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ABSTRACT

Several of the current generation of cdmputer models which simulate biomass
production in forest ecosystems require a quahtitative understanding of the effects
of site quality on foliage efficiency (the amount of biomass produced per unit of
foliage) and.on carbon partitioning between above- and belowground stand
components. This study investigated changes in foliage efficiency and carbon
allocation in 12 Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) stands for which

the site indices ranged from 19.5 to 41.8 m at 50 years. These stands are located on’

Vancouver Island, British Columbia, Canada.

- Regression models for aboveground biomass components were developed from
39 destructively‘sampled Douglas-ﬁr trees. Foliage biomass was predicted with a
model which uses diameter at breast height (dbh) and a competition index as
independent variables. This model predicts that stand foliage biomass stabilizes
after canopy closure. Diameter and tree mortality data of the 12 Douglas-fir stands
were available for 15 to 16 years, and were used to calculate aboveground and
coarse root biomass and annual production estimafes. In 1985, aboveground
biomass in the 12 stands, with ages from 32 to 70 years, ranged from 135 to 573 Mg
ha-l. Coarse root biomass was estimated to be equal to 20 - 23% of aboveground
biomass. In the period between 1985 and 1987, anﬁual aboveground production
(ANPP) in these 12 stands ranged from 4.7 to 16.0 Mg ha1 year-l. Coarse root

| productiori was estimated to be equal to 13 - 16% of aboveground production.

Fine (0-2 mm) and small (2-5 mm) root biomass and production estimates
were derived by analyzing soil cores collected in five of the stands on 5 to 6
sampling dates over a 12 month period. All five stands showed similar seasonal

"dynamics in live fine root biomass, with the highest values occurring in May and
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the lowest values in October. In May 1985, biomass of living fine and small roots |
ranged from 1.82 to 7.91 Mg ha-! and from 0.59 to 4.10 Mg hé‘l, respectively. Three
different methods of computing production and mortality were assessed. Different

~ estimates were obtained for annual production and annual mortality in both fine -
and small roots, because fine root mortality exceeded production during the year
which had a-véry dry summer. Estimafes derived using one of the computational
methods (decision-matrix) ranged from 1.12 to 5.14 Mg ha-lyear-! for fine root
production and from 2.15 to 4.89 Mg ha'lyear'1 for fine root mortality. .Small root
production and mortality estimates based on this computational method ranged

from 0.51 to 2.22 and from 0.88 to 2.13 Mg ha-lyearl, respectively.

With increa}si‘ng site index, a d-ecreasing"proporf,‘ion of total production was

. allocated to belowground stand components. | The site with the lowest site index
allocated about 31 to 51% of total net production to belowground components while
the site with the highest site index allocated about 23 to 30% belowground. About
v56% of the variation in 72 estimates (12 stands and 6 measurement periods) of

~ foliage efﬁcien‘cy based on aboveground production was accounted for by a
regression model with foliage biomass and site index as independent variables. ‘
This Ihodel suggests that there is an optimum foliage biomass at which total
aboveground production is maximized and that this optimum foliage biomass

increases with increasing site index.

The results of this study emphasize the importance of understanding
‘variati.on in canopy function and shifts in carbon allocation from above to
belowground stand components. Forest ecosystem production simulation models
~ should include an explicit representation of changes in foliage efficiency and carbon
allocation patterns to be able to accurately predict the responses of forest

ecosystems to changes in environmental conditions and to silvicultural treatments.
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- 1. GENERAL INTRODUCTION

Unti‘l‘recently, forest production ecology has focussed on aboveground
biomass and production because stems are the primary harvestable component of
forest ecosystems and because of the difficulties involved in obtaining data on
‘belowground biomass and production. Faced with a changing and uncertain future,
it is becoming increasingly important to be able to make accurate predictions about
the responaes of forest ecosystems to anticipated changes in environmental
conditions and management regimes. Such predictionsﬁ require a sound under-
standing and quantification of both above- and belowground stand components and

of the factors that determine the partitioning of net production between them.

Computer simulation models have become a very important tool for the
prediction of forest growth (cf. Ek et al. 1988a, 1988b), because they can integrate
existing knowledge about compiex systems and make projections ovér time scales
which are of interest to foresters. In order to develop, calibrate, and use such

models, forest science must provide a quantitative understanding of the major

growth determining ecosystem processes.

The central concept underlying many simulation models of forest growth is
that foliage Biomass or area is multiplied by some measure of foliage prdduction
efficiency to obtain an estimate of total photosynthate production. An allocation
scheme or hierarchy is then used to partition total production to stand components
(McMurtrie and Wolf 1983, Grier et al. 1986, Barclay and Hall 1986, Kimmins et al.
1986, Makela and Hari 1986, Ford and Baséow 1988). Such an approach to
modelling requires a quantitative understanding of the factors which determine
foliage biomass, foliage production efficiency, and carbon allocation to above and

belowground stand components. Few production studies in forest ecosystems have



investigated belowground production and therefore few have been able to
distinguish between the relative contributions of changes in photosynthate
production and photosynthate allocation to the observed differences in éboveground

production.

In earlier studies, belowground production was often assumed to represent - _
some fixed proportion of aboveground production (Newbould 1967). In 1981, Keyes
and Grier reported that the proportion of total production allocated to belowground
stand components is affected by site conditions. They found that the difference in
total production between a high and low productivity Douglas-fir (Pseudotsuga
menziesii (Mirb.) Franco) stand in western Washington was much smaller than the
difference in aboveground production, becéuse trees growing on the better site
allocated much less photosynthate to fine and small root production (Keyes and
'Grier 1981). This observed plasticity of resource partitioning in response to
environmental conditions has raised queStions about the interpretation of the
responses of forest ecosystems to silvicultural treatments (Kurz 1989). The
increase in aboveground production following nitfogen fertilization, for example,
can be due to an increase in photosynthate production, or a shift in carbon
allocation away from fine roots, or both (Brix 1983, Brix in press, Friend 1988,
Axelsson and Axelsson 1986). With information about aboveground production
only, no unequivocal interpretations of observed aboveground responses are

possible.

The overall objectives of the research summarized in this dissertation were
to answer two questions for coastal second growth Douglas-fir stands growing on

Vancouver Island, British Columbia:

1) Does foliage efficiency change with site quality?



2) Does carbon allocation to belowg'round stand components decrease with -

increasing site quality?

Specifically, for each of a series of Douglas-fir stands growing on sites

covering a range in site quality, the objectives were:

i) to develop regression models, which use diameter and a competition index as

independent variables, for the prediction of aboveground biomass components,

-ii) to quantify aboveground and coarse root biomass using these and other -

regression models,
iii) to quantify fine and small root biomass, production, and mortality, and
iv) to quantify foliage biomass and foliage efficiency.

Figure 1.1 gives an overview of the major compeonents of the research
reported in this dissertation. Chapter 2 contains a description of the study }sites.
Each Chapter that reports research results (Chapters 3 to 6) includes introduction,
‘methods, results, and discussion sections. Biomass regression models for foliage
and other aboveground biomass components developed from destructively' sampled
trees are reported in Chapter 3. In Chapter 4, long-term diameter growth and tree
mortality data are combined with remeasurement data from this study and used to
calculate competition indices and their change over time for all trees on the study
plots. Also in Chapter 4, these data and the regression models developed in
Chapter 3 are used to compute aboveground and coarse root biomass and
production estimates. Chapter 5 reports estimates of fine and small root
production and mortality. The results of all previous chapters are combined in
Chapter 6 to investigate the effecfs of site quality on foliage biomass, foliage

efficiency, and production allocation. Conclusions are presented in Chapter 7.
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2. DESCRIPTION OF STUDY SITES

This study was conducted in six growth and yield research installations
which are part of a network of such installations established by the Forest
Productivity Committee, British Columbia Minisfry of Forests (Darling and Omule
1989). The six installations of this study are located on the east side of Vancouver
Island, British Columbia, Canada (Figure 2.1). Table 2.1 gives the location,
elevation, and installation and ‘plot numbers of each of the six study sites. Table
2.2 presents long-térm averages of annual precipitation, annual temperature, and
temperatures for the coldest and warmest months as measured at nearby climatic

stations (Environment Canada 1982). ‘

Five of the six installations are located in the Eastern variant of the Very
Dry Maritime Coastal Western Hemlock subzone (CWHxm]1) of the British
Columbia biogeoélimatic ecosystem classification (Pojar et al. 1987, Green et al.
1984, Krajina 1969), while the sixth (Installation 72) is in the Western variant of
‘that subzone (CWHxm2) (Table 2.3). Actual soil moisture regimes (Pojar et al.
1987, Green et al. 1984) rangé from moderately dry to fresh and actual soil nutrient
regimes range from poor to rich (Table 2.3). The parent material in five of the
installations is a morainal blanket while in the sixth it is fluvial material (Table
2.4). Soils are either Eluviated Dystric Brunisols or Duric Humoferric Podzols
(Agriculture Canada Expert Committee on Soil Survey 1987) that are moderately
well to well drained (Table 2.4). Forest floors in all installations are less than 2 cm
- thick. Mor humus fbrms were found in five Installations and Installation 72 had a

Mull humus form.

Each of the six installations contains up to 18 experimental plots, including

the two untreated control plots on which this study is based. Details of site



selection and plot establishment are provided in Darling and Omule (1989). Plots
are square (22.36 m x 22.36 m), have an aréa of 0.05 ha, and are surrounded by a
0.05 ha buffer zone. A distance of at least 12 meters separates the outer edge of the
buffer zone from the nearest adjacent buffer zone or road, stream, or other changes

in stand structure.

In 1985, Douglas-fir (Pseudotsuga menziesii Mirb. Franco) accounted for 90%
or more of the overstory basal area in nine of the twelve stands (Table 2.5).
Western hemlock (T'suga heterophylla (Raf.) Sarg.) was present as a second
overstory species. It generally represented less than 4% of total basal area, but in
three of the plots western hemlock accounted for 17.7 to 32.4% of total basal area.
In four of the five plots in which western redcedar (Thuja plicata Donn) was |
present, it contributed less than 2% of the basal area; in one plot it accounted for
9.1%. In Installation 72, Ploi; 14, one bigleaf maple (Acer macrophyllum Pursh.)
contributed 3.8% of the basal area (Table 2.5).

In 1985, Installations ranged in age from 32 to 70 years and were either
natﬁrally regenerated, planted, or were planted and additional natural
regeneration occurred (Table 2.5). All sites appear to have been burned after
logging. Stand densities in 1985 ranged from 3400 to 440 stems per hectare of
which 40 to 98 % were Douglas-fir trees. The relative density distribution of stems
of other species was fairly similar to the basal area distribution of these species

(Table 2.4).

The understory ‘vegetation of the lower site index plots was genérally
dominated by Gaultheria shallon Pursh with some Mahonia nervosa (Pursh) Nutt.
As site quality improved, the dominance of Gaultheria shallon declined and
Mahonia nervosa became a larger component of the understory. Mosses

encountered on the low to medium quality plots were mainly Kindbergia oregana



(Sull.) Ochyra and Hylocomium splendens (Hedw.) B.S.G., while in the high
. quality sites Rhytidiadelphus loreus (Hedw.) Warnst, Rhytidiadelphus triquetrus
(Hedw.) Warnst;, and Rhytidiopsis robusta (Hook.) Broth were dominant.

The understory vegetation of Installation 72 was dominated by Polystichum
munitum (Kaufl.) Presl and Achlys triphylla (Sm.) DC. Frequently encountered
‘herbs were Tiarella laciniata Hook., Tiarella trifoliata L., and Trientalis latifolia
Hook. Mosses (Kindbergia oregana, Hylocomium splendens) were mostly confinded
to decaying logs.
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Figure 2.1. The location of the six research installations on eastern Vancouver

Island, British Columbia, Canada. Numbers in circles refer to installation numbers
(cf. Table 2.1).



Table 2.1. Installation and plot numbers as assigned by the Forest Productivity
Committee, nearest town, latitude and longitude, and elevation of the study sites.

Instal- Elevation
lation Plots  Location Latitude:  Longitude (m)

2 6 11 Chemainus 48°50'N 123°50W 419

4 1 17 Cassidy 49°05'N 124°01'W 333

5 810 Bowser 49°25'N 124°48'W 360

16 2 6 Campbell River =~ 49°58'N 125°30W 335
71 11 14  Campbell River 50°02N  125020W 244
72 2 14  CowichanLake 48°49N  124907TW 229
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Table 2.2. Mean annual precipitation and temperature at climate stations near the
study sites. Data from Canadian Climatic Normals 1951-1980 (Environment
Canada 1982).

‘Mean annual Mean annual Mean Jan. Mean July

Climate precipitation temperature temperature temperature
Inst  Station (mm) (°C) (°C) (°C)
2 Nanaimo Airport - 1104 9.3 1.8 174
4  Nanaimo Airport 1104 9.3 1.8 17.4
5 Mud Bay Fisheries | 1714 9.3 1.8 174
16  Campbell River Airport 1406 82 04 16.6
71 Campbell River Airport 1406 8.2 04 16.6

72 Cowichan Lake Res. Stn. 2123 9.1 1.4 17.4
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Table 2.3. Regional climate (biogeoclimatic variants), soil moisture refgime and soil
nutrient regime of the six installations according to Smith (1979) but following the
more recent terminology of Green et al. (1984) and Klinka (pers. comm.). CWHxm
‘= Very Dry Maritime Coastal Western Hemlock subzone, 1 = Eastern variant, 2'=
Western variant.

Instal- Biogeoclimatic | Soil Moisture Soil Nutrient
lation Variant Regime - Regime
2 CWHzxm1l modérately dry poor
4 CWHxml slightly dry medium
5 CWHxm1 slightly dry medium
| 16 CWHzxm1l slightly dry medium
71 | CWHicml slightly dry medium

(2 CWHxm?2 fresh rich
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Table 2.4. Selected environmental characteristics of the five study sites. Data from

Smith (1979).
Parent Soil Coarse = Humus
Inst. material classification Drainage Texture frag. (%) form?2
2 morainal Eluviated moderately loam 30 Mor
blanket Dystric well drained
Brunisol
4 morainal Eluviated well drained sandy 56 Mor
blanket Dystric loam
Brunisol |
5 fluvial Duric well drained © sandy 65 Mor
Humo-Ferric . loam
Podzol
16 morainal Duric moderately  sandy 45 Mor
- blanket Humo-Ferric well drained loam
Podzol ‘
71  morainal  Eluviated well drained sandy 33 Mor
blanket Dystric loam
' Brunisol
72 morainal  Duric moderately sandy 48 Mull
blanket Huénol-Ferric ‘well drained loam
Podzo

a Forest floor thickness in all plots is less than 2 cm.
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Table 2.5. Stand age, stand origin, site index (SI) (Bruce 1981), stand density, ahd
basal area (BA) distribution in 1985 for the 12 study plots.

Stand Density Basal Areab

Age SI ,
Inst Plot Origin® (yr) (m@50) (st. ha-1) %DF (m2ha'l) %DF %WH %RC %WP %BM

42 277 3000 40.0 53.4 665 324 10 - -

2 6 N

2 11 N 41 195 2840 71.8 33.6 803 17.7 19 - -

4 1 C 44 29.1 1840 97.8 45.3 99.7 03 - - -

4 17 C 48 25.7 1640 86.6 374 948 32 - 19 -

5 8 P 40 26.8 3400 53.5 58.7 76.0 239 0.1 - -

5 10 P 39 295 1420 87.3 474 969 3.1 - - -
16 2 P 32 294 2000 98.0 413 986 02 12 - -
16 6 P 32 324 2520 80.2 45.1 904 05 91 - -
71 11 P 41 24.6 1880 97.9 45.3 995 05 - - -
71 14 P 41 233 2460 97.6 46.0 99.1 09 - - -
72 2 C 70 413 440 90.9 69.1 97.0 3.0 - - -
72 14 C 70 41.0 480 95.8 75.3 96.2 - - - 3.8

a Stand origin: N= natural, P=plantation, C=combination.
(from Darling and Omule 1989).

b DF = Douglas-fir, WH = western hemlock, RC = western redcedar,
WP = western white pine, BM = bigleaf maple.
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3. BIOMASS REGRESSION EQUATIONS

8.1 INTRODUCTION

Biomass regression equations are widely used in both forest science and
management (Satoo and Madgwick 1982, Cannell 1982). Such equations typically
relate a variable which is difficult to measure, such as foliage biomass, to one or
more other variables which are easier to measure, such as diameter at breast
height.(dbh). Regression models that describe relationships between stem biomass
components and stem diameter typically have \irery high coefficients of ’
determination (R2), which indicates that the independent variable accounts for
most of the observed variation in the dependent variable. In contrast, models
'which relate crown biomass components to stem characteristics (e.g. foliage
biomass to dbh) have much lower R2 values, indicating that factors other than

those accounted for by the independent variable influence the relationship.‘ '

Regression equations are often developed for predictive purposes. A sample
of a population is measured in detail and the observed relationships are employed
to calculate the variables of interest for the entire population. This works well if
the population from which the regression models were developed and the
population to which they are applied for prediction are similar. There are,
however, many examples in forestry where models derived in one study have been
used in other studies without ensuring that the allometric relationships described
by those models are indeed similar in the two populations. Part of the problem is
that it is often unclear what factors influence the allometric relationslﬁps. Thus,
the critéria by which to judge whether two stands can be described by the same

regression models are often not available.
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One approach to dealing with between-stand variation has been to develop
regional regression models that are based on sample trees from a large number of
stands (Gholz et al. 1979, Standish et al. 1985). Such models average the variation
between stands, but their predictions for individual stands may be substantially in

error (Marshall and Waring 1986).

A second approach is to incorporate into the regression equation additional
independent variables which account for some of' the remaining sources of
variability. For example, Baskerville (1983) found that stand age accounts for some
of the bétween-stand variation in foliage biomass regression models developed for
balsam fir (Abies balsamea (L.) Mill.). The pipe model theory (Shinozaki et al.
19644, b) suggests that a functional reiationship exists between the crosé sectional
area of the water-conducting sapwood and the amount of foliage which can be
supported by this sapwood. Several studies have since shown that sapwood basal
area can be used to predict foliage biomass (Grier and Waring 1974, Snell and
Brown 1978, Whitehead 1978). More recent studies have found that factors such as

'sapwood permeability (Whitehead et al. 1984) and mean annual sapwood ring
width (Albrektson 1984) can account for additional variation in the foliage area-

sapwood area relationship.

Although the use of sapwood basal area as an independent variable in
regression models may account for some of the between-stand variation, this
variable is not always measurable, particularly in permanent sample plots where
the need for repeated diameter measurements often precludes the use of increment
corers. Other variables which have been shown to account for some of the residual
vaﬁation in canopy biomass regression models, such as crown length or stem
diameter at the base of the live crown, are difficult to measure on-large numbers of

trees.
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Brown (1978) investigated the suitability of stand density, determined with a
prism plot, as an ihdependent variable in biomass regression models and found that
it reduced the residual variation somewhat for some conifer species. A competition
index might be superior to Astand density in reducing the residual variation in
biomass regression models, because it integrates the cumulative competitive
influence of the trees surrounding a subject tree. Competition indices are based on
various computational methods that typically use either the distahce and relative
size of competing trees or the crown area overlap. For detailed reviews see Noone
and Bell (1980) and Daniels et al. (1986). Traditionally, these indices have been
used in growth and yield studies to predict growth rates of trees following thinning
(Smith and Bell 1983). None of the published regression models includes a
competition index as independent _variablé, although stand maps are frequently
available for research installations and competition indices can be computed from
such data. In this study, four competition indices were tested for their contribution

to regression models that predict the biomass of crown and stem components.

The first objective of the research reported in this chapter was to provide
regression equations for the prediction of foliage, branchwood, stemwood, and
stembark biomass for my study areas. The second objective was to investigate the

‘contribution of several competition indices to these regression models. It was
hypothesized that competition indices, which measure the growing conditions
experienced by individual trees, will significantly improve biomass regression

equations, especially those for canopy biomass components.

It was hoped that by adding these indices, the generality of the regression
models, and their value to other studies, might be increased. One of the criteria for
the development of these new models was that their independent variables should

be easily measurable. This excluded the use of sapwood basal area because it can
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only be measured by taking increment cores which may not be desirable in

permanent sample plots where diameters will be measured repeatedly.

3.2 REVIEW OF EXISTING MODELS
-3.2.1 Foliage biomass regression models for Douglas-fir

Investigations into the relationships between foliage biomass and other tree
variables in Douglas-fir date as far back as Burger (1935) and Kittredge (1944).
While these relationships were merely statistical, Shinozaki et al. (1964 a,b)
proposed a functional relationship between foliage biomass and the cross-sectional
area of the water-éonducting tissue supporting the foliage. This pipe model theory
has become the basis for many investigations which relate fohage biomass to
Asapwood basal area. In Douglas-fir, as in many other tree species, sapwood basal
area has often, though not always, been found to be superior to dbh as a predictor of
foliage biomass (Grier and Waring 1974, Snell and Brown 1978, Brix and Mitchell
1983).

Table 3.1 lists 32 published models for the pi'ediction of Douglas-fir foliage
biomass. The relationship between foliage biomass and the independent variable,
dbh or basal area (BA), varies greatly (Figure 3.1, Table 3.2). For example, the
predicted foliage biomass for a tree of 25 cm dbh ranges from 9.0 kg (Model 10) to
26.4 kg (Model 1), ah almost threefold difference (294%). Regression coefficients of |
the 10 models presented in Figure 3.1 are listed in Table 3.2. Some of the
regression lines in Figure 3.1 are extrapolated beyond the range of diameters from
which the models were derived, but the above numeric example is within the range

of diameters of Models 1 and 10.
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Table 3.1. Regression models for calculating foliage biomass of Douglas-fir.

= number of sample trees, In = logarithm base e, log = logarithm base 10, d.b.l.c.=
diameter at base of live crown, cw = crown width, BA = basal area, SA = sapwood

area

Independent Range of

Variable n dbh (cm) Source

log dbh 22 6-46 Kittredge 1944

dbh 29 Ahmed 1956

log dbh 5 Swank 1960

log dbh 35 6-46 Heilman 1961

dbh cw?2 23 2-120 Kurucz 1969

log dbh 10 2-23 ‘Dice 1970

log dbh 104 @ x=11.6 Dice 1970

log dbh 8 9-111 Woodard 1974

SA 36 Grier and Waring 1974
log dbh Gholz et al. 1976

In dbh 29 2-163 Grier and Logan 1977
In dbh 5 34-53 Kay 1978

Ind.b.lc. 5 34-53 Kay 1978

In dbh 18 1-11 Snell and Brown 1978
In SA 18 1-11 - Snell and Brown 1978
log dbh 123 a 2-162 Gholz et al. 1979
dbh2ht 171 @ 2-162 Shaw 1979

SA 14 Granier 1981

SA b.l.c 13 Granier 1981

BA 15 Granier 1981

SA 96 b 5-25 - Brix and Mitchell 1983
BAu.bark 96 b 5-25 Brix and Mitchell 1983
In dbh 8 ¢ 6-29 Feller et al. 1983

‘In dbh 10 5-56 Feller et al. 1983

In height 10 Feller et al. 1983

In height 16 Feller et al. 1983

log dbh 26 d 9-30 Grier et al. 1984
dbh2ht 49 4.5-66.0 Standish et al. 1985
dbh 12 . 10-25 Borghetti et al. 1986
SA 12 10-25 Borghetti et al. 1986
In dbh 40 Espinosa Bancalari and Perry 1987
Indbh 18 1.4-13.4 Helgerson et al. 1988

a This study compiles data previously published elsewhere.
b 924 trees in each of 4 treatments.

¢ Old (height > 2.5m) and young
d 13 trees in a control and fertil;

2 (< 2.5m) stands on good and poor sites separated.
1zer treatment.
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Figure 3.1. Foliage biomass as predicted by 10 regression models which use dbh or
ba2sa1 area as the independent variable. Details of the models are listed in Table
3.2.
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The relationship between foliage biomass and sapwood area (SA) is equally
variable (Figure 3.2) for six regression models (Table 3.3). For example, a tree of
250 cm? SA is predicted by Model 6 to have 10.0 kg and by Model 1 to have 20.2 kg

of foliage biomass, a twofold difference.

All models in Table 3.1 include, as the independent variable, one or several
measures of dimensions of individual trees, but do not account for any additional
sources of variability in the relationship between that variable and foliage mass.
Factors which may affect this allometric relationship include stand density, and

nutrient and moisture availability (Grier et al. 1986, Brix and Mitchell 1983).

Estimating foliage mass for an individual stand using regression models
from a different stand, or with combined regional models (e.g. Gholz et al., 1979),
may yield large erfors (Grier et al., 1984, Marshall and Waring 1986). Madgwick
(1983) identifies the need to determine additional variables which may affect the
relationship between crown weight and individual stem dimensions. As pointed out
by Madgwick (1983), a new approach is required which identifies sources of |
variability not accounted for in the models listed in Table 3.1. Competition indices
may account for some of the residual variability as they describe the competitive

status of a tree relative to its neighbours.
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“Table 3. 2 Ten regression models for the prediction of foliage biomass (FOL) of
Douglas-fir with dbh or basal area (BA) as independent variable. In = logarithm
base e, log = logarithm base 10. Standard error of estimate (SEE) is in logarithmic
units.

Model R2 SEE Source Number?

InFOL (kg) = -4.791+2.502*Indbh 0.92 0.160 Grier et al. 1984 1
FOL (kg) = -2.688+0.054*BA 0.74 Granier 1981 2
InFOL (kg) = -6.093+2.723*Indbh 0.93 0.240 Espinosa Bancalari
and Perry 1987 3
InFOL (g) = 3.329+2.031*Indbh 0.94 0.348 Helgerson etal. 1988 4
logFOL (g) = 0.643+2.396*logdbh 0.87 0.194 Dice 1970P 5
logFOL (g) = 1.159+2.097*logdbh 0.82 0.279 Dice 1970¢ 6
- InFOL (kg) = -2.846+1.701*lndbh 0.86 0.695 Gholz et al. 1979 7
InFOL (kg) = -4.151+1.982*Indbh 0.96 0.176 Grier & Logan 1977 8
FOL (kg) = -8.296+0.979*dbh  0.92 Borghettiet al. 1986 9
InFOL (kg) = -3.890+1.890*Indbh 0.88 Gholz et al. 1976 10

a refers to labels in Figure 3.1
b Cedar River data set
¢ combined data set

Table 3.3. Six regression models for the prediction of foha%e biomass (FOL) of
Douglas-fir with sapwood area (SA) as independent variable. In = logarithm base e,
log = logarithm base 10. SEE is in logarithmic units.

Model R2 SEE Source Number2
FOL (kg) = -2.020+0.089*SA 0.85 Brix & Mitchell 1983¢ 1
FOL (kg) = -1.365+0.074*SA 0.92 Granier 1981 2
FOL (kg) = -1.340+0.072*SA 0.97 Grier & Waring 1974 3
FOL (kg) = -1.004+0.071*SA 0.86 Borghetti et al. 1986 4
FOL (kg) = -0.030+0.052*SA 0.78 Brix & Mitchell 1983 5
InFOL(g) = 3.996+0.938*InSA 0.96 0.274 Snell & Brown 1978 6

a8 refers to labels in Flgure 3.2
b control plot data
¢ all data
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3.2.2 Branchwood biomass regression models for Douglas-fir

Six regression models for the prediction of branchwood biomass in Douglas-
fir are summarized in Table 3.4 and plotted in Figure 3.3. Model 1 (Helgerson et al.
1988) was derived from a data set that included young trees with a maximum of
13.4 cm dbh. Thé plotted line for Model 1 in ngure 3.3 is clearly an extrapolation
beyond the range of the original data, but even at 13 ¢cm dbh this model differs
greatly from the other five models.

