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{ aBsTRACT

N Variation‘in annual diameter increment”is.compared for
lodgepole pine, white spruce, .and black spruce in Alberta using
three—dimensional graphs of diameter increment at various ages
and heights,along the stemr DirferenCes in the form ofix.the gﬂ'
diameter increment'surfacermay be explained by crown‘class and

shade tolerance of the different species within a single stand,

o~

tn.individual tree mathematical model based on the Chapman-

Richards growth curve is developed to predict diameter‘increment
as a function of age an¥kheight along the stem. ‘Diameter‘

- increment from sections at various heights along the stem is
. modelled as a function of age using the increment form of. the d

Chapman-Richards growth curve:, Parameters for each of thel

'a-.
N

sections were re-expressed as functions of height to obtain a
»&z ‘

continuous model OVer height and age This growth model is used

“to derive estimates of stem taper and ‘volume over time.
é\
‘ Diameter increment models were also derived as the first :

.

% derivative of four existing taper equations. The predictions of

diameter intrement from these models are reasonable but not
42BN

always consistent with observed growth datay particularly near

. the base and tip of trees.
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. GENERAL INTRODUCTION

,Background o

Vv
)

Taper equations have been developed to deSCribe diameter or

v
'

‘stem cross sectional area as a’ function of height along the.

stem, using diameter at breast height (DBH) and total tree

height -as, independent variables (Kozak et al.’ 1969) These

' equations can ‘be integrated to provide estimates of stem volume‘

—— e

“for any portion of the tree. Most individualftree growth and
yYield models incorporate'equations for‘predicting future-values

.of DBH andltotal height. These predicted valueés are oﬁten used

-

in conJunction with a taper model to obtain estimates of future ‘
. X ’ y : o . B N )
‘volume (Arney 1985) - : e , -

When a taper model is used as a component of -a growth and

i

- yield model to obtain the stem’ profile and volume of a. tree in

-

‘the future, an implicit relationship is defihhd for diameter

' increment along the stem. vIn practice,‘;ziisuSually assumed

' that knowleggg of the change in DBH and Reight will adequately

[

'describe the change in upper stem diameters. However,,the
‘change in diameten at one position (1. e..DBH) usually is: not

‘representative of diameter increment elsewhere along ‘the stem :ﬂ,

*.4‘ v

t (Kramer and Kozlowski 1979) Loet5ch et al (1973) compared

‘upper stem,diameter increment to- the increment at breast height

‘lafter a heavy thinning. USing only the DBH and height increment
“resulted in OVerestimating volume increment by about 10 percent..“p~

1 There have been, however, few quanti;ative studies examining



diameter growth rates at various heights along the stem
© throughout a tree's life, and how this relates to stem taper

(Atney 1972, 1974; Mitchell 1975). Improvements in modelling.

the stem profile and volume can be made by taking into
consideration the variation in diameter incyement along the

stem, Since the accumulation of diameter increment results in

'

'diameter, tlils is the logical starting point for modelling

1

diameter, taper, and voluffe development over time.
. \ :

-

Several descriptive studies have examined radial and

longitudinai variation in diameter increment in conifers
’ - Y '

'(reyiewed by Larson [&9?§]). Duff and Nolan (1953," 1957)

classified the longitudinal variation in annual diameter
increnent as a Type 1 sequence. Starting from the tig of the
tree, diameter increment increases tova maximum near the crown
base or the a}éa of maximum branch developmént (Farrar 1961).
Below this point diameter increment remains constant or ”
decreases in the area of the clear bole, and then increases
toward the base of the tree Duff and Nolan ¢1953 1957)
described the radial pattern in diameter increment at one height
v as a Type 2 sequence. Starting from the center of the tree,
this sequence increases towards a maximum and then declines with
increasing age. Because diameter increment depends on the
1ocation along'the'stemdand age (or-numgerfof rings from the
center), a,better‘understandinéfoffchange in diametep-increment
can be, obtained by’ conszdering spatial and temporal patterns of
'variation simultaneously anlev(1973) constructed surfaces to

represent diameter increment at various heights and ages, and




~A

graphed the data as in a topographic map, using contour lines to
connect equal diameter increments. In a IOgical extension of
this meth0d,‘Thomson and Van Sickle (1980) and Julin (1984) used
computer graphics to construct three-dimensional surfaces 5:
diameter intrement and area inerement. Although Julin (1984;
claims area increment'represents growth more elosely than
diameter increment, only diameter increment was examined here
because area increment depends’on the present diameter increment *
and the previous year's diameter (Assmann 1970). Because the/
previous diameter is the sum of past diameter increments, area
increment combines the effects of present and past disturbances
and reflects cumulative size over time. This results in.

autocorrelation of area increment in successive time periods, a

problem when regression methods are uéed'for modelling.

Study Objectives

-

To date, little effort has been made to model diameter

b

_increment along the stem over time. From the literature, there

is ev1dence that there should be a fairly well defined pattern
for diameter increment within an indiVidual tree. How@ver

there is a 1arge amount of tree to tree variation when diameter

4

increment from Several t{ees ‘is examined. Because there is a

\

clear re!ationship for growth within a single tree, this study‘

'will examine the following questions from an individual-tree

Y

perspective.



-

. 1) Are there qualitativé diftebenées,in the diameter

increment surface for treeégof different species and
S N,

crown classes within a siﬁgxe stand?

‘
2) Can a mathematical model of the diameter' increment
: . ( - 1

surface be developed based on the Duff and Nolan (1953,

1957) Type 1 angd 2 séququks?
)

3) ' What increment model is'implied by existing taper

models and do‘they,gake reagbnable predictions?
- " -

Diameter increment data for lodgepole pine (Pinus contorta var.,

latifolia Engelm.), white spruce (Picea glauca [Moench] Voss),

and black spruce (Picea mariana [Mill.] B.S.P.) trees from the

A

foothills of Alberta were-used to examine these questions. Once .

there is a better understanding of changes in diameter increment

within an individual tree, then reasons for differences among

trees can be examined. - The general approach to addressing these

questions is given in the next section.

‘General Approach - _ : .

TThe growth and development of different spedies'can be

3

compared by‘éxamining diameter increment surfaces for individgal
trees. The three-dimensional representation of ‘diameter’ '

increment, height, and age can illustrate how Type i sequences
. ' . .

v

cnangeAin form as the tree ages, andlpow Type 2 sequences vary
) . ,

-



.
in a progression up toe stem. A better understandlng of thls'
process can aid studies examining theyeffects‘of,sllvlcultural
treatments on the distribution of diameter increment along the
bole, and can assist those'deveidping méthematloal models ot'the
process for growth and yield models. The first chapter of this
thesis examlnes differences in growth andﬁdevelopment among
three coniferous tree‘speeies, and.among crown classes within'
species. . l ' ,

In’ the second chapter of this thesis,‘a mathematical model
1s developed to predict diameter idcrement as a function of stem

height and age. Taper equations are often .based on empirical

model s wlth little biological basis. When used in growth

projection, 1t would be ideal if taper models predicted diameter:

\
increment along the stem consistent with observed patterns of

diameter increment. This iStimportant especially where the
effects of thlnnlng and fertilLZatlon or other treatments may be

\

t at DBH than at other positxons along the stem (Arney

1972,‘1974; Loetsch et al. 1973). Arney (1972) developed a
mddel for diameter 1ncreme3t a10ng the. bole, however his model
1sAbased on measureﬁent of uoger stem diameterS‘at various ages
for several different'trees, not on a true tiﬁe series of
diameter'increment - His model does not account for the 1ndrease
in dlameter lncrement near ‘the base of the tree nor the butt
swell. Mitchell (1975) determined bole increment as a-’

proportion of foliage"volume, and used this to determine area

1ncrement along the ‘stem accordlng to Pressler's Growth L=n

"‘(Larson 1963) Wlthln the crown, area lncrement increases

i



. ‘se

v

i

o

. linearly from the tip'of the tree‘to the crown base, and remains

constant rrom the crown base to the base of the tree. This ™~

model does not account for the increase in area or diameter

increment near the base of the tree. ‘It is not known whether

 Arney's (1972) or Mitchell's (1975) models predict diameter

. " ~ r
i

. Ancrement over time that is consistent with the observed

’

'patternS'of radial variation in diameter increment.

- —

A model 'to predict stem diameter increment based on the Duff ,

. and Nolan (1953, '1957) Type 2 sequences at various heights

should give biologically consistent estimates of taper and

volume over several ages. Each Type 2 sequence can be

represented as the increment form of a sigmoid growth curve. ﬁy

expressing the parameters of the growth curve_obtained at each

height as a function of height ‘along the stem, a continuous

. model for diameter increment at any height and age can be

obtaihed. Qerivation of this model and its ability to predict
changes in stem profile and volume over .time are presented

An alternative approach to develop a stem diameter increment .
/

' function is presented in the third chapter. Basic cadculus

shows that the derivative of a function may be integrated to

-

‘\nﬁaq\ obtain the function If therd is some function that is a

3\

cohtinuous function of - time ‘that represents cumulative size or - -
vield, then thelderivative of that function represents gromth R
Thfg.is the approach first applied to forestry by Clutter

(1963) ) The same approach is used here to derive and study the
diameter increment functions implied by -several published taper

models. When a taper model is used .as a component of a growth L B

Q@



,

and yield model Lt impliCitly defines an equation for diameter

increment along the stem. ' If both DBH and total height are‘ .

functions‘of time, then a model for diameter increment as a

function of time and height along the stem can be %érived from a.r
. "

standard taper model by taking the first derivative of the taper

-equation with\respect to time. Four ‘standard taper models are

-~

used to derive\diameter increment functions Prndictions frbm‘

‘- 1

these models are examined to determine the accuracy of existing

[y \

‘taper models for predicting diameter increment along the stem.’
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‘ VARIATION IN STEM DIAMETER INCREMENT OF CONIFERS:
SPEGIES AND CROWN CLASS DIFFERENCES

) o INTRODUCTION

\Seueral descriptive‘studies~haveﬂexaminedfthe distrihution

'Iof annual ring or area increment along the stem in conifers .

