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Abstract

Growth intercept models relate site
index to early tree height growth.

To develop this model for lodgepole
pine (Pinus contorta var. latifolia), 45
stem-analysis plots were sampled in
northern British Columbia and anoth-
er 45 plots were sampled in southern
British Columbia. Tests were per-
formed to detect differences in the site
index—growth intercept relationship
between the northern and southern
plots. No practical differences were
found, therefore one model suffices
for both regions. This model should
replace the existing model for lodge-
pole pine because it is more widely
applicable in British Columbia.

Introduction

Growth intercept models relate site
index to the early height growth of
trees on the site, and therefore allow
site index to be estimated from height
growth. A growth intercept model
has been developed for lodgepole pine
in British Columbia (Nigh 1995a)
using data from the northern part of
the province. Another stem-analysis
data set was collected in south-central
British Columbia. This presented an
opportunity to test for differences in

the site index—growth intercept relat-
ionship for lodgepole pine growing in
geographically distinct regions of the
province, and to develop a growth
intercept model that is more widely
applicable across British Columbia.

Data

The data consist of 9o stem-analysis
plots, 45 of which were collected in the
Lakes, Prince George, and Quesnel
forest districts (Nigh 1995a) and 45 in
the Clearwater, Kamloops, Merritt,
and Penticton forest districts.! I refer
to the former data set as the northern
data and the latter as the southern
data. The northern and southern sam-
ple plots were 0.03 ha and 0.0363 ha,
respectively; three trees were selected
from each plot. The different plot
sizes were caused by a change in stem-
analysis standards. The trees in the
northern plots were stem analyzed by
cutting the tree into 10 sections and
obtaining ring counts for each section.
The height-ring count data were
converted into height—age data as dis-
cussed by Nigh (1995b) for breast
height ages 0—50. In the southern
plots, the height of the trees at breast
height ages 0—50 were obtained by
identifying and measuring the height
of the annual branch whorls. In both
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cases, the tree heights of the three
sample trees were averaged by breast
height age to give top height by breast
height age for each plot. The growth
intercept and site index were then cal-
culated using equations 1 and 2,

respectively.
H -1.3
G, ="~ x 100, W
LA A _ Pl
SL;=His» (2)
where:
GI;, = growth intercept (cm/yr) for

plot i at breast height age A,
top height (m) of plot 7 at
breast height age A,

A = breast height age (years),

P, = proportion of growth between
breast height ages 0 and 1
that occurred below breast
height for plot , and

SI. = site index (m) of plot i.

=
I

Methods

The data analysis proceeded in a man-
ner similar to that described in Nigh
(1997). The major exception is in the
testing for differences between the
northern and southern regions.

This was done using indicator vari-
ables in the growth intercept model
(equation 3).

SI;=13 + ot Rx GL bR+ £, (3)

where:
R = 1if plot iis from the northern
region,
R =0 if plot iis from the southern
region,
by by, b,, b, are model parameters;
and

&, = error term for plot i.

This model was fitted to the data
using nonlinear least-squares regres-
sion. If any parameters were not
significant, then the least significant

parameter was deleted and the regres-
sion was redone. This process
continued until all remaining parame-
ters were significant. The fitting was
done for each breast height age be-
tween 1 and 50, resulting in 50 models.
Tests were performed on each final
model to ensure that the standard re-
gression assumptions (Sen and
Srivastava 1990) were met and that the
model behaved close-to-linearly
(Ratkowsky 1983). Residual plots also
helped to assess the model assump-
tions.