As with foliage biomass models, there are no critéﬁa by which to judge which
mpdel will yield the best biomass prediction for a specific stand. Note that-
predictions from the regional model (Table 3.4, Model 4, Gholz et al. 1979) are
approximately in the middle of the range (Figure 3.3).

8.2.3 Stem component biomass regression models for Dbuglas-ﬁr

Stemwood and stembark biomaés are treated as two separate biomass
components. Both components are highly correlated with dbh and the range of
biomass predictions is much narrower than in the crown biomass components.
Table 3.5 lists 6 biomass regression equations for stemwood biomass which are
plotted in Figure 3.4. Table 3.6 and Figure 3.5 preéent six stembark biomass
prediction models. Note that both the predicted stemwood and stembark biomass
of the regional models (Tables 3.5 and 3.6, Model 1, Gholz et al. 1979) are the
highest of the range of models presented in Figures 3.4 and 3.5.
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Table 3.4. Six regression models for the prediction of branchwood biomass (BRA) of
‘Douglas-fir with dbh as independent variable. In = logarithm base e, log =
logarithm base 10. SEE is in logarithmic units.

Model R2 SEE Source Number2
InBRA(g) = 2.856+2.503*Indbh 0.94 0.440 Helgerson et al. 1988 1
InBRA (g) =1In(1.64)+2.96*Indbh 0.81 0.073 Barclay et al. 1986b 2
InBRA (kg) = -4.456+2.469*Indbh 0.86 0.200 Grier et al. 1984 3
InBRA (kg) = -3.694+2.138*Indbh 0.92 0.631 Gholz et al. 1979 4
logBRA (g) = 0.945+2.388*logdbh 0.90 0.230 Dice 1970¢ 5
logBRA (g) = 1.112+2.162*logdbh 0.90 0.156 Dice 19704 6

a refers to labels in Figure 3.3
b control plot data

¢ combined data

d Cedar River data
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Figure 3.3. Branchwood biomass as predicted by 6 regression models which use
dbh as the independent variable. Details of the models are listed in Table 3.4.
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Table 3;5. Six regression models for the prediction of stemwood biomass (STW) of
Douglas-fir with dbh as independent variable. 1n =logarithm base e, log =
logarithm base 10. SEE is in logarithmic units.

Model | _ R2 SEE Source Numbera

-3.040+2.595*Indbh  0.99 0.310 Gholz et al. 1979

InSTW (kg) = 1
logSTW (g) = 1.636+2.609*logdbh 0.98 0.064 Dice 1970 2
InSTW (g) =-4.747+2.967*Indbh 0.98 0.097 Dice 1970¢ 3
logSTW (kg) = 1.857+2.444*logdbh 0.89 0.320 Espinosa Bancalari and

Perry 1987 4
InSTW (kg) =-2.603+2.367*Indbh 0.97 0.080 Grier et al. 1984 5
InSTW (g)  =1n(99.61)+2.28*Indbh 0.98 0.025 Barclayetal. 19864 6

a refers to labels in Figure 3.4
combined data
¢ Cedar River data :
d control plot data ' N

 Table 3.6. Six regression models for the prediction of stembark biomass (STB) of
Douglas-fir with dbh as independent variable. In =logarithm base e, log =
logarithm base 10. SEE is in logarithmic units.

Model R2 SEE Source ‘Number?

InSTB (kg) =-4.310+2.430*Indbh 0.99 0.322 Gholz et al. 1979 1
InSTB (kg) =-5.610+2.701*Indbh 0.85 0.340 Espinosa Bancalari

and Perry 1987 2
InSTB (kg) =-4.906+2.530%Indbh 0.94 0.130 Grieret al. 1984 3
logSTB (g)° = 1.169+2.328*logdbh 0.98 0.027 Dice 1970 4
InSTB (g) =In(16.31)+2.30*Indbh 0.98 0.027 Barclay et al. 1986¢ 5
logSTB (g) = 1.347+2.165*logdbh 0.97 0.115 Dice 19704 6

8 refers to labels in Figure 3.5
b combined data

¢ control plot data

d Cedar River data



27

2500 I B l T

1
2
3
—~ 2000 I~ ’ ]
£ | /4
)]
& so0 |
E 1500 - _5
o 6
m
o
ol 1000 - .
=
=
91|
-
n 500 - -
o |

5 15 25 ~ 35 45 55 65

DBH (cm)

Figure 3.4. Stemwood biomass as predicted by 6 regression models which use dbh
as the independent variable. Details of the models are listed in Table 3.5.
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Figure 3.5. Stembark biomass as predicted by 6 regression models which use dbh
as the independent variable. Details of the models are listed in Table 3.6. :
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3.3 MATERIALS AND METHODS
3.3.1 Site Description

The six research installations in which non-destructive measurements were

made are described in detail in Chapter 2.

Stand characteristics of the 6 auxiliary plots used for destructive sampling,

and statistics of the sample trees from those plots are summarized in Table 3.7.

3.3.2 Biomass Sampling

Destructive sampling of trees inside the control plots of the Productivity
Committee Installations was not permissible. In each Installation, one temporary
auxiliary plot (20 X 20 m) was therefore established in a section which was
representative of the stand cond{tions in the control piots. All trees were numbered
and dbh (1.3 m) measurements taken. Based upon a stratified random sampling
scheme (by dbh-class), 6 to 8 trees in each auxiliary plot were selected for biomass
sampling. Each tree was felled and processed within one day to minimize potential
needle weight loss due to respiration (Forrest 1966). In total, 39 trees .were |

sampled.

Prior to felling of the sample trees, the distance and direction (compass .
bearing) to, and the dbh of, each of the neighbouring trees were determined. After
felling a sample tree, total height, length of the live crown, and distance from the

top of the stem for each live whorl were determined.
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‘Table 3.7. Stand characteristics of the six auxiliary plots (0.04 ha) in which trees
were destructively sampled. %DF = percent of total represented by Douglas-fir.
Statistics are based on 1984 data.

Basal area Density
' Age? Height®  Sample

Inst. (m2ha’l) %DF (st. ha'l) %DF (years) (m) size
2 35.5 92 1850 87 34 17.4 7

4 54.3 96 1975 87 40 21.7 6

5 22.8 81 1425 63 30 16.1 8

16 39.8 99 2125 99 24 174 6
71 43.8 99 2100 98 34 18.2 6
72 80.1 96 625 72 67 44.2 6

8 mean of sample trees.



31

For every whorl, each living branch was cut from the stem, weighed and its
length was measured to the nearest cm. Branch diameter near the base was
determined to the nearest mm as the mean of two orthogonal caliper
-measurements. The condition of each branch was recorded to indicate whether
sections were lost during the felling or whether other abnormalities were observed.
One branch selected at random from all branches of every third whorl was
processed further. Within each whorl the number and combined weight of all dead

branches, as well as all non-nodal branches, were also recorded.

The selected branches from every third whorl, counting from the top down,
were clipped into sections by age class. All sections for which an age determination
was not possible were combined in ah. "unidentified" age-class. The samples of twig
sections and foliage, as well as all remaining branchwood, were taken to the

laboratory and weighed the same day.

A subsample of approximately 25g (or the entire sample if its freshweight
was less than 25g) was randomly selected from each needle age-class and dried in a
forced air drying oven at 105° C for 24 hours. Later, these subsamples were
manually separated into needles and twigs, redried at 105° C for 24 hours, and the

component weights determined to the nearest 0.1 gram.

The stems were cut into 6 to 13 sections (depending on tree size) and the
length of each section was determined. At the bottom of each section a disk was
cut. Each disk was measured along four orthogonal radii to obtain: radius,
thickness of bark and sapwood, and increment over the last 5 years. The number of
annual rings in the sapwood and the total age of each disk were also recorded.
Subsamples of sapwood, heartwood, and bark were collected from approximately
‘every second disk for the determination of specific density (Forelst Products

Laboratory 1952).
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Biomass values for stemwood, stembark, and total stem (wood plus bark)
were obtained by calculating the volume of each component in each stem section
and multiplying it by the appropriate specific density. Volumes were calculated
using Smalian's formula (Husch et al. 1982). Specific densities for sapwood,
heartwood and bark were obtained from stem disks cut at each section, or by linear
interpolation between adjacent disks. The biomass of each section was summed to

obtain stem tofals.

3.3.3 Competition Indices

In this study, four competition indices were tested for their contribution to
regression models that predict the biomass of crown and stem components. The
four indices are the Competitive Influence Zone Overlap (CIO) (Bella 1971), the
Competitive Stress Index (CSI) (Arney 1973), the Diameter-Distance Competition
Index (DCI) (Hegyi 1974), and the Growing Space Index (GSI) (Lin 1974).

Competitive Stress Index (CSI) (Arney 1973):

Arney's (1973) Competitive Stress Index (CSI) is based on the observation
that in open-grown trees of a particular species, there is a high correlation between
stem diameter (dbh) and crdwn width. This relationship for open-grown trees is
used to compute the hypothetical crown width for the subject tree and each of its

compétitors. The sum of the area of overlap of these hypothetical crowns is defined

as CSI which is computed as:
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| . |
cst = ((( Zl O;) + A;))/ A;) * 100 [3.1]
1= : '

where Oy; = area of zone overlap (m?), A; = influence zone of the subject tree (m2),

and n = number of competitors.

The crown width in this study was computed from Arney's (1973) model for
the combined data sets of western Oregon and B.C. which include 290 open-grown

trees. For this study the model has been converted to metric units. -

Competitive Influence Zone Overlap (CIO) (Bella 1971):

- Bella's (1971) Competitive Influence Zone Overlap (CIO) sums the
hypothetical overlap between the influence zones of the subject tree and its
competitors. The influence zone is defined as a zone with three times the diameter
‘of the crown width of the open-grown tree. Crown width is computed from the
same regression equation as described above. This competition index also accounts
for the diameter ratio of the competing trees and the subject tree. The equation to

compute the CIO is:

n
CIO = Zl((oij/Aj)* (DyDy1-2) [3.2]
1=1

where Oj; = area of zone overlap (m2), A; = influence zone of the subject tree (m?2),
D, = diameter of the ith competing tree (cm), D; = diameter of the jth subject tree

(cm), and n = number of competitors.
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Diameter-Distance Competition Index (DCI) (Hegyi 1974):

Hegyi (1974) included all competitors within a set radius around the subject
tree, without specifying the radius used. The formula to compute the DCI is:
n D; 1
DCI= ), (—+* ) [3.3]
where D; = dbh of the ith competing tree (cm), D; = dbh of the jth subject tree (cm),

and DIS;; = distance between ith competitor and jth subject tree (m).

Growing Space Index (GSI) (Liin 1974):

Lin's Growing Space Index (GSI) considers only the cumulative influence of
one tree in each of four quadrants surrounding the subject» tree. The decision
whether a neighbouring tree exerts a competitive influence is based on the angle
- (®) between two lines which, at breast height, connect the centre of the subject tree
with the outside of the stem of the competing tree. This angle is a function of both
the distance between subject tree and competitor and the dbh of the competitor. In
~ each quadrant, the tree with the largest © is the competing tree. Each quadrant is
initially assigned a growing space of 25 which is reduced depending on 8. If® <
2.15°, no competition occurs (GSI;=25) or if © > 5.25°, maximum competition occurs
(GSL=0). For 2.15°> @ < 5.25°; |

| D; + Dy
GSI; =25 - (©-2.15) * 8.0645 ¥ ——— (3.4]
‘ 2*D;
where D; = diameter of the ith competing tree (cm), and D; = diameter of the jth

subject tree (cm).
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The sum of the GSI; for the four quadrants is:

| 4 |
GSI = _21 GSI . [3.5]

1=

which by definition yields 0 < GSI < 100.

3.3.4 Statistical analysis

Numerical analyses were performed with MIDAS (Fox and Guire 1976) and
SYSTAT (Wilkinson 1988b). Logérithmic transformations were applied to
- variables when scatter diagrams indicated that such transformations would yield
linear models. Such logarithmic transformations also reduce heteroscedasticity, i.e.
the increase of the variance of Y at any X in proportion to the value of X is reduced
or eliminated (Zar 1984:286). The systematic bias introduced by such
transformations (Baskerville 1972) is reduced by applying a correction factor
(exp(SEEZ2/2)) (Sprugel 1983) whenever equations are converted to their anti-log

form.

835 Data from the Shawnigan Lake study -

The Biology of Forest Growth study (Crown and Brett, 1975) at Shawnigan Lake,
Vancouver Island, is the source of an independent data set which was used to test
the foliage biomass regression models developed for this study. The Shawnigan '
Lake study is investigating the effects of thinning and fertilization on growth of
| Douglas-fir. Data from four treatmer;ts were used:
TOFO - control plots -
T2F0 - 2/3 of basal area ‘remoired at time of thinning
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TOF2 - 448 kg/ha N applied

T2F2 - combined thinning and fertilizer treatment.

Details of the experimental design and the site are described by Crown and
Brett (1975) an.d by Barclay and Brix (1985). The destructive sampling of trees for
biomass equations is described in Brix and Mitchell (1983) and in Barclay et al.

(1986).

In addition to the information published previously, distance and bearing to
the nearest competitors and their diameters have been recorded for 76 of the 96
trees used by Brix and Mitchell (1983). This information was made available by
Dr. Holger Brix (Forestry Canada, Victoria). Based on these data, competition
indices for the 76 sample trees have been computed using the same methods as

described above.

3.4 RESULTS
3.4.1 Foliage biomass for individual branches

in total, 3149 branches were measured for diameter, length, branch
freshweight, whorl number and height in the crown. Of these, 230 branches were
further separated into needles and twigs by age-class for the determination of dry

weights.

Regression equations were developed! which predict foliage and branchwood

biomass for indi.vidual branches. The highest R2 values were obtained when the

1 Morello, R. (1986). Regression models for predicting foliage and branchwood
biomass per branch in Douglas-fir. B.Sc. Thesis, University of British Columbia,
Vancouver, BC. 91 pp. ‘
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models included branch freshweight and whorl number (counting from the top
down) as independent variables. Not all branches wére intact after felling the
trees, and freshweight, as measured after felling, was therefore not always
representative. Branches which had sections missing after felling had been coded
appropriately. Foliage and branchwood biomass of such branches were calculated
from a second regression model which used branch diameter and whorl number as
independent variables. Complete measurements, including branch freshweight,

were available for 2594 branches, 82.4% of the total.

Table 3.8 lists regression models for each of the six Installations and for the

combined data set. Foliage dryweight per branch is predicted from the model

InFOL = by + b;*InBFWT + b*WHORLN2 [3.6]
where InFOL is the natural logarithm of foliage dryweight (g), InBFWT is the
natural logarithm of branch freshweight (g), and WHORLN is the number of the
whorl. In Table 3.9, similar statistics are shown for the second model type which
predicts foliage biomass per branch from branch diameter and whorl number:

InFOL = by + b;*InDIA + by*WHORLNS, [3.7]
‘where lnDIA is the natural logarithm of branch diameter (cm) and other variables

are as in model 3.6.

F-tests showed that, in each model type, some of the installation-speciﬁc-
equations are significantly different (p=0.05) from others and that therefore a
combined model is ndt applicable in either case. Installation-specific regression
models were therefore appliea to the data from each installation to calculate foliage

biomass for all branches of the sample trees.



38

Table 3.8. Regression models to predict foliage biomass per branch (g) from branch
freshweight (g) and whorl number (Model 3.6%. SEE is in logarithmic units.

Inst R2 SEE n bo_ b1 b2

2 .947 .286 47 -2.3074 1.1756 -0.0019196
4 973 227 36 -1.57569 1.0528 -0.0015907
5 976 .187 44 -1.7268 1.0780 -0.0018445
16 .965 .192 28 -1.6962 1.0882 -0.0046709
71 966 .200 33 -1.8342 1.0979 -0.0023376
72 977 191 42 -1.1793 0.9616 -0.0015755

ALL 959 .248 230 -1.6081 1.0478 -0.0018554

Table 3.9. Regression models to predict foliage biomass per branch (g) from branch
diameter (cm) and whorl number (Model 3.7). SEE is in logarithmic units.

Inst R2  SEE n b b, by

2 .820 .27 47  3.5214 2.7813 -0.0000970
4 873 489 36  3.5602 2.7313 -0.0000913
5 906 .365 44  3.4714 2.6966 -0.0001275
16 865 .375 28  3.4855 3.0913 -0.0004972
71  .857 407 33  3.5167 2.7843 -0.0001641
72 904 .390 42  3.4121 2.4674 -0.0000764

ALL 856 .390 230  3.4568 2.6099 -0.0000969
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3.4.2 Branchwood biomass for individual branches

Regression models for the prediction of branchwood biomass were developed
from the data set described in the previous section. The independent variables
branch freshweight and whorl number yielded the highest R2 values and the lowest
SEE in the model: '

In(BRA) =by + b;*In(BFWT) + bg*WHORLN, [3.8]
-where BRA = branchwood dryweight (g), BFWT = branch freshweight (g), and
WHORLN is the number of the WhOI‘l; A second model was developed to be used for
the prediction of branchwood biomass of those branches for which branch
freshweight did not represent the condition of the branch pﬁor to felling. The
model which best predicted branchwood biomass was

In(BRA) =by + b;1*In(DIA) + bo*WHORLN, [3.9]
where DIA = branch diameter (cm) and other variables as in model 3.8. Tables 3.10
and 3.11 list the regression equations for each of the six Installations and for the

combined data set, for models 3.8 and 3.9, respectively.

Some of the installation-specific equations of model 3.8 differed from others,
as determined by F-tests (p=0.05). Model 3.9 had no significant differences
between the equations. For both models, installation-specific equations were used

“to predict branchwood biomass.

3.4.3 Foliage biomass regression models

Summary statistics for dbh, height, biomass, and the four competition
indices for the 39 sample trees are presented in Table 3.12. Models 3.6 and 3.8,

‘with specific regression coefficients for each installation, were applied to 82.4% of
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Table 3.10. Regression models to predict branchwood biomass per branch (g) from
branch freshweight (g) and whorl number (Model 3.8). SEE is in logarithmic units.

st R2 SEE n b by by

2 975 225 47  -2.8292 0.987561  0.62063
4 990 .156 36 -2.3409 0.94293  0.54197
5 .980 .193 44 -2.3733 0.99359  0.44686

16 .989 117 28 -1.6902 0.81482  0.68041
71 976  .202 33 -2.2889 0.91410  0.60983
72 992 149 42  -2,1937 0.97060  0.46828

ALL 981 .202 230 -2.3911 0.96853  0.52261

Table 3.11. Regression models to predict branchwood biomass per branch (g) from
branch diameter (cm) and whorl number (Model 3.9). SEE is in logarithmic units.

‘Inst R2 SEE n b() | b 1 b2

2 .952 308 47  2.0114 2.3645 0.65479
4 945 374 36  2.1687 2.3794 0.60136
5 .966 .250 44  2.2397 2.4279 0.53269
16 975 .181 28  2.5696 2.5075 0.41756
71 966  .242 33  2.6310 2.5585 0.35416
72 980 .233 42  2.2517 2.4453 0.53480

ALL 966 274 230 2.3024 2.4678 0.52487
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the 3149 branches to calculate foliage and branchwood biomass for each branch,
respectively. For the 17.6% pf the branches of which secfions were missing, models
3.7 and 3.9 were applied. For each tree, foliage biomass was summed to obtain

total foliage biomass and total branchwood biomass per tree.

The contribution of each competition index (CI) was highly significant
(p<0.001) (Table 3.13) when included in the simple model:

InFOL = by + b;*Indbh + bg*ClI, [3.10].
where InFOL is the natural logarithm (base-e) of foliage biomass (g) and Indbh is
the logarithm of the diameter at breast height (dbh, in cm).. When dbh was added
to the model so that: |

InFOL = by + b;*Indbh + by*dbh + bg*CI | [3.11]
the contribution of the competition indices remained significant (p<0.05). Dbh,

however, did not contribute significantly to models 3.22 and 3.23 (Table 3.13).

When computing predicted values from regression models based on
logarithmic transformations, a correction factor was applied as suggested by

Baskerville (1972) and Sprugel (1983):

Predicted = exp(model) * exp(SEE2 /2), [3.12]
where model is the regression equation in its logarithmic form and SEE is the

standard error of estimate of this model.

In regression models based 6n logarithmic transformation of the dependenf
variable, the coefficient of determination (R?) and the standard errbr of estimate
(SEE) are affected by the transformation. When the models are transformed back’
into the original units, the coefﬁcient of determination and the SEE can be
calculated from a new linear model

Actual = b + bi*Predicted. [3.13]
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Table 3.12. Mean, standard deviation (S.D.), and range of tree measurements,
biomass data, and competition indices for the 39 sample trees.

Variable Mean- S.D. - Min. Max.

Tree measurements

dbh (cm) 22.6 13.4 6.8 59.2
height (m) 22.0 10.4 8.1 -48.4
age (years at b.h) 37.6 13.5 24.0 67.0
Biomass (kg)
Total stem?@ 322.1 - 5b4.1 12.9 2140.4
‘Stemwood 277.7 481.3 11.2 1816.2
Stembark 44 .4 73.7 1.7 324.2
Foliage _ 8.97 9.38 0.31 35.69
Branchwood 16.47 34.69 0.43 91.22
Competition IndicesP
GSI 24 .8 19.25 0.0 65.2
CSI 437.1 111.93 2563.1 784.8
CIO 9.2 7.41 2.1 33.0
4.0 2.82 0.8 13.5

DCI

8 stemwood plus stembark
see Methods for explanation
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Table 3.14 shows R2 and SEE for the significant models (3.14 to 3.22) in anti-
log form. Models 3.20 and 3.21 rank first and second with respecf to highest R2
and lowest SEE. Model 3.19 is the best model which does not include a competition

index. The three regression equations are:

InFOL = -0.2681+3.4051*Indbh-0.0587*dbh . [3.19]
InFOL = 0.3081+2.9902*Indbh-0.0411*dbh+0.0104*GSI  [3.20]
InFOL = 2.1452+2.8449*Indbh-0.0456*dbh-0.0024*CSI  [3.21]

Additional statistics are listed in Tables 3.13 and 3.14. The regression
coefficients of the competition indices in models 3.20 and 3.21 have opposing signs

~ because of the way the indices are computed: intense competition is expressed by a

low GSI value and by a high CSI value.

Figure 3.6 shows a plot of model 3.19. The surfaces described by models 3.20
and 3.21 are plotted in Figures 3.7 and 3.8. The combinations of dbh and |
competition index in the data set are displayed in the lower sections of Figures 3.7
and 3.8. Note that some regions of the regression surfaces are not defined by the
sample trees, e.g. large open-grown trees are absent. Such regions should therefore
N be regarded as tentative extrapolations of the medel. Large, open grown trees do

not occur in the data sets to which the model will later be applied.

Bias of regression models is another valuable criterion by which to judge
‘their performance. Here, percent bias is expressed as the mean residual (actual -

predicted) divided by the mean actual value multiplied by 100:

Percent Bias = 100 * (( 2 (yl y,))/n) (( 2 (yl))/n) [3.24]

where y; = predicted value, y; = actual value, and n= number of sample trees



44

Table 3.15 shows percent bias for each of 6 diameter classes and for the
combined data set for models 3.19, 3.20, and 3.21 and, for comparative purposes, for
a regional model (Gholz et al. ‘1979) frequently used to predict foliage biomass. Bias
for the combined data set is less than 1% for the 3 models that were derived from
this data set. In contrast, the model from the literature has an average bias of -
55.2%, i.e. the model greatly overestimated foliage biomass of the sample trees.
Models 3.19, 3.20, and 3.21 consistently overestimated foliage biomass of trees in
the 10-15 cm diameter class. Model 3.20 has little bias (<8%) for all diameter
classes except the 10-15 cm dbh class where bias is -29.9%. The regional model
always overestimated foliage biomass. It had a bias of -233.4% and -99.9% for the

smallest and largest dbh classes, respectively.

In models 3.19, 3.20, and 3.21 over- and under-estimation alternate in
successive diameter classes, indicating that there is no lack-of-fit in these three

models. The regional model's bias suggests that lack-of-fit is a problem.

The models' bias in predicting foliage biomass of the sample trees from the 6
Installations is summarized in Table 3.16. The bias of model 3.20 ranges from -15.1
to 14.4%. The ranges of models 3.19 and 3.21 are somewhat larger. Such bias will
introduce some error in the predictions of foliage biomass on a stand basis, but
these biases are much lower than those that result from the application of the

regional model from the literature (Table 3.16).

The only way to reduce the biases further is by using 6 separate regression
equations for the 6 Installations. It seemed preferable, however, to select one
model that adequately describes the entire data sét (n=39) rather than 6 plot
speciﬁc models, each based on a much smaller and inadequate sample size (n=6 to
.8). While site spéciﬁc equations may reduce biés in predicting foliage biomass of

the small number of sample trees from each site, they may result in increased error
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Table 3.13. Statistics of ten models predicting Douglas-fir foliage biomass (grams,
n=39), CI = Competition Index. R2 is based on log-transformed data. SEE isin
logarlthmw units.

Significance (p)
Model R2 SEE Const. Indbh dbh CI  No.
C+Indbh 0.843 0.4889 <001 <.001 [3.14]
C+Indbh+GSI 0.890 0.4150 <.001 <.001 <.001 [3.15]
C+Indbh+CSI 0.894 0.4078 <.001 <.001 , <.001 [3.16]
C+lndbh+CIO . 0.896 04035 <.001 <.001 <001 [3.17} .
C+Indbh+DCI 0.894 0.4075 <.001 <.001 <.001 [3.18]
C+Indbh+dbh 0.884 0.4262 766 <.001 001 - [3.19]

C+Indbh+dbh+GSI  0.907 0.3861 .702 <.001 .015 .005 [3.20]
C+Indbh+dbh+CSI  0.917 0.3655 .035 <.001 .003 <.001 [3.21]
C+Indbh+dbh+CIO  0.889 0.4024 .075 .002 .282 .026 ([3.22]
C+Indbh+dbh+DCI  0.904 0.3924 .048 <.001 .059 .010 [3.23]

Table 3.14. Eight models predicting Douglas-fir foliage biomass. The significant
models from Table 3.13 predicted foliage biomass and linear regression of the form
ACTUAL +b{*PREDICTED are calculated. R2 is based on non-transformed
data and SEEQ is 1n actual (non-logarithmic) units.