V(Dutf and Nolan 1953 1957 Farrar 1961,.Larson 1933 Fayle |

‘1985) Duff and Nolan (1953) claSSified the longitudinal | ‘ . , R
'pattern of diameter increment .as a Type 1 sequence. For a - |
‘single year S growth ‘the ring ‘widths gradually increase from
the top of the tree to the most productive part of the Crown or
‘larea of maximum branch development (Farrar 4961 Wilson 1970) |
"From this point the ring widths . slowly decline to a minimum or‘.
- may. remain constant. Toward the base of the tree, the ring” “‘ ‘ S,

[

t'wzdths increase again, reaching a second maximum The Duff and v

‘.Nolan (1953) Type 2 sequence describes the series‘of ring Wldths ')fa “‘:a‘3“;¥
.iat one height, beginning w1th the year the tree reached that | N .
*height through to the most recent annual ring/produced : This B 3 . :'rggnf;
G; series quickly increases to a maximum and then declines PR R : |
iexponentially.‘ These two sequences describe temporal and
ipositional changes 1n diameter. f”x | | . |

| Three—dimenSional graphics have been used to describe how “
‘fifdiameter and area increment vary with age and heieht along the .
‘T;c“stem (Fayle 1973, Thomson and Van-Sickle 1980, JuIin 1984) The ae f*”gffgg

- three*dimenSional repre$entation 15 an improvement‘over the ’eff; -

T methods of Duff and Nolan (1953, 1957), aS‘lt integrates "‘[ﬂffh e




f_fMichx ) | Site conditions ranged from fair to good, With seven,b .

"Up”Energy and Natural Resources 1985) ‘]'>?{‘1 .f});,.’” 1"§ S

\‘temporal and positional growth patterns in an informative )

graphics of diameter increment height ~and age are used ‘to

"graphic format, S0 both the Type 1 and Type 3 sequences can be

\

viewed simultaneously In this chapter, three-dimensional

\

‘ compare growth and developmeht of ‘trees of different species and
'crown classes in mixed species stands of lodgepole pine (Pinus
‘contorta var latifolia Engelm ). white spruce (Picea glauca

. [Moench] voss), and black spruce (Picea mariana [Mill ] B: s P )

in Alberta. The graphical information was also used to examine '

differences in stem form, since stem form is the result of

annual accumulation”oftType 1 sequences.

' DATA COLLECTION
0 s

) BN 3 . ! ) R "t coow
@ ; "t

Stem analysis disks were obtained from the Alberta Forest

SerVice for 36 lodgepole pine (ll dominants, 22 codominants, 31;

. ' e

intermediates), 12 white spruce (6 dominants, 3 codominants, 3":

1ntermed1ates), and 27 black spruce (4 dominants, 14

Lo

,codominants, 7 1ntermediates, 2 suppressed) trees located in AR

t

. three stands east of Grande Cache and eight stands south of

v
v

dGIQﬁdE Pralrlb, Alberta,. All PlOtS were ln mlxed-wood stands
srconSisting of lodgepole pine, white and black spruce, and balsam R

fir- (Abies balsamea (L. ] Mill ) Wlth A minor component (less

’Nnthan 20 percentaof stand volume) of aspen (Populus tremuloidesﬂ" o

.'of the eleven sampled plots claSSified as medium site (Albertafﬁf‘*

I.r A
.0

11
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-Sections were removed at the stump (0 3 m),,breast height
(l 3 m), and at 2.5 m intervals above the stump section. Ages

at therstump ranged'from 79 to 147 With a mean of llS »Sections" S

|
' 3

. were brought back from the’ field for detailed measurements of _—

diameter increment. .The numberibf annual rings,was determined“

14

for each section and annual-radial‘increments‘were measured to
S )

the nearest 0 Ol mm along the longest and shortest axes using a
AY

computerized tree ring measuring deVice (Appendix A) ' Annual Y
diameter increment was calculated as twice the arithmetic mean
‘ of the four radial incfements.' During data collection, Visual

data editing was possible by plotting Type 1 and 2 sequences,

height-age curves, and three—dimenSional graphs of diameter

0

increment, height, and age, for each tree using Plot88 software

+ v L

4

iPlotworks Inc., La Jolla, California) Relative comparisons

among trees were made by scaling the three axes of the three-‘

dimensional graphs to the same length for each tree.i

. B -
T " e ' v' 'l ":, l K e _‘ 'I” t ' ot . l’y ! [ . 0
7 " RESULTS AND DISCOSSION T . .-t
‘ o S | “ R i ~ .' b
-+ .General Form of Diameter Increment Surface ' -... . . .. Ea e

RN

N )
: 5

The three—dimenSional surface of diameter increment,

height, and age (Fig. 1 l) offers inSights into the growth and E I o ;\f
development of a tree that are not readily apparent from just . ‘ |

the Type 1 and 2 sequences By taking a vertical "slice" from i J,"‘,3-;f*f5f

the surface parallel to the height axis (at one age),,a Type 1

sequence is- obtained,‘ By vertically slicing the surface ‘ :
.ll. ,:. v’_‘;‘l‘ ! \' \“ . "_I. .. - ’ “:‘,: "". . FA,“_l‘-.‘ ..\.:ﬂ, L ,. ' ‘_ . “ ‘.;‘b‘." " .‘ ’r)

ot . ey
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ridges may be caused by disturbances sqch as fire, defoliation,

"f'

' parallel to the age axis, a Type 2 Sequence is obtained It is

evident that during certain years, conditions were not as‘ ,ﬂ

favorable for diameter growth causing "troughs" or "valleys"

running parallel to the height axis LikeWISe, one. can also see

ridges which formed when conditions were better.i Valleys and

climatic variation, and release from nearby trees (Thomson and
van sickle 1980). A disturbance at one position may affect

growth for several years, as well as influence growth all along

'

the stem. o o

Vo

Another aspect shown in the diameter increment surface is
that the: maximum diameter increment at each height increases S
.with height to a maximum and then declines exponentially toward i

the tree tip The number of years from the center to when the

o maximum diameter at each height occurs decreases exponentially 7~‘Cv]~

up the stem, so eventually the first,ring formed has the maximum

x’ ,vv

diameter increment, Wlth follow1ng increments decreaSing with

K

time. This is illustrated better in the indiVidual Type 2

sequences (Fig l 2) or by changing the vieWing angle of the S

three—dimensional surface. The form of the Type 2 sequence at

different poSitions along the,stem changes in a fairly regular

rd

manner with increaSing height with most of the growth occurring.

lower on the stem.. In older trees the Type 2 sequences near the];‘

1'3‘ top of the tree tend to flatten out (Fig l 1). Another trend is“

that the Type I‘sequences tend to become flatter as the tree ‘,.'f‘

ages, indicating that diameter increment becomes more evenly

..

distributed along the stem (Fig 1 1) At earlier ages most of

13



i

f

N
v ’

the diameter increment from the longitudinal Series is

distributed along the upper part of the stem In ‘all of the

- trees examined the diameter increment cqntinued to increase Cx

e

toward the tip of the tree, never decreasing after reaching a

maximum as reported by others (Duff and Nolan 1953, 1957 Farrar‘

1961, Fayle 1985). This may be related to the measurement
interval 1ength of live crown, and/or Site quality It is

pOSSible that the maximum value occurred within the interval

between sampling points along the .Stem: Trees With small crowns

P
3

on poor sites tend to have most “of the annual increment

distributed towards' the top of the tree (Larson 1963) Although

crown characteristics cannot be reconstructed from stem analy5is

data, the pattern of increaﬁ&ng diameter increment w1th .

‘5 increasing height was observed on both good and poor Sites. ,_[

-

ﬂu:§E§EieS‘§ompariSOnsi

B . .
- v

The same general form was eVident in the diameter increment

'

::‘surface for the three speCies examined, but the distribution of
diameter increment differed (Fig.,1 3) : Lodgepole pine reacheS‘i‘

‘ the maximum diameter increment at a given height fairly rapidly ,j*

i

and then quickly decreases._ In contrast,_With White Spruce and

black spruce, diameter increment does not decline as rapidly

J-f after reaching.the maximum. Relative to the maximum dqameter

4(

increment produced, the spruces are able to maintain higher and“k‘

&

more constant levels of diameter increment over time This is -

b

‘\

probably due to the shade tolerance of the different species.~,"“



T
)

' growth ;' (i

~_-crown‘Classféomparisons""

' Lodgepole pine is a shade intolerant 5pecies, which suggests o

3

that At must put on most of its growth at an early age to-

, successfully colonize and dominate the site (FOWells 1965, 5purr:

and Barnes 1980 Heinselman 1981), and the growth rate sharply
declines as it faces increased competition and is eventually
replaced by spruce. This waslevident in all of the lodgepole
pine trees examined, regardless of crown class . |

.~,—~

. The spruces_are more tolerant of shade, permitting them to

v

maintain greater relative diameter increments in the presence of

competition Because the lower branches on tolerant trees

. . (2]
?etain foliage longer (Larson 1963), relative diameter increment
is greater over the length of the stem and is maintained at a

higher level for a longer period of time than in lodgepole pine

The mixed—speCies stands sampled are Single storied, so that the

decline in growth at a given height may be due to increasing \

: crown competition at that height More tolerant~5pecies are ’1

i '
)

able to Withstand more competition, so their decline in growth

. occurs later. Assmann (1970) regorted that maximum height

growth occurs earlier in 1ight~demanding speCies than shade '

tolerant species, Similar to results obtained here for diameter 2

[

u

Within species, differences were observed in the diameterg‘j"

increment surface among trees in different crown classes (Fig.“ s

5y

51;4)g In general dominant ttees of all species were able to .

@
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\‘ il

). or Suppressed individuals. Domlnants are

1

f-s trees with crowns extending above the general
s

#in
level of thqt;?nPPY and receiving full 1ight from above and
partly from the“sldes (sPurr and Barnes 1980) Because their

Crowns reéelve more light from the sides and leSs competition

* f )

f rom other crowns, dominants should maintaln the maximum
.

dlameter increment at a given height for a longer time,

*Diameter increment at a given hexght declines over time as in

"y
N . .

'other crown classes as crowns receive more competition froy the

sides. The crowns of cedominants form\&he-?eneral level of) the

’

canqopy and growth rates drop’ off at a more rabxd rate than in
. W OE TR :

' b : . .
dominants;.as*%hey are getting direct light only from above.