Results

The analyses of the models indicated
that no differences in the site index—
growth intercept relationships existed
between the northern and southern
regions, except possibly for breast
height ages 1, 4-9, and 50. Therefore,
only one set of models is required for
both regions; that is, model (3) above
with parameters b, and b, removed
from the equation. Table 1 gives the
simplified versions of the models and
their root mean square error, which is
a measure of model accuracy. Tests
indicate that the models are unbiased.
The residuals are, for most models,
normally distributed and homo-
scedastic. I concluded that the
regression assumptions were satisfac-
torily met, although some tests
indicated that the residuals were not
normally distributed or homo-
scedastic. With so many tests, some
will indicate non-normality/het-
eroscedasticity even when the
residuals are normally distributed/ho-
moscedastic. As well, the graphical
analysis showed that the violations of
the normality and homoscedastic as-
sumptions were not serious. Tests for
nonlinearity showed that the models
behaved in a close-to-linear fashion.




TABLE 1 Lodgepole pine growth intercept models for breast height ages 1-50

Age? Model RMSEP Age Model RMSE
1 SI=13+3.229 x GI0477% 1900 26 $I=1.3+0.9590 x GIS7817  0.9460
2 SI=13+2.726x GIS>%t  1.820 27 SI=13+ 09167 x GI7*®  0.9200
3 SI=13+2.671 x GIS>%% 1781 28 $I=13+0.8712 x GISS»  0.8821
4 SI=13+2472% GIS72 1724 29 $I=13+0.8356 x G986 0.8551
5 $I=13+2353x GI%>76  1.649 30 $I=1.3+0.8005 x GI3St  0.8224
6  SI=13+2369 GIOS340 1,640 31 $I=1.3+0.7801 x GI$#7  0.7925
7 SI=13+2287 % GI9>19 1590 32 §1=13+07557 x GIS36  0.7572
§  SI=13+2.130x GI%>% 1539 33 §1=13+07238 x GI9Seee 0.7057
9 SI=13+2.022x GISS736 1.500 34 SI=13+0.7019 x G376t 0.6667

10 SI=13+1.923 x GIP85  1.447 35 $I=1.3+0.6859 x GIS12 0.6380
11 SI=13+1.797 x GIVo2 1381 36 $I=13+0.6667 x GI3®  0.6103
12 SI=13+1.724x GIVP14 1314 37 $I=13+0.6467 x GI$  0.5695
13 SI=13+1.663 x GI0O3  1.273 38 SI=1.3+ 06289 x GI%'»  0.5267
14 $I=13+1582 GIVS0  1.244 39 §I=13+0.6147 x GI»>  0.4897
15 §I=13+1.530x GIVS*s 1213 40 SI=13+0.6009 x G 0.4491
16 $I=13+1.466 x GI0O2 1,184 41 $1=13+05852 x GI»7  0.4167
17 SI=13+1.393 x GIVO74  1.156 42 $1=13+05731 x GI9Hs  0.3789
18 SI=13+1.327 x GIVOSst 1133 43 $1=13+05592 x GI9Y»*  0.3430
19 SI=13+1271x GIO®™® 1126 44 $1=13+0.5455 x GIt  0.2968
20 $I=13+1.216x GIST'2 1109 45 SI=13+0.5350 x GI92%3  0.2564
21 SI=13+1.167 x GIS7>0 1086 46 SI=13+0.5236 x GIS7®  0.2150
22 SI=13+1122% GIS735  1.054 47 $§1=13+05152 x GIY$33  0.1693
23 SI=13+1.079 x GI97*  1.033 48 $1=13+05075 x GI®>  0.1220
24 $I=13+1.045x GIS7>7  1.015 49 $1=13+0.4986 x GIS%  0.07291
25 SI=13+1.002 x GI3J7  0.9861 50 $I=13+0.4924 x GI 0> 0.04916

a Age at breast height age = number of annual growth rings at breast height.

b RMSE = root mean square error.
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FIGURE 1 Site index—growth intercept relationship for breast height age 10 for the
northern region (), southern region (°), and the fitted model (—).

