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Abstract 21 

A system of simultaneous density dependent crown allometry equations was developed to 22 

predict crown length and maximum crown radius for trees growing in stands previously affected 23 

by mountain pine beetle (Dendroctonus ponderosae Hopkins, MPB).  To reflect the biological 24 

processes influencing crown size, a logistic equation was used to predict crown length, while a 25 

power model was used to predict maximum crown radius.  As well as diameter at breast height 26 

and total height, measures of competition were included as predictor variables, specifically, basal 27 

area of trees taller than the target tree, basal area (m2 ha-1), and stems ha-1.  For logical 28 

consistency, maximum crown radius was used on the right-hand-side of the equation for crown 29 

length, and vice versa.  The resulting simultaneous system of nonlinear equations was fitted using 30 

nonlinear three-stage least squares (N3SLS) separately for lodgepole pine (Pinus contorta Dougl. 31 

ex Loud. var. latifolia Engelm), hybrid spruce (Picea engelmannii x glauca (Moench) Voss), 32 

Douglas-fir (Pseudotsuga menziesii var. glauca (Beissn.) Franco), and trembling aspen (Populus 33 

tremuloides Michx.). Results indicated that logical consistency in the estimates of the two crown 34 

axes was maintained when crown length and maximum crown radius were used on the right-35 

hand-side of the equation predicting the other axis. For crown length, further improvement to the 36 

model was provided through the addition of explicit measures of density. For maximum crown 37 

radius, the measures of density provided little benefit, suggesting that the individual tree size 38 

variables accounted for density related changes in crown radius.  The system of equations was 39 

developed for use in stands that have been disturbed by MPB and were incorporated into a test 40 

version of the growth model SORTIE-ND.   Although the models were developed using data 41 

from MPB affected stands, they may be more generally applicable to other stands.   42 

Keywords: nonlinear three stage least squares, crown allometry, mountain pine beetle, SORTIE-43 

ND  44 
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Introduction  45 

Stands in the central interior of British Columbia (BC) have developed under repetitive 46 

disturbances from fire and insect outbreaks (Wood and Unger 1996). Most notable are the effects 47 

of a current outbreak of mountain pine beetle (Dendroctonus ponderosae Hopkins, MPB) as well 48 

the impacts from an MPB infestation that occurred 25-years ago. To forecast regeneration and 49 

development in these stands, a preliminary evaluation using SORTIE-ND (Coates et al. 2003) 50 

indicated that the precision of forecasts could be improved (LeMay et al. 2006). One of the 51 

possibilities was to introduce new models of crown allometry in SORTIE-ND that use explicit 52 

measures of density to better account for the effects of crowding.     53 

Equations that estimate crown size are often used in forest growth models to infer tree vigor 54 

(Assmann, 1970; Valentine et al. 1994), basal area increment (Hasenauer and Monserud 1996; 55 

Monserud and Sterba 1996), and wood quality (Kellomaki et al. 1999; Valentine and Mäkelä 56 

2005). Estimates of crown size also play a pivotal role in many light interception models, 57 

determining how much shade is cast and, therefore, the amount of light available to neighbouring 58 

trees (Canham et al. 1999). Several methods have been used to obtain estimates of crown size, 59 

ranging from largely empirical-based models (Hasenauer and Monserud 1996; Soares and Tome 60 

2001; Bechtold 2003) to largely process-based equations (Biging and Gill 1997; Mäkelä 1997). 61 

Regression equations for crown size usually include predictor variables that are easily recorded 62 

and use measurements of individual tree size, which reflect the structural relationship between the 63 

size of the crown and the size of the tree bole (Baldwin and Peterson 1997; Gilmore 2001). 64 

Occasionally, competition related variables that reflect the effect of growing space on crown size 65 

are also included (Rouvinen and Kuuluvainen 1997; Rudnicki et al. 2004; Meng et al. 2007).  66 

Of interest in this study is the role of tree crowns in the spatially explicit forest growth and 67 

dynamics model, SORTIE-ND (Coates et al. 2003; Astrup 2006). SORTIE-ND stems from the 68 
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original SORTIE model, which was developed for use in deciduous stands of northeastern United 69 

States (Pacala et al. 1993, 1996; Canham et al. 1994). Modifications to the SORTIE-ND model 70 

have made it practical to use as a silvicultural decision making tool. One of the key components 71 

of SORTIE-ND is a light behaviour which predicts incident radiation at any given point within a 72 

stand based on the sky brightness distribution given a latitude. Within a simulated treed plot, light 73 

attenuation occurs as rays pass through individual tree crowns. The amount of shade cast by each 74 

tree is a function of its crown size and species specific light transmission coefficients (Pacala et 75 

al. 1993, 1996). Tree growth in SORTIE-ND is largely a function of how much light a tree 76 

receives, measured as the percent of full sun received at a point, and reported in the model as a 77 

global light index (GLI) value.  78 

The assumed crown shape in SORTIE-ND is a vertical cylinder. All freely available versions 79 

of the SORTIE model use simple allometric equations to estimate the length of the live crown 80 

along the vertical axis, termed crown depth in SORTIE-ND, and width of the live crown, 81 

specifically the maximum crown radius (Pacala et al. 1993, 1996). This simple method of 82 

estimating crown size appears to provide acceptable growth projection accuracies for a wide 83 

range of species (Catovsky et al. 2002; Astrup and Larson 2006). To calibrate the equations, users 84 

must supply the parameters for an exponential or Chapman-Richards equation for each crown 85 

axis. Regardless of the equation form selected, crown length is estimated as a function of total 86 

tree height, while maximum crown radius is estimated as a function of the diameter at breast 87 

height (DBH). An advantage of using such a simple set of equations is that the pitfalls of model 88 

over-specification are avoided. The models, however, do not explicitly account for the potential 89 

effects of crowding on crown dimensions (Hynynen 1995; Hasenauer and Monserud 1996; Pinno 90 

et al. 2001). Therefore, there can be a tendency for the equations to overestimate crown axes in 91 

dense stands and underestimate axes in open stands (Astrup 2006). This, in turn, may result in 92 

under- or overestimates of growth. For stands where the effects of crowding on crown dimensions 93 
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are not well reflected through changes in tree height and DBH, the SORTIE-ND model could 94 

improve prediction accuracy by including explicit measures of density in the crown allometry 95 

equations.  96 

 As well as accounting for the effects of crowing, accounting for the strong, relationship 97 

between crown length and crown width should improve prediction accuracy. Crown length and 98 

crown width are influenced by a similar combination of internal physiological and external 99 