Model R2 SEE bo by No.
C+lndbh 0.687 5320.3  2988.8 0.575 [3.14]
C+Indbh+GSI 0.797 4283.7 2058.6 0.702 [3.15]
C+Indbh+CSI 0.704 5171.2 2699.7 0.636 [3.16]
C+Indbh+CIO 0.787 4385.8 1012.4 0.868 [3.17]
C+Indbh+DCI 0.755 4706.8 1432.9 0.806 [3.18]
- C+Indbh+dbh 0.756 4691.4 301.0 0.962 [3.19]
C+Indbh+dbh+GSI  0.867 3467.0 -185.0 1.013 [3.20]

C+Indbh+dbh+CSI  0.814 4098.5 33.7 1.001 [3.21]
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Table 3.15. Percent bias (calculated as mean residual divided by mean actual

foliage biomass, times 100) for 3 foliage biomass models from this study and one

Eegional m{)del (RM, Gholz et al. 1979) for the combined data set and stratified by
iameter class.

| %Bias of Model
DBH n Actual 3.19 - 3.20 3.21 RM
5-65 39 8971.2 -0.8 -0.9 0.5 -55.7
5-10 6 672.1 -14.8 - -1.7 -0.8 -233.4
10-15 6 2063.7 -20.0 -29.9 -24.1 -122.6
15-20 8 5470.7 4.6 6.7 3.9 -39.4
20-25 8 7946.9 -7.0 -5.3 -7.5 -39.4
25-35 6 17259.6 15.1 7.6 13.8 5.2
35-60 5 5.6 -5.4 -99.9

245130  -10.5 5.

Table 3.16. Percent bias (calculated as mean residual divided by mean actual

foliage biomass, times 100) for 3 foliage biomass models from this study and one

i'egioxﬁal model (RM, Gholz et al. 1979) for the combined data set and stratified by
nstallation. :

%Bias of Model

Inst n Actual 3.19 3.20 321 RM
ALL 39 8971.2 -0.8 -0.9 0.5 -55.7

2 7 10103.1 - 29.7 14.4 18.2 5.4

4 6 9436.5 13.7 6.4 14.6 -15.2

5 8 4376.3 -0.9 9.2 4.0 50.7

16 6 5099.8 --0.7 0.7 -0.8 -45.3

71 6 5172.2 -14.6 -15.1 -13.6 -59.8

72 6 20982.5 -21.0 -12.6 -13.1 -111.2
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Figure 3.6. Foliage biomass as predictéd by Model 3.19. See text for more details.
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Figure 3.7. Foliage biomass as predicted by Model 3.20. See text for more details.



Figure 3.8.

400 [

FOULAGE BIOWMASS (kq)

Foliage biomass as predicted by Model 3.21.

49

See text for more details.



50

when predicting foliage biomass of trees from different sites. The 6 plots from ‘
which the sample trees were collected are in the vicinity of, but not identical to, the
plots for which the predictions will be made. The general models, some of which

incorporate a competition index, will therefore be used for biomass prediction.

3.4.4 A test of the models on an independent data set

Brix and Mitchell (1983) used 96 trees for the development of foliage biomass
regression equations. The auxiliary data required to compute competition indices
were available for 76 of these trees. Five regression models were used to predict
foliage biomass of the 76 trees: models 3.19, 3.20 and 3.21 of this study, the regional
model of Gholz et al. (1979), and the model of Brix and Mitchell (1983) that predicts
foliage biomass from basal area under bark which was derived from the corﬁbined

data set (n=96).

Table 3.17 shows the coefficients of determination (R2) and the standard
error of estimate (SEE) for each of the five models in non-logarithmic units. As
before, these were derived from two computational steps. The predicted values
were derived from the five regression models described above. Then the regression
between actual and predicted values (Equation 3.13) was computed. The R2 value
of the latter expresses the proportion of the variation in the actual data that is

accounted for by the predicted data.

The five models accounted for 82.4 to 85.2% of the yariation in the
Shawnigan Lake data set (Table 3.17). Model 3.21, which uses Indbh, dbh and CSI

as independent variables, has the highest R2 value. Note, however, that the slopes
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(by) of the regression lines differ greatly from one, which indicates that systematic

bias in the prediction of foliage biomass occurs.

All five models tended to underestimate foliage biomass (Table 3.18). The
amount of bias varied with treatment and with model. Figure 3.9 shows predicted
versus actual foliage biomass for each of the four treatments as predicted by model
3.20. The discrepancy was largest for~ the T2F2 treatment (34.7% bias), in which
trees differed most from the untreated trees, and the bias was smallest for the

control plots (TOF0, bias = 12.1%).

' 'Finally, the question was addressed Whgther competition indices would also
contribute significantly to regression models derived from the Shawnigan Lake
data set. Models of the form

" Infol = by + by*Indbh + bg*CL, | - [3.10]
where CI is one of the four competition indices, were calculated. Table 3.19 lists
five models and the significance of each of the regression coefficients. Three of the
four competition indices contribufed significantly to the regression model, the

exception being CIO (p=0.061). -
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Table 3.17. Five models for the prediction of foliage biomass for Douglas-fir applied
to the Shawnigan Lake data set. The models have the form ACTUAL =
bo+b*PREDICTED. R2 is based on non-transformed data and SEE is in actual
(non ]loganthrmc) units.

No. Model R2 SEE b by

[3.19] C+Indbh+dbh - 0.839 2593.1 -759.6 2.158
(3.20] C+Indbh+dbh+GSI  0.824 2707.2 289.2 1.327
[3.21] C+Indbh+dbh+CSI  0.852 2485.7 -1198.2 1.436
[-] Gholzet al. 1979 0.834 2633.3 -4228.6 1.949

[-]1 Brix & Mitchell 1983 0.837 2606.4 -733.9 0.890

Table 3.18. Percent bias (calculated as mean residual divided by mean actual
foliage biomass, times 100) for 5 models for the prediction of foliage biomass for the
combined data set and stratified by treatment.

%Bias of model
Treatment n  Actual 319  3.20 321 Gholz2 B&M 83b

TOF0 16 4312.4 34.5 12.1

5.3 -12.2 2
T2F0 22 9958.8 50.4 20.6 16.5 26.7
TOF2 14 7078.8 40.0 22.9 13.2 8.4 -

T

T2F2 24 14892.1 55.6 34.7 30.8 39.0
ALL 76 9797 .4 50.1 26.9 219 26.5

Ll el S o
H O~k

8 Gholz et al. 1979
b Brix and Mitchell 1983



53

Table 3.19. Contribution of four competition indices to the prediction of foliage
biomass of Douglas-fir trees (n=76) from four treatments of the Shawnigan Lake
experiment. CI = Competition Index. R2 is based on log-transformed data and SEE
is in logarithmic units.

Sigm'ﬁcance (p)

C+Indbh+DCI

-Model R2 SEE Const.  Indbh CI
C+lndbh 0.877 0.276 .005 <.001
C+Indbh+GSI 0.914 0.265 001 <.001 .008
C+Indbh+CSI 0.928 0.243 <.001 <.001 <.001
C+Indbh+CIO 0.910 0.271 877 <.001 .061
0.926 0.246 <.001 <.001 <.001
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Figure 3.9. Comparison of actual and predicted foliage biomass of 76 Douglas-fir
trees in 4 treatments of the Shawnigan Lake experiment. Predictions are based on
model 3.20 from this study. TOF0 = control, TOF2 fertilized, T2F0 = thinned, and
T2F2 = thinned and fertilized.



56
3.4.5 Branchwood biomass regression models

Three of the four c/ompetition indices contributed significantly to the model
lnBRA = bg + by *Indbh + by*CI [3.25]

where InBRA is the logax’ifhm (base-e) of branchwood biomass, Indbh is the
logarithm of the diameter at breast height (dbh, in cm), and CI is the competition
index (Table 3.20). CIO was the only competition index that was .not significant.
Adding dbh as additional independent variable did not contribute significantly
(p=0.05) to the models. As with the foliage biomass models, the branchwood models
were converted to the anti-log form with the appropriate correction factors. ‘The
regression equations between actual and predicted values (see Equation 3.10) are

summarized in Table 3.21. Model 3.27 yielded the highest R? and the lowest SEE.

Percent bias, as defined above, was lowest for model 3.27, averaging -2.0%.
Percent bias for diameter classes and for the six installations for each of the 4
models and for the regional model of Gholz et al. (1979) is listed in Tables 3.22 and
3.23. The two models selected for computation of branchwood biomass are model
3.27, which includes a competition index, and modei 3.26, which is the best model
without a competition index. The coefficients of these two models are:

InBRA = 1.9036+2.3522+Indbh [3.26]
InBRA = 1.7018+2.3471*Indbh+0.0087*GSI [3.27]

Figures 3.10 énd 3.11 present the two equations graphically. Note that the
combination of dbh and competition index in the data set does not cover the entire
range displayed in the graphs (Figure 3.11). Therefore, the predicted branchwood
biomass for large trees with little competition must be regarded as a tentative
extrapolation of the model. Such trees, however_, do not occur in the data sets to

which the models will be applied for prediction purpoyses.
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Table 3.20. Statistics of five models to predict branchwood biomass (grams) for
Douglas-fir (n=39), CI = Competition Index. R2 is based on log-transformed data
and SEE is in logarithmic units.

-Significance (p)
Model R2 SEE " Const. Ilndbh CI - No.
C+Indbh . 0.922 0.3804 <.001 <.001 [3.26]
C+Indbh+GSI 0.938 0.3446 <.001 <.001 005 [3.27]
C+Indbh+CSI - 0.947 0.3193 <.001 <.001 <.001 [3.28]
C+Indbh+CIO 0.929 0.3679 <.001 <001  .067 [3.29]

C+Indbh+DCI 0.938 0.3433 <.001 <.001 .004 [3.30]

Table 3.21. Four models to predict branchwood biomass for Douglas-fir. The
significant models from Table 3.20 predicted branchwood biomass and linear
regression of the form ACTUAL = by+b;*PREDICTED are calculated. R? is based
on non-transformed data and SEE is in actual (non-logarithmic) units.

Model . R2 SEE bo bl No.
C+Indbh 0.888 7967.1 1815.2 0.833 [3.26]
C+Indbh+GSI 0.922 6640.4 804.2 0.932 [3.27]
C+Indbh+CSI 0.885 8053.9 1511.3 0.891 [3.28]

C+Indbh+DCI 0.900 7526.1 208.6 0.997 [3.29]
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Table 3.22. Percent bias (calculated as mean residual divided by mean actual
branchwood biomass, times 100) for 2 branchwood biomass models from this study
and one regional model (RM, Gholz et al. 1979) for the combined data set and
stratified by diameter class.

%Bias of model
DBH n  Actual 3.26 3.27 RM.
ALL 39 164725 -6.8 -2.0 -69.9
510 6 1001.1 -13.5 4.3 -146.3
- 10-15 6 2611.1 17.4 -26.3 -132.7
15-20 8 6548.6 5.5 3.7 -75.9
120-25 8  10542.9 2.4 -1.3 -73.7
25-35 6  25639.0 19.8 10.2 -33.6
35-60 5  66038.0 -292.8 7.8 -80.5

Table 3.23. Percent bias (calculated as mean residual divided by mean actual
branchwood biomass, times 100) for 2 branchwood biomass models from this study
and one regional model (RM, Gholz et al. 1979) for the combined data set and
stratified by Installation.

%Bias of model
INST n Actual 3.26 3.27 RM
ALL 39 164725 68 -2.0 -69.9
2 7 14307 .4 - 34.7 19.5 -13.7
4 6 12611.2 12.3 1.7 -50.7
5 8 5537.5 2.8 7.8 -79.8
16 6 6997.8 11.3 8.7 -62.9
71 6 6692.6 --9.0 -14.0 -96.6
72 6 56694.6 -26.4 -10.4 -87.2
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Figure 3.11. Branchwood biomass as predicted by Model 3.27. See text for more
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3.4.6 Regression models for stem biomass components

Separate regression models have been developed for each of the three stem
biomass components: stemwood, stembark, and total stem (wood plus bark). The
contribution of ‘t,he competition indices to the regression models varied with the
biomass component. In models for the prediction of stemwood or total stem
biomass which use Indbh as independent variable, three of the four Cls contributed
significantly, the exception being CSI (Table 3.24). Adding dbh to the models
rendered all CIs except GSI insignificant. In stembark models, only CIO
contributed significantly (T'able 3.24). Coefficients of determination (R2) ranged
from 0.976 to 0.989 for logarithmically transformed data.

The regressions between actual values and those predicted frpm the
significant models of Table 3.24 express the performance of the predictive models in
non-logarithmic units (Table 3.25). For the prediction of stemwood biomass, model
3.37 yielded the highest R2 value, a low SEE, an intercept (b;) near zero, and a
slope (by) near 1.0. Of the two models which do not use a CI as an independent

‘variable, model 8.36 is preferable because by is closer to zero and by is closer to 1.0.
With similar arguments, models 3.46 and 3.47 are identified as the best predictive
models for total stem biofnass. For the prediction of stembark, models 3.38 and
3.39 are selected as the best models with and without CI, respectively. The
relationships between predicted values obtained from the regional models of Gholz
et al. (1979) and actual values are very similar to those obtained with regression

models from this study (Table 3.25).

Two models each for the prediction of stemWood (models 3.36 and 3.37) and
stembark (models 3.39 and 3.40) biomass were selected as the best models:
InSW = -1.2850+1.7980*1ndbh-0.0267*dbh [3.36]
InSW = -1.4995+1.9524*Indbh+0.0202*dbh-0.0039*GSI  [3.37]
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InSB = -4.8505+2.5563*1ndbh+0.0136*CIO [3.39]

InSB = -3.4709+1.9925¥Indbh+0.0185*dbh [3.40]
where InSW = logarithm stemwood biomass (kg) and InSB = logarithm stembark
biomass (kg). Additional statistics are listed in Tables 3.24 and 3.25.

These four models and the regional models of Gholz et al. (1979) were further
analyzed for their bias (see Equation 3.24). Percent bias ranged from -1.7 to -0.6%
and from -2.4 to 2.3% for the stemwood and stembark fegression models,
respectively (Table 3.26). Percent bias in separate diameter classes was somewhat
larger for the models from this study but was considerably larger in the regional
model. Strafcifying the data set by Insf,allation showed that the bias of the
stemwood models was small for five Installations (-3.1 to 7.4%), but in Installation

2 it was -25.2 and -15.7% for models 3.36 and 3.37, respectively (Table 3.27).

Percent bias of the stembark models for all data combined was small (-2.4 to
0.8%) (Table 3.27). For the six Installations, percent bias ranged from -11.6 to 7.0%
and was largest in Installation 5. The regiohal model had a small bias when
averaged over all data, but it had a much larger bias in predicting stemwood
biomass (-38.6% in Installation 2) and stembark biomass (-18.3% in Installation 5)

of individual installations.
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Table 3.24. Statistics of regression models to predlct stem biomass components (kg)
for Douglas-fir (n=39), CI = Competition Index. R2 is based on log-transformed data
and SEE is in loganthmw units. -

Significance (p)

Model : R2 - SEE Const. Indbh dbh CI No.
STEMWOOD BIOMASS

C+Indbh | 0.978 0.2028 <.001 <.001 [3.31]
C+Indbh+GSI 0.984 0.1746 <.001 <.001 <.001 [3.32]
C+Indbh+CSI 0.980 0.1951 <.001 <.001 .055 [3.33]
C+Indbh+CIO 0.987 @ 0.1588 <«<.001 <.001 <.001 [3.34]
C+Indbh+DCI 0.982 0.1864 <.001 <.001 .008 [3.35]
C+lndbh+dbh 0.985 0.1703 <.001 <.001 <.001 [3.36]

C+lndbh+dbh+GSI  0.987 0.1568 <.001 <.001 .004 .010 [3.37]

STEMBARK BIOMASS

C+Indbh 0.976 02109 <.001 <.001 [3.38]
C+Indbh+CIO 0979 02014 <001 <001 039 [3.39]
C+Indbh+dbh 0979 01983 <001 <001 .021 [3.40]
TOTAL STEM BIOMASS

C+lndbh 0981  0.1887 <001 <.001 [3.41]
C+Indbh+GSI 0985  0.1661 <001 <001 -  .002 [3.42]
C+Indbh+CSI 0982 01849 <001 <001 120 [3.43]
C+Indbh+CIO 0989 01464 <001 <001 <001 [3.44]
C+Indbh+DCI 0984  0.1763 <.001 <001 016 [3.45]
C+lndbh+dbh 0987  0.1557 <001 <001 <.001 [3.46]

C+Ilndbh+dbh+GSI  0.989 0.1464 <.001 <.001 .002 .022 [3.47]
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Table 3.25. Seven models to predict stemwood biomass for Douglas-fir. The
significant models from Table 3.24 and a regional model predicted stemwood
biomass and hnear regression of the form ACTUAL = by+b;*PREDICTED are
calculated. R2is based on non-transformed data and Sl%E 18 in actual (non-

loganthmm) units.
Model  R2? SEE b by No.
STEMWOOD BIOMASS
C+Indbh 0.981 67.0 306  1.216 [3.31]
C+Indbh+GSI 0.982 - 66.1 204 1139 [3.32]
C+Indbh+CSI 0.985 59.9 278 1.190 [3.33]
C+Indbh+CIO 0.984 62.7 -10.8  1.065 [3.34]
C+lndbh+DCI 0.985 59.7 184 1129 [3.35]
C+lndbh+dbh 0.979 70.9 82 0961 [3.36]
C+lndbh+dbh+GSI  0.985 59.9. 38 0980 [3.37]
Gholzet al. 1979  0.983 63.7 05 1021 [ |
'STEMBARK BIOMASS
C+Indbh 0983 9.9 28 1113 [3.38]
C+Indbh+CIO 0.980 10.6 1.0 1.031 [3.39]
C+Indbh+dbh 0983 98 14 0946 [3.40]
Gholz et al. 1979  0.983 9.9 2.7 1086 [ 1
TOTAL STEM BIOMASS |
C+lndbh 098¢ 709 339 1.205 [3.41]
C+lndbh+GSI = 0.984 725 233 1138 [3.42]
C+Indbh+CIO 0.986 67.9 2120 1.062 [3.43]
C+1ndbh+DCI 0.987 63.9 21.6 1130 [3.45]
C+Indbh+dbh 0.983 74.8 96  0.960 [3.46]
5.5

C+Indbh+dbh+GSI  0.987 65.6 0.975 [3.47]
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Table 3.26. Percent bias (calculated as mean residual divided by mean actual
biomass, times 100) for stemwood and stembark biomass as calculated with 2
models from this study and one regional model (RM, Gholz et al. 1979) for the
- combined data set and stratified by dlameter class.

Stemwood Stembark
'DBH n Act. 336 3.37 RM Act. 340 3.39 RM

(cm) (kg) - % Bias (kg) % Bias

5-65 39 278.9 -1.0 -0.6 -1.7 445 0.8 -2.4 2.3

5-10 6 18.0 6.4 2.9 29.2 2.6 -5.1 -36 3.9
10-15 6 379 -7.3 -34. -0.5 6.8 1.6 -0.5 -3.0
15-20- 8 80.1 1.8 1.0 -3.1 13.1 -3.4 -2.8 -10.3
20-256 -8 128.3 -14 -1.5  -12.7 22.0 -34  -1.7 -10.7
25-35 6 268.4 -14 09 -16.0 47.9 -1.9 29 -4.2
35-60 5 -1.0 -1.0 - 2.7 2222 2.6 -3.9 7.4

1453.1 -
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Table 3.27. Percent bias (calculated as mean residual divided by mean actual

‘biomass, times 100) for stemwood and stembark biomass as calculated from 2
models from this study and one regional model (RM, Gholz et al. 1979) for the
comb1ned data set and stratified by Installation.

Stemwood

v Stembark
- Inst n Act. 336 337 RM Act. 340  3.39 RM
(kg) % Bias (kg) % Bias

ALL 39 - 2789 -1.0. -0.6  -1.7 44.5 0.8 -24 2.3
2 7 973 -25.2 -15.7 -38.6 214 1.0 2.6 -4.4 |

4 6 145.8 0.0 2.7 -11.3 26.1 1.9 4.7 -1.8

5 8 70.4 1.6 -1.8 -3.2 10.6 -116 -11.0 -18.3

16 6 76.9 -3.1 -3.1 -9.6 12.5 -8.5 -8.56 -16.4

71 6 1000 66 74 -12 163 07 17 -58

72 6 1283.0 0.4 -0.1 3.2 195.3 2.1 -3.3 7.1
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3.5 DISCUSSION

In the 45 years since Kittredge (1944) published the first paper on foliage
biomass regression equations, over 30 additional models for f;he prediction of foliage
. biomass of Douglas-fir have been published (c.f. Table 8.1). Collectively, they have

identified a great variability in the relationships between dbh and foliage biomass.

Some researchers found that sapwood basal area is a superior predictor of
foliage biomasé, but the relationship described by this variable éppears to be
affected by additional factors (Figure 3.2). Sapwood basal area can only be
determined from increment cores or through destructive sampling. These
'measurements are often not available, hbWever, especially in permanent sampling
plots where the swellin'gr of the stem following increment core sampling may:nof bé

“desirable. In some projects, sapwood basal area has been pfedicted from a second
_regression equation established from sampling trees. This second model, however, N

represents an additional source of error.

Despite the large number of existing regression models, a researcher who
. wants to predict foliage biomass is facing a difficult task. Given the existing
variability between regression models, what criteria should be used to select and

judge a mbdel?

Existing models for the prediction of foliage biomass typically use oﬁe or
‘more variables which describe stem characteristics, such as dbh, height, or sapwood
basal area. The size of the crown and the amount of foliage of a tree are also
influenced by the amount of competition a tree is experiencing. The "social"
. position within a stand can be quantified by a competition index (CD. Four
competition indices have been tested in this study for their contribution to

regressioh models for the prediction of foliage and branchwood biomass of Douglas-
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fir. Each of these competition indices cdntributed highly significantly to the
regression equations (Table 3.13 and 3.20). ‘

The regression coefficients associated with the‘ competition indices in foliage
and branchwood regression quéls have values that aré_ ecologically meaningful:
the coefficients are positive in models which include GSI, a CI that increases from 0
to 100 with decreasing competition. The coefficients are negative in models that
use the other three Cls, all of which decrease with less competition. In both cases,
the models predict that trees with less competition will have more foliage and

branchwood biomass.

Competition indices will account for the between and within stand variability
in crown biomass allometric relationships that is attributable to variations in stand
density.' Competition indices can be corriputed ﬁ‘om stand maps which are oﬁén
available for research plots. Furthermore, repeated measurements of dbh and |
recording of tree mortélity are sufficient to compute the changes in CI over time.
Other variables ‘occasio‘nally used in regression models, such as height, sapwood
basal area, or length of the live crown, are more difficult and more expensive to
measure. In addition, these measurements would have to be taken repeatedly, if a

prediction of biomass trends over time is desired.

- Competition indices by themselves may not be able to account for the
changing allometric relationships following fertilization (Grier et al. 1986, Brix and
Mitchell 1983, Barclay ei al. 1986). In stands that have recently been thinned, a CI
will express competition base‘d on present stand density but tree crowns and foliage
biomass rhay not have had the time to fully occupy the newly available space. This
must be considered when using these equations to predicfc foliage and branchwood

biomass,
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Foliage biomass regression models de{reloped in this étudy were applied to
predict foliage biomass of 76 sample trees in 4 treatments at the Shawnigan Lake
résearch project. The 3 models (3.19, 3.20, and 3.21) accounted for 83.9%, 82.4%,':
and 85.2% of the variation in this independent .data set. Model 3.21 accounted for a
greater proportion of the variation in the data than either the regional ino'del
"~ (Gholz et al. 1979) or fhe model déveloped from the combined data of the
Shawnigan Lake study (Brix and Mitchell 1983). |

All three models developed in this study con_Sistently underprediéted foliage
biomass. The two models which include a CI underpredicted fdliage 'biomass of the
trees in the unthin_ned and unfe‘fftiiized control plots With 12.1% (Model 3.20) and
5.3% bias (Model 3.21). The model without CI had 34.5% bias (Model 3.19). Bias
increased with thin_nihg and fertilization treatments. In the Shawnigan Lake
study, trees were destructively sampled 5 and 7 years after a'thinning in which 2/3

'of the basal area were removed. The remaining trees experienced much leés |
competitidn'than ahy of the sample trees from which the regression models were
develbped. 'Prediéted foliage biomass of trees from thinned plofs is in some cases
based on an extrapoiation of the fnodel, which may account for some of the observed

bias.

The contribution of competition indices to regression models which predict
stemwood and stembark biomass was smaller than their contribution to crown
biomass éomponent models‘ (Table 3.24). The signs of the regressioﬁ coefficients
associated with the Cls were reversed compared to those in crown biomass
equations. The models predict that of two trees with the same dbh, the one that
experiences less competition will have the smaller stemwood and stembark
biomass. Wood speciﬁc density in Douglas-fir is primarily a function of cambium

age and not of ring Width (Jozsa et al. 1989). This suggests that the form factor -
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(Husch et al. 1982) decreases with decreasing- competition, as can be observed in

DouglaSaﬁr (R.E. Carter, pers. comm.).

Bias in predicting stemwood biomass for the entire data set was -1.0% and -
0.6% for models 3.36 and 3.37, respectively (Table 3.27). Bias increased when the
~ data slet Was stratiﬁed by Installation. The greatest bias, -25.2% (Model 3.36) and -
15.7% (Model 3.37) was observed in Installation 2. Specific gravity of the stemwood
of the trees in this Installation (SG=0.403, S.D.=0.024, n=7) was signiﬁcahtly
(p=0.005) lower than that of the trees in the other five Installations (SG=0.440,
S.D.=0.032, n=32). Therefore 'stémwood biomass in Installation 2 is overestimated

somewhat by the regression models. .

This study showed that competition indices can contribute significantly to

" biomass :regression models. Sample trees for this study originated from 6 sites that
covered a range of site indices. Further testing of the regression models should be
conducted with additional independent data sets. The 39 sample trees of this study
" cover a large range of the possible combinations of dbh and competition index, but '
open-grown trees (no competition) and large trees with little competition are not
included in the data set. Future studies should attempt to include such sample

trees.
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3.6 CONCLUSIONS

The review of existing regression models for the prediction of biomass of
Douglas-fir has shpwn that the range of predicted biomase for the same diameter
differs widely between models. The lack of criteria by which to judge the suitability
of existing models for the prediction of biomass components in specific stand
conditions emphasizes the need to find a new approach to biomass regression |
- models. This new approach should attempt to include an independent variable .
which might account for the between—stand differences in the biomass regression

models. “

Competition indices, which accouht for the competitive status of individual
trees, contributed significantly to regression models for the prediction of all above-
ground biomass components. Their contribution was highest in foliage and
branchwood biomass regression models. Of the competition indiees tested, GSI (Lin
.1974) contributed most to regression models for the prediction of foliage, bra‘rich,

and stemwood biomass.

The new models for the prediction of foliage biomass were tested against an
independent data set from the Shawnigan Lake research project and performed
very satisfactorily, in particular in unthinned and unfertilized plots. Thinning and

 fertilization increased the bias of the predicted values.
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4. ABOVEGROUND AND COARSE ROOT BIOMASS AND PRODUCTION

4.1 INTRODUCTION

A quantitative understanding of the production of all major above- and
belowground biomass components is a necessary foundation for many studies of
'forest ecosystems: carbon and nutrient budgets, the biology of tree response to -
silvicultural treatments, and the study of environmental influences on forest yield
are some.important examples. In this chapter, biomass and production of those
tree components which can be predicted from allometric relationships will be
reported. This includes the major aboveground components and coarse roots. Fine

and small root biomass and production will be reported in the next chapter.

The first objective of the research presented in this chapter was to quantify
the‘ biomass of major tree components in twelve Douglas-fir stands growing over a
range of site indices. The second objective was to quantify the net biomass'

production of these components over several measurement periods.