Discussion and Conclusion

One of the most important results that
arose from this work is the closeness in
the site index—growth intercept rela-
tionship between northern and
southern sites. For most of the
models, no statistically significant dif-
ference existed in this relationship.
This is illustrated in the site index—
growth intercept relationship for
breast height age 10 (Figure 1), where
the northern and southern data points
have the same scatter around the fitted
model. For models that were signifi-
cantly different, the largest difference
in estimated site index over a growth
intercept range of 0—80 cm/yr is under
1m. This comparison involved the
final formulated models and the indi-

vidual models for the northern and
southern regions. Therefore, the dif-
ference is not a practical concern.
Furthermore, any difference between
the regions would most likely manifest
itself across the whole range of breast
height ages, or at least a large part of
the range. As this was not the case
here, the apparent difference is most
likely an abnormal characteristic of the
data.

The model for breast height age 50
does not give exact estimates of site
index. Site index is top height at breast
height age 50; therefore, if a top height
is entered into the model for breast
height age 50, the resulting site index
estimate should be the same as the top
height figure entered. However, this is
not the case. This anomaly results




TABLE 2 Estimated site indices from the lodgepole pine growth intercept model

Tree height (m)

Agea

(yts) 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
1 355 Site index (m at bha 50)

2 205 31.5 394

3 159 242 30.3 354 39.8

4 133 204 25.7 30.2 34.0 37.5

5 116 17.9 226 265 29.9 33.1 36.0 38.6

6 10.5 16.1 20.2 23.7 26.8 29.5 32.1 34.5 36.7 38.8

7 9.6 14.7 185 21.7 24.6 27.1 29.5 31.7 33.8 35.8 37.6 39.4

8 87 135 17.1 202 229 254 27.6 29.8 31.8 337 355 37.3 39.0

9 81 126 160 189 215 239 261 28.1 30.1 31.9 33.7 354 37.0 38.6

10 7.5 11.7 15.0 17.8 20.3 22.5 24.6 26.6 28.5 30.3 32.0 33.7 35.3 36.8 38.3 39.8

11 7.0 11.0 14.1 16.8 19.2 21.4 23.4 254 27.2 29.0 30.7 32.3 339 354 369 383 39.7

1265 103 133 159 182 203 22.3 242 260 27.7 294 30.9 32.5 340 354 36.8 382 39.5

13 62 98 127 151 174 194 214 232 249 266 282 29.7 312 327 341 354 36.8 38.1 39.4

14 58 9.3 12.0 144 16.6 18.6 20.5 22.3 24.0 25.6 27.2 28.7 30.2 31.6 33.0 34.3 35.7 37.0 38.3 39.5

15 55 89 11.5 13.8 159 17.8 19.7 21.4 23.1 24.7 26.2 27.7 29.1 30.5 31.9 33.2 34.5 35.8 37.1 38.3 39.5

16 53 84 110 132 152 17.1 189 20.6 222 23.8 253 26.8 28.2 29.6 309 322 335 348 36.0 37.2 38.4 39.6

17 50 80 105 12.6 14.6 165 182 19.9 215 23.0 245 260 27.4 287 30.1 314 327 339 35.1 36.3 37.5 38.7 39.9

18 7.6 10.0 12.1 14.1 159 17.6 19.2 20.8 22.3 23.8 25.2 26.6 28.0 29.3 30.6 31.9 33.1 34.3 35.5 36.7 37.9 39.0

19 73 9.6 11.6 13.5 153 17.0 18.6 20.1 21.6 23.0 24.4 25.8 27.1 28.5 29.7 31.0 32.2 33.4 34.6 35.8 37.0 38.1 39.2

20 70 92 112 130 148 164 180 195 21.0 22.4 23.8 25.1 264 27.7 29.0 302 315 327 339 350 362 37.3 384 39.6

21 67 88 10.8 126 143 159 174 189 203 21.7 23.1 244 258 27.0 283 29.5 30.7 31.9 33.1 34.3 354 365 37.7 38.8 39.9