processes (Oliver and Larson 1996). Internally, there is a hierarchy of branch control that extends 100 

from the main stem to first-order, second-order and all subsequent branch orders known as 101 

epinastic control. For trees with strong epinastic control, the amount and direction of lateral 102 

branch growth is closely related to the growth of the terminal. External factors such as shading 103 

can also act concurrently on crown length and crown width. Side shade, for example, can cause 104 

trees to shorten the length of their crowns. Since lateral branches must photosynthesize at a rate 105 

capable of sustaining their own growth, they too will respond to side shade by reducing their 106 

growth.  (Sprugel and Hinckley 1988). As a result of these shared influences, an inherently strong 107 

relationship exists between the depth and width of the crown. Incorporating this relationship into 108 

crown allometry equations that also account for the effects of crowding should, therefore, 109 

produce a fairly robust model of crown size.  110 

The main objective of this study was to develop density dependent models of crown length 111 

and maximum crown radius as alternatives to the current crown allometry equations in the 112 

SORTIE-ND growth model.  Specific criteria were used to guide model development. First, the 113 

models should be able to account for the effects of crowding on crown size for stands that have 114 

been infested by MPB. To satisfy this criterion, relationships between spatially implicit measures 115 

of crowding and crown size were explored. The variables that were used to describe crowding 116 

were restricted to easily measured, stand-level variables that were also easily calculated within 117 

SORTIE-ND. Second, the equations should take advantage of the concomitant relationship 118 
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between the crown axes.  Hence, maximum crown radius was included as one of the predictor 119 

variables for crown length and vice versa, resulting in a simultaneous system of equations.  120 

Lastly, the equation forms should enable the models to provide biologically tractable estimates of 121 

crown length and maximum crown radius. Accordingly, various equation forms were explored.   122 

Once the simultaneous system of crown models was developed, parameter estimates were 123 

obtained for lodgepole pine (Pinus contorta Dougl. ex Loud. var. latifolia Engelm), hybrid spruce 124 

(Picea engelmannii x glauca (Moench) Voss), Douglas-fir (Pseudotsuga menziesii var. glauca 125 

(Beissn.) Franco) and trembling aspen (Populus tremuloides Michx.) for stands of the central 126 

interior of British Columbia (BC) using nonlinear three stage least squares (N3SLS). Although 127 

these stands have developed under repetitive disturbances from fire and insect outbreaks, the 128 

fitted models may be more generally applicable to other stands of central BC where frequent 129 

disturbances have been recorded. The methods used in fitting the equations are widely applicable 130 

to other species and forest areas. 131 

Methods 132 

Study Area 133 

Data for this study included stands located within 250 km of Williams Lake, BC 134 

(52°08’18.59”N 122°08’31.07”W). Many of the sampled stands were located on the Chilcotin 135 

Plateau, situated within the former Cariboo Forest Region (Figure 1).  This area has a long history 136 

of disturbance events caused by MPB (Stockdale et al. 2004; Aukema et al. 2006), although 137 

evidence suggests that stand replacing and ground fires have also played a major role in 138 

influencing stand structure (Hawkes et al. 2004). Historical records gathered from aerial surveys 139 

(Wood and Unger 1996), and tree ring analyses (Hawkes et al.  2004) indicate that the most 140 

recent significant disturbance caused by MPB, aside from the current outbreak, occurred during a 141 

period beginning in the late 1970s stretching until 1984/85. The combination of disturbance 142 
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events has resulted in the creation of uneven-aged, mixed-species stands throughout much of the 143 

Chilcotin plateau (Heath and Alfaro 1990).  144 

The topography of the study area is characterized by gentle slopes and an elevation between 145 

900 and 1500 m. Lodgepole pine is either present or the dominant species in most of the upland 146 

stands in this area. Overall, species composition in stands from the Williams Lake dataset 147 

included lodgepole pine (about 80%), Douglas-fir (7%), and hybrid spruce (5%). Trembling 148 

aspen and subalpine-fir were present in some stands, but in small numbers overall. The sampled 149 

stands were located in three major biogeoclimatic ecosystem classification (BEC) zones 150 

(Meidinger and Pojar 1991): Sub-Boreal Spruce (SBS), Sub-Boreal Pine Spruce (SBPS), and 151 

Interior Douglas-fir (IDF). Due to climatic similarities and for data simplification purposes, 152 

stands located within the SBPS zone were pooled with stands located in the SBS zone and are 153 

categorized as SBS stands.  154 

Sampling Approach and Data description 155 

Sampling of the Williams Lake dataset was carried out in the summer of 2006. A brief 156 

description of the sampling approach is presented here, with greater details found in LeMay et al. 157 

(2007). Stands that had been attacked by the mountain pine beetle roughly 25 years ago were 158 

targeted for sampling. Circular plots of 11.28 m radius were systematically located in each of the 159 

53 selected stands, beginning with a random starting point. In each plot, the diameter outside bark 160 

at breast height (DBH, 1.3 m above ground, cm), total tree height (Height, m), and height to live 161 

crown (m) were measured on live trees greater than 7.5 cm.  Measurements for crown length and 162 

maximum crown radius were collected from two randomly selected live and healthy trees of 163 

every species in the plot. To measure maximum crown radius, the outermost edges of the tree 164 

crown were determined by standing directly under the crown, noting the equivalent location on 165 

the ground, and measuring the crown diameter.  A second crown diameter at 90 degrees to the 166 

first was similarly measured. The two diameter measures were averaged and halved to obtain the 167 
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maximum crown radius.  Crown length was defined as the length of the live crown from the top 168 

the tree to the last live branch at the base of the crown, not allowing from more than 1m between 169 

the live branch defining the base of the crown and the continuous live crown above. Crown length 170 

was measured using a HAGLÖF vertex hypsometer III. Based on the sizes of adult trees, 171 

structural composition of the stands, and information provided through inventory maps, the 172 

average age of adult trees in the sampled stands ranged between 70 and 90 years. 173 

Of the 53 stands sampled, 16 were located in the IDF zone and 37 in the SBS zone. For the 174 

16 stands in the IDF, the mean stem density of for trees > 7.5cm DBH was 677 (166; standard 175 

deviation given in parentheses) stems ha-1 with a mean basal area of 17.44 (5.88) m2 ha-1. For the 176 

stands in the SBPS/SBS zone, the mean stems ha-1 was 803 (322) and the mean basal area was 177 

19.18 (8.13) m2 ha-1. Stands were generally composed of a mixture of species; however, almost 178 

all included lodgepole pine. For each stand, measures of crowding were calculated, including:  179 

