecosystem production

(GPP RH) 0.16 0.16 0.27 0.15 0.01
Ecosystem respiration

(R, - RH + RH) 7.56 1.47 1.05 0.49 0.23
Production efficiency (RH/GPP) 0.93 0.57 0.52 0.34 0.50
Effective production (NPP/GPP) 0.07 0.42 0.45 0.66 0.50
Maintenance efficiency (RH/NPP) 13.80 1.38 1.13 0.51 1.00
Respiration allocation (RH/RH) 0.05 0.55 0.54 1.26 0.90
Ecosystem productivity (NEP/GPP) 0.02 0.10 0.20 0.23 0.05

Grier and Logan 1977; all other data are from Reichle 1975

sachalInensis stands in Japan (Yoda et al. 1965). In contrast, foliar respiration
may represent less than 35 percent of total autotmphic respiration for deciduous
Liriodendron forests in eastern North America (Sollins et al. 1973). These data
tend to generalize Kim's (1975) conclusion that in forests of low latitudes a
longer growing season, and specifically longer leaf retention, has greater im-
pact on GPP than on NPP (that is, increased respiration may act to largely offset
much of the increase in GPP).

Kira (1975) presents data that suggest that 40 tha' yr' may be an
approximate upper limit of NPP for ordinary (C3) plant communities. It is
noteworthy that despite high respiration rates, some coniferous forests in mid-
dle latitudes of western North America may approach this level (Fujimori
1971a; Grier and Logan 1977).

SUMMARY

In Douglas-fir, as in other types of coniferous forest, an equilibrium in
overstory foliar biomass is achieved early in stand development, that is, about
the time of canopy closure. The rate at which the equilibrium is reached has
been shown to be directly related to stand density. The amount of overstory
foliar biomass represented by the equilibrium varies with species. Western
hemlock stands, for example, may support nearly twice the foliar biomass of
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Douglas-fir stands (21 t/ha versus lit/ha). Over a broad geographic area the
foliage supported by coniferous forest ecosystems has been shown to be related
to differences in site water balance.

The relatively stable upper limit in the amount of overstory foliage sup-
ported by a coniferous forest ecosystem affects understory composition, struc-
ture, and production as well as an equilibrium in gross primary production. An
increase in overstory foliage in a developing Douglas-fir stand is associated
with up to 60 percent reduction in understory biomass. The species composi-
tion of the understory is substantially changed. Productivity of the understory
also declines drastically (70 percent) as the overstory canopy reaches its upper
weight limit.

Despite equilibria in the amount of foliage and gross primary production,
biomass in the form of wood continues to increase over much of the life of the
stand. The weight of living boles and branches may, in some old-growth
stands, reach spectacular levels, for example, greater than 400 t/ha. While the
amount of fine, easily decomposed material in the forest floor probably be-
comes stable within a few decades following canopy closure, large material
continues, in the absence of fire, to accumulate indefinitely.

Factors such as evergreenness, mild winters, and high levels of foliar
biomass, which contribute to high (up to 160 t ha1 yr') gross primary produc-
tivity also contribute, along with the accumulation of nonphotosynthetic bio-
mass, to high levels of autotrophic respiration. As a result, net primary produc-
tivity may represent less than 10 percent of gross primary productivity for
old-growth Douglas-fir stands.

The middle latitudes of western North America are unique in that biomass
accumulation in old-growth forests of the region surpasses that found in plant
communities anywhere else in the world. While productivity of forests in
western Oregon and Washington varies considerably with species, environ-
ment, and stand age, net primary productivity of young stands on good sites is
as great as that of any temperate forests and may even exceed that of many
forests in the humid tropics.
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