Because the crowns of intermediate trees are within the canopy
. . ' ‘ .
i

'and recelve even less.light, diameter increment drdps off

I}. 1

'rapidly after reachlng a peak at each height

+
#

» Difterencesa Among crown classes in the form of the surface“’

ArA\ -

were greater in the spruces than in lodgepole pine. Although - zgfg'
N v -

.

the reasons are not clear, this may be due to differences in
rates of‘height growth and'shade tolerance. On the lower part
of the sten, thelmaxlmum_diameter incremepts at each height do
not occur initially}'hut occur uhen that particularvheieht willi
be shaded from above and from the sides. ;in general, height

growth rates for spruce are less than the rates for 1odgepole

. Pine during the perxod‘oﬁ time when -these maximum diameter

increments occur.n ‘If the~decrease in dlameter increment at a
) s l s . .

o P
T . 3':» /

16
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particular height is due to the effects of crown shading at that
height, a particular point eleng the stem will become self~
shaded ear)ier in pine than in Spruce because height growth Ain
pine is greater.: Assuning equal amounts of shading from
neighbors, diameter increment will drop off more rapidly in pirfe
than in spruce, because of higner levels of self~shading and the
snade—lntolerance of foliage. Because pines are shade- '
Lntolerant, this decrease should ocgur fairly soon after the
maxlmum is reached at a given height, so one would expect few
differences among . c;own classes in pine, as was observed.
Because their height 'growth is slower, spruces will be self~"
shaded later, but would likely receive more snading from the
sides because of the slight lag in neight growtn with the pines.
However,‘shade—tolerant foliage wouid allow growth to continue
nearer the maximum for a longer period of time. Crowns of .
codominants, intermediates, end suppressed individuale recei;e
less lighn from above depending on the crown class. Grthh,~
drops off much earlier in suppressed tfees because of
Texponential iight'decay through nhe canopy. The form of the
‘surface for pine 15 similar to the lntermednate Crown class in
spruce. ~ |

Development of Taper

«

e

Because the taper of a tree is.the result of annual
accumulations of thenype 1 series, some insight into the

development’ of Stem taper can be gained by examining the

17
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diameter dncrement surf5ce. Sutt swell will occur when dianeten
increment near the base.of the tree i; greater'then diameter
incfement above it over a period of time. Lodgeooie\pine‘
develops less butt swell and'take; longer to de&elop it than thel ‘ \
}sprhces.’ Generally, the moie shade tolerant, longer’crOwned
{species, such as the spruces, will have a more pronounced butt
ewelL and~nore taper (La:eon 1963). |
. \ A
In younger trees, the greater height growth and the steeper

slope of the Type 1 sequence in the upper part of the stem

' .o . - .
result in a slightly conic form or more taper. As height growth

.

N

declines, a mofe constant amount of diameter increment is added
“o§er most of the stem with increasing .age (i.e. the Type 1
sequence flattens) except at'the'base and che tip, so tnat as
the tree gets older the main bole does not change as much, ,
becoming more cylindrical However, because there is Stlll an
increase in diameter increment near the base of the Type 1

sequence, even in the oldnr trees, the butt swell becomes‘more ‘ .

L e
pronounced. In lodgepole plne the Type 1 sequence becomes more

constant over most.of the stem earlier than in the spruces,”so

that the main stem become$ less tapered in pines.
Conclusions = . ' -

'fntee-dimensional'repfeSentatxon of the diameter increment .
. sufface allows one to veiw Changes’in diameter increment overy
'time and at various p051tlons along the stem. In additxon,

"qualitatlve comparlsons can be made among specles and within -

o

.

bl



.used to examine chanées in stem form with age. A better

-

species among different crown classes, Differences among,
specxes in the form of the diameter increment surface can be

explained by shade tolerance. Difrerences among crown classes

‘are also related td‘shading effects. Knowledge of how diameter

" increment changes with time and position adong the stem can be

\

understanding of this process will aid study of the effects of

»

silvicul tural treatments, such'as thinnin@,'fertilization,vor

disturbances on changes in stem form. In additxon, the well

-

defined pattern in the Type 1 and 2 sequ”nces can be uéed as a

.ba31S for der1v1ng a system of diameter increment, taper, and

volume equations, based onh the basic growth process of dlameter

1ncrement.

v
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A STEM DIAMETER GROWTH MODEL FOR CONIFERS, . .

* INTRODUCTION :

"Forest growth'and yield studies have'concentrated on

modelling diameter at breast height (DBH) and height growth over‘f
’ ) ' - ‘ v' “'-
time to determine future stem taper and volume u51ng taperv. ‘ !

equations. It is assumed that the taper models do not change ' ‘{
. over time, ‘SO that predictions of future stem diameters depend
only on knowledge of the future DBH and total height. ' 3" Y

Unfortunately, diameter measurements made at a’ Single height do J5f l-g;

not accurately measure growth along the entire stem (Kramer and '

: Kozlowski 1979) Little attention has been devoted to modelling '

diameter or area growth along the entire tree profile (Arney

l»'

1972, 1974 Mitchell 19is Thomson and Van Sickle 1930)

Arney (1972 1974) and Mitchell (1975) examined diameter or p‘

E

area increment along the stem as. a component in indiVidual tree

! .

distance-dependent growth models.- Arney (1972), modelled R gf‘tf:frf;‘u'« 3
outs;de-bark stem diameters (DOB) as a linear function’to ‘J?;ni'f4ffifrs;i«f§r
determine the maximum future diameter at a given.height ‘ o |

DOB = bo + bl(AGED) +. bz(L), \;}7fg¢df,}fg§a”',:'ljgfﬂ.f &
where AGED is stem age at the Doé measurement pgint and . L. is the

length from the tip of the tree to the DOB méasurement 901nt.,¢u"

The maximumwannual diameter increment (ADOB) was determined by

‘.,‘ .

taking the first difference of the above equation,fi;f“rf_,’pﬂll“
) . - cZ"; _" V ; ‘ ! : . S S Ca R

o

where AL is the current annual increment in’ stem length. This' ﬁ,lﬂjk =ff‘f;};7




, l;Sequence. For a Single year, this sequence ‘is represented by a

. maximum diameter increment was then multiplied by a crown | . [ L

\ &

'_competition quotient for each whorl to determine the Stem

diameter increment at each whorl Below the live crown base the Lo Co
model assumed the stem area increment remained constant,lso that

»

‘diameter increment decreased toward the base. In Mitchell s

Lom . " LN

‘(1975) model, stem area increment is assumed to increase

;linearly from the tip of the tree to near‘the crown base, and ;
from there is a constant value based on Pressler’ s‘"law of stem
formation" (Larson 1963) Howeverr—area increment in the.clear
'bole remains constant only in a few cases ‘and for limited

"distances along the stem (Larson 1963; Assmann 1970) Neither‘
fmodel accounts for the increase.in diameter or area increMent at. ~‘f;75$i:?§
;the baSe of the tree and the resulting butt swell _-N.}"jf‘f".
Duff and Nolan (1953, 1957) claSSified the pattern of o ‘tf.‘\;.ti[‘nﬁe

= variation in diameter increment along the steméas a Type l

;pattern of ring widths that gradually increases from the tip of ;'”‘jQ‘:@“
' lthe tree to a maximum near the point of maximum branch
‘”fdevelopment (Farrar 1961 Wilson 1970), slowly declines or 7;ff‘l~;

remains constant along the clear bole, and then increases towardjf

o ‘fthe base of the tree.u Thé:DUff and Nolan (1953) Type 2 sequencef'ﬁl{r\‘ij73'35

T-describes the series of ring widths at one height beginning 'Jd'hvi R

L 1
”fvwith the year of formation through to. the last annual ring the .
o tree produced. This sequence reaches a maximum fairly quickly e Ei

';5and then gradually decreases with increaSing age.,
Although the Type 2 sequences vary considerably at different,~ R

"fheights along the stem, as discussed in Chapter l, there is a -

‘n




fairly regular trend in the change of the form of ‘the’ Type 2
,series with increasing height Generally, in a progression up
:‘the stem, the maximum diameter increment at each height occurs p
at ‘an earlier ring count, where ring count is the number of .

years . from the center of the section Eventually, near’ the top

of older trees, the maximum diameter increment is formed first.

h The maximum diameter increment at’ each section increases with ‘
height to a. maximum and then declines exponentially toward the
ytip of the tree. The 1argest growth rates occur lower on the |
stem at an early age,‘while the Type 2 sequences toward the tlp
of older trees. are fairly flat. At later ages, the Type 1 .
seqnences tend to flatten out 'so that a more constant increment
f_.is added along the stem., Based on the observed processes for'
‘fﬁType 1. and 2 sequences, and how they vary Wlth height and age,

ﬂ“gmodel is developed to atcurately predict stem diameter 1ncrement ]

- '

"“.at any height and age., With this model changes in taper and

,,..Av
\

: T’volume over time that are conSistent w1th the underlying growth ‘

7"f5 processes for diameter and height can be pnedicted Aol“ ‘,' o

’

. DATA COLLECTION

The study arja was located approximately 40 km east of ;f“

_;'Grande Cache, Albe‘ta (53°49‘ K 118°30' W) on a well-drainedyg”“

- site. Conifers made up 59 percent of the total vegetative

\*coverage, with an overstory consisting of white spruce (Picea",:ﬁf:p’f'

‘fpgjglauc [Moench] Voss), lodgepole pine (Pinus contorta var.

"f‘latitolia Engelm ) black spruce (Picea mariana [Mill ] B S P. ),




-
2

B

v

‘v‘nearest 0. Ol mm along the longest and shortest axes u51ng a

" of the four radlal ;pcrements. Type l and 2 sequences) taper
C prgg;les at various ages, a height age- curve, and a three-

'Jdlmen51onal graph of dlameter 1ncrement height and age were

"

and balsam fir (Abies balsamean[L ] Mlll ) Mean diameter for

all species was 20. 95 cm (range 9 4 to 28 4 cm) and the average

height of dominants and codomlnants was 16.8 m (range 6.0 to '; ‘ ”"}f

, \ i . . »
v o

198m). ‘ , | ‘

\

Stem analysls dtsks were obtalned from the Alberta Forest
Serv1ce for one domlnant and four codomxnant lodgepole pine

_trees from the stand Ages ranged from 139 to 147 years (mean =

141) at the stump, with total helghts of 13 7 to’ 18 9 m (mean :i ,

‘ 16 3) Avarage DBH for sectioned trees’ was 23 ‘6 cm (range 19 o . .

to 32 0 cm).
. Sections were removed at the stump (0 3 m), breast height‘
(l 3 m) and at 2 .5 m 1ntervals ‘above the stump sec%ion and - o gf

brought back from the fleld for detailed measurement of diameter

oy .
o ';_,_.;M;AW-" v
Lo ,

1ncrement.‘ The number of annual rlngs was determined for each
| ! LN

sectlon and annual radlal lncrements were measured to the
. i ‘I)

£

‘.computerlzed tree r1ng measurlng devxce (Appendlx A) . Annual

,dlameter lncrement was calculated as twice the arltﬂmetic mean <

;

\Plotted for each tree to v1sually check for measurement errors -

L . : ! o A * - PR e IR o
‘

. MODEL DEVELOPMENT ~ = .

Lol e

[ . IR

In general, cumulative dlameters (D) over time (t) at

varlous helghts along the stem can be modelled using a sigmoid

.
Yo




R '
4qro»{:'th curdﬁ% Coe \

' \ vl !
(1] b= F(8,t),
P wheré § represents four parameters (811 83/ 830 84) (the

ﬁy ' underline &? used to represent a vector) . The number of rows in

-

” A 8 equals the number of sections taken for each tree, The

* diameter increment time series’ (Dinc) for all sections, the Duff

and Nolan (1953) Type 2 sequence, can be modelled as the "
A :

increment or rate form of [1],

‘[2] D

tnc = F'(8,0).

" Eguation (2] can be used to describe how diameter increment
» ' )

~
'

B ' . " - v .
changes over tfﬁ% at discrete heights along the stem. However,
a continuous model for diameter increment for any time and’
height along the stem can be obfainediby re—expressing the

' ‘ matrix of parameters § as fupctions of height along the stem.

