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ObjectivesObjectives

To develop a biological height growth To develop a biological height growth 
model:model:

incorporating all competing vegetation incorporating all competing vegetation 
effects (trees, understory),effects (trees, understory),
representing growth of trees of all sizes, representing growth of trees of all sizes, 
that does not depend on length of period of that does not depend on length of period of 
observation or projection.observation or projection.
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Juvenile height growthJuvenile height growth

Important in forest managementImportant in forest management
Pruning, freePruning, free--growing surveys, spacing, and growing surveys, spacing, and 
harvest (depends on the juvenile height levels)harvest (depends on the juvenile height levels)

The greatest potential for improving growth rates is The greatest potential for improving growth rates is 
during juvenile development.during juvenile development.

Juvenile development is crucial for simulation Juvenile development is crucial for simulation 
modelsmodels

Juvenile height → future height development  Juvenile height → future height development  
( silvicultural decisions).( silvicultural decisions).
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ProblemProblem
Height growth models are based mainly on Height growth models are based mainly on 
large, dominant trees.large, dominant trees.

Therefore, models provide good estimation for Therefore, models provide good estimation for 
large trees, but not for small treeslarge trees, but not for small trees

Models of small trees are different from large Models of small trees are different from large 
treestrees

Allometric relations between conventional Allometric relations between conventional 
measures of size break down for small treesmeasures of size break down for small trees

Models of smallModels of small--tree growth are not congruent tree growth are not congruent 
with models for large treeswith models for large trees



Current (few) juvenile models have shown a high Current (few) juvenile models have shown a high 
variability of juvenile height growth.variability of juvenile height growth.

Competing vegetation effects have been omitted, only Competing vegetation effects have been omitted, only 
based on age. (e.g., Nigh and Love 1999)based on age. (e.g., Nigh and Love 1999)

Competition from overstory trees has been Competition from overstory trees has been 
incorporated into juvenile height growthincorporated into juvenile height growth

Stage (1973), Wykoff (1986), Lencar and Marshall Stage (1973), Wykoff (1986), Lencar and Marshall 
(2001), Froese (2002), Temesgen (2002), Boisvenue (2001), Froese (2002), Temesgen (2002), Boisvenue et et 
alal (2004)(2004)

The usual approach, using regression, incorporates The usual approach, using regression, incorporates 
tree, stand and site characteristics into a single tree, stand and site characteristics into a single 
equation only if “significant”.equation only if “significant”.

Some studies have shown unexpected behavior of Some studies have shown unexpected behavior of 
model parametersmodel parameters



Models that account for competing vegetationModels that account for competing vegetation
Mason et al (1997), Loveall (2000), Watt et al Mason et al (1997), Loveall (2000), Watt et al 
(2004)(2004)
Focused on plantations (clear cutting=develop Focused on plantations (clear cutting=develop 
without overstory effects)without overstory effects)
It can not be applied to other harvesting It can not be applied to other harvesting 
systems, and unevensystems, and uneven--aged or mixed standsaged or mixed stands

Other relevant studies:Other relevant studies:
Monserud and Ek (1977), Golser and Monserud and Ek (1977), Golser and 
Hasenauer (1997)Hasenauer (1997)
Reduction of a potential height growthReduction of a potential height growth
Using distanceUsing distance--dependent indicesdependent indices
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DataData
Study areaStudy area

Inland Northwest regionInland Northwest region

Juvenile trees datasetJuvenile trees dataset
Small tree and competing vegetation study of the Small tree and competing vegetation study of the 
Inland Northwest Growth and Yield Cooperative Inland Northwest Growth and Yield Cooperative 
(INGY). (INGY). 
1671 Douglas1671 Douglas--fir treesfir trees
23 stands, 23 stands, 161 plots. 161 plots. 



* 6 - 0.007 acres (small tree plots)
[tol.sp: h > 15 cm, intol.sp:h > 30.5 
cm]) 

Plot design

Plot centerPlot center

* 0.46 acres (large tree plot) 
[dbh > 27 cm]

8080’’

* 6 - 1 m2 (understory plots)

* 0.26 acres (medium tree plot)* 0.26 acres (medium tree plot)
[[dbhdbh > 8.9 cm]> 8.9 cm]

6060’’



Three vegetation treatments (herbicide: one Three vegetation treatments (herbicide: one 
application, repeat application, and control)application, repeat application, and control)
Several variables were measured at different years.Several variables were measured at different years.
VariablesVariables: Overstory density variables, cover and : Overstory density variables, cover and 
crown volume of understory, periodic tree height crown volume of understory, periodic tree height 
growth (1 per tree).growth (1 per tree).