4.2 LITERATURE REVIEW

Net primary iaroduction (NPP) of a fdrest ecosystem is defined as the amount
of organic matter produced by plants over a time period, usually a year (Waring
and Schlesinger 1985, Satoo and Madgwick 1982). NPP includes all increments in
‘the biomass of stemwood, stembark, branches, foliage, reproductive organs, and
roots, plus the amounts of plant material that become detritus or are consumed by

animals.
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NPP can be estimated by determining, for each of the major biomass
components, the net increment (A Biomass), the mortality of individual trees or.
their parts (detritus), and the amount of plant material consumed by animals

(con_suinption) over the time period.
NPP = A Biomass + Detritus + Consumﬁtion [4.1]

For general reviews of forest ecosystem biomass, producﬁon, and litterfall
data see Cannell (1982), Reichle (1981), Bray and Gorham (1964), and ngt et al.
' (1986). o

4.2.1 Annuai stemwood and stembark production

Stemwood and stembark are the most commonly measﬁfed components in
studies of biomass productiop and growth and yield (cf. Cannell 1982), most of
which consider only net inérement and mortality of trees. The tufnover component
of stembark production, due to shedding of the outermost bark layers, is generally

not considered in production studies.

' 4.2.2 Annual branchwood production

Annual branchwood production comprises the net increment of total
branchwood biomass and the replacement of mortality. Few studies have
attempted to include annual branchwood production in developing estimates of

production at the stand level.
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Satoo and Madgwick (1982) suggest two methods for deriving an estimate of
branchwood production. The first method calculates the chénge in total
branchwood biomass, based on regression equations, and adds a value for
branchwood mortality Aderived from litterfall estimates. This method has several
problems. Firstly, branch litterfall is likely to vary greatly between yéars depeﬁding
on the occ\urr'ence of storms, snowfall, drought, and other factors. Secondly, large
traps aré required to obtain accurate estimates because of the spatial heterogeneity:
of branch litterfall. Thirdly, the origin of branchwood litterfall cannot be identified:
some of it originates from dead trees, the rest from dead whorls of living trees.

Only the latter component is of interest in the estimation of branchwood turnover,
becausé branchwood mass of dead trees is not included when estimating stand
branchwood biomass frofn regression eqﬁations. The second method suggested by
Satoo and Madgwiék (1982) is based on the assumptioﬁ that the relative growth
rate of bi'anches is equal to the relative-growth rate of steinwood. The authors

‘warn, however, that this method may lead to underestimates of actual production.

The study .of Douglas-fir biomass productioﬁ by Dice (1970) omitted
branchw_bod from the total aboveground production estimates. Mohren (1987)
calculated annual branchwood mortality by assuming an average lifespan of 30
years for a' Douglas-ﬁr bra_nch. However, stand density will affect live crown length

| (Carter et al. 1986, Ritchie and Hann 1987) and such an approaéh may not be |
appropriate in standé with differing density. Comeau (1986) calculated
branchwood production of lodgepole pine stands by dividing tree branchwood
biomass by the age of the oldest branches 6n the tree. This may result in the
underestimation of branchwood productiqn because the average lifespan, not the

maximum lifespan, determines turnover rates.
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4.2.3 Annual foliage production

~ There are several different approaches to the ciuantiﬁcation of annual foliage

| prdduction in evergreen coniferous stands (Satoo and Madgwick 1982, Newbould
1967). The amount of first year foliage, which is equél to foliage production, can be

‘calculated from regression equations. Alternatively, annual foliage litterfall can be .
collecfed and, assuming that the foliage biomass of a stand has reached a steady

~ state, annual foliage litterfall will be equal to annual foliage production (Fogel and

Hunt 1979). Between-year variétion in annual foliage litterfall and the litterfall

component from dying trees can complicate calculations based on this approach.

4.3 MATERIALS AND METHODS
4.3.1 Site description

The study sites have been described in detail in Chapter 2.

4.3.2 Field measurements and data processing

Details of plot selection and establishment are described in Darling and
Omule (1989). The main points relevant to this study will be summarized briefly.
Eaéh plot was 22.36 x 22.36 m (0.05 ha) and was surrounded by a 4.63 m buffer
stri_p (0.05 ha). All trees \;vit_hin each plot were marked at breast height (1.3m);
numbered, and their x-y coordinafes determined. Diameter at breast-height (dbh)
- was measured to the nearest 0.1 cm for all trees greater than or eqﬁal t0 5.0 cm

~ dbh. Installations 71 and 72 weré measured in the fall or winter of 1971, 1974,
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. 1977, 1980, and 1983. The remaining four Installations were measured in 1972,
1975, 1978, 1981, and 1984. These dbh measurement_é were taken by the B.C.
Forest Service Research Branch. Additional dbh measurements for this study were
taken for all plots in the fall or winter of 1985 and 1987. The two data sets were

' merged and checked for inconsistencies. Obvious errors, such as trees classified as
dead in one period and living in the next, were corrected. "Shrinking"lof trees was
Qccasionally observed if a suppressed tree was approaching death and then died in
the next measurement period. "Shrinkage" was presumably caused by moisture
“loss in the stemwood and should not affect stemwood biomass on a dry weight

~ basis. In the few situations where shrinkage was observed and followed by tree
deéfh in the subsequent measuremenf period, the dbh of such trees was held
constant at its preceding maximum value. Such corrections amounted to increasing
the dbh at the last measurement prior to mortality by one to two mm and avoided
the calculation of decreasing biomass estimates. The merged and corrected data

file was the basis for all subsequent computations.

At each measurement period, height measurements were taken on
appfbximately 10 trees per plot.‘ In 1985, the height of the five largest (by dbh)
~ trees per plot was determined with a tripod-mounted felascope. Ages were
determined by the B.C. Forest Service Research Branch from cores collected 30 cm

above the germination point in at least 5 trees per plot.

: Site indices (Bruce 1981, Mitchell and Polson 1988) for 1985 were calculated
from total stand .age (converted to age at breast height) and the mean height of the
5 largest trees per plot. Site indices for years prior to 1985 were calculated from
total stand age (converted to age at breast height) and the mean height of the 5
largest trees for which height measurements were available. Site index -

calculations were based on height/age equations (Mitchell and Polson 1988) which
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were iteratively solved for site index using the secant method (Gerald and

. Wheatley 1984).

. Competition indices were calculated usipg the equations described in
Chapter 2. Growing Space Index (GSi) (Lin 1974) and Competitivé Stress Index
(CSI) (Arney 1973) were c_omputed for each tree in the plot at each measurement
date using dbh data and x-y coordinates. These data were unavailable for trees in
the buffer strip. Competition indices for trees near the }edge of the plot were
erroneous because of the lack of neighbours for these trees in the data set. The
contour map of GSI values of Installation 2 Plot 6 (Figure 4.1A) shows the edge
effect as increasing GSI values near the plot edge. This artefact was reduqed by
establishing a hypothetical stand around each plot. The plots were subdivided into
16 quadréts of equal size (5.59 x 5.59m), labelled A through P in Figure 4.2. The
stand information of these quadrats was éopied to similar quadrats surrounding
the plot (labelled a through p in Figure 4.2) following the scheme outlined in Figure
4.2, Cofnpetitibn indices were calculated for trees inside the original plot, |
assuming the hypothetical stand structure in the area surrounding the plot. Figure
4.1B shows that this procedure effectively removed the edge effect observed in
Figure 4.1A. | |
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A 224

168

56

B' 224

168

56

Figure 4.1. Contour maps of Growing Space Index (GSI) in Installationlz., Plot 6,
without (A) and with (B) hypothetical buffer strip. Note the increase in GSI (less
competition) towards the plot border in A. Tree locations are indicated by ®.
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4.3.3 Calculation of biomass and net production

The tree components for which biomass and net primary production (NPP)
'.were determined individually are stemwood, stembark, branches (including bark),
foliage, and coarse roots. Biomass' and production of reproductive organs were not
quantified. The biomass of each major aboveground tree component and of coarse
roots was calculated from regression eciuations applied to the data of every living
tree with at least 5 cm dbh. All living trees We_ré summed to obtain plot biomass
which was converted to Mg ha-1. The regressiohs for aboveground Douglas-fir
biomass components were described in Chapter 3. Biomass components of western
hemlock and western redcedar were calculated from pubhshed regressions (Gholz et
al. 1979). Other species (western white pine, (Pinus monticola Dougl.), bigleaf
maple (Acer macrophyllum Pursh.), and Hooker's willow (Salix hookeriana Barr. in
Hook.)) were treated as Douglas-fir. White pine and bigleaf maple never occurred o
more than once per plot. In one plot, three willows were present, but they never

accounted for more than 0.6% of total basal area.

Net primary production for any period was calculated as the sum of the net
" increment in biomass, plus mortality of trees, plus turnover:

Production = A Biomass + Mor;cality + Turnover _ [4.2]

Consumption of plant'biomass by animals was not considered in this study
as no data were available. For the period for which diameter measurements were

taken, no outbreaks of defoliating insects had been recorded in the six installations.

Net annual increment for each of the biomass components was calculated as
the difference between stand biomass ét the beginning and end of each
'measurement period divided by the number of years in that period. The calculation
of the mo_rtality and turnover componenﬁs of NPP differed between biomass

components as described below. The exact year of tree mortality within each
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measurement period was not deterﬁﬁned. The biomass of all trees which died
within a period was summéd and evenly distﬁbuted among all yearslof the
measurement period. Ingrowth, (i.e. trees which were recorded for the first time
because they grew bigger fhan the,» diameter-recording limit of 5 cm), was treated as
if the biomass of such trees had been produc_ed'entirely during the measurement

period. Biomass production was evenly distributed among the years of that period.

4.3.3.1 Stemwood

The biomass regression equation v&ith.dbh and growing space index (GSI) as
indep_endent variables (Equation‘3,37) was applied to compufe stemwood biomass of
each living Douglas-fir tree at each measurement date. Net increment was
calcilated from the difference in plot stemwood biomass at successive dates.

Mortality was calculated as described above.

' 4.3.3.2 Stembark

Stembark production was corﬁputed in the same way as stemwood
production. Douglas-fir biomass was predicted from dbh using regression equation . .
3.40. Mortality of individual trees was treated the same as that of stemwood

production. Stembark turnover was not considered because no data were available.
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4.3.3.3 Branchwood

Annuai bran'chwood production (Mg ha-! year-1) in a stand can be partitioned
into A biomass, mortality, and turnovef. The change in total branchwood biomass
(A biomass) is éalculated as the difference in total live branchwood biomass at the
beginning and end of a measurement period. Mortality refe_rs to the branchfvood
biomass of trees which died dﬁring the measurement period. Turnover refers to |
death of branches at the bottom of fhe canopy and addition of new whorls on the
top. ‘At each measurement date, biomass is calculated from Equation 3.27 (Chapter
3). Mortality of branchwood, due to the death of individual trees, is treated in the
‘same way as stemwood mortality (described above). Turnover of branchwood
biomass is difficult to determine due to thé large temporal and spatial variability in _
the occurrence of branchwood litterfall. Data on branchwood litterfall were not |
available for the 12 study plots. The foliowing computational approach was

developed to calculate the turnover component of branchwood production.

Under normal growing conditions, Douglas-fir produces one whorl of |
branches annually (lammas growth involving the terminal bud occurs only rarely in
Douglas-fir, R.E. Carter, pers. comm.). Whorl number is therefore eqﬁivalent to the
age of the whorl (i.e. growing seasons of production), if whorl number is counted
from the tob down during the dormant éeason. In a closed canopy stand in which
the canopy has starfed to lift off the ground, one whorl will die approximately every
year, thus maintaining, within a tree, a number of whorls Which is relatively

constant within a measurement period.

Annual branchwood production in Douglas-fir can be approximated from the
following considerations. Suppose that annual branchwood production (BWP)
within a whorl j is a function f of whorl number j. |

BWP() = f(j) | [4.3]
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Suppose, further, that annual branchwood litterfall (BWL) within a whorl j is
a function g of whorl number j. _ | |
BWLG) = g() ' [4.4]
Branchwood biomass (BWB) of a whorl j can then be calculated as
BWBG) = gl( BWPG) - BWLG) ) | [4.5]
bécaﬁse 'Whorl number and age of the whorl are ap;froximately equivalent in

Dbuglas-ﬁr. ,
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Figure 4.3. Theoretical distribution of branch biomass (——@ ) by whorl
number. At each whorl, annual branch production (hatched bars), and branch
litterfall (cross-hatched bars) are shown, but at a different scale than biomass. A:
Production occurrs in whorls 1 - 10 and litterfall in whorls 11- 15. B: Production
occurrs in whorls 1 - 13-and litterfall in whorls 8 - 15. See text for further

explanation.
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Figure 4.4. Branch biomass distribution of 39 destructively sampled trees from 6
plots. For each whorl, branch biomass (open circles) is expressed in percent of total
plot branch biomass. The distribution is approximated by a distance weighted least
square algorithm (solid line). ' : :
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Tree branchwood production (TBWP) is defined as the sum of branchwood

production of the n wood-producing whorls of the tree:

™

TBWP = BWPG) C [46]

1

[
H

The distribution of branchwood biomass among whorls can be described by a
bell-shaped curve (Figure 4.3a). One whorl ih the lower section of the tree's crown
will carry the maximum biomass, e.g. whorl 10 in Figure 4.3a. The biomass of this
- whorl (j,,,) can be defined from equation 4.5 as: |

im im
BWB(G)= 0, BWPG)- 2, BWL(G): [4.7]
i=1 i=1 '

If we assume (discussed below) that in a single whorl and measurement
period either prodﬁction or litterfall occur, but noﬁ both, and that production occurs
in whorls 1 fo whorl j, and litterfall in all»whorls from j,.1 to n (Figure 4.3b) then
~we can demonstrate that the branchwood biomass of whorl j, is equal to the total
branchwood biomass production of the tree. In equation 4.7, we can substitute the
first summation with equatidﬁ 4.6 and the second summation with zero and rewrite
equation 4.7 as: | _ |
| BWB(,)= TBWP - sl

) This equation states that the maximum amount of branchwood in a single
whorl can be used as an estimate of annual branchwood production. This
relationship holds if the branchwood biomass of a gingle tree is at or near stead‘};
state, which is true if annual branchwood production and litterfall at each whorl
number remain constant, i.e. Equations 4.3 and 4.4 do ﬁot change over time. .This
'Woul_d' be the case if competition from neighboﬁring trees prevents further increase
of thé individual tree's branchwood biomass. In Chapter 3 (Equation 3.27) it was

shown that compétitibn influences the branchwood biomass of a tree. Any increase
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in total branchwood biomass of a tree during a measurement period is accounted

for by the A biomass component of equation 4.2.

Violating the assumption that in a single whorl and measurement period
either branchwood _production or litterfall, but not both, occur will result in an »
underestimate of tree branchwood production (TBWP) in equation 4.8. Figure 4.3A
gives an example of the assumption that production occurs only in whorls 1 through
Jm and litterfall only in whorls Jm+1 to the maximum number of live whorls. Figure
~ 4.3B shows the simultaneous occurrence of branchwood production and litterfall in
w_horls8 through 13. Data which could be' used to assess how rﬁuch overlap océurs
between branchwood production and litterfall in particular whorls are not

available.

The site specific biomass regressions described in section 3.4.1 were applied
to calculate branchwolod.biomass for each li_Ve branch in each of the 39 sample
trees; Total branchwood biomass per whorl and per tree was calculated from these
data. Within each sample plot, the me.an brahch_wood biomass at each whorl
number was eomputed by summing the whorl biomass of the sample trees. The
distribution of live branchwood biomass was expressed as the percentage of the
total of the destructively sampled frees in each plot. Calculating plot averages
rather than a mean derived from individual trees reduces the influence of
intermediate and suppressed trees, which have smaller than average branchwood

biomass and which may have unrepresentative crown shapes.

For the sample ‘trees from each installation, the maximum percentage of
total branchwood biomass present in a single whorl was determined. The turnover
g corhponent of total annual br.anchwood biomass production was calculated by
multiplying total branchwood biomass per tree at the begmmng of the

measurement 1nterval by the maximum percentage value described above
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Within each plot all species were treated similarly. As no data are available,
it was assumed that the turnover component of other species' annual branchwood
production can be calculated in the same way as that of Douglas-fir. The mortality
and A biomass component of western hemlock and western redcedar bfanch_
production were calculated from species specific regression equations (Gholz et al.

1979), as described for stemwood biomass.

. 4.3.8.4 Foliage

Annual foliage production was computed similar to branch production from
- the net change in total biomass plus the replacement of mortality due to tree death,
plus the amount of foliage which is replaced annually. The biomass regression

equation based on dbh and growing space index (GSI) (Equation 3.20) was applied

N . to calculate total foliage biomass at each measurement date. The loss of foliage

 biomass due to tree mortality during a measurement period was evenly distributed
~ among the years of that period. Annual turnover of foliage was assumed to be

equal to the biomass of one-year;old foliage. .

| To derive an estimate 6f the proportion of total foliage in the ﬁrst_ year age
class, the percentége of foliage in the first year was calculated for each of the 267
sample branches vﬂxich had been collected and analyzed (cf. Section 3.3.2). For
“each of the 6 In‘sfallations, a regression equation was developed which predicts the

proportion of each whorl's foliage which is in the first age class.

Using thése regression equations and the data for all live branches of the 39
sampling trees,‘ the amount and proportion of foliage in the first year age class was

computed for each branch and summed to obtain the totals for each tree. A -
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regression equation was developed from data from the 39 sample trees to predict

the total amount of first year foliage as a function of dbh.

4.3.3.5 Coarse roots

Coarse root biomass for all species was calculated from a regression equation
for Douglas-fir (Gholz et al. 1979, Dice 1970) which uses dbh as iﬁdependent
variable. The lower diameter limit for coarse roots used by Dice (1970) was 10 mm.
.No biomass regressions are available for roots 5 to 10 mm diameter. Mortality of
individual trees was treated as described for stemwood. No attempt was made to
quantify the turnover component of coarse root production. ‘McMinn (1963)
encoﬁntered no dead structural roots greater than 1 cm in diameter, eXcept those of

dead suppres;sed trees, when excavating root systems of Douglas-fir.
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4.4 RESULTS
4.4.1 Branch biomass turnover

~ As described in Section 4.3.3.3, branch biomass production is derived from
three estimates: the net change in branch biomass per hectare, the replacement of
_inortélity due to death of trees, and the replacement of mortality due to death of
Whoris. The latter estimate, branch turnover, is aSsunied to be equal to the
- maximum percentage of total biomass encountered in a single whorl (see Section

43.3.3fora dei'ivation).

~ The percentage of total branch biomass plottéd against whorl number is

presiented in Figure 4.4. To show the approximate distribution of branch biomass,
lines based on a distance weighted least square smOothing al‘gorithm (Wilkinson ‘
1988a) have been added.. The whorl number at which the largest proportion of total
branch biomass was encountered ranged from whorl 12 in Installation 16 to whorl
'19 in Installation 7 2 (Table 4.1). The maximum percéntage of total branch bioméss
in a whorl ranged from 6.0 to 12.9%, which is equivalent to a mean lifespan of 16.7
to 7.8 years, respectively (Table 4.1). Total branch biomass at the beginning of each
measurement period is multiplied by the maximurh percentage values (Table 4.1) to

estimate the branch turnover component of branch production.
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Table 4.1. Maximum percentage of total branchwood biomass encountered in a
~ single whorl (whorl number) for each of the six destructively sampled plots.

Installation whorl percent of - mean lifespan
. number . total (years)
2 : 13 6.0 16.7
4 16 6.6 15.2
5 _ 12 - 9.9 10.1
16 12 129 7.8
71 . 13 8.9 11.2
72 19 6.4 15.6
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4.4.2 Foliage biomass turnover -

The percentage of foiiage ona branch which is in the ﬁrst year age class
declines with whorl number, if whorl number is counted from the top down. Figure"
4.5 shows percent foliage biomass in the first year age class as a function of whorl
namber for 267 sample branches. The model which best described the data was
| PERFOL = by + b; * /WHORL + by * 1/(WHORL)2 [4.9]

- where PERFOL is the percentage of a whorl's fohage which is in the first year age
class, and whorl is the number of the whorl, counting from the top down.
Regression lines (Table 4.2), fitted to the data from each Installation, are shown in
‘Fi'gure 4.5,

~ After applying the regression models described in section 3.4.1 to calculate
foliage biemass per branch, and the regression equations listed in Table 4.2 to
‘calculate the proportion of first year foliage, the results were summed for each tree.
First year foliage biomass per tree (FOL1) was calculated from the model |
InFOL1 = -1 598 + 3.125 * In dbh - 0. 0514 dbh [4.10]
where lnFOLl is the natural logarlthm of first year foliage biomass per tree (gram)
‘and dbh is diameter at breast height (cm). Based on a sample size of 39 trees, the

~regression model is highly significant (R2=0.868, p < 0.001, SEE=0.432 In gram).
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Table 4.2. Coefficients, sample size (n), R2, and standard error of estimate (SEE) of
- six equations to calculate, for individual branches the percentage of foliage in the
first age class. The general model is described in equatlon 4.9. (p < 0.001 for'all
models and for all coefficients (except see footnote).

Inst  n “R2 SEE (%) by b; by
9 54 977 516  -991  213.23 -103.20
4 42 982 479  -13.44  267.87 -154.37
5 52 978 524 -11.52  245.95 -134.40
16 34 . 987 449 23119 34411  -220.84
71 39 934 886  -5.778  241.14 - -135.41
72 46 965 6.00  -3.426 25759  -154.34
a p=0.078

b 5=0.068
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solid lines.
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4.4.3 Aboveground and coarse root biomass and production

The results for the major ecosystem variables will be presented graphically
for all 12 plots. In addition, results for either the year 1985 or the period 1985 to
1987 will be presented in tabular format.

Stand age, basal area, stand density, and site index for 1985 are summarized
in Table 4.3. Stand age ranged from 32 to 70 years. Site index ranged from 19.5 to
41.3 meters at 50 years. Stand density in 1985 varied between 440 and 3400 stems
per hectare (Table 4.3) and generally decreased over time (Figure 4.6). The only
exception is Installation 2 Plot 11 where the number of both Douglas-fir (+8.6%)
and western hemlock (+85.7%) stems with more than 5.0 cm_dbh increased from

1972 to 1987.

In 1985, basal area of all species ranged from 33.6 to 75.3 m2 ha'l (Table 4.3)
of which Douglas-fir represented 66.5 to 99.8%. Basal area increased with time in |
11 of the 12 plots (Figure 4.7). Snowbreak in Installation 4 Plot 17 in the winter of

84/85 resulted in some tree mortality and a reduction in basal area in this plot.

Aboveground biomass changed in a pattern which closely followed the change
in basal area (Figure 4.8). In 1985, abo‘veground biomass ranged from 135.0 to
 573.6 Mg ha-1 (Table 4.4). Table 4.4 lists the biomass of each major aboveground
component and of coarse roots. The distribution of Biomass as a percentage of
aboveground biomass is presented in Table 4.5. Coarse root biomass is expressed

as a percentage of aboveground biomass, but is not included in its calculation.

In most plots, foliage biomass increased with time, but the rate of increase
declined with time (Figure 4.9). In the two plots of Installation 72, however, foliage

biomass was approximately constant (10 and 11 Mg ha-1), despite the continuing
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increases in basal area and total aboveground biomass. Installation 72 is both the

oldest stand and the stand with the highést basal area.

Mean annuél biomass production for the period 1985 to 1987 ranged from 5.6
to 16.0 Mg ha-lyr! (Figure 4.10, Table 4.6). The low production (4.7 Mg ha-lyr-l)in
Installation 4 Plot 17 is due to treé fnortality and reduced tree growth following
snowbreak. Stemwood production was the single largest component of total |
. aboveground biomass production, representing 42.4 to 68.5% of the total (Tabie
4.7). Foliage, which representéd 1.8 to 6.4% of total aboveground biomass,
accounted for 8.7 to 31.0% of aboveground production. Branches and stembark
accounted for an additional 12.4 to 26.7% and 7.1 to 10.6% of total aboveground
production, respectively. Coarse root production was estimated to be equal to 13.2

to 17.3% of total aboveground production.
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Table 4.3. Stand age, site index (SI), basal area (BA), and stand density in 1985 for
the 12 study plots. Douglas-fir (Df) BA and stand density are listed in absolute
amounts and as a percentage of the total. :

Inst Plot Age SI Total Df %Df = Total = Df %Df
BA BA BA Stems Stems Stems
r) Mm@50) (m2hal)(m2ha 1)(% oftot)  (st. ha 1) (st. ha-1)(% of tot)

6 42 27.7 653.4 66.5 3000 1200 40.0

2 35.5
2 11 41 19.5 336 . 269 80.1 2840 2040 718
4 1 44 29.1 45.3 452 99.8 - 1840 1800 97.8
4 17 48 25.7 - 374 354 94.7 1640 1420 86.6
5. 8 40 268 587 44.6 176.0 3400 1820 53.5
5 10 39 295 . 474 459 96.8 1420 1240 87.3
16 2 32 294 413 40.7 985 2000 1960 98.0
16 6 32 324 45.1 40.7 90.2 25620 2020 80.2-
.71 11 41 24.6 45.3 45.1 99.6 1880 1840 97.9
71 14 41 23.3 46.0 456 99.1 2460 2400 97.6
72 2 70 41.3 69.1 67.0 97.0 440 400 909
72 14 70 . 41.0 75.3 7256

96.3 480 460 95.8
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Figure 4.6. Total stand density plotted against time for the 12 sample plots.
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graph. Solid circles
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Figure 4.7. Basal area plotted against time. Legend as in Figure 4.6.
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Table 4.4. Total stand blomass in 1985 of foliage, branches, stemwood, stembark,

and coarse roots.

Inst Plot ‘Age @ SI Fohage Branches  Stem Stem ZAbove Coarse
' v wood bark ground roots
(yr) (m @ 50) (Mg ha'1)

2 6 42 277 13.08 20.83 176.8 27.77 238.4 49.66
2 11 41 195 8.60 11.64 98.1 16.68 . 135.0 26.31
4 1 44 291 1048 14.39 158.9 28.15 211.9 47.18
4 17 48 257 9.05 11.75 122.5 21.60 164.9 35.48
5 8 40 26.8 1354 19.72 186.9 29.49  249.7 49.74
5 10 39 295 10.13 13.68 169.4 28.35  221.6. 48.18
16 2 32 294 9.77 12.04. 127.9 22.47 172.2 35.13
16 6 32 324 1149 14.34 142.3 2411 192.2 39.52
71 11 41 246 10.35 12.93 145.1 25.35 193.7 40.34
71 14 41 23.3 10.00 12.55 146.4 25.17 194.1 38.96
72 2- 70 413 9.87 = 26.47 441.5 71.96 549.8  123.00

72 14 70 410 25.32 74.61 573.6

10.50

463.1

129.70
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. Table 4.5. The distribution of the blomass components listed in Table 4. 4
expressed as a percentage of aboveground biomass. .