S

"w= .~ . Man¥ sigmoid growth curves have a parameter which is the
& asgmptotic 512e the individual will eventually approach as tinm
‘ffﬁ:.‘ in;reases In the case of the Type 2 sequences, this parameter
wogld be the diameter that ‘the tree would eventually approach at
tﬁat height By conSidering each height along the stem, the
" *asymptotic.sxze parameters (01) would represent the diameters
F AU ZD )‘at various heights the tree would eventuali§ approach and
can be re—expressed—as a functlon of height as an asymptotic
©. taper model. a R >
’ | ‘,Anotheruperamete§£(92) used in [2] would‘be the lnltlal a9e
(to) at which increment begins at each height. Diameter

increment would begin\once the tree reaches that height. Thus,

. ~to would be the age the tree reaehes the total height (H) ‘If

. B
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the height-age curve {is,

(3] H = G(Ilto)l . - ' ' ’

then t, is obtained as the inverse of the height-age curve,

(4] tg = 67 Xq,ty),

with parameters 7. So the vector 6, can be replaced by [4¢].

The maximum~diameter increment (Dinc max’ at each height and

the time at which it occurs (t ) change in a regular manner
max

_with increasing height along the stem, as discussed in Chapter

~

1 and can be expressed in general. terms as- functions of height
A

along the stem (h),

(5] b g¢a,h)

inc max
[6] tmax = f(lih)l
where g and 7 are two vectors of parameters to be estimated.

Both Dine max anq thax ©an be determined mathematieally fot each

section from [2],
(7] tmax=t‘lF"(Q,t):-0 o

(8] b, =F'(§,t

Ainc max max ).

Since both 6 and 62 can be expressed as two functions of helght

as discussed above, they can be ellmlnated from (7] and [8].

.Thus, [7] and [8] depend only on values of parameters 03 and ‘6,

These two parameters of the growth curve can be re-exprgssed as

‘functlons of height by settlng [5] qual to [8] and [6]) equal to

(7] andgslmultaneously solvzng for these two parameters as

functlbns of helght.

A contlnuous undel for dlametes‘&ncrement can be developed

s
4

from the individual. Type 2 sequences,‘using Dmc max" tmax' to,‘_

and the asymptotlc taper to obtaln the four parameters (8) as'

31
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functions of height. Cumulative diameters or the stem taper at "~

-various ages can also be obtained by substituting the functions

for ¢ into [1]. Stem volume for a glven‘age is obtained by

integration of stem cross-sectional areas over'height'and can be

obtained from [l]t » ‘ ‘ s e

[l V2

'

For estinating parameters, the increment form of a ‘growth

curve is more appropriate than the cumulative form because of

- T

autocorrelation among'sucoessive sizes when measurements are
made over time on the séme.individual (Mosar 1967; Gertner
. 1981). 1In ordinary‘least squares regression;'parameter

estimates are unbiased, but inefficient if autocorrelation is

present. However, when nonlinear regression is used it is not

. S
clear 1f this property holds if there is autocorrelation in the

‘
1

dependent varlabie Or errors (Gertner 1981) BecauSe there are

3

more differences in the increment forms of the growth curves

than in the cumulative versions, the use qf»the.increment curves |,

,

may be more selective in'determining the appropriate model.

.Although‘Julin.(1984) claims area-increment may represent growth

',;more closely than dlameter 1ncrement, autocorrelatlon 1s a
b

. praoblem when modelllng ‘area’increment because area 1ncrement
depends on the present diameter increment abd ‘the Qiameter of

‘ the prev10us time period (Assmann 1970) " For this: reason, only

dxameter increment was considered in development of’ thlS model

Cumulatzve dlameters ‘and areas are functlons of dlameter

’ <

: increment.and can be determined later.
' ' Coet . ’ ‘ . ! . " g ‘
_Since an objective of this study was estimation of diameter

‘ andvvo}ume; it was desirable ‘that thehdiaﬁéter increment model

32



\ , . ‘
could be integrated. Because the location or ring count at

i
which the‘maximum\diameter increment’occurredv(1nflection point

\ .
of the cumulative diameter curve) varied with position along the

ey

stem, as shown in Chapter 1, it was necessary to use g fairly

flexible function growth curve generally requires four

4

parameters for the lnflectxon point of the curve to vary (Hunt \\\;

1982). Prelimlnary analysis indicated that the increment: form i"

.

of the Chapman-Rlchards\generallzation of the' von Bertalanffy
gfowth curve (Richards 1§S9; Pienaar and Turnbull 1973) was

appropriate for modelling diameter increment for the sample
C >
tféés. Thxs model. can tak on many forms and can be 1ntegrated

- to obtaln cumulatxve diameters Typically, the increment form -,

of the Chapman—Rlchards cu:ve is a functiQn of cumulative size
\
so that time is included implicitly in the function. .This can

cause statistical'problems in modelling because the increment®
S _ | _
and diameter are autocorrelated {Gertner 1981). However, the

\
\

'dlameter increment (Dlnc) functlon can be obtained as a function
of time by dlfferentlating the cunulatlve form of the model with
respect to tlme,

[9]' Dine.= x b {1 -‘exp[—k(t t )]}“‘/(l m)exp[—k(t to)]/(l-m),

with parameters m, k, Dw, and ty-

After ‘examining the Type 2 sequen es for each sectlon and
the thFEe-dlmenSLOnal dxameter 1ncremen fheight-age surtaces,
_the follow1ng system'of equatrons.was pPr .sed.‘ Each Type 2
sequence can be characteriied'by the incr lent form of the |
Chapman-Rlchards function [9], with parameters m, k D., and tg

which depend on h819ht along the stem. Deri ation of a

Y
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continuous function for diameter increment follows the general

model described earlier, equations (1] to [8] The parameter to_
from [9] is the age at which the tree reaches total height H,

uand is given by the inversemof the height age curve, The ring N

count for each section is (t = tg). and no. diameter increment.

occurs at height h when t.< to. The ‘cumulative version of the

. Chapman—Richards function, ' : "
(10] © = Ho{l-exp[-k't, 3}1/<1‘m".
i with parameters‘ﬂw,wk', and m', was used to fit the height~age
‘data H, is the asymptotic height the tree w111 approach as tg .
becomes large The inverse of [10] was used to obtain tO'
(1] t = -1n(1 - @)™ me:
The'parameter tb from.[9].can.be‘expEESsed as a function of
height along t'he_scem (h) using [11] with H = h.

The other parameters of the Chapman—Richards function Lr-
'functions of them can also be used to develop a continuous model
’for Din ‘over all heights. The parameter D is the asymptotic
L diameter at height h the diameter the tree will eventually B
l‘approach at- that height. U51ng the asymptotic height, m,t |
estimated Wlth [10], one .can develop an asymptotic taper
"equation.based on the inverse of the Chapman-Richards function -
) (refer to Appendix B), . £

[12] D, = Do (. 3>{1 * a lnfl- <1-exp( 1/a) ¥((h-. 3/, -.3>>1/93},
\ ]
where D,.(: 3) is the as‘ptotic diameter obtained from [9] for

the stump section (0 3 m), and a and b are parameters to be
estimated. , Biging (1984) used the ;.nVerse of the Chapman—'

o -Richards function to develop taper equations for conifers in

[ of



L

" equals HQ.

differentiating [9] with respect to t, setting this equal to

zero, and solv1qe for t

'

northern California. The main difference between [12] and

‘ Biging S. (1984) model IS that [12] is constrained to equal

D_(. 3) at h equal 0.3 m, while Biging 5 (1984) model is ”

\ [

constrained to go through DBH. Additionally, [12] requires only

two parameters. The model is constrained to- equal zero when h

<

One .can obtain Dmc max and tg . for each height from the

parameters Dw, m,lk and to‘ One can obtain thax bY M
/

[13] thax = to - Lln(l-m)]/k~

Dinc max is obtained- by substituting iiax into P9],'

ﬂ[ld] D, =D,k mm/(l—m)

lnC max

\As discussed in Chapter ‘one, Dlnc max. increases and then
"decreases Wlth increasing height along the stem. Also, with -
’increaSing height,tmax tends to approach ty, so that as the

| jtree gets older the maximum diameter increment tends to ocecur. at

-

an earlier ring count. USing these relationships, both Dinc max

and tmax can be modelled as functions of height g to is. given o

by -[11] and D is given by [12], this forms a system of two

‘ equations wzth two unknowns, m and k

[15] tmax = 'f - [1n(l-m)]/k

[16] Dine max4: D, k mm/(l—m) = 9(11h>:

,f(a h),'

| which could be sxmultaneously solved to obtain the two

/

ot that explic1t solutions cannot be obtained._ An alternative

."‘ o DR Y

e

:"parameters as funqtions of height along the stem. However, bothx o

' '7ﬁ[15] and [16] are nonlinear equatians wrth regard to m and k, so!

35



»

, approach is to estimate m as' an exponentially»declining function

i
y '

‘.of height, since m is the relative position at which the maximum

|

increment occurs (Pienaar and Turnghll 1973) A negative

exponential function with parameters ¢ and d was suggested to (;

_model n as a. function Qﬁ height, ‘\k v

wx.constrained function'for k.

n1 o m=c¢ Cexp(d(h)). . e

’

A- tentative model for g(l,h) was the increment form of the

, Chapman—Richards function,\» S ,

[18] . Dinc max ° k"A{l—exp[-k"h]}m gt ? exp[ k"h]/(l-m").&

with parameters A, k"' and m . Modelling D_.an max’ m, and D, as

ia functions of height, [16] can be used to arrive at a '

¢ L ao

(. . L . .
. -

S ' PARAMETER ESTIMATION -

, A
S . , .
Y Nonlinear regresszon was used to obtain maximum likelihood»

i xestimates of the parameters uSing a quaSi-Newton algorithm

g

. :(White 1978) Model [10] was used to fit the height—age data '
‘ ‘for each tree.~ Because periodic rather than annual measurements

*f'of height were used there Should be no problem Wlth uSing the

\

cumulative version of the Chapman-Richards function to obtain

parameter estimates (Gertner 1985) The parameter estimatesv;,;,i,"

from [10] were used in [ll] to predict values of to at various

heights.. The parambter H was used in determining second—stagq
estimates of D and k.; 'lb s Ry SRR

:'3""

Parameter estimation for the other models was done in two

stages., First-stage estimates of m, k, and D were obtained for ;‘ B

136,



‘“each section from the five trees ‘ These estimates or functions‘

~of them were then modelled as functions of height in the second o
stage of estimation Although,.the second—stage parameter
‘estimates~are ineffiCient, they are still unbiased (Kmenta |
‘1971). Estimateskzrbm\all sections on. all trees were pooled
together for the second -stage of estimation. USing first stage ‘ﬁﬂ L ‘v.‘
estimates of D at the - stump (D ( 3)) and estimates of H from |

" each tree, second-stage estimates of D, were obtained uSing [12] ‘i

(Fig 2. l) : Plots of m against height (Fig 2. 2) indicated [17]
”was appropriate for. the second stage model form ‘to predict m.