Curtis` relative density (RD), quadratic mean diameter (i.e., DBH of tree with average basal area; 180 

QDBH (cm)), the basal area of trees taller than the target tree (BALHT) (m2 ha-1), stem density 181 

(TPH) (stems ha-1), and basal area (BA) (m2 ha-1).   The model dataset included 650 trees with 182 

crown measures, 140 from the IDF zone and 302 from the SBS zone (Table 1).  Data for the two 183 

zones were pooled.   184 

Development of Crown Equations  185 

As noted, three criteria were used to guide development of the system of crown allometry 186 

equations. First, the equations should yield logical predictions for crown length and maximum 187 

crown width. For instance, estimates of crown length should never be greater than total tree 188 

height. This criterion can be achieved through thoughtful selection of the functional relationship 189 

between the dependent and predictor variables (e.g., linear, nonlinear, exponential, logistic). The 190 

second criterion was that the equations should make use of the strong relationship that exists 191 

between crown length and maximum crown radius to improve predictions of the respective crown 192 
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axes. Simultaneous regression techniques that avoided uncoupling this relationship were 193 

preferred. Lastly, the model should be able to explicitly account for the effects of crowding on 194 

crown size and minimize density-related biases across various levels of crowding. 195 

Given these criteria, the following nonlinear equation was selected to estimate crown length: 196 

[1] 
)1(

Height
LengthCrown  Est. )( Xfe+

=   197 

where Est. Crown Length is the estimated length of the live crown, and )(Xf  is a linear function 198 

of other tree and stand-level variables, including maximum crown radius. Using this equation, the 199 

height of the tree whose crown is being estimated operates as the upper asymptote. A power 200 

regression model of the following form was selected for maximum crown radius: 201 

[2] )(RadiusCrown  Est. Xf=   202 

where Est. Crown Radius is the estimated maximum crown radius and )(Xf is a nonlinear 203 

function of tree and stand-level variables, including crown length.   204 

Several tools were used to guide the selection of tree and stand-level predictor variables for 205 

Eq`s 1 and 2. First, relationships among all pairs of variables were examined using simple scatter 206 

plots and Pearson’s simple correlations (Table 2).  Eq`s 1 and 2 were then transformed to linear 207 

models using logarithms, thus enabling the use of variable selection tools. Maximum R2 208 

improvement was used to obtain the best two-variable model, three-variable model, and so on. 209 

Additionally, variance inflation factors (VIF) were used to assess multicollinearity (Kutner et al. 210 

2005). Based on the relationships among variables, maximum R2 variable selection, and 211 

biological theory, a final set of variables was chosen for Eq`s 1 and 2. 212 

Parameter Estimation for Simultaneous Systems of Equations 213 

Because of the strong concomitant relationship that exists between crown width and crown 214 
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length, using the opposite crown axis as a predictor variable is likely to improve prediction 215 

accuracy and ensure logical consistency.  The result is a simultaneous system of equations, where 216 

the dependent variables appear on the left-hand side of one equation in the system, and also as 217 

predictor variables on the right-hand side of the other equation in the system.   Fitting this 218 

simultaneous system using ordinary least squares (OLS) results in biased estimates of the 219 

coefficients, termed simultaneity bias (Zellner and Theil 1962; Gallant 1975; Judge et al. 1985).  220 

The bias results from the correlation between error terms and any variable that appears as a 221 

predictor variable in that equation, but as a dependent variable in the other equation (Kutner et al. 222 

2005; Studenmund 2006).   To remove simultaneity bias, N3SLS was used as follows: 223 

1. In the first stage of N3SLS, crown radius was estimated using tree- and stand-level 224 

variables (Est. Crown Radius first), but excluding maximum crown length as a 225 

possible predictor (termed instrumental variables), using a linear model. A similar 226 

procedure was used to estimate maximum crown length (Est. Crown Length first).    227 

2. In the second stage, the first stage equation was used to replace maximum crown 228 

radius used as a predictor variable in Eq 1 with Est. Crown Radius first.  Similarly, Est. 229 

Crown Length first replaced crown length in Eq 2.  As a result, the simultaneity bias is 230 

removed.  Each revised equation was then fitted using nonlinear least squares.  The 231 

error terms of these second stage equations were then used to estimate simultaneous 232 

correlation, the correlation of errors across the two equations of the system.   233 

3. The estimated simultaneous correlation is finally used for the third stage, where the 234 

two equations are fitted as a system using a seemingly unrelated regressions 235 

approach.    236 

N3SLS was used to obtain parameter estimates and associated estimated standard errors for the 237 

system of crown allometry equations (i.e., Eq`s 1 and 2) for aspen, Douglas-fir, lodgepole pine 238 
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and hybrid spruce.  239 

Accuracy of Fitted Crown Models  240 

Accuracies of system of crown allometry equations for each of the four species were assessed 241 

by calculating fit statistics for each equation in the system using final parameter estimates from 242 

N3SLS. Estimated errors (residuals) for crown length and radius were summarized to obtain 243 

mean bias and root mean square error (RMSE) defined as:  244 

[3] Mean Bias ∑
=

⎥
⎦

⎤
⎢
⎣

⎡ −
=

n

i

ii

n
YY

1

)ˆ(
 245 

and, 246 

[4] RMSE ∑
=

⎥
⎦

⎤
⎢
⎣

⎡ −
=

n

i

ii

n
YY

1

2)ˆ(
 247 

where iY  is the actual value (i.e., measured crown length or maximum crown radius) for 248 

measurements i to n, iŶ  is the predicted value from the fitted equation; and n is the number of 249 

trees. A pseudo R2 statistic was calculated as: 250 

[5] Pseudo R2 
( )

( )∑

∑

=

=

−

−
−= n

i
i

n

i
ii

YY

YY

1

2

1

2ˆ
1  251 

and used as an additional diagnostic (Schabenberger and Pierce, 2002). The mean bias and RMSE 252 

values were calculated for all trees of the species, and then separately for each of four density 253 

classes with a class width of 500 stems ha-1. This was also repeated for basal area, using 10 m2 ha-254 

1 intervals. To examine the impact of including variables that explicitly reflect crowding, partial-255 

F statistics using residual sums of squares were calculated by first fitting the system of crown 256 
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equations using only the tree-size variables (DBH, Height, crown length, and maximum crown 257 

radius). The variables for crowding were then added to the equations and residual sums of squares 258 

were compared to the fits obtained using tree-level variables only.  259 

Model Evaluation and Validation 260 

To test whether the first stage of the N3SLS regression removed simultaneity biases, a 261 