22 6.4 85 104 12.1 13.8 154 169 184 19.8 21.2 225 23.8 25.1 26.4 27.6 289 30.1 31.3 32.4 33.6 34.7 35.8 37.0 38.1 39.1

23 6.2 82 10.0 11.7 13.4 149 164 17.8 19.2 20.6 21.9 23.2 24.5 25.8 27.0 28.2 29.4 30.6 31.8 329 34.0 352 36.3 37.4 384 39.5

24 60 7.9 9.7 114 130 145 159 174 187 20.1 214 227 240 252 264 27.6 28.8 30.0 31.1 323 33.4 345 356 367 37.8 38.8 39.9

25 57 7.6 94 110 126 140 155 169 182 19.6 20.9 22.1 234 24.6 258 27.0 28.2 294 30.5 31.6 32.8 339 35.0 36.1 37.1 382 39.3

26 55 74 9.1 10.7 122 13.6 15.1 164 17.8 19.1 20.4 21.7 229 24.1 253 26.5 27.7 28.8 30.0 31.1 32.2 33.3 34.4 35.5 36.6 37.7 38.7 39.8

27 53 7.1 88 103 11.8 13.3 14.7 16.0 17.3 18.6 19.9 21.2 22.4 23.6 24.8 26.0 27.2 28.3 29.5 30.6 31.7 32.8 33.9 35.0 36.1 37.2 38.2 39.3

28 51 68 85 100 114 129 142 156 169 182 195 207 219 232 244 255 267 27.9 29.0 30.1 313 32.4 335 346 357 367 37.8 389 39.9

29 66 82 97 111 125 139 152 165 17.8 190 203 21.5 227 239 251 262 274 28.5 29.7 30.8 31.9 33.0 341 352 363 37.4 384 39.5

30 64 79 94 108 12.2 13,5 14.8 16.1 174 18.6 199 21.1 223 234 24.6 25.8 26.9 28.1 29.2 30.3 31.4 32.5 33.6 34.7 358 36.9 38.0 39.0

31 6.2 7.7 9.1 105 119 13.2 145 15.7 17.0 182 19.4 20.6 21.8 23.0 24.1 25.3 26.4 27.6 28.7 29.8 30.9 32.0 33.1 34.2 352 36.3 37.4 38.4 39.5

32 60 75 89 102 116 129 141 154 166 17.8 190 202 214 22.6 23.7 24.8 260 27.1 282 293 304 315 32.6 33.7 347 358 369 37.9 39.0 40.0

33 58 7.3 86 100 113 125 138 150 163 17.5 18.6 19.8 21.0 22.1 23.3 244 256 267 27.8 28.9 30.0 31.1 322 332 343 354 365 37.5 38.6 39.6

34 57 7.1 84 9.7 11.0 12.3 13.5 14.7 159 17.1 183 194 20.6 21.7 229 24.0 25.1 26.2 27.4 28.5 29.5 30.6 31.7 32.8 33.9 34.9 36.0 37.0 38.1 39.1

35 55 69 82 95 10.7 12.0 13.2 144 15.6 16.8 179 19.1 20.2 21.4 22.5 23.6 24.7 25.8 26.9 28.0 29.1 30.2 31.2 32.3 33.4 34.4 355 36.5 37.6 38.6 39.7

36 54 67 80 93 105 117 129 141 153 164 17.6 18.7 199 21.0 22.1 232 243 254 265 27.6 28.7 29.8 30.8 31.9 330 340 351 36.1 372 382 39.2

37 52 65 7.8 90 103 115 126 138 150 161 173 184 195 20.6 21.7 22.8 23.9 250 26.1 27.2 283 29.3 304 315 325 33.6 346 357 367 37.8 38.8 39.8

38 51 64 7.6 88 10.0 11.2 124 13.5 14.7 158 169 18.1 19.2 20.3 21.4 22.5 23.6 24.7 25.7 26.8 27.9 29.0 30.0 31.1 32.1 33.2 34.2 35.3 36.3 37.4 38.4 394