Older trees datasetOlder trees dataset
Site index study in the same region (Monserud 1984).Site index study in the same region (Monserud 1984).
390 stem analysis Douglas390 stem analysis Douglas--fir treesfir trees
135 clusters of four variable radius 135 clusters of four variable radius plotsplots
VariablesVariables: Overstory density measured on plots, : Overstory density measured on plots, 
understory competition estimated based on FVS understory competition estimated based on FVS 
(Shrub and Cover, Regen extension), last periodic tree (Shrub and Cover, Regen extension), last periodic tree 
height growth measured (1 per tree)height growth measured (1 per tree)



Periodic annual height increment for Periodic annual height increment for 
DouglasDouglas--fir in the Inland Northwestfir in the Inland Northwest
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Modelling strategy

Time

H
ei

gh
t

(t- t0)

(h- h0) ( )hf
dt
dh

=

Differential equation Differential equation 
formform

( )
( )0

0

tt
hh

t
h

−
−

=
∆
∆

Finite difference



The origin of the base model

( )cc
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-- Differential linear equation (power Differential linear equation (power 
transformation) (Garctransformation) (Garcíía 1983)a 1983)

integrationintegration
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and so onand so on……..

-- OrnsteinOrnstein--UhlenbeckUhlenbeck process process 
((UhlenbeckUhlenbeck and Ornstein 1930)and Ornstein 1930)



RichardsRichards’’ model (1959)model (1959)
variablesvariables

h =h = tree height at tree height at t t time;time;
tt0 0 = initial time; = initial time; 
hh00 = tree height at = tree height at tt00 time time 

Reordering, we obtain:Reordering, we obtain:

( ) ( )[ ] cttbcc eahah
1

0
011 −−⋅−−= Growth functionGrowth function

( ) ctbeah
1

1 ×−−=

If If tt00 = = hh00 = 0= 0

parametersparameters
a= a= upper asymptoteupper asymptote;;
b= b= scale (growth rate);scale (growth rate);
c= c= shapeshape



The model

( ) ( )[ ] '1'''
0

0'11'
cttbcc eahah −−−−=

Parameters to be modified due to overstory Parameters to be modified due to overstory 
and understory competitionand understory competition

aa’’ b’b’ cc’’



Adding competition effect to the asymptote (a’)

( )[ ]( )1
21012'

−⋅−⋅−+−⋅= CVEGOVEReaa ααα

variablesvariables
aa = asymptote (without competition effect), from Site = asymptote (without competition effect), from Site 

index curves (Monserud  1984) using SI and forest index curves (Monserud  1984) using SI and forest 
habitat types.habitat types.

OVER =OVER = overstory density (e.g., overstory density (e.g., CCF, BACCF, BA););
CVEGCVEG = competing vegetation (e.g., = competing vegetation (e.g., UCOVERUCOVER, , UCVUCV) ) 

parametersparameters
αα0 0 , , αα11 and and αα22
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Adding competition effect to the growth rate (b’)

variablesvariables
b b = growth rate (Monserud  1984);= growth rate (Monserud  1984);
UHUH = average understory height;= average understory height;
hh00 = tree height at = tree height at tt00; ; 
CVEGCVEG = competing vegetation (e.g., = competing vegetation (e.g., UCOVERUCOVER, , UCVUCV););
NSTNST = number of small trees per acre;= number of small trees per acre;
SISI = Site index= Site index

parametersparameters
ββ0  0  , , ββ11 , , ββ22 , , ββ33 and and ββ44
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Adding competition effect to c’

(same way that uses for (same way that uses for bb’’))

variablesvariables
as previously definedas previously defined

parametersparameters
γγ0 0 , , γγ 11 , , γγ 22 , and , and γγ 33. . 