Hausman specification test was used (Wu, 1973). This test is based on an m-statistic, where m is 262 

the total number of parameters estimated in the system of equations, and is used to test the null 263 

hypothesis of no measurement error in the variables on the right-hand side of the equations. The 264 

m-statistic follows a 2χ distribution under the null hypothesis; the 2χ was compared to a critical 265 

value from a 2χ  table with m degrees of freedom. 266 

To assess the predictive capabilities of the chosen models, the predicted sum of square 267 

statistic (PRESS) (Quan 1988) commonly used to validate single equation models was extended 268 

to the system of equations used in this study. To calculate the PRESS statistic for the system of 269 

equations, the ith observation from the model dataset was deleted, then, the remaining 270 

observations were used to refit the models using the N3SLS estimators. Refitting of the system of 271 

equations in this manner was repeated n times, where n is sample size of the model dataset. Each 272 

time the coefficients for the system of equations were re-estimated, a predicted value, )(
ˆ

iiY , was 273 

obtained for the ith observation that was deleted, where )(ii  is used to denote that predicted value 274 

is for the ith observation that was deleted. The PRESS statistic was calculated from the sum of 275 

squared prediction errors over all n observations: 276 

[6] ( )∑
=

−=
n

i
jjj YYPRESS

1

2

)(
ˆ  277 

where jY is the jth deleted observation. Using the PRESS errors, the percent root mean square 278 
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error was also calculated. The PRESS statistic was compared to the error sum of squares (SSE) 279 

obtained in the original fit of the system of equations. PRESS values close to SSE support to the 280 

internal validity of the model and suggest that the means square error (MSE) is a reasonably good 281 

indicator of the model’s predictive abilities (Soares and Tome 2001).  282 

Results 283 

System of Crown Allometry Equations 284 

For the system of equations, DBH, Height, and the ratio of height to DBH (H/D) (i.e., 285 

slenderness coefficient) were selected as predictor variables to account for the effects of tree size 286 

on maximum crown radius and crown length. As noted, crown radius was included as a predictor 287 

for crown length and vice versa, resulting in a simultaneous system of equations.  The effects of 288 

crowding on crown size were best estimated through a combination of TPH, BA and BALHT. 289 

The variable BALHT was preferred over the more commonly used basal area of trees larger by 290 

diameter, as it was regarded to be a better surrogate for the effects of shade cast by neighbouring 291 

trees (Vanclay et al. 1995; Schwinning and Weiner 1998; Coomes and Allen 2007). 292 

From the list of variables selected for use in the system of equations, DBH, DBH2, 1/DBH, 293 

Height, Height2, H/D, BALHT, TPH and BA were used as instrumental variables in the first stage 294 

equations for the N3SLS regression. These first stage equations were:  295 

[7]       
DBHHeightTPHBABALHTDBH1

HeightDBHHeightDBHRadiusCrown  Est.

11111

11111first

×+×+×+×+×+
×+×+×+×+=

jihgf
edcba 22

 296 

[8]      
DBHHeightTPHBABALHTDBH1

HeightDBHHeightDBHDepthCrown  Est.

22222

22222first

×+×+×+×+×+
×+×+×+×+=

jihgf
edcba 22

 297 

where Est. Crown Radius first  is the first-stage estimated maximum crown radius, and Est. Crown 298 

Length first is the first-stage estimated crown length, and 1a to 1j and 2a to 2j  are sets of species-299 
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specific parameters for the first-stage equations (Table 3).  300 

For the system of equations fit in the second- and third-stage, DBH, Height, Est. Crown 301 

Radius first, Est. Crown Length first, BALHT, TPH and BA were used, resulting in the following 302 

system of equations: 303 

[9]          

TPHBABALHT
RadiusCrown  Est.HeightDBH)( where

)1(
HeightLengthCrown  Est.

333

first33333

)( 3

×+×+×+
×+×+×+=

+
=

gfe
dcbaxf

e xf

 304 

 [10]  
44

444

TPHBA

BALHTLengthCrown  Est.HeightDBHDepthCrown  Est. first4
gf

ecba

××

××××=
 305 

where 3a to 3g and 4a to 4g are sets of species-specific parameters (Tables 3 and 4). The 306 

Hausman test indicated that simultaneity biases were removed through the first-stage equations. 307 

Diagnostics (Mean bias (m), RMSE (m), RMSE (%), and Pseudo R2) obtained using N3SLS 308 

suggested that fitting the models for crown length and maximum crown radius in a system of 309 

equations provided accurate and precise estimates over the full range of stand densities in the data 310 

set (Table 6).  The estimated standard deviations (RMSE (m)) appeared to be small for both 311 

maximum crown radius and crown length. As a percentage (RMSE (%), however, the variation in 312 

maximum crown radius and crown length from tree to tree was large compared to the estimated 313 

means. Fit statistics were also calculated by BA and TPH classes (Table 7). Generally, biases 314 

within each BA and TPH class were low among the four species tested and tended to be similar to 315 

overall biases given in Table 6. For all four species, there were no systematic patterns of over- or 316 

under-estimation of crown length or maximum crown radius among the different density classes. 317 

Consider, as an example, the seven mean biases of maximum crown radius calculated for BA 318 

classes 25 m2 ha-1 and 35 m2 ha-1 for the four species. Out of these seven mean biases, four were 319 
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positive while three were negative. Then, looking at the seven mean biases of maximum crown 320 

radius calculated for BA classes 5 m2 ha-1 and 15 m2 ha-1, a similar proportion of mean biases 321 

show over- and under-estimation. This balance of over- and underestimation among dense and 322 

open stands suggests that systematic patterns of bias were eliminated.323 

Partial-F tests were used to test the null hypothesis that the variables that expressed crowding 324 

did not contribute to the predictive abilities of the models used in the system of equations. Results 325 

suggested that in the presence of the tree-level variables, the measures of crowding improved the 326 

predictive abilities of the system of equations. For crown length, the F-test values for aspen, 327 

Douglas-fir, lodgepole pine and hybrid spruce, were 11.9, 16.6, 94.6 and 53.5, respectively, 328 

indicating that the stand-level measures of crowding significantly improved the predictive 329 

abilities of the model (all p values <0.05). The proportion of variability in crown length explained 330 

by the crowding variables (partial R2 values) for these were 0.52, 0.50, 0.39 and 0.08 for aspen, 331 