“ Plots of Djnc max versus height (Fig 2 3) indicated that}the
[18] w0uld be suitable to predict Dlnc max’ Substituting [12],
"[17], and [18] into [16] and so!ving for k, a constrained
'function for k. was obtained With this system of equations to
:predict m, k D,, H and to, dtameter increment along the stem :'

0

‘can be determined for any age.u‘f_ ‘ “~zb,.: o Jx7

~o.0 ' RESULTS AND DISCUSSION - .

Substituting the modelS‘to predict m, k Dm, and to (Table

o 2. l) as fUnctions of height into [9}, diameter increment can be v},ifﬂl}f‘

IS

N estimated for any age and height along the stem of an indiVidual
~-tftree (Fig 2 4) The Type l sequences from the Simulated

‘ diameter increment follow the pattern of the observed surface “w Lo

“.‘. o

i”'(Fig 2 4) There is an increase in diameter increment toward .
) ‘v.‘"; ':d‘_‘ .

| ;rﬂ,the base of the tree which does not occur in previous models QU'”

'

'9i(Arney 1972 1974 Mitchell 1975) In addition, the simulated




‘,Type -1 sequences tend to flatten out as the tree becomes older,

.a feature consistent with the observed data. oo o v

v

A model for taper ‘can be obtained by substituting the models

K] ' “w

‘ flthat predict m, k, D,, and to into the cumulative form of the
Chapman-Richards function. Because the model depends on age
'and height along the stem, changes in stem form are predicted ‘ Son

‘.' ”over time (Fig. 2. 5) The model allows changes in upper stem -

"

‘ diameters that may not be predicted by Just taking into account
fthe change in DBH. Eventually the tree w111 approach the form
'given by [12], the asymptotic taper ‘ The model also predicts ‘[ B

SRRY the development of Butt. swell as the tree becomes older.
However,~the predicted taper of the tree towards the tip in"

'#-later years tends to flatten out, which may be due to the form ‘

‘r .

‘of the asymptotic taper model.'

VOlumes at different ages were determined by numerical

Ve
NI

7“iintegnation using a closed Newton-Cotes formula of order 4
"'.(Burden et al 1981) and compared to actual volumes (Fig 2. 6)
g N The simulated volumés follow a sigmoid growth curve, and the

’f-fgipredictiohs agree fairly well with the dbserved volumes up to F
jabout 100 years.m The model tends to underestimate volumes

v

;beyond thls time._ Thls is probably due to a continuing decrease tﬁ“;

\ \ "

' ilffin predi:*i diameter increments at lower heights, while the E e

h;'observed‘Type'Z series tend to level off to a near constant

"wfvalue, resulting in underestima%ion of lower diameters at later

, "‘ B xg '

"jj”ages”z The limit of [9] as t becomes large is zero, so that the

’Fgﬁdiameter increment model is:approaching zero too'g ickly.‘ The f;“i

model couId be,constrained to approach a higher limit as t




.

- becomes‘large. However, since the diameter increment appears to

| reach a constant value, cumulative diameters are still

increaSing and the use of a ﬁunction with an upper aysmptote may v

"be questionable. Given the general modelling frameworkhoutlined

8

earlier.,other models can: be examined "u‘ ' U

parameters are to be tested future work should examine ways to .

4
.

. If'confidence intervals are to be used'or differences in

\ E—
RS

obtain effiCient parameter estimates.' First stage estimates of

m, k and D were obtained from 1ndiv1dual regreSSions for each

section If there is a disturbance at some point in time, it B 'v e

-»

‘ may affect growth at several heights along the stem, so that

- errors for the models at different heights Will be correlated

v

Because, 1t is likely that there is cross—equation correlation

K . ’ ‘A

of error terms, more efficient estimates of these parameters can
be obtained by u51ng SUR (Seemingly Unrelated Regressions) o g St
procedure (Kmenta 1971) Because diameter increments tend be .

—

autocorrelated with preVious diameter increments, this g . AT

correlation Within a model also should be taken into account.‘f- ZQ,tlfﬁffnj

these first stage parameters, %foss-equation correlation of

o .

“,
f

stage are not estimated\WLthout error, and the error terms from f*g_,

T constant variance of the errors for each equation should be

Likewise, the variance of diameter increment appears to decrease :

with increaSing time. In order to obtain efficient estimates of ‘."7 ‘“7*

errors, autocorrelation of errors Within an equation, and non— '

[

taken into account in order to obtain effiCient first-stage

parameter estimates. Because the parameters from the first

§




“estimates. “, ' o jg ’ S ‘ o .

_3along the stem and obtain compatible estimates of diameter

' &
,nonlinear models and lack of computer software to find parameter

,development are not included in the model, but could be

I3

age parameter estimates may also not be efficient Since each o S

";second—stage model was estimated separate from the others.‘~

l\Correcting these problems may be quite difficult becauﬁéhof‘the

' .
LI N
. ) |
B '

A new method.has been presented to model diameter increment

'
' \

increment, taper, and volume that can be included as a component o a

5ﬁin growth and yield models. The model prov1des diameter

‘ increment estimates that are consistent with the Duff and Nolan

R

, Type 1 and 2 sequences, despite some slight biases in

4 :
\H.prediotiOns of volume, taper, and diameter increment at ages

':_beyond 100 years.‘ The influences of competition and crown

e . v
S "

§ | i

: incorporated using the approach of Arney (1972) if data on:

wjiaffect diameter increment along the stem over time and modify

'5the functions to account for these effects.,

‘ density and crown characteristics were available. One model
”f'appears to accurately predict changes in stem diameter S

n‘“p.increments for the five trees examined. Additional work needs

t

“:¢to be done to examine 51te and denSity effects, and how V“C"

| ﬂsilvicultural treatments such as thinning and fertilization - Fk j w)jp‘fﬁ-*

S T ' -
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Table 2.1 Overall parameter estimates f&% final model;l,

“ R .
‘a . ' :
e Parameter - Parameter estimate
. i ’—‘_—1—‘__‘—‘
i !
o ho 19.2351
b} . '
G k' 0.0171
it Y ;
m'- 0.1433 :
a »l 10.2129
b . 6.5057
D_(.3) .~ 306.0600
c ‘ 0.2601 .
4 ” . -~0.1546
b, k" 0.0696
A 112.8667
%
' “m" '0.1009
. .
\’ : ‘& '.“‘
‘) - s “"
~ s
{ |

.

Used' in equation in text

(10 (12) D2l
Elo} Illl -
(10] (12]
(12]
2]
(12)
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RELATIVE ASYMPTOTIC. DIAMETER -

DOMINANT *
CODOMINANT
PREDICTED
‘ T T T mi n) C
.0 -2 .4 .6 -8 1.0
RELAT{VE HEIGHT,
St . -; :

[y

Figur€ 2.1. First-stage and second-stage estimates of relative

D, (asymptotié.taper) plotted agéinst relative height. . Rellative‘

7. Dy = 1,-D,/D,(0.3) and relative height = (h-.3)/(H_<.3).
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. Diameter - Increment Ny

Diameter Increment : -

;"Figute_z.d;f.Predicﬁqd=(a)‘and pbse:ved'(p)-QiémEterfihcfement,

_ surfaces for various ages and heights along the stem for a.

. codominant lodgepole pine. .
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HOW REASONABLE ARE TAPER EQUATIONS . .
FOR PREDICTING CHANGES IN STEM DIAMETERS?
N N
INTRODUCTION | :
A

»hTaper'equationslcanrprOVide accurate-predlctlons of .
”-diameters:at various heights along'the stem; and can be ‘. ' @L{”Q‘ {f
.integrated‘to obtain volume estlmates ‘of any portzon of the stemiﬁﬂ“‘—
('(Kozak et al. 1969) Most taper models assume a single form for*‘; }
all lndlviduals ln a populatlon (Kozak et al 1969 Demaerschalk;
1973, Ormerod 1973, Goulding and Murray 1976, Max and Burkhart
”u,41976, Demaerschalk and Kozah 1977 Bennet et ali 1978 Amidon 3
A‘1984 Blglng 1984), although recent studles have 1ncorporated

‘crown ratlo 1nto the models . to allow the stem profile to change fff“lli,,

v as crown ratlo changes (Dell 1979, Feduccia et al 1979, :',‘,1 P

¢

;3Burkhart and Walton 1985 Walters and Hann 1986) Newberry and

.: Burkhart (1986) developed a variable—form stem proflle model

"‘,chat allowed the parameters of Ormerod s (1973) model to change s

i

‘,": as functlons of dlameter at breast helght (DBH), crown ratlo, o

age, and szte index.,‘ T"f; ;‘Q‘W;”*'gtlij' fﬂ.;jrf“‘”p

\J,

When a taper model zs used as a component of an 1ndiv1dua1-7 "b":vtzﬁv

”_;tree growth and yleld model, usually only DBH and %ptal height ,;'fti_f,h;
jare progected to obtazn future stem dtameters and volume (Arney

g ‘tf1985) However, the change in, DBH'over tlme may not accurately :tn]fﬁ‘ﬁfff»

P rwg;stem. There have been few quantltatrve studies éxamining




"FCurrentltaper equations 1mplic1tly describe diameter increment

‘;predictions using these increment models are compared to the3

*”observed surface of diameter increment at various ages and . . l

:increments‘over‘time., When used in growth‘projection, it would'

taper (Arney 1972, 1974; Mitchell 1975) However} even thesei .

attempts did not actually include measurements of stem diameterf

be. ideal if taper models predicted diameter increment along the" -

: bole consistent with observed patterns of diameter 1ncrement.t

Unfortunately, most taper equations are empirical models w1th

‘little biological baSis. These equations are based on

o ‘-‘r' T

‘cumulative diameters and heights rather than the diameter ‘

increments which represent the underlying growth processes.' The i

.vobjective of this study is to determine how well some of the

Q-

' along the stem over time. Diameter increment models are

3 fobtained as the first derivative of the taper functions and T“_“v (‘

;wlfhelghts along the stem for selected individual trees.¢~” 1i"i,‘J

oy .
. o

| ‘,QQERIVAtroN:oé;A*smsM‘niinﬁrgnfikéggﬁgNT:MObgﬁ.:f

Clutter (1963) derived a growth function by taking the first

!,

¥fderivative of a yield function, so that estimates of growth viﬂ ;j&]ﬂf”f“*’

Let D z(DBH H h) be any taper equation with




‘ "§gsouth of Grande Praipie, Alberta'}

-,

1 B

' continuous partial derivatives, where h is height along the- stem“‘i,‘r
[-\and H is total height » If H f(t) and DBH g(t) are any two o