Inst Plot Age SI Foliage Branches Stem Stem X Above Coarse

. wood bark ground roots
(yr)(m @ 50) (% of £ Aboveground)
2 6 42 277 5.5 8.7 74.2 11.6 100.0 20.8
2 11 41 195 6.4 8.6 72.6 124 100.0 19.5
4 1 44 29.1 4.9 6.8 75.0 13.3 100.0 22.3
4 17 48 25.7 5.5 - 71 743 13.1 100.0 21.5
5 8 40 26.8 5.4 7.9 74.8 11.8  100.0 - 199
5 10 39 295 4.6 6.2 76.4 12.8 100.0 21.7
16 2 32 294 5.7 7.0 74.3 13.0 100.0 20.4
16 6 32 324 6.0 7.5 74.0 12.5 100.0 20.6
71 11 41 24,6 5.3 6.7 74.9 13.1 100.0 20.8
- 71 14 41 233 . 5.2 6.5 75.4 13.0 100.0 20.1
72 2 70 413 l.g , 2‘81 80.3 . 13.1 100.0 22.4
1.8 - .

72 14 70 410 80.7 13.0 100.0. 22.6
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‘Table 4.6. Annual production of foliage, branches, stémwood, stembark, and coarse
root biomass. Data represent the sum of all species for the period 1985 to 1987.

Inst Plot - Age SI Foiiage Branches Stem Stem X Above Coarse

o wood bark ground roots

Gr) m@50) — ~ (Mghalyrl) —_—

2 6 42 27.65 2.58 1.61 3.53 0.60 8.32 1.13
2 11 41 19.50 1.38 ~  1.01 2.77 0.40 5.56 0.78
4 1 44 29.05 1.39 . 125 4.06 0.69 7.39 1.28
4 17 48 25.66 1.21 0.95 2.18 0.36 4,71 0.69
5 8 40 26.75 2.62 241 4.67 0.69 10.39 1.37
5 10 39 2945 1.55 1.61 4.46 0.67 8.29 1.28
16 2 32 29.38 1.33 1.80 4.06 0.64 7.83 1.18
16 6 - 32 3239 142 2.12 3.78 0.61 7.94 1.17
71 11 41 24.62 1.39 1.29 2.67 0.41 5.76 0.76
71 14 41 23.27 1.47 1.36  3.36 054  6.74 - 1.00
72 2 70 4134 1.39 - 2.16 9.55 1.55 14.66 2.30
1.40 1.99 10.97 1.65 16.01 2.55

72 14 70 41.03
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Table 4.7. The distribution of the production listed in Table 4.6, expressed as a

percentage of aboveground biomass production. Data represent the sum of all
species for the period 1985 to 1987.

"Inst Plot Age Sl Foliagé Branches Stem Stem X Above Coarse
A wood bark ground roots
(yr)im @ 50) . (% of £ Aboveground)

6 42 277 31.0 419.4: 424 100.0 13.6

2 7.2

2 11 41 195 24.8 18.2 49.8 7.2 100.0 13.9
4 1 44 29.1 18.8 16.9 64.9 9.3 100.0 17.3
4 17 48 25.7 25.7 20.2 46.3 77 1000 145
5 8 40 26.8 25.2 23.2 44.9 6.6 100.0 13.2
5 10 39 295 - 187 19.4 53.8 81 1000 = 154
16 2 32 294 17.0 23.0 519 8.2 100.0 15.1
16 6 32 324 17.9 26.7 47.6 7.6 100.0 - 14.7
71 11 41 24.6 24.1 224 46.4 7.1 100.0 13.2
71 14 41 233 21.8 20.2 49.9 8.1 100.0. 14.8
72 2 700 413 . 95 14.7 - 65.1 10.6 100.0 15.7
72 14 70 41.0 8.7 124 685 10.3

100.0 15.9
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4.5 DISCUSSION

The use of a competition index as an independent variable in biomass
‘regression models makes it necessary that the locations of trees in research ploté
are known. The X-Y coordinates and the dbh and mortality data for up to 16 years
were available for tfees inside the résearch plots, but not for the trees in the
surrounding buffer strips. Competition indices for trees near the plot edge afe
biased because of the lack of neighbouring trees in the data set. This problem can
be reduced by either establishing a buffer strip inside the existing plot or by
creating, based on available plot information, a hypothetical stand surrounding the

plot.

A buffer strip of adequate width inside the plot would have reduced the inner
plot to one third to one quarter of its orig'inal size. An external buffer strip could
have been created by "mirroring” the trees along the plot border. This method,
however, amplifies existing irregular tree distribution patterns. A small gapora
large tree near the plot edge vﬁll be duplicated on the opposite side of the plot
border. The method chosen in this study, whereby plot sections from one side of the
plot were copied adjacent to the opposite side, overcomes this problem. |

: Furthermore, it maximizes the use of available information because dbh data from
all trees can be.utilized, Although this method does not use "actual” X-Y
coordinates or dbh data for the trees in the buﬁ'ei' strip, the error introduced by
using these "hypothetical” stahd data will pfobably be small because the plots have
been established to include buffer strips of similar stand structure as in the plots

themselves (Darling and Omule 1989).

In this study, a competition index was used, in addition to dbh, as an
independent variable in regression models for the .prediction of foliage biomass. In

the two plots with the highest basal area (Installation 72), total foliage biomass
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reached a maximum of about 10 and 11 Mg ha-l and decreased slightly thereafter

| (Figure 4.9), despite the continuing increase in basal area (Figure 4.4). In
comparison, the dbh-based regression model of Gholz et al. (1979), which has
frequently been used in biomass studies, predicts an increase in foliage biomass -
from 13.1 to 16.1 and from 15.5 to 16.6 Mg ha-! for the period 1971 to 1987 for plots
2 and 14 of Installation 72, respectively. The stabilization of foliagé biomass
‘predicted by the regression model developed in this study is consistent with the
observation that, durir_lg stand development, foliage biomass levels off at a site
‘speciﬁc maximum value (Tadaki 1966, Albrektson 1980). A similai' prediction could
be obtained from regression models that use sapwood basal area as independent
variable. As is often the case, sapwood basal area data were not available in this

- study because coring of the trees in the long-term sample plots was not
permissable. Using a competifion index in combination with dbh data is a suitable

alternative approach to predicting stand foliage biomass.

Biomass of western hemlock and western redcedar, where présent, was
estimated from published regression equations (Gholz et al. 1979). Some of the
problems of using regional rather than site-specific regression models have been
discﬁssed in Chapter 3, bﬁt site-specific models for these species were not avaﬂable.
In 1985, Douglaé-ﬁr represented at least 90% of total basal area in 9 of the 12 plots,
and never less than 66.5% (Table 4.3). The error introduced by using regional

models for a small compOrient of the trees in a stand is probably small.

For other tree species, which occurred only rarely in some of the plots, |
biomass components were predicted from Douglas-fir regression equations. The
single bigleaf maple in Installation 72, Plot 14, accounted for 4.0% of total basal
area in 1974, the yeai’ in which it reached the maximum proportion of total basal

area. Similarly in 1987, a single white pine in Installation 4, Plot 17, accounted for
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2.1% of total basal area. Installation 5, Plot 8, initially contained three small
willows which, in 1972, accounted for 0.6% of total basal area. On a plot basis, the
errors associated with using Douglas-fir equations for these few cases are probably

" minor.

A comparison of biomass and production values between different studies is
always complicated by differences in the methodology emhloyed to derive the
estimates. Cannell (1982) summanzed many biomass studies for Douglas-fir
stands. The total aboveground blomass data for non-fertilized, non old-growth
(<150 years) Douglas-fir stands from Cannell (1982) and data from Espinosa
Bancalari and Perry (1987), and Binkley (1983) are summarized in Figure 4.11.
.The scatter plot shows that the relationshiﬁ between total aboveground biomass
and total stand basal area obtained in this study (solid circles) is consistent with

‘ thevrelationship observed in other published studies (open circles).

_ The turnover components of branch and foliage production estimates have
been derived using approaches specifically developed in this study. Many |
production studies do not account for branch turnover at all (Dice 1970) and foliage
turnover is often simply assumed to represent 20% of total fohage biomass (Keyes

and Grier 1981)

The branchwood turnover‘estimates‘derived in this study represent an
improvement over the alternative of omitting this production component. The
method used in this study is only applicable to determinate tree species, such as
Douglas-fir, which'produce one whorl pem year. A second assumption which must
be met is that the number of live whorls remains approximately constant over a
' measurement period. The fact that only one productlon estlmate was derived for
| both plots in each Installation could introduce some error, in partlcular in

Installations where stand density differs between the two plots, e.g. Installation 5
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has 3400 and 1420 stems ha-1 in Plots 8 aﬁd 10, respectively. Errbrs are probably

also introciuced from the calculation of branch turnover for species other than

Douglas-ﬁr,‘ because the same mean lifespan of branches was used for all species.‘
The contribution of this source of error vﬁll increase as the proportion of Douglas-ﬁr

in the stand decreases. All three components of branch production combined, (A

biomass, mortality, and turnover, cf. equation 4.2) represent 124 to 26.7 % of total
' abovéground prodgction (Table 4.7). The combined effécts of errors in the branch

turnover estimate is not likely to greatly affect total production estimates.

A comparison of Douglas-fir producﬁon data from 38 stands réported in
Cannell (1982), Espinosa Bancalari and Perry (1987), Binkley (1983), and in thié
study is complicated by the differences in methods used, in stand ages and in stand
densities. Figure 4.12 shows the relationship between stand foliage biomass and -
total aboveground production for these Douglas-fir stands less than 150 years 6f

.age and not fertilized. Total aboveground production increases with increasing
foliage biomass (r2=0.143, p=Q.019). The large variation in the data is due to the
different regression equations used to calculate foliage biomass, and differences in
stand densities, stand ages, and between-year variation in annual productiqn. The
12 data points from this study (solid éircleé) fall well within the range of data

reported in the literature (open circles).
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5. FINE AND SMALL ROOT BIOMASS AND PRODUCTION

5.1 INTRODUCTION

In the past, both forest management and forest research have focussed
primarily on the abdveground portion of forest stands. The belowground
component is not utilized, difficult to quantify, and was rarely studied. It is only in
the last decade or so that researchers Began to realize that while ‘below'ground
biomass, especiélly fine roots, includés only a small portion of total biomass, its
share of total annual stand prodﬁction is disproportionately large (Agren et al.
1980, Keyes and Grier 1981). A largev but variable proportion of net annual
photosynthate production is allocated to belowground biomass components,

especially fine roots (Agren et al. 1980, Harris et al. 1980, Vogt et al. 1983).

Estimates of the proportion of total photosynthate production allocated to
fine roots vary among species ahd with site and stand conditions. Between-stand
variation in harvestable}forest production is attributable to differences in both total
production and allocation of productioh to above- and belowground biomass |
components. Recent research results (Keyes and Grier 1981, Grier et al. 1986)
suggest that between-stand differences in photosynthate allocation to above- and
belowground biomass components account for much of the observed spatial

variation in harvestable production of a tree species.

The difficulties in obtaining estimates of fine root biomass and turnover in
forest ecosystems are reflected in the paucity of available information. Our
understanding of production and mortality of belowground biomass components is
very limited, pafticularly when compared to our understanding of the aboveg'round
components of the saine ecosystems. Improved understanding of belowground

processes may provide explanations for the differences in stand responses to a
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variety of forest management activities such as thinning and fertilization. It will
also be useful in predicting forest ecosystem responses to changing environmental

and climatic conditions.

The objectives of the work presented in this chapter were 1) to establish the
seasonal pattern of live and dead fine and small root biomass in second growth
Douglas-fir stands of five different site qualities, and 2) to quantify annual fine root

production and mortality in these stands.

Aithoﬁgh it would have been desirable to include in the study of belowground
biomass and production all twelve stands for which aboveground data were
available, this was technically ifnpossible bécause of the logistical difficulties of

‘processing the root samples. Five of the 12 plots Wéré selected to include one low,

one'high,'and three medium productivity stands.

5.2 LITERATURE REVIEW
5.2.1 Estimating fine root biomass

The estimation of fine root biomass in forest stands is an extremely time
‘consuming and labour intensive task. The difficulty in obtaining the necessary
field data is reflected in the paucity of information about belowground proceéses in

forest ecosystems.

Quantitative estimates of fine root biomass are normally obtained from soil
samples taken either as cores (cf. Moir and Bachelard 1969, Vogt et al. 1981,
Santantonio et al. 1977) or in the form of excavated soil blocks (cf. Harris et al.

1977, Kimmins and Hawkes 1978). Soil cores gehefally contain a smaller soil
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volume, and therefore require less processing time to separate fine roots from the
mineral and organic matter. This permits the collection and processing of a larger

number of réplicate samples.

5.2.2 Horizontal and vertical distribixtion of fine roots

Within a site, fine root density (expressed as weight per unit soil volume or
as root length per unit soil volume) generaﬂly is related to nutrient availability and |
decreases with increasing soil depth (Perssbn 1980, 1983). The majoﬁty of fine
roots is‘in the upper 50 cm of forest soil and most of the absorbing roots can be
fouhd in the fop 20 cm (Hermann 1977, Kimmins and Hawkes 1978, Gislason
1984). |

~ Horizontal variability in the distribution of fine roots within forest stands -~
depends on stand and site conditions. Moir and Bachelard (1969) found no B
correlation between the total amount of fine roots extracted from the soil cores and
the 'divstvance of the sampling point to thc_e nearest live stem in a 19-year-old Pinus
radiata D. Don plantation. Similarly, Santantonio et al. (1977) applied a polygon
sampling method in an old-growth Dougl‘as-ﬁr foreét and found little or no

- correlation between small Toot (<10 mm) biomass and distance of the sample point
to the centre of sé.mple trees. In contrast, Persson (1980) found that fine root |
biomass (<2 mm) decreases with increasing distance from the nearest tree in a 15-
to-20-year-old Pinus sylvestris L. plantation in central Sweden. An effect of
sampling position on fine root weight per sample was also observed in a Sitka
spruce (Picea sitchensis (Bong.) Carr.) planfation which had been ploughed prior to
plahting in order to reduce water-logging (Ford and Deans 1977).
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" Horizontal variability of fine root density in closed_forest_ stands is prbbably
‘determined primarily by heterogéneoué soil conditions and not by distance to the
nearest tree. It is impossible, however, to determine soil conditions of the sampling
location prior to extracting the soil core. Therefore, noa priori stratification of the
sampling position should be attempted and sampii_ng points should Be selected at

random.

5.2.3 Nutrient availability and fine root biomass

A number of seemingly contradictory observations concerning the
relationship between fine root biomass and nutrient availability have been reported
in the literature. Many of the hypotheses derived from these observations are not
“mutually exclusive, but relate to differences in the spatial écale, ranging from

microsite to whole-site scales, of the research on which the hypotheses are based.

Plants appear to allocate root growth preferentially to microsites with
greater nutrient availability (Drew et al. 1973). In a laboratory split-root
- experiment with Sitka spruce seedlings, in which one part of the root system was .
 supplied with water and nutrients while thé other received water only, root
diameters and mass increased in the pot with the greater nutrient availabﬂify
(Coutts and Philipson 1976, Philipson and Coutts 1977). Although transfer of
nutrients to the roots in the water-only pot occurred, it did not stimulate root

growth in that pot.

Several studies have demonstrated the same phenomenon in the field;
within a site, fine roots preferentially exploit regions with higher nutrient

availability (Meyer 1967). In experiments with ingrowth bags containing nutrient |



116

poor and nutrient rich substrates, St.John (1983) found that while there was an
equal probability that fine roots would enter both types of ingrowth bags, a
significantly 'g"rea_ter fine root biomass developed in the nutrient rich maferial.
Similarly, Coopersmith (1986) observed 5 to 10 times as much live coniferous fine
root biomass in nutrient-enriched.ingrowth bags compared with sand or soil filled
‘bags in a cpastal Douglas-fir stand on Vancouver Island, British Columbia. Such
results havaalso been répprted by Cuevas and Medina v’(1983) for an Amazon moist

forest.

Friend (1988) found that localized increases in nitrogen availability led to
greater fine root proliferation in the nitrogen richef environment. In both Douglas-
. fir seedlings and stands, the root response to greater local N‘av_ailability was more

pronounced when the seedlings or stands were N-stressed.

The above examples are concerned with the relationship between root growth
and nutrient availability at the microsite level. This rélationship can be different
when considefed at the whole stand level. In a series of laboratory experiments |
with a number of tree species (Ingestad 1979, 1981, Ingestad and Lund 1979,
Ingestad and Kihr 1985) it was observed that increasing nutrient availability to
seedlings resulted in greater overall seedling growth, but that the proportion of thia
increased grdwth Which was allocated to roots decreased. Furthermore, the
morphology of fine roots differed: roots in nutﬁeﬁt—poor solutions were longer and

possessed fewer side branches (Ingestad and Luhd 1979).

Several field fertilization experiments have supported the finding that
increased nutrient availability decreases the pfoportion of total photosynthate
production allocated to fine roots. This does not‘necessarily> imply that fine root

biomass is reduced in fertilized plots. In fact, if overall production increases as



,11'7

nutrient availability increases, fine root production and biomass may also increase

even if the allocation to fine roots generally becomes proportionately less.

.Linder and Axelsson (,1982)-found both an 6vera11 decline in fine root
prodﬁction and a decline in the proportion 6f photosynthates allocated to fine roots
in irrigated and fertilized plots of Pinus sylvestris compared with control plots.
Grier et al. (1986) reported higher fine root biomass (<2mm) in control than in
urea-nitrogen fertilized Douglas-fir stands. Nitrogen fertilizationin a 35-year-old'
- Picea sitchensis plantatioﬁ resulted in decreased production of niycorrhizae, finest
_roots' («<1mm) and fine roots (1-5mm). Mortality of these root classes was also
reduced by ferti'lization, however, and the combihed effects led to an increase in
mean biomass in each category (Alexander and Fairley 1983). Urea fertilization of
coastal western hemlock significantly reduced the number of mycorrhizae and

. accelerated the rate of mycorrhizal mortality (Gill and Lavender 1983).

To satisfy the tree's nutrient demand it would appear to be necessary for the
tree to increase fine root surface area as nutrient availability decreases.
Comparisons within one species have shown a greater fine root biomass on poor
and dry sites than on rich and moist sites (Keyes and Grier 1981, Santantonio and
Hermann 1985, Vogt et al. 1983). In bontrast, Nad'elhoffer ét al. (1985) report that
fine root production increases with greater 'nitrogen availability. This relationshij)
was confounded, however, with a chénge in overstory species composition. |
Furthermore, the estimates of fine root production were based on a nitrogen budget

approach which will be discussed in the next section.
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5.2.4 ]Esi:imating fine root production and turnover

There is no direct way to‘r'neasure fine root production, mortality and
‘decomposition. Consequently, all indirect methods have to invoke a number .of
assumptions about the observed system. There is no consensus among scientists
about the best method of'estimating‘ fine root production, but the advantages and

disadvantages of some of the methods have been discussed in the literature.

| Estimates of fine root production have been derived from a variety of

" measurements of different.ecosystem comporients and processes, and have used a
variety of different computational methods. Methods most cbmmonly used are
based on sequential estimates of fine root biomass obtained from soil cores (Moir
and Bachelard 1969, Santantonio and Hermanh 1985, Vogt et al. 1980). Other
approaches are based on robt ingrowth bags (Eﬁcsson and Persson 1980, |
‘Coopersmith 1986), observation windows (Keyes and Grier 1981, Bohm 1979), and
on the balancing of nitrogen budgets (Nadelhoffer et al. 1985). These methods will

be discussed below.

Estimates of fine root biomass of an ecosystem are based on destructive
samples taken‘in Several locations. Any particular location cannot be sampled
more than once. If musf therefore be assumed that differenées in observed fine root
biomass between two sampling dates are due to production and/or moftality and |
not to spati‘al heterogeneity of the system being sampled. Spatial variation of fine

'roovtv biomass in forest ecosystems is typically high, however, and few (if any)
studies use sample sizes sufficiently large to permit an accﬁrate differentiation
between sampling error and true seasonal changes in fine root biomass (Vogt et al.
1986, Sinigh et al. 1984). The total number of samples that can be taken and |
processed in a study is generally restricted by the long processing ‘time required for |

each sample.
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Estimates of fine root production and turnover which are based on seasonal
dynamics 6f fine root biomass incorporate éeveral important assumptions (Kurz and
Kimmins 1987). Productioh, mortality, and disappearance are rate variables (i.e.
processes) which are to be derived from the measurements of state variables (i.e.
quantities). Each state variable (live and dead fine root biomass) is determined by
two rate variables and changes in the state variable cannot unequivocally be

" attributed to only one rate variable. For example, live fine root biomass at t1me t2
is equal to live fine root biomass at t1me t1 plus productlon minus mortality.
Whenever these two processes occur simultaneously, an estimate of one of the rate
variables obtained frdm the observed change in the state variable will be an |

underestimate (Kurz and Kimmins 1987).

Seasonal dynamics of fine root biomass and prdduction traditionally héve
been determined by sequential sampling of fine root biomass. The implicit
assumption is that the peaks and troughs in the seasonal pattern coincide with the
sampling dates. Failure to capture peaks and troughs will lead to an
underestimation of fine root biomass production (Kurz and Kimmins 1987).
.Increasing the sampling frequency Wﬂl increase the probability~ that all peaks and
troughs are included. If the total number of samples which can be processed in a
project is restricted, however, an increase in the sampling frequency will reduce the
number of samples which can be taken at any one sampling date. This, in turn,

‘will reduce the researcher's ability to distinguish "true" changes in fine root

, biémass from those attributable to _rahdom error. Furthermore, if two processes
occur simultaneously (e.g. production and mortality), increasing the sampling .
frequency doés not reduce the degree of underestimation in the production
estimate. Vogt et al. (1986) recommended that information on root phenology

should be used when root sampling protocols are designed.
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Different computational metHods have been used to calculate fine root
production and mortality from data on the seasonal dynamics of fine ro;)t biomass
(Pérsson 1978, McClaugherty et al. | 1982, Santantonio and Hermann 1985, Fairley
and Alexander 1985). It is generally recognized that sepafating fine root biomass
into the live and dead components enhances the detection of seasonal dynamics and

therefore improves the accuracy of production and mortality estimates.

A second approach to estimating fine root biomass production is based on
ingrowth bags (Ericsson and Persson 1980, Coopersmith 1986). By introducing a
root-free medium into _thé forest floor and mineral soil, the problem of simulténeous
occurrence of production and mortality can be overcome. All live and dead fine
roots encoimtered in the bag after it has been in the forest for a certain time period
have been produced during that period. Although ingrowth bags solve some of the
problems of the sequential coring method, the estimates of fine root biomass »'
obtained from ingrowth bags méy be biased by artefacts inherent in this method.
Within a stand, fine root density in microsites increases with greater soil fertility;
as discussed above. Introducing a disturbed, root-free medium into the éoil may
create é fertility gradient from the surfounding soil to the ingrowth bag. If the
fertility in the bag is greater than in the surro'un,d'ing soil, fine root density will be

“higher in the bag and vice versa (cf. St. John 1983, Coopersrﬁith 1986, Cuevas_andA .
‘Medina 1983 és discussed in Section 5.2.3). Fﬁrthermore, the consequences of ﬁhe
“root tip severing (Rost and Jones 1988) in the process of inserting the root ingrowth

bag have not been examined for forest trees.

A third approach to measuring fine root dynamics involves observation
windows or observation tubes. These are transparent plates or tubes which are
placed in the forest floor and mineral soil. They permit regular monitoring of the

same pbpulation of fine roots over a period of time. A number of artefacts are
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introduced by such observation devices (Bohm 1979). Observation windows are
generally not suitable for quantitative estimates of fine root production but are a

valuable tool in the determination of fine root growth rhythms.

Nadelhoffer et al. (1985) used a nitrogen budget épproach to determine fine
root production and turnover. They established complete nitrogen budgets for
" several foresﬁ ecosystems and estimated fine root production by assuming that
mineralized N not accounted for by plant uptake and allocation to aboveground
litterfall and perennial tissues had been taken up by vegetation and allocated to
ﬁne rbots. Fine root production and turnover were then estimated from this N
quantity and N concentrations in ﬁne roots. The estimate of unaccounted N,

however, also contains the cumulative error of all other estimates of the N-budget.

- The developmént of an annual nutrient budget at an ecosystem level isa
complex task which involves many assumptions concerning the unaccounted-for
portion of the nitrogen budget. One assumption made by Nadelhoffer et al. (1985)
Was that "niti_*ogen ﬁsé efficiency” (i.e. the amount of N required to produce one unit
of N in fine root biomass) was the same for all species and levels of nitrogen
availability. It is difficult to accept this assumption in the abser_lce of any
consideration of internal redistribution of N in above- and belowgrouhd biomass
components. Many ofher processes have to bé understood and measured in more
detail before an ecosystem level N-budget can become a reliable method of

estimating fine root production and turhover_. '

From this revi.ew it is concluded that estimating fine root production from
‘_diréct measurements of the seasonal dyn'amics of fine root biomass is, in spite of its
| shortcomings, the most reliable of the currently available approaches in ecosystems
whére a strong seasonal amplitude in live and dead fine i'oot biomass can be

‘expected.
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5.3 METHODS
'5.3.'1 Location and description of the study sites

, Detailed site descriptions are presented in Chapter 2. Only five of the 12
plots were selected for belowground sampling. These st_ands represent a range of
site indices from 23.3 to 41.0 m@50 years (Table 5.1). Three medium productivity
stands with site indices ranging from 27.7 to 29.5 m@50 years were selected ltlo give
an indication of the variability of fine root biomass and production over a narrow
range of site indices. Additional details about stand composition and aboveground

biomass are presented in Chapter 3.

5.3.2 Sample Collection

Sample dates were selected to coincide with anticipated peaks and troughs in
the seasonal pattern of fine root biomass, as recommended by Vogt et al. (1986).
The first and last sampling dates were just prior to bud break, at which tiI_ne the
largest amount of live fine roots can be expected (cf. Kramer and Kozlowski 1979).
Samples were collected at six additional dates throughout the remainder of the
year. Laboratory processing required over 24 hours per core, and only the samples
from five collections were processed for all sites. Samples from a sixth samphng
date were processed for one plot. Table 5 2 lists sampling dates, the 1nterva1s in

weeks between those dates, and the number of cores which were processed.

| Sample locations within each plot were randomly selected within an x-y grid.
Rocks, which occurred frequently in some of the plots, occasionally clogged up the
soil corer or prevented its penetration of the soil. Ifit was impossible to obtain a

sample at the selected position, an adjacent location was chosen at random.
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Table 5.1 Stand age, site index (SI), basal area (BA), and stand density in 1985 for
the five stuc?' plots. Douglas-fir (Df) BA and stand density are listed in absolute
amounts and as a percentage of the total. See Table 2.5 for a complete listing of
species distribution. _ ,

Inst Plot Age SI  Total Df %Df Total Df  %Df
BA BA BA Stems Stems Stems
yr) (m@50) (m2hal)(m2ha-1) % oftot) (st. hal) (st. ha 1) (% of tot)

71 14 41 233 460 456- 99.1 . 2460 2400 97.6

A
B 2 6 42 279 53.4 35,5 66.5 3000 1200 40.0 ‘
C 16 2 32 204 413 40.7 98.5 2000 1960 - 98.0
D 5 10 39 29.5 474 459 9638 1420 1240 87.3
E

72 14 70 41.0 75.3 725 96.3 480 460 95.8
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Table 5.2 Sampling dafes, sampling interval, and number of cores processed per

stand.