Douglas-fir, lodgepole pine and hybrid spruce, respectively. For maximum crown radius, the 332 

variables that expressed crowding improved prediction for Douglas-fir (partial-F test = 4.85, 333 

p<0.05).  No obvious improvement was obtained for aspen, lodgepole pine and hybrid spruce by 334 

including these crowding variables.  The effects of crowding appear to have been accounted for 335 

through the use of DBH, Height and first stage estimated crown length as predictor variables. 336 

Model Evaluation and Validation 337 

A comparison of the PRESS validation to the SSE obtained using the original N3SLS 338 

estimates is presented in Table 8.  For aspen, lodgepole pine, and hybrid spruce, the PRESS 339 

values for maximum crown radius are reasonably close to the sum of squared errors (SSE) and 340 

lend support toward the internal validity of the model. For Douglas fir, however, the differences 341 

between the PRESS and SSE values were more substantial. Furthermore, there was a large 342 

amount of variation in the predictions of maximum crown radius as indicated by the large values 343 

for PRESS RMSE (%).  The PRESS statistic for crown length was close to the SSE values for 344 
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aspen and lodgepole pine. Larger differences were noted for Douglas fir and hybrid spruce, 345 

suggesting that the regression coefficients are less stable for these species. 346 

Discussion 347 

Our primary objective for using crown length and crown radius as dependent regressors and 348 

fitting the equations as a system was to take advantage inherent relationship that exists between 349 

these two axes to improve model predictions. Crowns are the epicenter of photosynthate 350 

production. As long as trees have relatively unlimited access to sunlight, there is a self-351 

perpetuating cycle of crown expansion and tree growth. Once respiratory requirements are 352 

satisfied, photosynthate is added systematically to various parts of the tree. Usually, the crown is 353 

the first appendage to receive photosynthate. The elongation of the terminal contributes to height 354 

growth. Concurrently, growth of lateral branches contributes to increases in crown diameter, 355 

assuming they are unobstructed by neighbouring trees. Next, the tree bole expands through the 356 

addition of remaining photosynthate and xylem, beginning from the top of the bole and moving 357 

downward (Oliver and Larson 1996). Because branches near the base of the crown tend to be 358 

under increased shade, they cannot photosynthesize at a rate to support growth and subsequently 359 

die and break off. This process contributes to crown rise. Trees of high social position are more 360 

likely to experience height growth at a rate that is disproportionately larger than the rate of crown 361 

rise (Mäkelä and Vanninen 1998). This contributes to the elongation of the crown. Hence, for 362 

dominant trees there is generally a close association between crown elongation along the vertical 363 

axis and crown elongation along the horizontal axis.  364 

The normally strong relationship between crown length and maximum crown radius in trees 365 

of higher social rank can, however, be disrupted by several factors. For example, the terminal 366 

shoot in shade-intolerant trees with weak epinastic control may lose control over the growth of 367 

lateral branches when they are overtopped. When this occurs, two events take place. First, crown 368 
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recession occurs at a higher rate since height growth is curtailed. This shortens the length of the 369 

crown. Second, the elongation of lateral branches is curtailed usually due to limitations in the 370 

amount of photosynthate remaining after respiratory requirements have been satisfied (Oliver and 371 

Larson 1996). However, the relative reduction in growth is greater for the terminal. 372 

Consequently, the normally strong correlation between crown length and crown radius is 373 

diminished. Trees with strong epinastic control that have been overtopped will also display a 374 

disassociation of vertical and horizontal crown elongation, but to a lesser extent. A second factor 375 

that can contribute to the disassociation of horizontal and vertical crown elongation is density. 376 

The general trend is for trees in stands with low density to have longer and wider crowns than 377 

trees in stands with high density. In open stands, the length of the crown along the bole is longer 378 

since side shade from neighbouring trees is cast lower on the stem. Thus, lower branches can 379 

continue to photosynthesize while the terminal shoot elongates. The width of the crown is wider 380 

since lateral branch growth goes on unabated for a longer period before coming into contact with 381 

neighbouring trees. These trends have been well documented for several species (Yang and 382 

Hazenberg 1992; Mainwaring and Maguire 2004; Rudnicki et al. 2004). However, Rudnicki et al. 383 

(2003) noted that crown abrasion in lodgepole pine stands can severely reduce the area potentially 384 

available for lateral crown growth. This phenomenon was more likely to occur on trees that 385 

originally developed within dense stands, but were then thinned through either disturbance or 386 

stem exclusion. This is because tree growth under high density results in trees with smaller DBH 387 

and increased slenderness. When disturbance or stem exclusion opens up the stands, the standing 388 

trees are less wind-firm. Thus, during wind events these trees are more likely to sway and 389 

experience increased physical abrasion of the lateral branches with neighbouring trees. Under 390 

these conditions, lateral crown growth will be curtailed while vertical crown elongation may 391 

continue. Correlations between crown length and crown radius would, therefore, diminish.        392 

In our analyses, most of the lodgepole pine (a species with weak epinastic control) were 393 
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either dominant or co-dominant trees. The same can be said for most of the aspen and Douglas-fir 394 

species we sampled. For these species the expectation was that epinastic control was maintained. 395 

This provides a basis to explain why using crown length and crown width as dependent regressors 396 

contributed significantly to the overall fit of the models. For lodgepole pine, their contribution to 397 

the model was likely diminished somewhat since pine-dominated stands that were moderately or 398 

severely thinned by MPB attack would have likely experienced some lateral crown abrasions 399 

from tree sway. This may explain the slightly weaker correlation between crown length and 400 

crown radius for pine. The white spruce we sampled was more variable in its social position, 401 

ranging from sub-canopy to dominant. White spruce, however, tends to maintain epinastic control 402 

for longer periods under overhead shade (Oliver and Larson 1996). This provides some 403 

explanation as to why the correlation between crown length and crown radius was high for white 404 

spruce, and thus, significantly contributed to the overall improvement of the system of 405 

simultaneous equations models.   406 

The successful use of only DBH or Height in models of crown allometry is well documented 407 

for several species (Gill et al. 2000; Soares and Tome 2000). The elongation of the terminal and 408 

the progressive increase in xylem thickness along the bole in response to increased 409 

photosynthesis production following an increase in crown size provides a basis for the 410 

relationship between tree height and DBH and crown length and crown radius, respectively. 411 

Under many circumstances, using tree height and DBH as predictors of crown size will indirectly 412 

account for the effects of density on crown size (Gartner et al. 2002). An increase of available 413 

growing space will allow for an increase in foliar area resulting in increased height and radial 414 

growth along the bole, while a decrease in available growing space will have the opposite effect.  415 