‘ differentiable functions of time (t), then D is a differentiable'

, function of t‘ The change in diameter with respect to the ‘
| jchange in time (dD/dt) can be obtained by the chain rule for
‘partial derivatives, and is given by, o
(1 ] dD/dt (BD/aDBH)(dDBH/dt) + (aD/aH)QdH/dt),v
which is approximately, |

‘\‘[2] ‘AD/At. (BD/aDBH)(dDBH/dt) + (BD/BH)(dH/dt), _-

'vw1th a remainder or error term given by a second order Taylor s‘

,; expan51on, ' ‘ ' _
"[3] R(t) 0. S[(BZD/BDBHZ)(dDBH/dt)Z + (aD/aDBH)(dZDBH/dt ). +
. 2(82D/8DBH8H)(dQBH/dt)(dH/dt) + (azD/aHZ)(dH/dt)Z

(aD/aH)(dzﬁ/dt )] (At)z, evaluated at T s i{'

v.where At = tl - to, and t0 < S < tl (Gillett 1981) ' The error L ‘

'ffin uSing'[Z] to approximate [1] w111 be < maximum of |R(5)|
]g‘Equation [2] can be used to. determine the diameter increment
f(AD) for some time interval for a given taper equation.gp f

T
\

| MATERIALS AND METHODS |

S e et

,a }1 Stem ana1y51s disks were obtained from the Alberta Forest

' “etherv1ce for 36 lodgepole pine (Pinus~cbntorta var._latifolia f’ﬁ_megj“"

‘,~

ﬁL‘Engelm., 11 dominants, 22 codominants,*B_intermediates) trees

“”:zlocated in three stands east of Grande Cache and eight stands
PRl

All plots Were in mixed-woodijﬁf"f“

53

5“3,_stands conSisting of lodgepole pine, white spruce (Picea glauca.wlff va?ﬁiff



[Moench] v°ss), black spruce (Picea mariana [Mill ] B S.P.), and o

balsam fir (Abies balsamea [L ] Mill. ), w1th a minor component

(less than 20 percent of stand volume) of aspen (Populu 3 R i o
tremuloides Michx ). Site conditions ranged from fair to good
with seven of .the eleven plots sampled classified as medium site

(Alberta Energy and Natural Resources 1985) oL ...'i,j ﬂ"‘, J"‘

e

Sections were removed at’ the stump (0 3 m), breast height e t ;,
(1. 3 m), and at 2. 5 m intervals -above the stump The number of

‘ annual rings was determined for each section, and annual radial ot '
\ N

K

o “increments were measured to the nearest 0. 01 mm along the

. Ibngest and shortest axes using a computerized tree ring .
: measuring device (Appendix A) Annual\diameter increment'was
calculated as tw1ce the arithmetic mean of the 'four. radial |
: increments, and the diameter for that year obtained as the sum o siiﬂ

A of the previous diameter increments.--

From stem analYSis data, it is pOSSlble to reconstruct

LIS
PR

IR
- .,,

preVious taper profiles of a tree.. Although this procedure “

results in diameters that are not independent from preVious “fi‘,.‘j””3(' o

."\

diameters, the number of years between diameters in this study '}f

!

tended to be far enough apart to reduce problems with

“u‘autocorrelation between diameters in different measurement
periods at the same height (Gertner 1985) In this study, only ff
obtaining parameter estimates for each taper model is of R

1
e

‘fIf autocorrelation between diameters in different E;,,,_ L

a,y‘ interest.

‘,\..

'7imeasurement periods at/the same height does exist, the parameter;jl

estimates from ordinar east squares regreSSion will still be

.

lthoug finefficient (Draper and Smithh1982) Only ﬂﬁ L




"

;data for years 'in which the total tree height was known (where a

T4

section was taken), and for which there were at. least four

[

sections, were used for analYSis.‘ The remainder of the diameter
.increment data was used for validation. Data were pooled for
all -ages and trees (1056 observations) 50 . that the data set waskfn

representative of the size classes normally used to develop
‘7taper equations ‘ |

!’

*Parameters were estimated for four taper equations (Table

‘[3 l) using ordinary least squares regreSSion or nonlinear

D
l

;regression where appropriate.‘ Parameters were estimated uSing

\

the model forms presented by the various authors (Table 3 l)
-f.‘Both the Max and Burkhart (1976) and Kozak et al (1969) use'
| squared relative diameter as the dependent variable. D was

)

‘vobtained by rearranging the models to determine the derivatiyes.

\iBoth DBH and height were estimated as functions of age for each“}“(

&

FE .7

”evtree uSing the Chapman-Richards growth curve (Pienaar and

e Turnbull 1973),‘ ;hg¢,% K

N b ! e

‘7-[5] ADBH k b {1. T:exp[—k(t to)]}“‘/(l m)exp[-k(t to)]/(l—m),
e '

"k};{g]“ DBK = Q,{iﬂégpﬁ—k<t -t )]}1/(1‘m) C .‘feﬂfn:x;sﬂ’;‘j‘ﬂfi;:“
aééiv—'exp[—k t]}m /‘1 ' )epr k! t]/(l-m ¥ A

r:'5[7]f Aﬂf-'k'
']M[S] H = H {l-exp[—k t]}l/(l-m )
‘t WIth paramEters k- m:'DariK}, ' and H Because aneual ‘ﬂ?f

‘j measurements were available for diameter increment, parameters

m, k, and D were estimated uSing [5] (Gertner 1981) Since

1

"‘flg; height measurements were taken at intervals of 2 5 m, [8] was

”[ the functional form tsed to obtain estimates of m ' k' and H

‘; The parameter to, the number of years it takes the tree to reachf“""




f 1 3 i was obtained by solv1ng [8] for to The parameter
”estimates from 6he taper equations (Table 3. l), and. predictéi
'.f_values from [5], [6], [7], and [8] were used in the diameter
increment functions for each taper model (Table 3. 2) to obtain -
uannual diameter increments at. various ages and heightscalong the'
'stem The diameter increments were plotted against height and
‘age, and compared to the‘observed diameter increment surface for f
‘ a subset of the data (10 trees) (Fig. 3 l) | |
stm_s AND bIscussron T
The models varied'in their ability to predict taper and stem
fldiameter incféﬁénﬂ over time.' Both the Kozak et al. (1969) and
\”‘Amidon (1986) models are based on a quadratic function of u”‘“
“'hh height.~ A simple quadratic function is ‘not able to adequately."
"deScribe the the butt swell (Cao et al 1980) or predict an
| rlincrease in diameter increment near the base of the tree (Fig.f“jd
‘h3133r1) | In order to account for the butt swell segmented taperj'-"j 5
r“h.models, such as those of Max and Burkhart (1976) and Bennet etfft;
:”‘ngal (1978), can be usad, 'Max and Burkhart 'S (1976) taper model |
N

‘3,15 based on three quadratic functions, wrth each quadratic based

~'”yi'on the model of Kozak et al, (1969).L The taper model of Bennet 7;”

,et al (1978) lS based on two segments JOined at breast height."" o

‘_Both segmented models predict an increase in diameter increment“ 2

Oy . . : ' . [

‘ ftoward the base or the tree..ffd

‘ . /, .

f ‘

' ufff'appear very similar to the observed surface (Fig 3 1), there are

.1'-"-'.y

While the form of the predicted dlameter increment surfaces;a:"'



-

'.some differences. Duff and Nolan (i953 i957) described the ‘
R 'y . ;
\Type 1 sequence as variation in. diameter increment along the‘

\‘f‘stem for dne age The Type 1 sequence can be seen in Fig 3 l

.‘./
"r.<‘ N v

,by\foiIOWing the lines on the surface drawn parallel to the

‘ height axis. This sequence decreases from the base ta a minimum

N

‘and then increases toward the tip of the tree In young trees,»

v there is a strong increase in diameter increment near the top

'
. ) ,
n '

’f.As the tree ages, the sequence flattens out OVer m05t of the "

. PR S
yor )

bole,‘w1th an 1ncrease in diameter increment near the base and

» I
A '
a

‘ only a slight increase toward the tip : The increase of diameter f“

. \
) ~ ) ) o ,\\

; f:increment near the base over several years results in the
’t",pdevelopment of butt swell As mentioned above, models that are
‘{$“~hnot capable of predicting the increasekin diameter increment
‘ag~';toWard the base the tree are aiso unable to predict the s

. '[j*','lf,j’.resultmg butt swen Am1don s (1984) model also does not

e

| -\q:‘fpredict an increase in diameter increment along the stem. The” S

'
\ ' Ee ' t

vf;Type l sequence predicted by Amidon S model remains relatively By

( b

-

'\Jtﬂfflat for all ages. The Type 1 sequence predicted by the mgderijv,‘

f!ﬁ‘p?,bf Kozak et al (1969) does only slightly better, predicting ajf”“:d

i"sharp increase in diameter 1ncrement close to the tip, but

o o \.-

’fotherw15e remaining fairly constant over most of the bole._ o

The taper models of Bennet et al (1978) and Max and <
‘Burkhart (1976) predicb a more reasonable pattern of dxameter
' \ . ' u. A LIRS ; &

' 1ncrement for the Type 1 sequences.‘ Bothrmodels predict an f":” ‘

‘~9§1ncrease in diameter ”“Erement near the base of the tr%e.

N . L1.

’jﬁHowever, both models predict a greater difference between

R

| N

. , R (AR .
] A " . o : oy -

’['lncrement near the.ba/e and the section above at a younger age{ T




dJd
‘As the tree ages, the models predict the difference between

increment near the base and the section above will decrease, or

~

the slope of the Type 1 sequence near the base becomes tlatter

with increasing age. In _contrast, the observed difference

A ’
between diameter increment near the baSe and the section “above

N

remains constant over time or mayzincreaSe slightly.

"

Dutf and Nolan (1953, 1957) described“the radial sequence in

.

" . diameter increment as a Type 2 sequence. ° The Type 2 sequence

_can be seen by following the lines pérallei to the age axis in

,Fig.‘3.l. For sections near the baSe of the tree, the sequence

*eaches a maximum

\‘_

.increases rapidly from the center of ‘the tr
diameter increment and then decreases with increaSLng age. The

number of rings ‘from the center of the tree to the maximum .
: 4
x‘diameter increment for each section declines with increaSing

.'

height along the stem, until eventually the Type 2 sequences

'start off at the maximum diameter increment and then continue to

N

decrine with increasing .age. The maximum diameter increments

for each section also display a regular pattern of variation in

a progression up the stem. Starting at the base, the largest
diameter increment-at each’ height increases to some maximum
value and .then declines with increasing height. Thus, the

largest diameter increment value does not necessarily occur at

- ) . . -t

the base or at breast height.

i o

w Few ‘of the Type 2 seqnences predicted by the variouS\taper

models were conSistent with the observed sequences. In all

-

ﬁgghtnndels, the predicted Type 2 sequences ‘reach a. maximum increment

tv;k* ¥\ rag

much earlier than in the observed sequences. For most of the



!

trees, the maximum diameter increment for each, predicted Type Zi

sequence was greatest at the base of the tree and decllned with

lncreaSLng'height, rather than increasing to a maximum value and

L4
Lr

. then declining as in the observed sequences.
Since the diameter increment surface varies with tree and’
stand conditlons (refer .to Chapter 1), _taper, models‘which allow

the stem form to’ change under different growing conditions

-

(Newberry and Burkhart 1986) may be better able to predlct
dlameter lncrement along the stem over time that is more

‘conSLStent with the observed patterns of variation In general,
/

"the form of the. dlameter increment surface predicted from the

Al ¢

varlous models  is fairly sxmilar toé the observed values.