Dates Interval Processed Cores per

(weeks) plot

- May 13 - 18, 1985 - 5 Plots 17
June 24 - 29, 1985 6 5 Plots 10
Aug. 10 - 14, 1985 7 5 Plots 10
Oct. 3 - 6,1985 8 5 Plots 10
Feb. 3- 6, 1986 18 1Plot 10
May 12 - 16, 1986 14 1 5 Plots 10

1 For four plots the sampling interval of processed cores was 32 weeks.
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Figure 5.1h Schematic diagram of the soil corer and the sampling depths collected
' with it.- ' .
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Soil cores were obtained with a 90 cm long steel pipe, (Schedule 40, 5.25 cm
.insidé diametei', 4 mm Wall thickness), which had a reinforcement welded to the top
(Figure 5.1). A four pound sledgé hémmer was used to drive the pipe into the soil.
| After reaching a depth of 30 cm, the corer was rémoved from the soil and thel
sample was carefully emptied into a plastic bin. Mineral soil and forest floor
sections of the sample were separated and packaged in labelled plastic bags. The
pipe was then re-inserted into the hole to remove a sample from the 30 to 50 cm soil

depth.

After returning to Vancouver samples were placed in cold storage ét 20C
until processed. Samples were not frozen because this would have increased the
difficulties in distinguishing live from dead fine roots during processing (K. Vogt,

pers. comm.).

5‘.3.3 Sample Preparation

In the laboratory, samples wéfe carefully rinsed with téﬁ'Water over two
nested sieves, the upper one with a 2 mm and the lower one with a 0.5 mm mesh
size. After most fine sand and clay particles had been washed through the sieves,
the contents of each sieve were emptied into shallow plastic trays. Organic |
materials were separated from the remaining coarse mineral material by carefully
pourihg off the water with the organic material. The organic material from the 2

_mm sieve was then proceséed according to the criteria descﬁbed_below. .The\ fine -
‘org.anic material from the 0.5 mm sieve consisted of plant components in various
stages of decompositiQn, charcoal particles, énd some fine root tips. Further

_processing of this material required the use of a dissecting microscope. The origin
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of most organic fragments could not be identified clearly and processing was
prohibitively time consumihg. After initial trials it was decided not to sort this
material, and the organic material in the 0.5 mm sieve was thereafter simply dried

and weighed.

- 5.8.4 Decision criteria for the sorting of roots

| At the outset of the study, roots were collected from a variety of .speci‘e's'
present on the study sites. A set of reference samples was established to assist in
the subsequent identification of species. Fine and coarse roots and other organic
material in the 2 mm mesh size sieve were hand sorted into 12 classes. Non-root
organic material was discarded. Dﬁririg proceésiflg the root material was
continuously immersed in water. Classiﬁed root segments were transferred into

labelled plastic petri dishes containing deionized water.

Both live (CL) and dead (CD) coniferous roots were classified into four
diameter classes (0-1 mm=CLO or CDO0; 1-2 mm=CL1 or CD1; 2-5 mn-l=CvL2 or CD2; |
and > 5mm= lCL3 or CD3). The 0-1 mm diameter class of both live and dead roots
wa‘s further subdivided into fine roots with "clay" particles (probably a rhixture of
clay- and silt-sized particles) adhering to the surface (CLO-C and CDO-C,
respectively) and those without. Soil particles embedded in the mycorrhizal mantle
and in mycorrhizal clusters could not be remdved but were accounted for by
o applying ash content correction factors (see beiow). Mycorrhizal hyphae and other

fungal materials were classified in a separate category (M).

Non-coniferous roots (NC) were not separated into subclasses. The very

small diameter of the roots of many herbaceous and shrub species did not permit
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v ‘_classiﬁcation'intoh live ahd dead roots. In retrospect, between-sample vari_ation in
this category could have been reduced by separating the'larger diameter rhizomes
of ferns (Polystichum munitum, Pteridium aquilinum), which were found in some

samples, from other non-coniferous roots.

The most difficult and tifne consuming task was the différentiation between
live and dead coniferous fine roots. We employed criteria from the literature
(Santantonio and Hermann 1985, Persson 1983), from personal communications
with other researchers, and from our own observations. These criteria included
.colour, texture and tensile strength of the roots. When in'do'ubt, iodine stain was
used to test for the presence of starch granules. If stérch was present roots weré

classified as living at the time of sampling. De_tails of the criteria are as follows.

COLOUR: The periderm of live coniferous roots is almost black, sometimes
‘with some red. The secondary xylem. is off-white. In contrast, the surface colour of

dead roots is grayish. The secondary xylem is brownish to yellowish.

TEXTURE: Dead foot}s are brittle with a low tensile strength. Tensile
strength was assessed subjectively and varied with 1"00t diamefer. Pulling a live
fine root apart using stainless steel tweezers causes a "snappihg" sound which is
much less audible in dead roots. The secondary phloem of dead roots separafes
readily from the secondary xylem and the root often shows a "distinct g'irdled
pattern” of separated bark segments along the central cylinder. Dead roots often

feel soggy or mushy and are not pliable.

FLOTATION: A'root segment which floats on the surface is inost likely dead.

Only some of the dead roots float, however.

We .place‘d great emphasis on a consistent application of the sorting criteria.

Sémples were often cross-checked by an experienced technician. New staff were
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" carefully trained and their work was closely monitored and re-examined. After

some training, very consistent results were obtained by all technicians.

Processing times varied greatly depending on the characteristics of the
~samples. Forest floor samples, altho_ugh of much smaller volume, tended to requife
: more'timethan mineral soil samples. An average of approximately 8 hours per
sample or about 24 hours per core was required for sorting. Additional time was
" required for drying, weighing, and, for a subset of samples, ash éontént

determination.

When tlllev processing of a sample was completed, roots were dried in a forced
~ air oven at 70°C for 48 hours. Root samples were weighed to the nearest ‘.001

| . gram. In total, 986 samples were processed: this involved the drying and weighing
of about 8000 petri dishes with classified root material. | |

5.3.5 Ash content

Soil particles adhering to the surface of roots after careful ﬁnsing and
washing cannot be removed without loss of organic Substance from the fine roots. If
soil particles are included in the dry weights of roots, an overestimate of fine root |
biomass can occur. This error, which can be serious in fine textured soils, can be
corrected by obtaining ash-free dry weights. Ovendry samples (redried at 70°C for
" 24 hours) were weighed into porcelain crucibles and heated to 470°C for 4 hours.

Ash content was expressed as a percentage of ovendry weight.
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5.8.6 Data processing and analyses

A computer prdgram,' developed for the conversion of root dry weights to ash-
free dry Weights, verified, for each of the apprbximately 8000 samples, whether or
not the ash content had been determined. | If this was the case, the sample's actual
ash content Was}u_sed for the conversion to an ash-free dry weight. Otherwise, the
rriean ash conterit for that sample's installation, horizon, and rdot class was used
for the conversion. If this mean was based on less. than 3 observations, the mean of

the sample's root class and horizon based on all ﬁve installations was used.

The ash-free weights of the CLO plus CLO-C and the CDO plus CDO-C root
classes were then added to obtain the ash-free dry weights of the live and‘dead _
roots in the 0-1 mm diameter classes, respectively. Two additional classes
'represent live and dead fine roots in the 0-2 mm diameter class. Root samples
originated from three different soil layers: fdrést floor (1), 0-30 cm mineral soil (2),
and 30-50 cm mineral soil (3). Three additional horizons were introduced which
represent forest floor plus the upper mlneral soil layer (4=1+2), the sum of the two

mineral soxl layers (5= 2+3) and the sum of all three honzons (6 1+2+3).

The computer program calculated, for each of the 2700 sampling strata (5
Installations x 6 sampling dates x 6 horizons x 15 root classes), the mean, standard
dev1at10n and standard error of the ash-free root dry welghts These results were
printed to a tabulated output file and to a second output file which subsequently
served as the input data file for the computation of fine root production and |

mortality.
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5.8.7 Calculation of production and mortality estimates

An interactive computer program was developed to calculate fine root
'productlon and mortality estimates by applying three dafferent computational |
methods to the data describing the seasonal dynamlcs of live and dead fine root
_ biomass. The three methods are based on (1) the decision matrix (Fairley and
Alexander 1985, McClaugherty et al. 1982), (2) all changes in live fine root biomass,

and (3) significant changes in live fine root biomass.

DECISION MATRIX: The decision matrix (DM) presents a series of
equations which calculate fine root productio;i, mortality, and disappearaﬁce based
on the observed changes in both live and dead fine root biomass. The decision as to
which set of equatiohs to apply for a giveh sampling interval is based on a matrix
which describes all possible combinaﬁoné of increases and decreases in live and" |

dead fine root biomass (Figure 5.2).

The c'ompziter program calculates chahges in live and dead fine root biomass
between sampling dé._tes and applies the appropriai:e set of equations for the
computation of production and moi'tality estimates. The annual totals are based on

the sum of the estimates obtained for each sampling interval.

ALL CHANGES: The second method, (AC), is based ohly on the observed
changes in the live fine root biomass. Ail increases in live fine root biomass from
one sampling date to the next represent production, and all decreases represent
mortality. The' sums of the estimates for all sampling periods constitute the annual

totals.

SIGNIFICANT CHANGES: The third method (SC) is again based only on the
observed changes in live fine root biomass, but in this method only significant

changes in fine root biomass are attributed to production or mortality. The student
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t-test (Zar 1984).is applied at p<.05 to successive means of live fine root biomass to
test for statistical differences. If the means at t; and t;,; are not significantly
different, the direction of change between the two means is determined. If this
trend is continued from the mean at t;,; to the mean at t;, then the means at t;
and t;, o are tested for significant differences. If the direction of change reverses,
the means af, t;+1 and ti+§ are tested for significant difference. When.two sample
means are compared, the program first tests whether or not the two variances
associated with the means are equal. If yes, the student t-test is applied, otherwise
Welch's approximate t-test is applied (Zar 1984:13 1). The sum of all significant
increases represents annual production and the sum of all significant decreases

represents annual mortality.

The computef program was used to calculate ﬁne root production and
mortality for each of five root classes (0-2 mm, 0-1 mni,- 1-2 mm, 2-5 mm, >5 mm)
and for each of six horizons (see above) using the three computational methods.
The program also calculates a number of additional statistics which facilitate the

comparison of the different computational methods.

Fine robts in the three sampled soil horizons are experiencing different
environrhental conditions. Soil temperature and soil moisture amplitudes, for
example, are greater in the forest floor than at 30-50 cm depth. It is therefore
possible that fine roots in the three soﬂ layers display different seasonal dynamics.
Fine roots in the forest floor might stop growing or die due to soil moisture stress
while others continue to grow at greater soil depth (Teskey and Hinkley 1981).
‘Similarly, roots in the 0-1 mm diameter claés may show seasonal dynamics that

differ from those of the 1-2 mm diameter class.

For the computation of production and mortality rates, fine roots were

divided into four different groups of populations (Table 5.3). Group I includes all
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fine roots in the 0-2 mm diameter class in the FF-50 cm depth range. Group II
separates the diameter classes 0-1 mm and 1-2 mm into two populations and treats
the FF-50 cm soil profile as one layér. Group III separates the roots according to
their soilvlayer of origin but does not separate the different diameter classes. Group
IV treats the two root diameter classes ‘separately in each of the three soil layers
and therefore recognizes 6 individual populations. In each case, the annual
estimates for production and mortality are the sum of the estimates for each

population.

The a‘bility to identify differences of the seasonal patterns in both the
diameter classes and the soil layers increases from Group I to Group IV. This can
be advantageous if, for_ex_arﬁple; a decrease in the biomass of the 0-1 mm diameter
class in the forest floor occurs during .the same interval as ah increase in the 1-2 |
mm root biomass in the 30-50 cm layer. These opposing trends would not be
detected if only one population ié recognized (Group I). On the other hand, as the
number of independent estimates increases from Group I to Group IV, so does 'th‘e

humber of error terms associated with'the estimates of the annual totals.
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Figure 5.2 The decision matrix (Fairley and Alexander 1985), modified. The

equations for estimating fine root production (P) and mortality (M) are
selected on the basis of changes in live and dead fine root biomass (AB)
during the interval between two sampling dates.
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Table 5.3 The populations of fine roots are subdivided into one (0-2 mm) or 2
diameter classes (0-1 mm, 1-2 mm) and/or one (FF-50 ¢cm) or 3 soil horizons (FF, 0-
30 cm, 30-50 cm). Production and mortality estimates of fine roots for Groups I
through IV are based on the sums of 1 to 6 individual estimates.

‘Group - Diameter Soil N timber of
: classes horizons classes -
I 1 1 1
i 2 1 2
I 1 3 3
v 2 3 6
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5.4 RESULTS AND DISCUSSION
5.4.1 Ash COntent of root samples

Ash contents of 2225 root samples in 195 strata (5 study sites x 3 horizons x
13 root classes) were determined. Table 5.4 presents means for the combined data
from the five study sites for each of ten root classes and 3 horizons. Ash contents
increased with depth in the soil and, with one exception, were 'hig‘her for dead than
for live roots in the same diameter class (Figure 5.3). Sinﬁlar trends were reported

by Vogt and Persson (in press) for Abies amabilis in Washington.

The roots in the 0-1‘ mm diameter class were divided into two categories:
with and without "clay" particles ‘adhering to the mycorrhizal clusters (see Section
5.3.4). Altho;igh only a small portion of the fine roots of most semples was
classified as "with elay" (CLO-C, CDO-C), the data in Table 5.4 confirm the need for
- this extra category. The "with clay'; classes had two to four times greater ash
contents than the "without clay"” clesses. Failing to separate these two additional
classes Would have introduced considerable bias and increased the vaﬁability in the

estimates of ash-free fine root dry Weights.

. 5.4.2 Fine root biomass in May 1985

Seasonal patterns of live and dead fine root biomass will be described in the
next section. The static comparison of live fine root biomass et the five study sites
presented in this section is based on the values obtained in May 1985. In some
cases these values diﬁ'er considerably from the values in May 1986; this will be

discussed later.
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Total mean live root biomass and biomass in each of the tAhree soil layers‘in
May 1985 are shown in Table 5.5. Forest floor thickness (FFT) based on 20
measurements per plot is shown in the same table. Fine root biomass in the forest
floor ranged from 23.6 g m'2 in Stand E to 212.3 gm2in Stand B, a nine-fold
difference. The mineral soil layer to a depth of 30 cm (measurgd from the tipper
surface of the forest floor, Figure 5.1) contained the highest amount of fine rodts,
ranging from 109.9 to 436.6 g m2. _The_ 30 to 50 cm mineral soil layer contained
from 48.5 to 142.5 g m-2 fine roots. Total fine root biomass ranged from 182 g m-2
in Stand E to 791 g m2 in Stand B, more than a four-fold difference. |

The distribution of live fine roots among the 3 soil layers was approximately
1:2:1 for the forest floor : 0-30 ¢cm : 30-50 cm layers (Table 5.6). Thirteen to 28% of
all live fine roots to a depth of 50 cm were found in the forest floor. About 51% to
60% were present in the 0-30 cm mineral soil layef, and 20% to 27% Wefe in the 30-
50 cm soil layer. Mean forest floor thickness was less than 2 cm in all five 'stﬁdy
sites and fine roots were bredominantly found at the interface of forest floor and

mineral soil.

The importénce of the upper soil layer and the forest floor becomes even
clearer when fine root biomassv is expressed on a per volume (g m-3) rather than on
a per area (g m2) basis (Table 5.6). Live fine root biomass (g m-3) decreased from
11057 g m3 in the forest floor to 713 g m'3 in the 30-50 cm layer in Stand B. In
Stand E, the live fine root biomass ranged from 1934 g m-3 in the forest floor to 243

g m-3 in the 30-50 cm mineral soil layer.
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Table 5.4 Mean and standard error of the mean (...) of ash content expressed as
percent of sample dry weight for three horizons and ten root classes. Data represent
mean values for the five study sites. n = sample size.

Horizon
Root , )
Class Forest floor FF-30 cm 30-50 cm
CLo! 10.30 (0.58) 14.49 (0.50) 17.11 (0.79)
0-1 mm2 n= 104 n= 113 n= 94
CLO-C 4439  (255) 4474  (1.20) 4356  (1.65)
0-1 mm n= 35 n= 96 n= 63
CL1 6.45 (072) 983 (0.55)  12.66  (0.75)
1-2 mm n=47 - n=91 ‘n=61
CL2 428  (0.51) 10.51  (0.81)  12.68  (0.92)
2-5 mm ‘n=15 n= 59 n=41
CDO 15.92 (0.86) 21.16 (0.78) 22.07 (0.88)
"0-1 mm n=82 n= 101 n= 92
CDO0-C 49.31 = (3.07) 53.54 (1.44) 53.29 (1.70)
0-1 mm n= 20 - n=73 - n=47
CD1 5.61 (1.21)  14.22 (1.23) 17.17 (1.37)
1-2 mm n=6 n= 39 ‘ n= 33
CD2 9.61 (1.79) 14.65 (1.23) 21.99 (2.44)
2-5 mm n=5 n= 39 n= 17
NC 14.97 (1.47) 20,92 (1.35) 17.33 (1.25)
' n=55 n= 87 ~ n=46
M 5715 (241) 6451 (1.92) 6419  (4.69)
: n=9

n= 58 n= 48

1 C = coniferous, L = live, D = dead, NC = non-coniferous, M = fungal hyphae.
2 diameter range. '
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" Figure 5.3 Mean and standard error of the mean of ash content expressed as
percent of dry-weight for live and dead roots from three soil horizons and
four diameter classes. In each horizon, bars from left to right represent
diameter classes: 2-5 mm, 1-2 mm, 0-1 mm, and 0-1 mm with clay.
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Table 5.5 Mean and standard error of the mean (...) of live fine (0-2 mm) root
biomass in May 1985 at the five study sites. Mean and standard error of forest
floor thickness (FF'T) are based on 20 measurements taken in each stand. SI refers
to the Site Index in meters at breast-height age 50, n = sample size.

Live fine root biomass (g m2)

Stand SI FFT :
(m@50) (mm) n FF 0-30 cm 30-50cm  FF-50 cm

A 233 181 15 634 243.5 98.0  404.9
(1.0) (16.7) (49.1) (23.9) (80.7)

B 27.7  19.2 17 212.3 436.6 142.5 791.5
(2.5) (24.8) (44.1) (23.2) 1 (56.2)

C 29.4 13.3 17 976 2281 106.7 '432.5
(1.2) (17.5) (31.2) (20.0) (42.5)

D - 295 139 16 876 160.3 63.2 311.2
S (13) (24.8) (24.5) (128)  (43.3)

E 410 122 17 236 109.9 48.5 182.0

(1.1) Q1 (12.8) (14.9) (17.6)
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Table 5.6 Live fine root biomass in May 1985 in three honzons, expressed asa
percentage of the total fine root biomass, and on a volume basis (g m- 3) for each of
three horizons and the total profile to a depth of 50 cm.

% of total ' | gramm3
Stand FF 0-30cm . 30-50cm - FF 0-30cm 30-50cm FF-50 cm
A 157 60.1 24.2 3503 864 490 810
B 26.8 55.2 = 18.0 11057 1555 713 1583
C 22.6 52.7 247 7338 796 534 . 865
D 28.1 51.5 203 6302 560 316 . 622
E

13.0 60.4 26.6 1934 382 243 364
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5.4.3 Seasonal dynamics of fine roots

Seasonal dynamics of live and dead fine (0-2 mm) root biomass ére reported
here. The dynamics of small (2-5 mm) roots and of non-coniferous roots will be
presented below. Roots greater than 5 mm in diameter were only océasionally

present in the soil cbres, and data on this root class will not be presented. .

Seasonal dyhamics of live and dez.ad‘ fine ro.ot'biomass of all five study sites
are shown in Figure 5.4. Figure 55 displays live and dead fine root biorﬁass with
standard errors for each stand individﬁally. Live fine root biomass shows a very
similar trend in all 5 study sites. It peaked in both the spring of 1985 and 1986 and
was lowest at the early October or mid August sampling dates. From May to June
(1985), live fine root biomass deciined slightly in four study sites and increased
slightly in Stand B. This was followed by a sharp decline at the Auguét sampling
date in all five stands. From August to early October, live fine biomass continued
to decline in four stands and showed a small increase in Stand E. From the low in

the fall, biomass increased again to the May 1986 sampling date.

- We weré able to process the samples for one additional sampling date (early
- February) for Stand E. The resulting data point suggests that most of the increase
in live fine root biomass occurred from February to May, i.e. during the spring

rather than di;ring the winter months.

Dead fine root biomass also showed similar trends in all five sténds (Figures
5.4 and 5.5). Values increased in Stan&s A, D, and E but decreased in Stands B
| and C from mid May to the end of J une. In all stands, this was followed by a sharp
increase to thé August sampling date. For Stands A, D, and E, dead root biomass -
showed little change from August to October, but continued to increase during this
period in Stands B and C. From October to May 1986 dead root biomass decreased
in all five stands. The additional data point (February 1986) for Stand E suggests
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that disappearance was greater from February to May than during the winter

‘months.

Live and dead fine root biomass dynamlcs dlsplayed a very symmetncal
pattern (Figure 5.5). Most of the decreases in live fine root biomass were
'accompamed by increases in dead fine root biomass. When live fine root biomass
increased, the dead biomass component decreased, bresumably through

decomposition.

Fine root mortality can be induced by moisture stress (Deans 1979). All five
study sites experience a soil moisture deficit in a typical year. Figure 5.6 shows the
30 year average of mean monthly precipitation at Nanaimo Airport (Environment
Canada 1982) and the actual monthly precipitation for 1985 and the first six |
months of 1986 (Environment Canada pers. comm.). The summer of 1985 was
unusually dry, with below-average rainfall from May through August and no
precipitation at all in July. Precipitation in October 1985 was well above the 30
year average at N anaimo Airport, but this rainfall occurred after the sanipling date
in the first week of Octr)ber.

| Daily precipitatioﬁ data Were. obtained from the Cowichan Lake Research
Station, about 1 km from the location of Sta'ndAE. Figure 5.7 shows daily _
precipitation at the Reséarch Station and live fine root biomass in Stand E. Only .
v v.16._8 mm of precipitation fell from June 24 to August 22, most of it on two
consecutive days in early August. About 54 mm of precipitation occurred in early
September, followed by another rain-free period of 21 days prior to the October

sampling date.

These periods of extreme drought may explain why”so few live fine roots

were found at Stand E at both the August and the October sampling dates. This
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rich lower slope stand receives seepage for most of the year (pers. observation), but
the soil was very dry to a depth of 50 cm at the August and October 1985 sampling

dates.

The seasonal dynamics of live and dead fine roots showed similar trends in
‘the three soil layers which were sampled. The amplitude of the changes, however,
differed between horizons. Figures 5.8 and 5.9 show fine root biomass for live and
dead roots respectively, separated by horizon. The greatest change in fine root
biomass occurred in the forest floor layer. The amplitude of the seasonal changes

decreased with increasing depth in the soil for both live and dead fine root biomass.

The sum of live plus dead fine root biomass yields total biomass as shown in A
Figure 5.10. There is little seasonal .change in the total fine root biomass of the five
study sités, but considerable variation in the ratios of dead to live fine roots. This
" result confirms the importance of determinihg live and dead fine root biomass

- separately if production or mortality rates are to be derived from the data.

Ratios of live to dead fine root biomass varied greatly between stands and
also between the May 1985 and May 1986 sampling dates. The ratios ranged from
2.0 to 3.6 in May 1985, decreased sharply (0.03 to 0.6) in the suinmer and increased

‘again (0.8 to 2.0) in May 1986. o

The differences in live and dead fine root biomass in May 1985 and May 1986
show that theré is considerable between-year variation. Figure 5.11 shows live and
dead fine root biomass expressed as a percentage of May 1985 values (=100%). In
Stand A, the stand with the-lowest site index, total fine root biomass was 12% lower
in May 1986 than in Méy 1985. Live ﬁne»root biomass represented only 56% of the
May 1985 vé.lue, while dead roots represented 163%.. v’I‘he drought of the summer
1985 wz‘as' associated with a high mortality of fine roots. In May 1986, live fine root
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biomass had not yet recovered and dead roots had not yet decreased to the May
1985 levels. Stand E, the site with the highest site index, showed a very diﬁ'erent
pattern. In May 1986, live, dead and total biomass were almost the same
quantities as in May 1985 (95%, 97%, and 96%, respectively). The recovery of live.
fine root biomass occurred within seven months, mostly during the spring (Figure
5.5). In Stand B, live fine root biomass in May 1986 representéd 103% _of the May
1985 value, while the comparable value for dead fine root biomasé was 171%. Live
root biomass in stands C and D recovered to 84% and 67% of the 1985 values,
‘respectively. Dead root biomass in the two stands represented 150% and 216% of

the quantities in May 1985.
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5.4.4 Seasonal dynamics of- small root biomass

Seasonal dyhamics of live and dead small (2-5 mm) root biorhass afe shown
in Figi;re 5.12 for all five stands. Live small roots showed a pattern similar to that
of ﬁne roots, W1th the annual maximum in May and the anhual Immmum in either
August or Octobér. Live small root biomass in May 1985 ranged from 410 g m-2 in |
Sfand B to 60 g m2 in Stand E. Intefmediate values were observed in Stands A, C,
and D with 108, 239, aﬁd 226 gm=2, fespectively (Table 5.7).

_ Results from the February sampling date, .which was processed for Stand E
only, suggest that most of the increase in live small roots occurred in the spﬁng
months, as was observed for the fine rodt component. Unlike the dead fine roots, -
however, most of the decrease in dea_d small roots in Stand E occurred frdm Olctober

to February.

The symmetry which was observed in the pattem of live and dead fine root
biomass (i.e. decrease in live roots accompanied by anincrease in dead roots) is not
evident in the small root cbmponent. Stands A through E show a decrease in both
live and dead small root biomass from May to June 1985. The observed high value
for dead small root biomass in October in Stand E is somewhat surprising, becéuse
hone of the 3 preceding sampling dates indicated that such a quantity of live small
roots was present. Live small root biomass in May 1985 was lower than in May
1985 in 4 of the 5 stands. ‘Only Stand E was able to re-establish its small root

biomass to the previous year's level.



155

Table 5.7 Mean and standard error of the mean (...) of live small (2-5 mm) root
biomass in May 1985 at the five study sites. Mean and standard error of forest
floor thickness (FFT) are based on 20 measurements taken in each stand. SI refers
to the Site Index in meters at breast-height age 50, n = sample size.

Live small root biomass (g m2)

Stand SI FFT

(m@0) (mm) - n  FF  030cm 30-50cm FF-50 cm

A 233 181 15 1948  139.84 79.88  239.21
(LO) (1948) . (3893)  (25.56)  (52.26)

B 277 192 17 3556 21685 ~ 157.53  409.94
(2.5) (1607) ~ (4548)  (78.96)  (89.23)

C 204 133 17 1274  143.72 69.66  226.12
1) (8.60)  (6556)  (36.75)  (67.97)

D 295 139 16 953 8598 12.84  108.35
a3 (746) (314D~ (10.27)  (30.97)

E 410 122 17 859 22.69 28.40 59.67

(1.1) (8.59) . (11.03) (15.57) (24.50)
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5.4.5 Non-coniferous root biomass

This category includes both live and dead roots of all diameter classes. Non-
coniferous roots belonged to understory species, with a single exceptiqn: Stand E
 contained one bigleaf maple (Acer mﬁcrophyllum Pursh). Most Of the non-
coniferous roots were in the 0-2 mm diameter range. Larger diameters were

encountered when salal and fern rhizomes were found in a sample.