However, a disassociation between bole size and crown size can occur depending on factor such 416 

as density, age, and species composition (Mäkelä and Valentine 2006). For the four species in our 417 

data set, it appears as though crown radius did scale well with tree height and DBH in most of the 418 
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stands we sampled. This was particularly true for Douglas-fir and white spruce. Consequently, 419 

adding three measures of density contributed little to the overall improvement of the crown radius 420 

model, given that the individual tree-size measurements were already in the model. On the other 421 

hand, crown length scaled well with individual tree-size variables but left some variability 422 

unexplained. 423 

Our findings regarding the variability in crown length left unexplained by tree bole 424 

dimensions fall in line with several other studies. For example, the removal of lower branches on 425 

Douglas-fir has been shown to not significantly impact diameter growth (Gartner et al. 2002, 426 

O’Hara 1991). The apparent disassociation between crown length and bole size seems to be 427 

because branches toward the bottom of the crown may only produce enough photosynthate for 428 

maintenance respiration and do not contributing photosynthate to the tree bole. Thus, total crown 429 

length may increase with little change in DBH. Furthermore, Mäkelä and Valentine (2006) 430 

compared larger trees from stands of different ages but similar density and found that crown ratio 431 

decreased with increasing size. Conversely, a comparison of even-aged stands of varying density 432 

showed that larger trees tended to have larger crowns. Since our dataset included trees with a 433 

range of ages and stands with varying densities, we are likely to see both instances occur. That is, 434 

for some dominant trees, crown length would have shortened with decreasing density, while for 435 

others crown length would have increased with increasing density. Consequently, allometric 436 

models that only use DBH and Height as predictor variables would only explain some of the 437 

variability in crown length.       438 

In an attempt to account for the variability in crown length and maximum crown ratio that 439 

could not be explained by individual tree bole dimensions, three stand-level measures of density 440 

were added to the allometric models. From a biological point of view, BALHT, BA, and TPA 441 

each capture a potentially different effect of density on crown size. Coomes and Allen (2007) 442 

note that BALHT is a good surrogate for the effects of competition for light as only taller trees 443 
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can intercept light before it reaches the target tree. BALHT, therefore, would capture the 444 

variability in crown length attributable to social position. The inclusion of BALHT seemed 445 

particularly warranted since the intended application of the crown models was to the light 446 

mediated growth model, SORTIE-ND. BA and TPH were added to provide the models with more 447 

flexibility over a range of stand densities. We decided to use BA and TPH rather than a complex 448 

competition index in order to simply model interpretation. Furthermore, many competition 449 

indices were developed as stocking guides (e.g., Stand Density Index, Reference), and do not 450 

necessarily reflect the competition related factors in natural stands (Zeide 2005).    451 

The crown allometry equations in freely available versions of SORTIE-ND use only a single 452 

tree size variable to predict tree crowns. Fitting these equations to a model dataset where the level 453 

of crowding is variable tends to result in systematic patterns of over- and underestimation of 454 

crown size among crowded and open stands, respectively. Previous tests of the SORTIE-ND 455 

model to estimate natural regeneration in stands similar to the ones we examined for this study 456 

resulted in predicted regeneration densities that were much lower than observed in stands where 457 

the level of crowding was high (LeMay et al. 2006). This was largely attributed to the low light 458 

levels in the understory predicted by SORTIE-ND, which lead to low growth rates and high 459 

mortality rates among juvenile trees. A probable explanation for the low light levels in dense 460 

stands was the inability of the single variable crown allometry equations to account for the 461 

reduction in crown size that could not be attributed to a reduction in tree bole size. Because the 462 

models of crown allometry presented in this study use multiple measures of tree size and density, 463 

using them in SORTIE-ND should improve predictions of juvenile growth by accurately 464 

predicting the crown size for a range of stand densities. 465 

Results of the model validation process were not overly convincing for Douglas fir. The 466 

Douglas-fir we sampled were larger in size than most of the other tree species sampled. Since 467 

there tends to be more variability in crown dimensions and tree bole sizes among larger trees, it 468 
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was not surprising that the estimated regression coefficients for Douglas-fir were less stable than 469 

the coefficients for the other three species. For aspen, lodgepole pine, and hybrid spruce, the 470 

regression function used to estimate maximum crown radius appeared to be well suited to the 471 

range of data and the coefficients estimated for the system of equations were stable. The same 472 

conclusions were reached regarding estimates of crown length for aspen and lodgepole pine. 473 

There was greater uncertainty in the usability of the crown length model for hybrid spruce, 474 

possibly because of a combination of small sample size and large variability in the measurements 475 

of crown size and tree bole size. Further evaluation of the model using a true validation dataset 476 

may shed light on where future improvements to the system of equations could be made to ensure 477 

that estimates of both crown axes are reliable for the most common tree species within the study 478 

area.  479 

Conclusions 480 

The standard crown allometry models used by SORTIE-ND are based on the structural 481 

relationship between the size of the tree bole and crown size. The density-dependent crown 482 

models presented in this study go beyond this basic relationship on two levels. First, by using 483 

crown length and maximum crown radius as dependent regressors, the models reflect the dual 484 

causality that arises between the two crown axes, resulting from physiological and mechanical 485 

processes. Second, the models explicitly account for the effects of crowding on crown size. In the 486 

field of forest biometrics, fitting equations using a N3SLS estimator is not uncommon. However, 487 

there are very few examples in the scientific literature where this parameter estimation method 488 

was used to predict tree crown size. Biologically, using a N3SLS estimator made sense as it 489 

allowed two strongly interdependent variables, crown length and maximum crown radius, to be 490 

used to improve the prediction of the other axis. 491 

The impetus to develop the density-dependent crown allometry models came partially from 492 
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the need to have a set of models suitable for use in stands that have been disturbed by MPB. The 493 

assumption was that following MPB disturbance, crowding among overstory trees decreases, 494 

allowing crowns on surviving trees to increase in size. The accurate predictions of crown length 495 

and maximum crown radius that were obtained by fitting the density-dependent crown models 496 

using data from stands that have been attacked by MPB support this assumption. For these stands 497 

in the Williams Lake study area, lodgepole pine is by far the most dominant species by 498 

proportion, with hybrid spruce, Douglas-fir and aspen generally forming minor components. 499 

Consequently, any of the noted deficiencies related to the estimates of crown length and 500 

maximum crown radius of Douglas-fir and aspen would likely have minimal impact in terms of 501 

changes to the total crown area for a stand. At least for lodgepole pine and hybrid spruce, the 502 

objective of obtaining accurate estimates of crown length and radius for a range of stand densities 503 

for unmanaged, MPB-disturbed stands in the Williams Lake area of BC appears to have been 504 

met. Based on the fit statistics, the density-dependent crown models were appropriate for aspen, 505 

Douglas-fir, lodgepole pine and hybrid spruce within the study area. A true validation dataset was 506 

not available for this study. As an acceptable substitute, n-way validation using a PRESS statistic 507 

was used. This provided support for the internal validity of the model. Validation beyond the 508 

sample population is still needed (Rykiel 1996; Yang et al., 2004).  509 
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Table 1.  Summary statistics for trees in the model dataset by biogeoclimatic ecological zone. 