39 50 62 75 86 9.8 11.0 12.1 13.3 14.4 155 16.7 17.8 189 20.0 21.1 22.1 23.2 24.3 254 26.4 27.5 28.6 29.6 30.7 31.7 32.8 33.8 349 359 369 38.0 39.0 40.0

40 61 73 85 9.6 108 119 130 141 153 164 17.5 18.6 19.6 20.7 21.8 22.9 23.9 250 26.1 27.1 28.2 292 303 313 324 334 344 355 365 37.5 38.6 39.6

41 60 7.0 83 94 106 117 128 139 150 161 17.2 183 19.3 204 215 22.5 23.6 247 257 26.8 27.8 28.9 29.9 31.0 32.0 33.0 34.1 351 361 37.2 382 39.2

42 58 7.0 81 9.2 104 11.5 12.6 13.6 14.7 158 16.9 18.0 19.0 20.1 21.2 22.2 23.3 24.3 254 26.4 27.5 285 29.6 30.6 31.6 32.7 33.7 34.7 35.8 36.8 37.8 38.8 39.9

43 57 6.8 79 9.1 102 11.2 12.3 13.4 145 156 16.6 17.7 18.8 19.8 20.9 21.9 23.0 24.0 25.1 26.1 27.2 28.2 29.2 30.3 31.3 32.3 33.4 34.4 354 364 37.5 385 39.5

44 56 67 7.8 89 100 110 121 132 143 153 164 174 185 195 20.6 21.6 22.7 23.7 248 25.8 26.8 27.9 289 29.9 31.0 320 330 341 351 36.1 37.1 382 39.2

45 55 66 7.6 87 98 108 119 13.0 140 151 161 172 182 19.3 203 21.3 22.4 234 245 255 265 27.6 28.6 29.6 30.6 31.7 32.7 337 347 358 36.8 37.8 38.8 39.8
46 54 64 75 85 9.6 107 11.7 12.7 13.8 14.8 159 169 179 19.0 20.0 21.0 22.1 23.1 24.1 25.2 26.2 27.2 28.2 29.3 30.3 31.3 32.3 33.4 344 354 364 37.4 38.4 39.5
47 53 63 74 84 94 105 11.5 12.6 13.6 14.6 15.6 16.7 17.7 18.7 19.8 20.8 21.8 22.8 23.8 24.9 259 269 279 289 30.0 31.0 32.0 33.0 34.0 35.0 36.1 37.1 38.1 39.1
48 52 62 72 83 93 103 11.3 124 134 144 154 164 17.5 18.5 19.5 20.5 21.5 22.6 23.6 24.6 25.6 26.6 27.6 28.6 29.7 30.7 31.7 32.7 33.7 34.7 35.7 36.7 37.8 38.8 39.8
49 51 61 7.1 81 91 100 112 122 132 142 152 162 172 182 193 20.3 21.3 22.3 233 24.3 253 26.3 273 283 29.4 304 314 324 334 344 354 364 374 384 394
50 50 6.0 70 80 9.0 100 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 24.1 25.1 26.1 27.1 28.1 29.1 30.1 31.1 32.1 33.1 34.1 35.1 36.1 37.1 38.1 39.1

2 Age at breast height = number of annual growth rings at breast height.



when the assumption that 50-year-old
trees have 49.5 years of height growth
above breast height is not met in the
model development data. This slight
deviation causes the breast height age
50 model to give inexact site index es-
timates. The resulting lack of
precision should not, however, cause
practical concerns.

Revised variable growth intercept
models are now available for lodge-
pole pine. Table 2 shows the
estimated site index from total tree
height and breast height age. These
models should replace the previous
models because they are developed
with data that covers a much wider
geographic range. The revised growth
intercept model should be used for
interior lodgepole pine across British
Columbia.
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