The seasonal dynamics of non-coniferous roots are more pronounced than the
dynamics of the live plus dead coniferous fine root component (Figure 5.13). As
with coniferous roots, there Weré large differences in biomass befweeh stands. The
maximum non-coniferous biomass was encountered during different sampling
months in the five study sites. Root biomass of the understory vegetation of Stand
B, which consisted of dense salal and mahonia, peaked during August 1985. Stand
C, which has fairly sparse understory vegetation, had the lowest amount of non-

coniferous root biomass throughout most of the year.

5.4;6 Fine and Small Root‘}Produc‘tion |
5.4.6.1 Calculating production and mortality estimates

Estimates of fine root production and mortality are commonly derived from
observed seasonal changes in live and dead fine root biomass (Moir and Bachelard
1969, Santantonio and Hermann 1985, Vogt ef al. 1980). Such estimates require
two assumptions. First, it must be assumed that each observed change in live root
_ ”biomasé during a sampling interval was solely due to either production or mortality
and that the two processes did not occur simultaneously (cf. Kurz and Kimmins |

1987). This assumption is probably not fully satisfied in this study,‘particularly
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during the period from October 1985 to May 1986. The second assumption is that
no additional peak or trough ih either live or dead root biomass 6ccurred between
the sampling dates. This assumption is particularly critical for the fall and winter
mdnths frdm October to May. >The October samples Were taken‘only a few days-
before the fall rains started (Figure 5.7). If fine root mortality is correlated with ‘
soil moisture stress, we probably sampled at or close to the point at which live fine
root biomass was at its annual low. Although samples had been collected in
November, Febfuary, and March for all five study sites, we were unable to procéss
those samples due to time and financial constraints. We managed tb process the
February samples for Stand E, and, as discussed above, the results support the
assumption that no additional peaks in either live or dead fine root biomass
occurred. Violating either of these two assumptions yields underestimates of the
actual production and mortality' fates (Kurz and Kimmins 1987). Thus, the |

~ estimates reported below are probably conservative.

Separating fine roots into several populations according to their diameter"
class and soil horizon had different effects on production and mortality estimates
depending on the computatiohal method which was applied. For a comparison of
the»reéults, estimates obtained for Group I wére used as reference (100%) and
estimates of the remaining three Groups were expressed as a percentage_ of the
Group I estimate. Table 5.8 shows a comparison of the mean production and
‘mortality estimates and their standard deviations based on the results of the 5

stands.

Production and mortality estimates averaged for the ﬁvé stands and
- calculated with the decisidn matrix increased as a result of the separation of fine
roots into different populations. Mean production estimates for Groups II, III, and

IV were 31.8%, 23.0% and 54.8% above the Group I estimate, respectively (Table
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5.8). Production and mortality estimates calculated from all observed changes in
live fine root biomass were less affected by the separation of roots into different
'populations. Mean production estimates for Group II, ITI, and IV were 6.0%, 6.4%
and 20.2% above those of Group I. For some stands, no change was observed and a
1% decrease was obtamed once. The separation of fine roots 1nto dJﬁ‘erent
populations caused a reduction in production estimates if these were based on only
significant changes in live fine root biomass. The mean production estimates were

12.6%, 4.2% and 21.4% below the Group I estimate for Groups II, III, and IV,

respectively. These, however, are average responses for the five stands.

For individual stands, production estimates ranged from 20% above to 72%
below the Group I estimate. Mortality estimates based on significant changes in
live fine root biomass were much less affected by the separation of fine roots into
groups. Estimates obtained from the SC computational method are smaller
because some of the observed seasohal changes in individual populations were not
statistically significant. The increase in fine root biomass from the low in the
summer of 1985 to the high in the spring of 1986 in stand A, for example, wés not

significant if the roots were separated into 2 diameter and/or 3 soil layer classes.

The largest differences for each of the three computational methods were
between Groups I and IV. Group I yielded the most conservative estimates for the
DM and AC computational methods, but it resulted in- the highest estimates for the
SC computatiohal method. Estimates based on six individual populations (Group
IV) require larger sample sizes to statistically assess the observed seasonal trends
in each population. Treating fine roots in both diameter classes and all three soil
‘layers as one population (Group I) can mésk opposing trends in seasonal biomass
changes of individual populations. This approach has been widely used m fine root

production studies, however, and will also be used in this study. |
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Table 5.8 The effects of separating fine roots into populations according to
diameter and/or soil layer (Groups I-VI) on estimates of production and mortality.
Results obtained from three different computational methods are expressed as a
percentage of Group I estimates and reported as means and standard deviations
(...) of five plots. ' o

Group! Decision : All . Significant
- Matrix , Changes | Changes (p>0.05)
PRODUCTION | | .
I 1000 1000 100.0
‘I 1318  (20.8) 1060 (6.8 87.4  (34.8)
III 1230 (23.7) 1064  (7.5) 95.8  (5.8)
IV 1548 (233) 1202  (17.9) 786  (32.9)
MORTALITY
I 100.0 100.0 ~100.0
I 1138  (11.0). 1032 (3.1 103.2  (3.1)
I 127.2  (23.0) 1048 (6.1 10006 (5.6)
v 140.0  (15.4) 111.8 (8.1 1014 (8.9

1 Refer to Table 5.3 for an explanation of groups.
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5.4.6.2 Fine root production and mortality estimates

Fine root production and mortaiity estimates based on three different
computational methods for each of the five stands are reported in Table 5.9. All
estimates are based on ash-free dry weights and are reported in g m-2, which can be

converted to Mg ha-1 (i.e. t ha'1) by dividing the g m2 values by 100.

For a comparison of the effects of the three computational methods, the same
- estimates have also been expresséd as a percentage of the estimate obtained from

the SC computational method (Table 5.10).

Production estimates, obtained from the AC and the SC metho‘ds, were
identical with one exception: in Stand B the AC method calculated 6.4% more
production than the SC method. Estimates based on the decision matrix were on
average 23.6% higher than the estimates obtained from the SC method. Mdrtality
estimates based on both the AC or the SC meihod were identical, while these based

on the decision matrix were on average 13.1% higher.

As discussed in the preceding section, sepérationof fine roots into different
populations according to diameter class and soil layer (Table 5.3) has different
effects on production and mortality estimates depending on the computational
method used. Consequently, the statement that the AC and SC computational
methods yielded similar estimates cannot be generalized. Differences between the
'AC and SC methods were small in this study because the sampling frequency was
low. The sampling intervals were large enough to show a clear seasonal trend with
significant differences between the peaks and troughs in live and dead fine root

biomass.

' The estimates of annual production and mortalify of fine roots differed

“between stands (Table 5.9, Figure 5.14). Production in Stand B was 481 g m-2 and



163

514 g m2 based on the SC and DM method, respectively. This was over four times
higher than in Stand D, which had a productioh‘ of 112 g m2 for all computational
methods.

Based on the DM computational method, the stands with the lowest (Stand
A) and highest (Stand E) site index had 199 g m2 and 208 g m2 of fine root
productidn. The SC computational method yielded lower estimates and showed
larger differences between the two stands: 118 g m-2 and 168 g m2 for Stands A
~and E, respectively. 'Production estimates for Stand C were the seébnd highest and

ranged from 287 g m-2 for the DM method to 242 g m-2 for the SC method.

Estimates of annuél fine root mortality also differed between the five stands,
but they covered a narrower range than the production estimates. Based on the
DM method, mortality estimates are lowest for stands D and E: 215 g m2 and 218 ¢ -
m-2, respectively. The SC method calculated the lowest mortality estimates for-
Stand E (178 g m'2) and yielded the second lowest estimate for Stand D (215 g m2).
The highest mortality eétimates, obtained for Stand B, range from 490 g m2 to 487
g m2 for the DM and SC method, respectively.

Figure 5.14 presents a comparison of fine root production and mortality
,"est_imates for each stand_.v Only in Stands B and E were the two estimates
approximately equal. Mortality estimates in Stands A and D were approximately
double the prodﬁction estimates. In Stand C, product_ion represented about 80% of
mortality. These differences between production and mortality estimates are
explained by the lower fine root biomass in May 1986 compared to that in May 1985
(Figuré 5.11). This may nave been due to tﬁé heavy mortality which occurred
during the unusually dry summer of 1985 ahd the inability' of some stands t.o're-

establish the fine root biomass by the followihg spring.’
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Table 5.9 Annual fine root production and mortality (g m2 yr-1) for the five stands
calculated with three computational methods: decision matrix (DM), all changes
(AC) and significant changes (SC). All fine roots (0-2mm diameter, FF-50 cm
depth) are treated as one population. ,

Production

Mortality
Stand SI DM AC DM AC sC
: (m@50) (g m2yrl) (g m2yrl)
A 233 1995 1182 1182 3777 2964  296.4
B 277 514.3 5119 481.1 4895 487.1 487.1
C 294 286.6 2418 2418 355.6 310.7 310.7
D 295 1121 1121 1121 2148 2148 214.8
E 41.0 2079 168.2 168.2 217.7 178.0

178.0
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Table 5.10 Annual fine root production and mortality for the five stands expressed
as a percentage of the estimates obtained from the SC computational method.

Production Mortality
‘Stand  SI DM  AC SC DM AC  SC

T (m@50) (% of SC) ' % of SC)

A 233 1686 1000  100.0 1277 100.0  100.0
B 277 . 1069 1064  100.0 100.6 100.0 100.0
C 294 1186 1000 1000 1145 1000 100.0
D 295 100.0 100.0  100.0 100.0 1000  100.0
E 410 1238 100.0  100.0 1225 100.0  100.0
Mean 123.6 1013  100.0 113.1 1000 100.0°
S.D. (2.9) (12.6) |

- (26.9)
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5.4.6.3 Small root production and mortality estimates

As was observed with fine roots, estimates of small root production émd
mortality differ between stands and are affected by the computationél method used.
Small root pfoductiqn calculated by the DM method ranged frorh 50.7 to 222.3 g m2
(Table 5.11). The high production estimate for stand E is largely due to the |
increase in dead root biomass from August to October 1985 (Figure 5.12). The
other two computational methods consider only changes in live small root biomass
and yield identical production estimates of 125.9 g m2. In Stands B and C, the SC
.method yields zero production estimates because the observed increases in small

root biomass were not statistically significant (p=0.05).

Mortality estimates ranged from 88.5 to 212.0 g m2 for the DM
computational method. The two bther methods both resulted in a range of
mortality estimates from 52.2 to 189.6 g m2. With the exception of Stand E,
mortality estimates were always higher than production estimates (Figure 5.15).
The differences between the three computational methods were generally 'shlall
with the exception of the two zero production estimétes (Stands B and C) obtained
from the SC method, and thé high pfoductio:n estimate obtained from the DM
method in Stand E (Figure 5.15).
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Table 5.11 Annual small root production and mortality (g m-2 yr-1) for the five
stands calculated using three computational methods. DM = decision matrix, AC =
-all changes, and SC = significant changes.

Production Mortality
Stand SI DM AC DM  AC SC
(m@50) (g m2 yrl) (g m2 yrl)
A 233 105.0 81.7 81.7 212.9 1896 189.6
_.B 27.7 84.7 "66.1_ 0.0 203.7 185.0 177.3
C 29.4 61.9 61.9 0.0 166.7 166.7 166.7
D 29.5 . 50.7 50.5 50.5 88.5 88.4 88.4
E 41.0 222.3 1259 125.9 52.2 52.2

148.6
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Figure 5.14 Estimates of fine root production and mortality for five plots based on
the Decision Matrix and Significant Changes methods. Bars within each
plot, from left to right, represent production (DM), production (SC), mortality
(DM), and mortality (SC). , i :
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Fxgure 5.15 Estimates of small root production and mortality for five plots based on
the Decision Matrix and Significant Changes methods. Bars for each stand
represent, from left to right, production DM-, AC-, and SC-methods and
mortality DM-, AC-, and SC-methods.
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5.4.6.4 Turnover rates of fine and small roots

Both production and mortality rates of roots are a measure of turnover, and,
therefore, two sets of turnover rates are calculated based on the ratioe of preduction
to root biomass and of mortality to root biomass in May 1985. As discussed above,
the estimates of annual root production and annualv mortality differ in some stands.
| These differences are also apparent in the calculated turnover rates of fine (Table

5. 12) and small (Table 5.13) roots.

Turnover rates of fine roots based on productlon range from 0.36 to 1.14
year'1 for productlon estimates calculated using the DM method and from 0.29 to |
0.92 year! for production estimates based on the AC or SC method. Between-stand
differences for turnover rates based on mortality est1mates are smaller and range .
from 0.62 to 1.20 year-! for DM derived est1mates and from 0.62 to 0.98 year1 for
‘ACv or SC-derived estimates.

 Mean life span is calculated as the inverse of turnover rates. Figure 5.16
shows mean li_fe span of fine roots in the 5 stands based on both production and

mortality estimates. Mean life span ranges from 0.83 to 3.43 years.

Table 5.12 and Figure 5.16 shew that stand E, the site with the highest site

- index, has the highest turnover rate and consequently the shortest fine root |
lifespan. While‘there is some debate in the literature as to whether a more
nutrient (specifically nitrogen) rich site has higher or lower turnover rates than a
poorer site, it is not clearlthat the results obtained in this study can supbort either
argument. The unusually long summer drought of 1985 led to about 100%
mortality of fine roots in Stand E,. whereas in the other stands, a smaller pfoportien
of the live fine roots died. The differences in turnover rates are therefore primarily

drought induced and are probablyv less related to nutrient availability.
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Table 5.12 Turnover rates (year-1) of fine roots calculated as the ratios of annual
fine root groduction / fine root biomass in May 1985 and annual fine root mortality /
fine root biomass in May 1985. Production and mortality estimates are based on
three computational methods which are described in the text.

: " Production/biomass Mortality/biomass
Biomass :
Plot  May 85 DM AC SC DM AC SC
(g m2) (yearl) (yearl)
A 4049 049 029 029 - 093 073 073
B 7915 - 065 0.65 0.61 0.62 0.62 0.62
C 4825 : 0.66 0.56 . 0.56 0.82 0.72 0.72
D 3112 0.36 0.36 0.36 0.69 0.69 0.69
E

. 182.0 1.14 0.92 092 1.20 0.98 - 0.98
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Table 5.13 Turnover rates (year-1) of small roots calculated as the ratios of annual
small root production / small root biomass in May 1985 and annual small root
mortality / small root biomass in May 1985. Production and mortality estimates

- are based on three computational methods which are described in the text.

Production/biomass Mortality/biomass
Biomass _ '
Plot May 85 DM AC_ sC . DM AC -~ SC
(g m2) : (year-l) (year-1)
A 2392 044 034  0.34 089 079  0.79
B 4099 021 016  0.00 050 0.45 043
C  226.1 027 027  0.00 0.74 074  0.74
D 1083 047 047 047 0.82 082 082
E

59.7 3.72 211 211 2.49 0.87 0.87
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Figure 5.16 Fine root mean life span for 5 plots based on produciton and mortality
estimates obtained with two computaional methods. Bars within each plot,
from left to right, represent mean life span calculated from estimates of
production (DM), production (SC), mortality (DM), and mortality (SC).
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Small root turnover rates, derived from production estimates, cover a much

- wider range than those of fine roots (Table 5.13). Extreme values are 0 year-l, for
the two stands in which the SC method calculated zero production, and 2.1 to 3.7
year-1 for Stand E, for which the highest turnover rates are calculated by all three
methods. Turnover rates for .other stands or methods fall in the range 0.16 to 0.47
year-l, Mortality-based turnover rates range from 0.43 to 0.89 year-!, with one
additional very high value of 2.5 year-1 (Stand E, DM-method). The much higher
estimates of turnover rates of small roots in Stand E are probably a consequence of
sample‘variation rather than real turnover rates, because they are two to three

~ times higher than the turnoirer estimates obtained for fine rooté in the same stand.

Furthermore, such high turnover rates would imply a mean life spé_n of .only 4t06

months for roots that are 2 to 5 mm in diameter. Roots of such diameters had to

undergo secondary thickening and often have growth rings indicating that t.he roots

have lived through more than one growing season.

5.4.6.5 Site quality and fine and small root production

Many factors determine the "quality” of a site and there has been much
discussion in the literature about an appropriate measure of site quality (Hagglund
1981). In this study, site quality is expressed as site index (meters at breast-height

~age 50) (Bruce 1981, Mitchell and Polsson 1988). Several approaches can be taken |
to obtain estimates of fine root production and to date there appears to be no
agreed-upon method of determining fine root production, mortality and turnover, as

discussed above.
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Table 5.14 lists coefficients of determination (r2), significance levels (p),
slopes, and intercepfs of the relationships between site index and several measures
of fine root production, mortality, and turnover for the five sites of this study. The
correlations between fine root broduction or mortality and site index were always
negative, but never signiﬁcant (Table 5.14). Fine root turnover was significantly _
(p=.042 to .068),negatively correlated with site index when turnover was calculated
from production estimates. When turnover was calculated from mortality' |
estimates, however, it was positively correlated with eite index and was either less

.sig‘niﬁcant or non-significant (p=.078 to .233).

Small root production was positively but not significantly correlated with site
index, whereas small root mortality was negatlvely correlated with site index
(significance levels rang from .062 to .172, Table 5. 14) Turnover rates of small
roots were significantly and positively correlated with site index (p=.028 to ‘.05 1)
when based on productioh estimates. Similarly, turnover rates based on mortality
estimates of small roots were positively correlated with site index, but these
_estimetes were enly significant for estimetes calculated with the decision matrix
(p¥.048). The four significant correlatiens between small root turnover and site -
index can be attribuﬁed to the single, very_high turnover estimate obtained for‘ |
~Stand E. Concern about the reliability ef this result has already been expressed

‘above.
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- Table5.14 The relationships between site index and several measures of fine and

small root production and mortality. Three different computational methods (DM,

- AC, and SC) are used. All relationships are based on the data from all five stands
(n=5), r? = coefficient of determination, p = significance.

Variable P 12 Intercept Slope
Fine Root Prod. (DM) - 0.781 .030 3.859 -0.040
- Fine Root Prod. (AC) : 0.845 015 3.234 -0.031
Fine Root Prod. (SC) . 0.857 .013 3.037 -0.026
" Fine Root Mort. (DM) 0.269 379 6.622 -0.110
Fine Root Mort. (AC) - 0.342 297  5.976 -0.099

Fine Root Mort. (SC) 0342 297 5976 . -0.099

Turnover Fine Root Prod. (DM)  0.068 724 0501  0.039
. Turnover Fine Root Prod. (AC)  0.057 752 -0.446 0.033
Turnover Fine Root Prod. (SC) 0.042 197 -0.471 0.034
Turnover Fine Root Mort. (DM) 0.233 425 0.169 0.023
Turnover Fine Root Mort. (AC)  0.078 698  0.220  0.017
Turnover Fine Root Mort. (SC) 0.078 .698 0.220 0.017

Small Root Prod. (DM) 0128 593  -1.394  0.081

- Small Root Prod. (AC) 0.172 = 516  -0.201  0.032
‘Small Root Prod. (SC) 0.348 291  -0.830  0.045
Small Root Mort. (DM) . 0477 179 2612 -0.032

- Small Root Mort. (AC) 0.067 724 3.805  -0.081

Small Root Mort. (SC) 0.062 = .738 3.756 -0.080

* Turnover Small Root Prod. (DM) 0.030  .834  -5.346 0211
Turnover Small Root Prod. (AC) 0.028 844 = -2.764 0.114
Turnover Small Root Prod. (SC) 0.051  .768  -2.959  0.117
Turnover Small Root Mort. (DM) 0.048 778 -2.157 0.107
Turnover Small Root Mort. (AC) 0.498 .165 0.427 0.010
Turnover Small Root Mort. (SC) 0.508  .158 0413  0.011
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' 5.4.7 General Discussion

' Corhparisbn of the results from different rdot studies has aiways béen
complicated by the lack of common methodology and definitions. Diameter classes
recogxﬁéed by different studies are not uniform. Sampling depth varies among
~ studies, as do the root sorting methods used. Some studies report root dry weights
on an ash-free basis (e.g. Vogt et al. 1987, Keyes and Grier 1981) while others do
not correct their data (Espinosa Bancalari and Perry 1987). Many studies separate

live from dead fine root biomass; others report total root biomass data.

| Estimates of root biomass and production obtained in this study are well
witﬁin the range of values reported in the literature for coastal D}ouglas-ﬁr sta_nds
in Oregon and Washington (Keyes and Grier 1981,»Santantonio and Hermann
1985, Vogt et al. 1987). The combined data sets of Keyes and Grier (1981),
Santantonio and Hermann (1985), and Vogt et al. (1987) have been used to
investigate the relationships between fine and smali root biomass and production
and site index. Site indices for Santantonio and Hermann (1985) and for Vogt et al.
(1987) were éstimated from the published productivity classes by assuming that all
plots within a productivity class were at the midpoint of the range this class. '
Product1v1ty Classes II, III, and IV have mean site indices of 38.1, 32.0, and 25.9 m
at 50 years, respectlvely (ng 1966). |

The methods used by Keyes and Grier (1981) were very similar to those ﬁsed :
‘in this study, the only obvious difference being that they used a sample depth of 45
cm instead of 50 cm. Vogt et al. (1987) sampled only'to a depth of 15 cm.
~ Santantonio and Hermann (1985) classified roots with 0-1 mm diameter as fine and
- those with 1-5 mm diameter as small roots. They did not correct to ash-free values

and sampled to a depth of 100 cm. The other three studies used definitions of 0-
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2mm and 2-5mm diameter fo_f fine and small roots, respectively, and corrected for

| ash-free dry weights.

The r.egressiven between site index and‘ﬁne' root biomass 'isv highly significant |
(p=0.001, r2=0.45, n=A20)v (Figure 5.17), but that between small root biomass and site
index is not significant (p=0.,384,-r’_1=105 (Figure 517) The estimafes bof small root
bioihass obtained by Sa‘n.tantoniov and Hermann (1985) are someWhat higher than‘.

those obtained by Keyes and Grier (1981) and in thisvstudy, probably because. the

former study only included roots in the 1-5 mm diameter class, compared to 2-5 mm -

in the lattei' two studies. . Neither of the regressions between fine and small root
:, production and site index was signiﬁcant (Figure 5.17). The high estimate of small
root prdduction in Stand E in this study is probably not realistic, as discussed -

‘above.

These results show that, within one species, fine root biomass decfeases with

vi}ncreasing site quality, as expressed by site index. ‘This suggests that as nutrient

- . and moisture availability increase, fewer fine roots are required to meet the forest

stands' demands for soil-provided resources. No significant relationship between
site index and ﬁne root produ‘ction’ exists. Many factors can account for the =

, between-stand variation in fine root production. Methodblogical differences
between 's'tudies., differences in stand age and stand density, and beﬁween-year

“variation could all contribute to the variation in fine root production estimates.

Fine and small root pre_duction are only two components of stand
preductivity.' In this chapter, only the beloWground components ef biomass and
production were.:address_ed. The ﬁnai chapter will summarize the results of the |
abevegrounda(.Chapter 4) .and belowground (Chapter 5) biomass and production
studies, and Will investigate allocati‘oh to aboveground and belbwground stahd

components.
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Figure 5.17 The relationships between fine and small root biomass and production
and site index based on data from this and several published studies.
V=Keyes and Grier 1981, A=Vogt et al. 1987, O=Santantonio and Hermann
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6. THE RELATIONSHIPS BETWEEN SITE INDEX AND
- FOLIAGE BIOMASS, FOLIAGE EFFICIENCY, PRODUCTION,
 AND PRODUCTION ALLOCATION

6 1 INTRODUCTION

- The pred1ctlon of biomass production and future y1elds is central to many

- aspects of forest science and management. Some of the d1ﬁ'erent approaches to
‘y1eld forecasting involve computer simulation models of forest stands or ecosystems
(Mitchell 1975, Wykoff et al. 1982). The conceptual framework"that is common to
many simulation rhodels of forest growth is centered around the relationships -
between foliage biomass (or area) and stand production (Mitchell 1975, Barclay and
Hall 1986 Klmmms et al.1986, Ford and Bassow 1988) :

A cOmmoh.conceptual" approach fdr many models is to simulate site and
stand factors, such as moisture and/or nutrient availability, which control the
amounf of foliage biomass carried by a stand. Foliage biomass, or a derivative |
thereof, is multiplied by some measure of "foliage production efficiency” fo obtain
an estimate of total production. Total production is then partitioned between =
diﬁ'ereni; above- and belowground components of the forest stand using fixed or
variable allocation strategies or allocation hierarchies (Médkeld and Hari 1986,
Bossel 1986, Barclay and Hall 1986). Some modeIs invoke feedback between fine
- root biomass, Which supplies nutrients and moisture at considerable carbon cost,
and foliage biomass which provides the required carbon through photosynthesis
(Makela 1986, 1988, Thomley 1972).” While such approaches to simulating forest
ecosystem productmn do not require the large amount of data commonly needed for
phys1ol_og1ca11y-based simulation models, they do require an understanding of some

of the fundamental determinants of forest ecosystem production. Some of the
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. important questions which should be considered when developing simulation

models of forest ecosystems are:
1) What is the relationship between site quality and stand foliage biomass? .
2) Does foliage efficiency change with site quality?

3) What are the relative contributions of changes in total production and changes
in production allocation to the observed between-stand differences in

aboveground productlon"

A strong correlation between total overstory leaf area and site water balance -
has been demonstrated for forest ecosystems along west to east transects through
‘central Oregon (Grier and Running 1977, Gholz 1982). These studies cover a very
wide range of site moisture conditions and atmospheric moisture demand, but the
~ observed changes in total ecosystem leaf area are confounded with changes in
species composition from coastal to interior sites. Forest ecosystems respond to
short term fluctuations in soil moisture status by controlling transpiration through
stomata (Helms 1965, Helms 1976, Running 1976). Prolonged dry conditions lead
to increased leaf litterfall and increased mortality of suppressed trees, thus -
effectively reducing total stand leaf area. It would therefore seem reasonable that
leaf area of stands of a particular species would be correlated with mmsture ,
availability along a local, topographically- or edaphlcally-mduced site m01sture
gradient.. However, the existing studies have not quantiﬁed how foliage biomass is |
affected by suoh IOcai variations in soil moisture availability within a given climatic

‘regime.

The influence of site nutrient conditions on total foliage biomass has
frequently been demonstrated in fertilization studies. Increased availability of

nutrients, in particular nitrogen, resulted in increased foliage biomass in the
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fertilized standsv(Brix 1983). ’fhese' increases are most pronounced in stands that
have been thmned prior to fertihzation, and they may be less or not at all obvxous
in fully stocked stands because tree mortahty may accelerate followmg fertihzatlon o
 (Lassoie et al. 1985). There appear to be no published studles, however, that have
investigated the relationships between stand foliage 'biomass and the local

variation in site quality in Douglas-ﬁr ecosystems.