(Std.= standard deviation). 

Interior Douglas-fir 
Zone 

 DBH (cm)  Height (m)  

Maximum 
crown radius 

(m)  
Crown length 

(m) 

Species 
Number 
of trees  Mean 

 
Std  Mean 

 
Std  Mean 

 
Std  Mean 

 
Std 

Aspen 18  14.51  4.83  13.82  4.13  1.8  0.45  5.42  2.17 

Douglas-
fir 39  18.95  12.7  13.99  6.7  1.83  0.58  8.7  3.95 

Lodgepole 
pine 102  13.74  5.22  12.69  3.71  1.19  0.46  5.03  2.13 

Hybrid 
spruce 8  12.56  3.87  9.32  20.6  1.60  0.43  8.39  1.85 

Sub-Boreal Spruce 
Zone  DBH (cm)  Height (m)  

Maximum 
crown radius 

(m)  
Crown length 

(m) 

Species 
Number 
of trees  Mean 

 
Std  Mean 

 
Std  Mean 

 
Std  Mean 

 
Std 

Aspen 22  16.51  6.05  16.97  5.31  1.87  0.46  5.81  2.46 

Douglas-
fir 17  18.42  9.18  19.31  7.68  1.69  0.52  8.31  5.10 

Lodgepole 
pine 350  14.55  5.28  12.78  4.41  1.12  0.39  5.44  2.33 

Hybrid 
spruce 70  16.21  7.54  13.85  6.02  1.50  0.51  10.01  4.19 
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Table 2.  Pearson’s correlations between the two crown axes and the predictor variables explored 

for the crown models, including basal area of trees taller than the subject tree (BALHT), 

quadratic mean diameter (QMD).  

Crown length 
 

   
 

   
 

   
 

 

Species   DBH 

 

Height  

Maximum 
crown 
radius 

 
Basal 
area  

Stems 
ha-1 

 

BALHT  QMD 

 
Curtis’ 

RD 

Aspen  0.249  0.446  0.404  -
0.200  -

0.177  -0.465  -
0.142  -0.002 

Douglas-
fir  0.801  0.721  0.677  0.03  -

0.331  -0.608  0.251  -0.066 

Lodgepole 
pine  0.364  0.224  0.399  0.006  -

0.137  -0.105  0.176  -0.029 

Hybrid 
spruce  0.792  0.665  0.595  0.153  -

0.059  -0.279  0.227  0.121 

Maximum crown 
radius  

 
   

 
   

 
   

 
 

Species  DBH 
 

Height  
Crown 
length 

 Basal 
area  

Stems 
ha-1 

 
BALHT  QMD 

 Curtis’ 
RD 

Aspen  0.563  0.310  0.404  0.019  0.132  -0.125  0.119  0.170 

Douglas-
fir  0.795  0.649  0.677  0.009  -

0.335  -0.596  0.248  -0.085 

Lodgepole 
pine  0.647  0.315  0.399  0.018  -

0.158  -0.195  0.189  -0.029 

Hybrid 
spruce  0.648  0.322  0.595  -

0.022  -
0.273  -0.208  0.203  -0.079 
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Table 3.  Estimated coefficients and associated standard errors (in parentheses) for first-stage 

equations (Eq. 7 and 8). 

 
 Crown length Maximum crown radius 

Variablea  Aspen Douglas-fir 
Lodgepole 

pine 
Hybrid 
spruce Aspen Douglas-

fir 
Lodgepole

pine 
Hybrid 
spruce 

Intercept  27.11 (22.5) 7.57 (9.1) 3.60 (5.8) 19.5 (14.4)  -2.72 (2.86) 0.95 (0.729) 1.07 (0.394) 0.652 (0.95) 

DBH (cm)  -2.47 (1.8) 1.21 (0.5) 0.02 (0.4) -2.59 (1.19)  0.21 (0.23) -0.047 (0.05) 0.019 
(0.029) 0.005 (0.08) 

DBH2  0.05 (0.1) -0.01 (0.01) 0.005 (0.01) 0.039 (0.017)  -0.003 (0.01) 0.001 
(0.001) 

0.001 
(0.001) 

0.001 
(0.001) 

1/DBH  -102.1 (96.4) -84.68 (61.5) -4.93 (28.10) 25.5 (68.99)  13.3 (12.2) 3.71 (4.95) -4.98 (1.91) 1.09 (4.51) 

Height (m)  1.31 (1.14) -2.14 (1.26) 0.254 (0.38) 4.687 (1.54)  0.019 (0.15) 0.129 (0.10) -0.071 (0.03) 0.077 
(0.101) 

Height2  -0.014 (0.02) 0.038 (0.02) -0.012 (0.01) -0.086 (0.03)  -0.0002 
(0.003) 

-0.002 
(0.002) 

0.001 
(0.001) 

-0.001 
(0.002) 

H/D  -0.710 (6.7) 13.25 (9.69) 0.509 (2.67) -29.62 
(11.13)  0.197 (0.86) -1.19 (0.78) 0.339 (0.18) -0.831 (0.73)

BALHT  0.056 (0.03) 0.014 (0.03) -0.001 (0.01) -0.006 
(0.019)  0.007 (0.01) -0.002 

(0.003) 
-0.0001 
(<0.000) 

0.001 
(0.001) 

Basal area 
(m2 ha-1) 

 -0.341 (0.15) -0.124 (0.09) -0.002 (0.04) -0.03 (0.080)  -0.033 (0.02) -0.0014 
(0.01) 

0.001 
(0.003) 0.004 (0.01) 

Stems ha-1  -0.003 (0.01) 0.002 (0.003) -0.001 
(<0.00) 

-0.001 
(0.002)  0.001 

(0.001) 
0.0001 

(<0.000) 
-0.0001 
(<0.000) 

-0.001 
(0.001) 

 
a H/D is Height (m) over DBH (cm); BALHT is basal area (m2 ha-1) for trees taller than the 
subject tree 
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Table 4. Estimated coefficients and associated standard errors (in parentheses) from N3SLS fits 

of the crown length model in system of equations. 