Resules from this study indlcate that segmented models predlct

Type 1 sequences tha@ are more. consistent w1th the observed
sequencesh and are better at predlctlng the lncrease in diameter -

increment toward the base of the tree. There were some

lncon51stenc1es between the obServed and- predicted Type 2
szzuences £6r: all of the taper models examined It appears that
to obtaln predlctlons of diameter lnqrement along the stem over

tlme that are conSLStent with the growth and development of a

tree,'varlables other than DBH and helght anrement r more

-

complex models must be consxdered

-
°
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Table 3.1. Four tepervequetions'examined‘ih‘thisfstudy.

Max and Burkhart (1976)

bl(h/H -1) '+ b,_(hz/u2 - 1) + b3(a1 - h/B)21, ¢+

DZ/DBH2
1 f» ' '1; 1§’h/n <a; i=1,2

0 ifnM>a

' Kozak ‘et al. (1969) 'j T o R
o D2/DBH2 = bl(h/H - 1)+ b (hZ/H2 | n '
‘l‘\.‘ s - L | »'
‘";.“Behnetvet;alt\(1973) T R
D = DBH(h/1.3) . o ﬂ' lf 0.3 < h < 1.3 otherWise
D= DBH[(H K h)/(H - 1. 3)] + bl(H - h)(h - 1 3)/32 i
+ bZDBH(H - h)(h - 1. 3)/H2 | '
e b3DBH2(H - h)(h VY '
"‘i‘* b4<a - h)(h - 1. 3)(23 -h- 1 3>/H3 L ‘;,f}jv““f‘h .

“Amidon (1984) O 'f Lo f_‘“l?-.-'f.if TR Y

n = leBH(H - h)/(H - 1. 3) + b2(H2 - hz)(h -1, 3)/32

et 1+ '
L 1

“‘ffbithfdiameter inside.bark-at any poznt‘along the stem at hElght h
lﬁ}tfhﬁﬁ,fdiameter inSide bark at breast height (l 3 m) J".if“
"'ui'fhftrtheight above the ground to diameter D '
":ftﬁ.efgtotal height of the tree

‘5:1 ei;ffestimated join points '

“f‘hiﬂ?festimated regnession coefficients




ot ’
L

s,

-[,}; Amldon | f;7fﬁ"

Max and Burkhart

Bennet et al.

S

4"

Table 3.2 Annual diameter 1ncrement functions derived from

four standard taper equations.a o :'f f :,‘ Lo f

(BD/aDBH)ADBH ¥ (aD/aH)AH

aD/aDBH = [by(h/H - 1) bz(hz/Hz - 1) + b3(al - h/H) 11
be(ay - /i, R
" 8D/oH = 0. 5(Dsa)(an/ausn)‘l( h/HZ){bl % 2[b2(h/H +

‘f‘ by l<h/n “ay) * byIyh/ ~ap]}

2

Kozak et ai. ‘> - ‘h‘,\

; ‘ap/apBH = [bl(h/H =) ¥ bz((h/H)zl— 1)]1/2
aD/aH = S(DBH)(BD/BDBH)-l(—h/HZ)[b 4 2b2(h/H)]

, an/ansa (h/l 3) .
an/ansn (H—h)/(H 1.3y + bz(H h)(hrl 3)/n2

T 2(DBH)b3(H h)(h-l 3)/H2 '

.ﬂ;.',, Lo bo' ' (bo o
»an/aa = bo(l 3) (DBH) H ;{ if 0. 3 < h 3:} 3 otherwxse
B aD/aH [1 - <H-h)/(a-1 3)]/(3-1 3) +- &?“' o
| bz(DBH)(h-l 3)[1 - Z(H-h)/H]/H ¥ ,:ft"j'f“J,j].efw
ba(DBHZ(h—l N -‘Z(H-h)/ﬁ]/ﬂ B T

b4(h-1 3)[(4H-3h-1 3) - 3<a h)(ZH—h-l 3)/H]/H3

f Ay

'”,ao/ansa = bl(H h)/(H-l 3) ,

":”-"'an/aa-'- bl(DBH)[l - (H-h)/(a-l 3)]/(H 1 3) * o

12b2(h-1 3)[1-(H2-h)/H2]

4

"“‘ 1f 0.3 <. h < 1.3 otherwise

© . @ Equationsfor DB, ADBH, H, and AW are giveinin the text. -
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GENERAL CONCLUSIONS = - - L

t st !

This study has examined several aspects of changes in

‘diameter increment with height along the stem and age within

’".lnleldual trees for lodgepole pine, whnte spruce, and black

spruce in Alberta. ‘The: first chapter demonstrated that diameter

’."increment changes over time at different rates depending on the‘ .

et

‘height along the stem The pattern of variation in diameter,
'jincrement differed among speCies and among crown classes within

speCies. The differences among speCies may be partly explained

&

' 'by their relative shade tolerance, with more tolerant speCies

'
T

”,béing able to maintain a more consistent level of diameter

:increment over a longer period of time._ In lodgepole pine,
H'ﬂshade intolerant, early seral speCies, diameter increment »H.I
.:fshillrapidly declines after reaching an early peak.t This is likeiy ..;ff~i
| Jv:due to the speCies inability to maintain a high level of B |

- ,diameter growth after crown closure. In contrast, the shade R

. }tolerant spruces are able to maintain a relatively higher level

:f -f‘fof diameter growth even when shaded by adjacent crowns. It is

Y '.. ;:. e

‘[fexpected that in more open stands the maximum diameter increment l:
ffat a given height Wlll occur later than in more dense stands.‘j.‘l"-

'\dShading may also explain differences among crown classes. :fxfd”‘

'Vi-Because the crowns of dominant trees extend above the general

fv*level of the canopy and receive light from above and the Sides,

.«

tV;;they are better able to maintain diameter growth closer to the ':

;peak levels at positions along the stem.‘ The crowns of




"rates drop off at a more rapid rate than in dominants, as they

. t
are getting direct light only from above. Because the crowns of

intermediate trees are within the canopy and receive even less : S

L light, diameter increment drops off rapidly after reaching a’

~

“peak at each height. These differences in diameteriincrement

n

I:§re reflected in the resulting stem form.‘

In the secqnd chapter, a.model ' was. developed for diameter Coa

t 1

» increment based on ‘the. observed patterns of variation with o o C
| 'gl:height and age discussed in the first chapter. This model uses |
L‘W;Jthe increment form of the Chapman-Richards growth curve to

, characterire the distribution of diameter increment over time‘hn . , Hg

*ufor each height. The parameters of these growth curves were s e
"".1modelled for each section as functions of height to obtain a ‘td
{fpi model to predict diameter increment over a continuous range of .

*gt;ages and heights along the stem. Predicted stem profiles and

u”;‘rvolumes obtained from this model were conSistent Wlth observed

' '”growth data for fiVe lodgepoleipine trees._ Although VOlumes

“<jfwere underfpredicted beyond 100 years, the predictions follow a:

e
vy .

4 .
.

”?psigmoid growth curve, as expected

Because taper models impliCitly define a relationship for 5?;};;fl:




~

Lo

precis

" increment ‘at- various heights over time Although predictions -

!

”made using these models are’reaSOnable, it appears ‘that

i variables other than DBH and height growth must be included or

other functional relationships must be used if conSistent - f

eetimates of diameter increment are desired

v

‘Because density and”the crown characteristics<influence the -

¥ . . '

distribution of diameter increment along the stem, a better

:understanding of diameter growth a10ng the stem OVPr time could

n

‘lbe obtained by 1nc1uding measur1?ents of‘these variables.over

/‘, hl ' [ N

‘“time. This ‘could be done by combining permanent sample plot .

PN

pdata and stem analy51s measurements. Also, stem analySis

sections taken at every internode along the stem rather than at

]

i .%o

2 5 m: 1ntervals would proVide more information on diameter and

height growth, and the relationship between them, so a more

grea“r problems with autocorrelation between successjyexdata

p01'ts. More effiCient estimation procedures .can also be USed

,,'

Measures of site quality, denSLty, crown c.ass, and crown

/,\

', development should also be included as variables in future o

,t models for diameter increment. g'~ﬂ.':, lf. g ,;‘-

69,




o v.‘TREE RING MEASUREMENT AND | ANALYSISl

' ”analysig or increment cores is important for reconstructing the

APPENDIX A

A NEW COMPUTERIZED SYSTEM FOR .

" oo . ‘ Ve S ‘ L L c

% . . INTRODYCTION | 3 |
N \ te

ACCurate measurement of diameter intrement from‘stem‘

[

' '
- A

.past growth and development of a tree for dendrochronology and

“iin the measurement process By using a computerized system for .af' : .-
.f‘measuring diameter increment, data recording and keypunching
‘xerrors can be eliminated, and measurement accuracy and prec1Sion

li‘”can be' improved. ,"; *”ﬂ\"

growth and yield studies. Undertaking such a task manually is

[

quite time consuming and can result 1n errors ‘at’ several stages v

al‘

In currently available automated systems, such as the Addo—xiv :1~~“

,or Digi-Mic, examination and analysis of data are not easxly

3hfdone during the measuring stage. (See Bains and Micko [1985] for

'ffmeasurembnt and editing makes error detection and correction .j"
. more difficult.4 The Tree Ring Measurement System "aS'ﬂESigned

”*to overcome some of the shortcomings of existing measurement

’f} A version ot this appendix has been submitted for

”lgpublication to the Forestry Chronicle hy M. A. c1yde and\S J.M _fl‘(

o

7iia comparison of the two systems )‘ This lag between data . “Td";*"_%'*fi

Pl er .
. »"l-'-uvi-' . . ol . S

\ Do Ty ,*" E R A

" '; N

, T:Titus.‘._;;i{frwfg‘,;gyw;.m.;,




‘»systems; It is relatively inexpensive compared to other

automated systems, allows data.to be displayed plotted, or o o

' measured at, any teme from within the prOgram, and. is quite

: flex1ble, allow1ng other options to be added to the system by NP

fmodifying the software 5ﬁ o f " ‘ft.ﬁ‘ X ' ,,‘7 ;
B Yo 'v‘;". “'v‘ R . .
N I . ' . \{‘.
- DESCRIPTION OF SYSTEM . = .
S "‘ -
The Tree Ring Measurement System consists of a boom
binocular microscope, positioning mechanism, and an IBM PC/XT/AT

microcomputer system (F.g l) Minimum configuration of the .4"
A '.