Fohage efﬁc1ency, deﬁned as the amount of biomass (total, aboveground or
, stemwood etc.) produced per umt of foliage (biomass or area), has been used to
calculate biomass production from foliage estimates (Barclay and Hall 1986), and
.asan indicator of tree vigorv(Waring et al. 1980). An estimate of foliage efficiency
| inte,g"r}atés ma_ny physi_ological prOCesses over time and is particularly useful in
experiments in which total production’ can be measured easily, as with seedlings or -
| agricultural crops. Inforest ecosystems, however, folxage efﬁciency has often been
| expressed on an aboveground or stemwood production ba81s (Waring et al 1980,
.Satoo 1967, Lav1gne 1988), because of the difficulty in quantifying belowground
‘production The mterpretation of between-stand differences in foliage eﬁicxency, or
the companson of foliage efﬁmency estimates from different stands, is complicated |
by the fact that the observed differences in aboveground or stemwood production .
may he due to either ‘ch‘anges' in net productioh, changes_in production allocation, or
| both. Few studies, however, have the data required to be able differentiate the
' relative contnbution of these two maJor detenmnants of aboveground productlon
One such study, in 40- year-old Douglas-ﬁr stands in western Washington, reported
that aboveground production represented 53.3% and 86.5% of total production on a
low and a high productivity site, respectively (Keyes and Grier l981).

The objectives of the'reSearch reported in this chapter were to investigate

whether total foliage biomass, foliage efficiency, and productionallocatiOn change
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with site index in second-growth Douglas-fir stands. Site index (meters at 50
years) integrates the past growth performance of a stand, and, although_competing
vegetation and other factors affect it, site indexvis generally considered to be.a good
" index of site growth potential (Hdagglund ‘198 1). Site index was therefore ohosen in
this study as the integrating measure of site quality. The data and results of the
previous chapters are combined and extended to address the three questions
identified above. The chapter concludes with a general discnssion of the resnlts :

and implications of the research reported in this thesis.

6.2 MATERIALS AND METHODS

This part of the study is Based on the 12 Douglas-fir stands described in
Chapter 2. Biomass regression equations for the calculation of component biornase
have been described in detail in Chapter 3. The application of the biomass |
regression equations to stand information to compute component biomass,

.production, and rnortality has be'en described in Chapter 4. Biomass, production,
and mortality estimates of fine and small roots for five of the 12 plots have been

described in Chapter 5.

Production and mortality estirnates for all aboveground coinponents and for
coarse roots are reported as mean annual rates for the last available measurement
period (1985 - 1987). Biomass estimates for these components are reported for
1985. Fine and small root production and mortality estimates are based on a single
year, May 1985 to May 1986. Fine and small root biomass estimates refer to May
1985. All relationships which are presented are based on data from these years or

measurement periods only, unless specifically stated otherWise.
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6.3 RESULTS
" 6.3.1 Foliage biomass versus site index

Foliage biomass calculated for the 12 plots using the regression model based
.on dbh and Growing Space Index (the "GSI model") as independent variables
- (Chapter 3, Equation 3.20), ranged from 8.6 to 13.5 Mg ha-! (Figure 6.1A and Table
' 4.4). However, there was no significant relationship between total foliage biomass
_in 1985 and site index (r2=0.011, p=0.746). It is interesting to note that a different
conclusion would have been reached if the regional Douglas-fir foliége biomass
‘regression model (Gholz et al. 1979; the "regional-model") which has been used in
previous studies_ (Gholz 1982) had been used insteé.d of thé regression model |
developed for this study. The relationship for the 12 plots between foliége biomass
- predicted by the regional model and site index (Figure 6.1B) is significant
| (r2=0.374, p=0.035). The mean and standard deviation of predicted foliage biomass
in 1985 for the GSI model are 10.5'7i1.v47 Mg ha-! compared to 14.39+2.17 Mg ha-!
for the regional model. These means are significantly different (t-test, p<0.001).

 6.3.2 Foliage efficiency (ANPP) versus site index and foliage biomass |

Foliage efficiency (aboveground production per unit foliage biomass, FE snpp)
during the period between 1985 and 1987, increased as site.indéx increased over
the 12 plots in this study (r2=0.39, p<0.‘001) (Figure_ 6.2B), but was not correlated
with foliage biomass (r2=0.003, p=0.871) (Fig\ire 6.2A). Foliage efficiency (ANPP)
ranged from 0.52 to 0.82 (Mg .yr'l Mg-1) for 10 of the plots, but was much higher for
the two plots of Installation 72 (1.48 and 1.53 Mg yr'l Mg-1). The relationship
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Figure 6.1. The relationship between foliage biomass (Mg ha-1) and site index (m at
50 years) based on (A) the foliage biomass regression model developed in this
study and (B) the model of Gholz et al. (1979).
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Figure 6.4. Graphical presentation of Equation 6.1, which predicts foliage
efficiency (ANPP) (Mg yr-! Mg-1) as a function of site index (m at 50 years)
and foliage biomass (Mg ha1). v .
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figure, as discussed in Section 6.4.2). The function also suggests that this optimum
foliage biomass increases with site index, e.g. 8.3 and 13.3 Mg ha-! for site index 20
and 40, respectively. From equation 6.3, the optimum foliage biomass FB,; can be

calculated as a function of SI, such that
FBgpt = 3.398 + 0.247 * SI [6.4]

This equation can be used to establish the difference between actual and |
optimum foliage biomass. Foliage biomass in eight of the 12 plotsi appears to be
converging towards the site-specific optimum (Figure 6.6). Two plots are diverging
from the optimum foliage biomass, and the two plots of Installation'7 2 have stable

foliage biomass below the expected optimum.

6.3.3 Production allocation versus site index

The proportion of total aboveground biomass, which is represented in each of
the main aboveground biomass components, changes with site index for all -
- components except stembark (Table 6.1, Figure 6.7). Foliage and branch biomass
represent a larger proportion of total aboveground biomass on sites with lower site
index than on sites with higher sit;e index. The proportion of total biomass in
stemwood and coarse root biomass increases with increasing site index. Similar
trends are observed in the change of proportions of total aboveground production
- allocated to the main biomass components (Table 6.1, Figure 6.8). As site index
inbreases, a smaller proportion Qf total aboveground production is allocated to
foliage and an increasing proportion to stemwood and stembark. Coarse roots and

branches showed no significant change in allocation.



FB - FBopt (Mg ha™)

-

1970

1978

1980.

1988

1980

192

-o 1 | 1
1970 1976 1980 1985 1900
° T T l-
16
st ]

-3 F <
-8 . 1 1 -8 L 1 Il
1870 - 1978 1980 1988 1980 1870 1978 1980 1988 1990
G T T L e T T T
71 72
3 r b 3 r b
] [ T T B
-3 -8 + 0—9""’9\9\9—_9__0 4
=" —o__ o, o o
_6 L 1 1 _o 1 1 1
1870 1878 1980 1988 1980 1870 1878 1980 1988 1990
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numbers are in upper right corner of each graph. Legend as in Figure 4.6.



0.20 r
" Follage
(/)]
m 0.10 + ~
N )
E 0.08 - o c i
O
m 0.00 . .
18 28 38 48
i« | :
- = 1.0
o= » |
(@] - Stemwood
— O e ]
o)) _
‘I, 068 - 4
>
O on | ]
e
< 0 | -
Y
‘:, 0.0
15 28 38 48
ns;! 0.3 T :
': Coarse Roots
g_ .
o L]
il
Q.
0.1 ~ o
0.0
18. . 28 38 48

193

Site Index (m at 50 years)

Figure 6.7. Proportions of aboveground biomass allocated to foliage, branches,
stemwood, stembark, and coarse roots plotted against site index.
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Figure 6.8. Proportions of aboveground production allocated to foliage, bi'anches,
stemwood, stembark, and coarse roots plotted against site index.
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Total production is partitioned between aboveground and belowground stand
components. Belowground production in this study is the sum of coarse, small (2-
5mm), and fine (0-2mm) root production. Fine and small root production data are

only available for 5 of the 12 plots (cf. Chapter 5).

As has been discussed in Chapter 5, there are two measures of fine root
“turnover: production and mortality. In a steady state system, the two estimates of
ﬁne root turnover should ‘be approximately equal, otherwise fine root bioméss _
would either disappear or incfease indefinitely. The estimates of root production
and mortality obtained in this study differed in some plots, with mortality
estimates exceeding those of prodt.lctilon (Figures 5.14 and 5.15) for feasons
eXplained in Chapter 5. Therefore, results of belowground allocatioﬁ are reported

fof both root produetion and root inortality estimates.

Annual aboveground production (ANPP) increases significantly with site
index (r2=0.7 91, p<0.001, n=12) (Figure 6.9, open circles). Estimates of total
production (TNPP) have been obtained by adding four different estima_tes of
belowground production to ANPP (Figure 6.9 A-D, filled squares). The increase of
TNPP with iﬂcreasing site index is statistically significant for both pfoduction and
mortality-based estimates of Belowground allocation (p=.035 to .038 and p=.053 to
.062, respectively). | o

- The proportion of total production allecated belowground ranged from about
- 0.2}'5’to about 0.5, depending on site conditions and computational method ﬁsed
(Table 6.2). This proportion tended to decrease with increasing site index,
regardless whether the estimates of belov?g'ro'und allocation were derived from fine
‘and small roort production or mortality estimates, and regardless of the

computational method used (Table 6.3). This decrease of the proportion of total -
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production allocated belo‘wground with increasing site index was significant for

mortality derived estimates of fine and small root turnover (AC method) (p=0.038).
If fine and small root turnover was calculated from mortélity estimates derived

| with the DM method, tﬁe decrease in the proportion of total produgtion allocated )

belowground was less sigm'ﬁcént (p=0.054). If the proportion of total production

allocated belowground was calculated from root turnover estimates based on fine

and small root production data, the same trend was observed but neither

computational method yielded a significant relationship.
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Table 6.1 The relationship between site index and the proportion of total biomass
and total production allocated to foliage, branches, stemwood, stembark, and coarse
roots. For all models n=12. r2 = coefficient of determination, p = significance.

Component Intercept Slope r2 P
BIOMASS | . (
 Foliage 0.106 -0.0020 0753  <0.001
Branches 0.113 -0.0015 0.587 0.004
Stemwood ~ 0.660 0.0033 0.756 <0.001
Stembark 0.121 0.0002 0.071 0.401
Coarse Roots 0.175 0.0012 0.573 0.004
PRODUCTION
| Foliage 0.448  -0.0084 0.696 <0.001
Branches 0.280 = -0.0028 0.226 0.118
Stemwood 0.236 0.0097 0.633 0.002
Stembark  0.035 0.0016 0.675 0.001

Coarse Roots  0.119  0.0010  0.278 0.078




Table 6.2 The proportion of to
Douglas-fir stands. Fine and s
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roduction allocated belowground for five

al
mafl root production (P) and mortality (M) estimates

have been derived with two computational methods: Decision Matrix (DM) and All

Changes (AC).

Production-based Mortality-based

Inst. Plot SI DM AC DM AC
2 6 276 0.461 0.454 0492  0.486
5 10 294 0.260 0.259 0.342 ~  0.342
16 2 29.4 0.374 0.350 0.450 0.432
71 14 23.3 0.375 0.308 0.506 0.465
72 14 41.0 0.300 0.255. 0.280 0.233
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"Table 6.3 The relationship between site index and the proportion of total
production allocated belowground for four different estimates of belowground -
production. Fine and small root turnover estimates derived from production- or
mortality-based estimates using the decision matrix (DM) and all changes (AC). For

all models n=5. r2 = coefficient of determination, p = significance.

Method Intercept  Slope r2 p

Production-based:

DM 0520  -0005 0216 0430

AC 0488  -0.005 0190  0.464
Mortality-based:
DM. 0.810 -0.013 0.761 0.054

AC 10.821 | -0.014 | 0.807 0.038
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6.4 DISCUSSION
- 6.4.1 Foliage biomass versus site index

: 'During"stand development, foliage biomass of forest stands reaches a eite-
specific maximum value after canopy closure, Which in temperate coniferous forests
a\}eragee approximately 10 Mg ha-1 (Turner and Long 1975). The stand age at
.which this plateau of foliage biomass is feached denends on factors such as site
'quality and stand density (Turner and Long 1975). The total amount of foliage
biomass in a stand at the time.of stabilization is thought te depend on site |

conditions such as soil moisture and soil nutrient availability (Grier et al. 1986).

- Foliage biomass regressions which‘nse dbh 'es the independent variable are
not able to predict a stabilization of stand foliage biomass, and will instead predict
continuing foliage biomass accumulation as stand basal area increases. None of the
models investigated in Chapter 3 which use dbh alone, or a derivative thereof, had
an inflexion point at greater stem diameters, which means that foliage biomass per .
tree predicted by such models continues to increase with increéeing diameter. In
contrast, models which use sapwood basal area or dbh plus a competition index as |
independent variables can potentially predict the stabilization of foliage biomass

after canopy closure.

The relationship between foliage biomass and site index was not significant
when foliage biomass was calculated using' the regression model developted in this
study, which uses a competition index as the independent variable in addition to
dbh. In contrast, foliage biomass estitnates obtained with the regional model of
Gholz et al. (1979) increased significantly with increasing site index. A possible
- explanation for this difference is that the regional model predicts a continuing
increase of foliage biomass with greater stand basal area. Because stand basal area

in the twelve stands is highly correlated with site index (r2=.686, p=0.001), the
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correlation between site index and foliage biomass also becomes significant. In

| contrast, the GSI-based model predicts that foliage biomass stabilizes in some plote,
| despite continuing increases in stand basal area. i’I‘he two regression models also

differ in that the regional model cons1stently predicted higher foliage biomass

| values for each of the plots, and it predicted a greater range of values (10 8to 17.7

' Mg ha-l) than the the GSI-model (8.6 to 13.5 Mg ha- 1) The GSI-based model has

been derived from destructively sampled trees from plots in the immediate vicinity

of the stands to which the regression model Was applied. The regional mod_el

- overpredicted foliage biomasa of the sample trees by an average of 55.7% (Table
3.16) and is therefore not suitable for the prediction of foliage biomass of the stands

‘used in this study. Warnings against using regression models which are based on
dbh only for the prediction of stand foliage biomass have been presented earlier
(Marshall and Waring .1986). Flirthermore, in studies that use such models, all

) -variables that are correlated with basal area will also be correlated with foliage

biomass (Satoo and Madgwick 1982, p.64).

6.4.2 Foliage efﬁcieney (ANPP) versus site index and foliage biomass

' Foliage 'eﬁﬁciency" (ANPP) of a plant or tree‘.‘canopy decreases with increasing
biomass of the entire canopy because the amount of light‘ that reaches its lower
portions diminishes due to self-shading (Cannell 1979). This inverse relationship
between foliage i)iomass and efficiency, calculated from total abbveground
~ production, was not detected in this study when only data from fhe 12 stands and
one measurement period were analysed (Figure 6.2A). Foliage efficiency increases
with site index (Figure 6.2B) and the relationshi;i displayed in Figure 6.2A is

therefore confounded with site index.
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Analysing the data from each plot separately showed that in five of the 12
plots, foliage. efficiency decreased significantly with increasing foliage biomass. In
five additional pldts, foliage efficiency was negatively correlated with foliage
biomass, but the relationship was not statistically significant. In the two plots of
Installation 72, foliage biomass did not change over time and the observed variation
in foliage eﬁiciency is prdbably related to other factors, such as climatic variability.
The two plots of each installation tend to show very similar patterns (Figure 6.3) of
changes in foliage efficiency with changing foliage biomass. Foliage biomass is
confounded with time, and the observed similarities in the pairs of plots of each
Installation could be interpreted as an expression of the influences of site or

regional climate.

The regression model (Equation 6.3) which predicts foliage efficiency from
foliage biomass and site index accounts for 56.5% of the variation in the 72 data
.points (Figure 6.4). Climatic variability, and other factors which affect foliage
efficiency but are not represented in the model, account for the remaining
variation. This model also explains the lack of correlation between foliage
~ efficiency and foliage biomass observed in Figure 6.2. Equation 6.3 (Figure 6.5)
should not be extrapolated beyond the range of the data. At low stand foliage

biomass values, very little self-shading will occur and foliage efficiency will not

increase further but will asymptotically approach some maximum value as most of

the foliage approaches light saturation. At very high foliage biomass values, an
increasing proporti(on of the foliage would have to be maintained at light levels
which are inadequate to ‘support positive net-pho_tdsynthesis. While it is often
stated that foliage which is a het sink for carbon will be shed (Cannell 1979) or will
- adapt to the low light intensities by reducing respiration rates (Loomis and Gerakis
1975), the small growﬁh improvement following pruning of the lower 25 to 30% of

live branches has been attributed to the removal of a net carbon sink (Stein 1955).

)
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6.4.3 Optimum foliage biomass in Douglas-fir stands

Scientists concerned with crop production have shown that »the\re is an
optimum foliage biomass or leaf area at which production is maximized (Watson
1958, Zavitkovski et al.1974). Respiration increases with greatef foliage bioméss

| while the rate of increase in photosynthesis diminishes due to increasing self-
shading. Waring et al.(19805 showed that in five Douglas-fir stands of different
densities, basal area growth rate was highest at a leaf area index of approximately
7. In their study, leaf area was galchlated from sap;;vood basal area assuming that
this telationship is not affected By stand density, an assumption that has since |
been demonstrated to be incorrect (Brix and Mitchell 1983, Keane and Weetman |
1987, Long and Smith 1988). |

The results of this study suggest that there is an optimum foliage biomass at
WhiCh abovegroﬁnd production is maximized (Figure 6.5). They further
demonstrate that this optimum foliage biomass increases with site index, i.e. the
. optimum amount of foliage biomass is greater for a better site than for a poorer

site. There are at least two eiplanations for this observation. In Douglas-fir, a
determinant species, the distance between whorls increases with site index because
of gfeater height growth rates at better sites. Increasing the vertical spacing df
- foliage biomass allows for greater intrusion of diffuse light into the lower parts of
* the canopy, which results in greater total photosynthesis (Kira 1975, Cannell 1979,
~ Jarvis and Leverenz 1983). The light extinction coefficient, which determines
redﬁctions in light intensity as a function of foliage biomass, is affected by the

spatial arrangement of the foliage (Monsi and Saeki 1953).

A second argument 1s that in Douglas-fir, foliage nitrogen concentrations are
positively correlated with Site index (R.E. Carter and K. Klinka, pers. comm.), as .

has been observed with other conifers such as black spruce (Gagnon 1964). Foliagé



205

with higher N-concentration has a greater photosynthetic efficiency and
compensation points at lower light intensities (Kuroiwa 1960, Brix 1981). The
optimum foliage biomass will therefore increase with greater soil nitrogen

availability.

Equation 6.3 has bee_n used to predict the optimum foliage biomass as a
function of site index for each of the 12 plots. Figure 6.6 shows that most of the 12
plots of this study asymptoticaﬂy approach the site-specific optimum foliage
biomass. However, two plots are clearly above the expected optimum foliage
Biomass. Installation 2 Plot 6 and Installation 5 Plot 8 have stand densitie‘s of 3000
' and 3400 stems pef hectare, respectively. These two plots also have the highest
compon.ent of western hemlock and western redcedar: 33.5 and 24% of basal area,
in Installation 2, Plot 6, and Installation 5, Plot 8, respectively. Because no '.
‘regr'ession models for the prediction of western hemlock or western redcedar foliage
biomass have been developed in this study, the regional models of Gholz et al.
(1979) were used to predict foliage biomass of these species. The higher than
expected foliage biomass of these two plots may be attributable to overprediction by

the regional models which are not sensitive to stand densities, as discussed above. -

A stable but lower than expected foliage biomass was observed in
~l Installation 72, the site with the highest site index (41 m@50) and also the highest
stand age (70 years). In the two plots of Installation 72, foliage biomass was about
.25% below the éxpected value. There are several possible explahations for this.
The trees in these stands are very tall (45 to 55 meters) and during storm events
their crowns will swing considerable distances. The resulting crown contact
between trees is known to cause large branches or branch parts to be broken off,
which can be a potentially significant cause of foliage loss (Grier 1988). The stands

may therefore not be able to maintain the optimum amount of foliage biomass.
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6.4.4 Production .al'locati,on versus site indék

The change with site index in the proportion of total biomass represented in
the major aboveground biomass componenté is to some extent due to the influence
_ of the two plots of Installation 72. Theséfiavo pldts are older than the remaining ten
plots and have a lower stand density (Table 4.3). When the data from thése two
plots are removed, the changes in distribution among aboveground biomass .
components with changing site index become ﬁon-signiﬁcanf. The sldpes maintain
fhe same direction in all five models, however. The variablity in the remaining
data, the reduction of the sample size to ten and of the site index raﬁge to a_bout

half its original 'spread, all contribute to the‘ non-significance of the reduced model.

| The vpr‘oport_ion pf total aboveground production alloqated to the major’
biomass components also changed wifh site index, although only changes in foliége,
stemwood, and stembark were statistically significant. The three significant
relationships were strongly.inﬂuenced by Installation 72, because removing the
data of this Installation resulted in non-significant slopes, although again, their
- direction did not change. Both biomass and production distribution are affected by
stand age and stand density, the influence of which is not accounted for in the

simplé models which use only site index as the independent variable.

The quantification of belowground biomass and biomass production has
always been very difficult, which is reflected in the paucity of information about
this biomass coinponent. Newbould (1967) suggested that belowground production

should be calcuiated using the equation: |
Aboveground Production = kx Belowground Production (6.4]

Aboveground Biomass ABelowground Biomass .

For a lack of better data, he also suggested that k be assumed to have a value
.of 1. More recently, Keyes and Grier (1981) have demonstfated that the proportion
of total production allocated belowground Changes with site quality, and that
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~ therefore a constant ratio between aboveground and belowground production
* cannot be assumed. The results of this study strongly support the conclusions

reached by Keyes and Grier (1981).

Figure 6.10 contains the data froin the five stands of this study and the two
stands investigated by Keyes and Grier. The differences between production and
mortality estimates of fine an& small roots obtained in this study have been
~disc‘ussed above. The decrease in the proportion of total production allocated
belowground with increasing site index is apparent in both production- or
nioftality-basea estimates of belowground production. The production-based
estimate of fine and small root turnover calculated with the decision matrix is
significant at the 1'(‘).% level (p=0.087). The two mortality-based estimates are
highly signiﬁcant, p=0.003 and 0.002 for the DM- and AC-based methods,

- respectively. Corisidering the differences in geographic location and methods used,
the similarity of the estimates of allocation obtained by Keyes and Grier (1981) and
in this study is stﬁking. | '

In this study, soil moisture regime (Green et al. 1984) of the twelve plots
ranged from moderately dry to fresh and site index increased with improved soil
moisture regime. Although Douglas-fir does not normally grow on wet or very wet
sites, exceptions can be found as a result of off-site planting or due to other unusual

| circumstances. On wet sites, poor growth of Douglas-fir may result in a lower site
index than on fresh sites (K. Klinka, pers. comm.). Growth limitations on these wet
sites are different than those on drier sites which may, howév_er, have the same site
index. Some of the conclusions réached about the relationships between site index

and carbon allocation may not apply to Douglas-fir stands on wet or very wet sites.

The results of this study emphasize that shifts in carbon allocation from

above- to belowground stand components are an important and frequently ignored
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adaptation of forest ecosystems to changes in site quality. Future predictions of
stand responses to silvicultural treatments and environmental 'change require a

~ better understanding of the role of shifts in carbon allocation in forest eéosystems.
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Figure 6.10 The partitioning of total production to above and belowground
components for the 5 stands of this study (@) and the two stands of Keyes
and Grier (1981) (A). Fine and small root turnover estimates are based on A:
Production DM-method, B: Production AC-method, C: Mortality DM-method,
D: Mortality AC-method. See text for further explanations.
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7. SUMMARY AND CONCLUSIONS

Regression models for the prediction of aboveground biomass components of
Douglas-fir that include a competition index in addition to dbh, are significant
improvements over models which use dbh only. Of the four competition indices
tested, the Growing Space Index (GSI) (Lin 1974) was the best independent
variable in addition to dbh for the prediction of foliage, branchwood, and

‘stemwood biomass.

Foliage biomass predicted with the GSI model appears to reach a steady state

~in some Douglas-fir stands, despite the continuing increase in basal area in

these stands. Foliage biomass regression models based on dbh only do not

predict this stabilization of foliage biomass.

In 1985, aboveground biomass in 12 Douglas-fir stands, with site index 19.5 to
41.3 m at 50 years and age 32 to 70 years, ranged from 135 to 573 Mg ha-l. The

aboveground biomass was distributed among the major components as follows:

foliage 2 . 6%, branches 4 - 9%, stemwood 73 - 81%, and stembark 12 - 13%.

Coarse root biomass was equal to 20 - 23% of the aboveground biomass.

In the period between 1985 and 1987, annual aboveground production (ANPP)
in these stands ranged from 4.7 to 16.0 Mg ha'lvyear'l. Aboveground

production was distributed among the major components in the following

! proportions: foliage 9 - 31%, branches 12 -23%, stemwood, 42 - 68%, stembark 7

- 11%. Coarse root production was equal to 13 - 16% of the aboveground

production.
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Live fine root (0-2mm) biomass showed a similar seasonal pattern of variation
in all five stands that were sampled. A maximum value was reached in May or.

June, and a minimum value in August or October.

Biomass of living fine roots (0-2 mm) in May 1985 ranged from 1.82 to 7.91 Mg
ha-1, and that of living small roots (2-5 mm) ranged from 0.59 to 4.10 Mg ha-1.

Different estimates were obtained for production and mortality in both fine and
small roots. Estimates derived using the décision-matrix ranged from 1.12 tov
5.14 Mg ha'lvye,ar'1 for fine root production, and from 2.15 to 4.89 Mg‘ ha-lyear-l
fér fine root mortality. Snﬁall root production and mortality estimates ranged |
from 0.51 to 2.22 and from 0.88 to 2.13 Mg ha-lyear-1, respectively. The

differences in fine root turnover estimates derived from fine root production

~ and mortality data are probably attributable to the unusually dry conditions

during the summer of 1985. In particular, the lower site index stands were not
able to replace by the subsequent spring all living fine roots which had died

during the summer.

A highly sigiu'ﬁcant regression model (Equation 6.1), which uses stand foliage
biomass and site index aé independent variables, accounted for 56.5% of the |
variatioﬁ in foliage efficiency (based on ANPP) observed in 72 data points which
represented 12 plots and 6 measurement periods. The model suggests that
foliage efficiency decreases with increasing stand foliage biomass and increasés

with increasing site index.

Based on the above model, it would appear that there is an optimum foliage
biomass at which total aboveground production is maximized. This optimum

foliage biomass appears to increase with increasing site index.
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10) With increasing site index, a decreasing proportion of total production is
allocated to belowground stand components. Thé_site with the lowest site iﬁdex
allocated from 31 to 51% of total production to belowground components while
the site with the highest site index allocated from 23 to 30%. The ranges in
estimates are due to the differences between production and mortality

estimates of fine and small roots, as discussed above.

‘} 11) The relationship between the proportion of total production allocated
belowground and site index that was observed in the five stands of this study |
strongly supports a similar observation by Keyes and Grier (1981) in two

Douglas-fir stands of high and low site quality. -

12) Future predictions of the responses of forest ecosystems to environmental
change and silvicultural treatments should be based on a quantitative

‘understanding of shifts in carbon allocation patterns in forest stands.
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