Variablea  Aspen Douglas-fir 
Lodgepole 

pine 
Hybrid spruce 

Intercept  0.041 (0.74) -4.940 (2.41) -0.625 (0.65) -2.491 (1.09) 

DBH (cm)  0.092 (0.05) -0.115 (0.07) 0.020 (0.07) -0.074 (0.10) 

Height (m)  -0.064 (0.05) 0.075 (0.05) 0.115 (0.04) 0.163 (0.08) 

Estimated 
maximum crown 
radius first (m) 

 
-1.014 (0.84) 1.945 (1.30) -1.003 (0.92) -0.459 (0.94) 

BALHT  0.001 (0.01) 0.006 (0.01) 0.001 (0.001) 0.004 (0.01) 

Basal area 
(m2 ha-1) 

 0.012 (0.06) 0.053 (0.03) -0.007 (0.01) 0.015 (0.03) 

Stems ha-1  0.002 (0.001) <0.000 (0.001) 0.001 (0.001) 0.001 (0.001) 

 
a BALHT is basal area (m2 ha-1) for trees taller than the subject tree  
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Table 5. Estimated coefficients and associated standard errors (in parentheses) N3SLS fits of the 

maximum crown radius model in system of equations. 

Variablea  Aspen Douglas-fir 
Lodgepole 

pine 
Hybrid spruce 

Intercept  0.069 (0.09) 0.873 (1.15) 0.487 (0.16) 0.415 (0.28) 

DBH (cm)  0.603 (0.14) 0.942 (0.25) 0.948 (0.09) 0.760 (0.19) 

Height (m)  -1.125 (0.62) 0.065 (0.16) -0.499 (0.07) -1.057 (0.23) 

Estimated 
maximum crown 
length first (m) 

 
0.650 (0.28) -0.663 (0.20) 0.109 (0.15) 0.797 (0.34) 

BALHT  -0.028 (0.10) -0.006 (0.01) -0.007 (0.02) 0.017 (0.01) 

Basal area 
(m2 ha-1) 

 0.195 (0.28) -0.389 (0.18) 0.044 (0.07) 0.236 (0.10) 

Stems ha-1  0.472 (0.28) 0.075 (0.18) -0.103 (0.05) -0.099 (0.10) 

 
a BALHT is basal area (m2 ha-1) for trees taller than the subject tree  
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Table 6.  Mean bias (observed - predicted), Root Mean Squared Error (RMSE in metres), Percent 

Root Mean Square Error, and Pseudo R2 results using N3SLS parameter estimates. 

Species and dependent 
variable  Bias (m)  RMSE (m)  RMSE %  Pseudo- R2 

Aspen         
Maximum crown radius  0.001  0.329  19  0.419 

Crown length  -0.004  1.401  25  0.624 

Douglas-fir         
Maximum crown radius  -0.001  0.570  31  0.228 

Crown length  -0.014  3.628  43  0.284 

Lodgepole pine         
Maximum crown radius  -0.001  0.285  25  0.519 

Crown length  0.029  2.112  39  0.154 

Hybrid spruce         
Maximum crown radius  -0.003  0.347  27  0.532 

Crown length  0.029  2.153  33  0.716 
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Table 7.  Mean bias (observed - predicted) and RMSE (in parentheses) in metres by density class 

(stem ha-1) and by basal area (m2 ha-1) class using N3SLS parameter estimates. 

 Mean Bias (RMSE)   Mean Bias (RMSE) 

Stems ha-1 No. 
trees  Maximum 

crown radius 
 Crown 

length  

Basal 
area 
(m2 
ha-1) 

No. 
trees  Maximum 

crown radius  Crown 
length 

Aspen             

250 6  0.062 (0.12)  -0.023 (0.31)  5 6  0.062 (0.12)  -0.023 (0.31) 

750 30  -0.009 (0.31)  -0.044 (1.35)  15 26  0.006 (0.31)  -0.159 (1.38) 

1250 4  -0.020 (0.47)  0.323(1.89)  25 8  -0.060 (0.35)  0.511 (1.37) 

1750 0  -  -  35 0  -  - 

Douglas-fir             

250 0  -  -  5 0  -  - 

750 51  -0.021 (0.54)  -0.091 (3.50)  15 18  0.029 (0.35)  0.393 (2.02) 

1250 5  0.183 (0.49)  0.772 (2.64)  25 21  0.025 (0.68)  -0.186 (4.37) 

1750 0  -  -  35 17  -0.067 (0.51)  -0.233 (3.42) 

Lodgepole 
pine             

250 68  -0.106 (0.26)  0.306 (1.99)  5 95  -0.010 (0.26)  0.397 (1.43) 

750 237  0.063 (0.29)  -0.177 (2.20)  15 207  0.021 (0.30)  -0.272 (2.26) 

1250 131  -0.049 (0.24)  0.333 (1.83)  25 139  -0.031 (0.25)  0.242 (1.99) 

1750 16  -0.102 (0.20)  -0.575 (2.29)  35 11  0.074 (0.38)  -0.164 (3.87) 

Hybrid 
spruce             

250 10  -0.031 (0.19)  -0.028 (0.40)  5 8  -0.071 (0.14)  -0.148 (0.37) 

750 62  0.007 (0.34)  0.084 (2.26)  15 27  0.084 (0.25)  -0.067 (1.11) 

1250 6  0.081 (0.43)  -0.439 (1.57)  25 26  -0.106 (0.34)  0.390 (1.69) 

1750 0  -  -  35 17  0.053 (0.43)  -0.221 (3.69) 
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Table 8.  PRESS, SSE and Percent RMSE obtained using PRESS errors. 

Species and dependent 
variable 

 PRESS  SSE  PRESS 
RMSE % 

Aspen       
Maximum crown radius  4.87  3.58  21 

Crown length  94.79  64.73  30 

Douglas-fir       
Maximum crown radius  55.62  15.97  59 

Crown length  718.03  644.25  44 

Lodgepole pine       
Maximum crown radius  37.88  36.19  25 

Crown length  2082.91  1981.21  40 

Hybrid spruce       
Maximum crown radius  11.95  8.64  27 

Crown length  753.45  329.31  33 
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Figure 1.  Location of stands sampled for the Williams Lake dataset (LeMay et al. 2007) 
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Figure 1 
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