'luimicrocomputer requires two disk drives, 512K memory and a.math—

\
.

‘coprocessor The positioning mechanism controls movement of the‘r

.y\core or disk under the microscogggand can be flt With a platterv‘

‘“ . 'y ! ' /‘ .
,-;for disks or ‘an 1ncrement ‘core.. holder,,mounted on a swivel base S

"‘to compensate for the orientation of each growth ring

»
Q

The microcomputer is interfaced to a BEI optical incremental

,'~>encodi§2 which 1s coupled to the base of the positioning
A vl /

.mechanl m by a rack and anti-backlash gear. Incremental analog-‘

‘fto%digita - “ ers: are dev1ces for measuring movement of a

‘mechanical input.- _otation of the shaft of the optical encpder

l‘by turning the thumb— eel causes a sen51ng of motion and

B [

“v . \
‘, directlon, wzth Output in the form of digital voltage levels.

o T

".‘2 The BEI LED optical encoder model 5VL79D—4 is available ftom

35:1 Electrom.cs, mc.,‘ 1101 McAlmont,u P. o. Box 3838, Little ;? '.

Rock, Arkansas, USA 72203 Phonew (501) 372 7351 7~'¥




'J , .
Since the direction is indicated electronically by,thergptipal
encoder, the computer circuitry can count the pulfes in either

3

direction with an up-do‘n counter Y The accumula ed "counts"”

— can”then be translated into the distance tﬁe/sampie has moved.

.
. . . N
' .
) ' .
[ . —
o . -
, i ' .
\ - \

.

$ | “‘\¢}'~\- - - 7 -
Ty ik TE O ' ACEURACY
%r G r !
- .’ « . ' f/
Because tﬂe distance is® mined from electronic pulses,

and the counter is incremented onlyWLfter a complete pulse is -

. « '

' generated a small measurement error re§u1ts from the computer s

inability’ to count a: fraction of ‘a pulse The counter. -is reset
. Lo : 1
' :‘after“every'm asurement 50 tnat-‘rrors,do no&:accumulate,

~ 1imiting thé imum error assodﬂated with each measurement to

e , . o . N

ST the‘diStance per count. A Linear Variable Ditferential

.

1ransformer (LVDT) was ‘used for calibrating and empirically

determining the accuracy of the system (Herceg 1976) LVDT'sb

(S .

o are very accurate instruments for electronic measurement of

. l 0 ﬁ

. displecement of an ob]ect. The LVDT used for calibration yas

apprdkimately three times as accurate as the«Optical encdder.

{,

f . . ‘,,:i 4 'oa ) .,.’ ) i_~. ': l?r":“,l

o N
) N

The optical encoder outputs bne pulse per 0 00746‘+ 0 000230 mm{

- . e . - . K r_-"

'.?' A microcomputer board could nof be obtained commercially

! \—,.




[

i} .with input\from the keyboard..v, i ‘ i BT

based on‘SO repeated calibration trials\(ualpes are mean * one
standard deviation). Because‘the maximum.error‘of the encoder
will pe less‘than the distance associated with one count, the
maximum absolute error will be constant for all distances
Fmeasured.i However, as the.distance measured increases; the
maximumvrelati;e error wili'decrease. .On auerage, the maximum
relative error for a 0.1 mm distance would be legs tnanw7.5
percent. For Aistances greater‘than l.O.mm, the maximum
relative wili be less thanr0,75 percent. Oon average,"the error
will be smaller, as ebideRZed by the’value of the standard

deviation,'which includes the error associated uith the optical

encoder and any mechanical errors in the system The Digi-Mic

r ‘l vv ... '[.

and Addo—x are reported to be accurate to 0.01 mm. v o

SOFTWARE FEATURES®
A%

[y . .

Unlike other measurement systems measurement control

originates with the microcomputer s software. The program is :

written in IBM ProfeSSional Fortran, wzth Fortran callable

.
-

QSSembly Language subroutinef fbr reading distances from the .

coun er, Since Fortran does'not have the,facilities to read from,'

Ry

\
. 3

f‘ *nput ports.' All commands are displayeq in a menu with options

J& selected by preSSLng the appropriate function key or as a promptﬁ-

¢ o R

e e

The operator can spec;fy the direction of measurement,

. either from center to bark, or %rom bark-to center. During data‘

A
[ I

13



e

&

on a dot matrix printer, pen plotter, laser printer, or

" stem taper at various ages (Fig. 5), and a three-dimenSional ,&»,Q

displayed on the screen. The program allows measurement of a
maxtmum of four radii per section, and will,teSt.whether ages of
all radii in & section.are e&ual. If the different radii in a
section do not have the same age, the complete radii or portions
‘tnereof can then be remeasured‘immediately or later to locate
and correct the error.

The program is currently designed to automatically merge thev
radial growth measurementskinto an existing stem analysis data
tile‘containing heights to each section, and other tree or plot
charactefistics.; The data can be displayed on the: screen or
printed on a ptinter by‘individual sections or.for the entire “

’

tree. The data can also be plotted in several types of graphs . ,

displayed on the screen if a color/graphics adapter is installed | \

in the microcomputer., Plots of ring widths ‘all formed in the g 1
same year versus height (a Duff and Nolan [1953] Type l ,' ‘ ;.
seqqence) (Fig. 2) or ring Widths at a given height versus age, h
(a Duff and Nolan [1953] Type 2 sequence) {Fig.’ 3> can be ’

\

generated, as. well as a cumulative ﬁéight-age curVe (Fig. 4), ‘, ' .

representation of diameter increment, age, and height (Fig. 6)

Plotting the data prov1des a way of detecting measurement -

errors, and can aid interpretation. ,Although at first glance

-

e . S

the plot of diameter increment, height ‘and age (Fig. 6) appears

h

to be quite complicated, it does prov1de some interesting B

insights into the growth’and development of a tree.- By taking

slices ~£rom~thepsurface parallel td’the height axis, holding

'v.,'\—'""'



"cassette recorder and RS 232 interface for data transfer and lS,:_V

‘microscope.'”ﬁ e P g;;;tgx;,.!

2
g

age constant, one can‘obtain‘a Duff and Nolan (1953)»Type l

sequence (Fig. 2). By slicing the surface parallel to the age
ﬁaxis, one.obtains a Duff and Nolan (1953) Type 2 sequence (Fig

3): One can also see that during certain years conditions vere

not as favorable for diameter growth*causing "troughs"'running

parallel to the height axis. Likewise, one can also see
"ridges"’ rwhich formed when conditions were better. Another'

interesting aspect is that the maximum,diameter increment.at

—

each height steadily declines with age. The age at which the.

maximum diameter at each height occurs tends to parallel that of

the cumulative height age curve.

AR

DISCUSSION

) .

' . . ,' R R B
The Tree Ring Measurement System is a self—contained,

automated system for measuring radial growth increments.‘ One of ,

<

the main advantages of the system is its -cost; excluding the '’

_microcomputer and microscope, the measuring devxce can be put

together for under s2, 000 U.S. ' a fraction of the cost. of other

systems, while maintaining accuracy The Digi—Mic includes a
. -

A L “T‘

available for $11, 950 Cdn.,‘w1thout a microcomputer or
NSy .

-
"

P
) X :

Another advantage of the system is its flexibility.v Data

Te

: are avallable in a usable form on the microcomputer for

e e

ax

,'additional analyses and can be stored in any format, unlike the:>‘

pre—specxfied format of the Addo-x or Digi-Mic.‘ pata~are

- 75




+ ' ‘ L LY -

reCOrded‘on paper tape for the.Addo-x and onto cassette for the

*

Digi-Mic, although the Digi Mic has been connected to Apple and

}Radio Shack microcomputers (Fayle et al. 1983, Jordan ‘and

Ballance 1983). The program includes plott{ng~facilities for

graphs comparable to those produced with a program developed by

‘-Trimmer and Verch (1983) for mainframe computers using data |

generated by the‘Digi-Mic;
. Although the movement of the sample 1s not automatic (the

operator must turn the thumb—wheel as opposed to a remote

'~'control switch in the Digi-Mic), measurement speed is comparable )

. (Trimmer and Verch 1983) About 12 radii (90 years old, 18" cm

’_w:ur i & .

"’long) can be measured in approximately 1 hOur.l In general, . -

"ft!r system c‘pid be modified to measure growth rings*from iR

‘ user s requirements, from a simple program to control ring Wldth

,measurement time depends on the average ring width sample‘

preparation, and microscope quality o ' - v

. \

-

The Tree Ring Measurément System offers significant

K —
i‘a& B ':,s -

o~

:a'dvarsges OVer other automated systems in terms of cost and

" flexd ity.‘ The software can be configured exaqtly to the

.

‘measuremeqﬁ to a more complex program which can include.

" : % N :
plotting,;hditing, and error detécting features.‘ Because of - “i,

[ k A

, difficulty in bringing stem analy5is disks back from the field, -



software‘are‘availéble for a'smalluhandiing charge.

’may be obtained by writing to ghefau;hors.‘ Copies 6f-the

A

¢ )

‘77",' .
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T APPENDIX B e
! %mmon OF AN ASYMPTOTIC TAPER MODEL S "
R . . FRoM THE CHAPMAN RICHARDS mmc'rmn R “
- ‘?r.J | ,r“ : .o ‘ ,f"“. C j:‘.' ,ff‘s
‘ | Helght ‘(h) above the stump relative to che asy'mptotic. h,e'ight
£; ,, e (H )" above - the stump, _ EERRRIE }? A
Y : ’ .o A%
. [1] x = (b B/ ~.3>], ‘ . o R
f 2 can be predlcted as a functlon of asymptotﬁt diaMeter (D, ) o ' :
i ‘?' ' relatlve.to the asymptotlc diameter e;lrhe stump (D, ( 3)), “‘ | V. h
| [2]‘x‘ 1’—D/D( 3), R IR
e ;using the Chapman—RLchards growth curve, L - _',‘; L : -
31y = A exp(-cx)]b E L SR |
with parameters A (the upper asymptote) b and ch Equatiop [3J :

,,can be rearranged so that D 1s the dependent variable. Se;v;nga

for qu resu fs;in the model . S ‘ \;
[4] o =D, ( 3){ 14 <1/c31n[1.- (y/A)l/bl} ‘(J(‘xvﬂ~§}=$;
When h = .3, y = O so that D, D ( 3) ; By constralning thefﬁu

.G'and y

l.y}elds