Model fitting

Parameter estimationParameter estimation
Maximum likelihoodMaximum likelihood
MATLAB 6.5 ((fminsearchfminsearch) Nelder) Nelder--Mead Mead 
algorithmalgorithm

MixedMixed--effects modeleffects model
Recognizing hierarchical data (clustered data on PlotRecognizing hierarchical data (clustered data on Plot--
location)location)
Testing random structure of parameters (Within plot Testing random structure of parameters (Within plot 
vs. Between plots)vs. Between plots)
R (R (nlmenlme package)package)
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1. Assessing different predictor variables1. Assessing different predictor variables

Factors

UCV

UCOVERLAI

UCV

UCOVERTPA

UCV

UCOVERBA

UCV

UCOVERCCF

CVEGOVER

Results

-3667.0

-3716.8
-3624.4

-3619.4
-3638.9

-3639.6
-3643.9

-3633.4
Log-likelihood



2. Does density affect height growth of older trees?2. Does density affect height growth of older trees?

with
density
effects 

<.000114601 vs. 4-3619.44Total

without 
density 
effects 

-4349.41Total

p-
value

Like.
Ratio Test 

Log 
likelihood 

Group 
No.Group  Approach 

-3267.62Juvenile trees 

<.000113002 vs. 5-2617.75Juvenile trees 

-1081.83Older  trees 

<.00011603 vs. 6-1001.86Older  trees 



3. Mixed effects models3. Mixed effects models

6962.6

7266.8
7206.9

7243.3

7205.0

7561.6

AIC

-3467.29146γ3

-3619.41145γ2

-3587.48164β1, β2

-3607.63143β2

-3588.5142β1

-3766.8141α1

Log 
likelihood dfModel 

Random 
parameters



4. Statistics summary for the different approaches4. Statistics summary for the different approaches

12

3

df

<.00011460.01 vs.21 vs.2-3619.42
With density 
effects

-4349.41
Without density 
effects

p-
value

Like.
Ratio Test 

Log 
likelihood 

Approach 
No.Approach

<.0001304.22 vs.32 vs.3-3467.3143

With density 
effects and mixed-
effect model
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ConclusionsConclusions

There is a density effect on height growth of There is a density effect on height growth of 
older trees of Douglasolder trees of Douglas--firfir
Site index is influenced by density and Site index is influenced by density and 
competing vegetationcompeting vegetation
Other variables should be used to predict site Other variables should be used to predict site 
productivity (e.g., elevation, slope, ..) productivity (e.g., elevation, slope, ..) 
Recognizing the hierarchical structure of the Recognizing the hierarchical structure of the 
data, using Mixeddata, using Mixed--effects models improves the effects models improves the 
fit of our proposed modelfit of our proposed model



Next stepsNext steps

1.1. Take Site Index out of the modelTake Site Index out of the model
a.a. Use mixedUse mixed--effects modelling to estimate effects modelling to estimate aa and and bb

parameters for each specific plotparameters for each specific plot--locationlocation
b.b. Regress Regress aa and and bb parameters on site variables parameters on site variables 

(elevation, slope, aspect, forest habitat type)(elevation, slope, aspect, forest habitat type)
2.2. Incorporate stochastic effects. Adding a Incorporate stochastic effects. Adding a 

Brownian motion or Wiener process.Brownian motion or Wiener process.
3.3. Incorporate measurement errors.Incorporate measurement errors.



AcknowledgementsAcknowledgements
Inland Northwest Growth and Yield Cooperative. Dr. Kelsey Inland Northwest Growth and Yield Cooperative. Dr. Kelsey 
Milner and Dr. John Milner and Dr. John GoodburnGoodburn, University of Montana. Dr. , University of Montana. Dr. 
Robert Robert MonserudMonserud (US Forest Service). Dr. Oscar (US Forest Service). Dr. Oscar GarcGarcííaa
(University of Northern British Columbia, Canada).(University of Northern British Columbia, Canada).
Rocky Mountain Research Station, US Forest Service, Rocky Mountain Research Station, US Forest Service, 
Moscow, Idaho. Moscow, Idaho. 
Forest Biometrics Laboratory, University of Idaho.Forest Biometrics Laboratory, University of Idaho.
Western Forest Western Forest MensurationistsMensurationists (Dr. Jim (Dr. Jim FlewellingFlewelling).).
Graduate Student Association, University of Idaho.Graduate Student Association, University of Idaho.
Chilean National Scholarship Program for Graduate Studies. Chilean National Scholarship Program for Graduate Studies. 
Minister of Planning and Cooperation, Government of Chile.Minister of Planning and Cooperation, Government of Chile.
DepartamentoDepartamento de de CienciasCiencias ForestalesForestales, Universidad de La , Universidad de La 
FronteraFrontera, Chile., Chile.


