The influence of site tree selection method on site
index determination and yield prediction in black
spruce stands in northeastern Québec

by Daniel Mailly!?, Sylvain Turbis!, Isabelle Auger! and David Pothier®

Site index is a common and convenient indicator of forest site productivity. The concept is well suited for growth and yield predictions,
although there appears to be no universal consensus on the type or number of site trees needed for its application. We compared four
methods for assessing site quality using data from black spruce (Picea mariana (Mill.) BSP) stands of northeastern Québec. Data were
analysed with a univariate repeated measures analysis of variance design using the MIXED procedure of the SAS system. Significant
differences were found between the method based on the mean height of the 100 largest trees per hectare and three other methods that
calculate site index using information from average site trees (codominants and dominants) and an equation to estimate top height from
stand level data. We concur with many others that using the mean height of the 100 largest trees per hectare is a more standard pro-
cedure than simple averages of codominant and dominant tree heights for site quality assessment and growth modelling. We recom-
mend that the next yield table system developed in the province should be based on top height trees, instead of using average codom-
inants and dominants and an equation to estimate dominant height.
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L’indice de qualité de station (IQS) est un outil usuel et pratique pour estimer la productivité des foréts. Le concept est approprié
pour les prévisions de croissance et de production, bien qu’il semble n’exister aucun consensus universel sur le type ou le nombre d’arbres
nécessaires pour son utilisation. Nous avons comparé quatre méthodes pour évaluer I'1QS en utilisant des données issues de pessieres
noires (Picea mariana (Mill.) BSP) du nord-est québécois. Les données ont été analysées en utilisant un dispositif d’analyse de vari-
ance univariable en mesures répétées a 1’aide de la procédure MIXED du progiciel SAS. Des différences significatives ont été trou-
vées entre la méthode basée sur la hauteur moyenne des 100 plus gros arbres a I’hectare et trois autres méthodes qui calculent I'IQS
en utilisant I’information provenant d’arbres moyens et une équation estimant la hauteur dominante a partir des données du peuple-
ment. Nous concluons qu’il n’est pas recommandé d’utiliser la méthode basée sur la taille moyenne des 100 plus gros arbres a 1’hectare
dans un systeme de tables de production mis au point avec les données d’arbres moyens, sans encourir le risque d’obtenir des estimations
biaisées. Nous sommes d’avis avec d’autres que 1’utilisation de la méthode basée sur la taille moyenne des 100 plus gros arbres a I’hectare
est préférable a la méthode de la moyenne des arbres codominants et dominants pour 1’estimation de 1'IQS et la modélisation de la crois-
sance des arbres. Nous proposons que le prochain systéme de tables de production qui sera mis au point dans la province soit basé sur
les 100 plus gros arbres a I’hectare, en remplacement de la méthode utilisant la moyenne des codominants et dominants et une équa-
tion pour estimer la hauteur dominante.

Mots clés : indice de qualité de station, hauteur dominante, table de production, arbres-échantillons
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Site index, the height of selected site trees at some reference ~ prescriptions (Magnussen 1999), although there appears to be
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ductivity (Zeide and Zakrzewski 1993, Garcia 1998). The con- ed for its application (McRoberts 1996). A common practice
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usually involves the random selection of dominant and codom-
inant trees, followed by measurement of these trees for total
height and age (Clutter et al. 1983). The average height of the
100 largest (diameter) trees per hectare or top height is often
used in Europe (Higglund 1981) or in North America (e.g.,
Forest Productivity Council of British Columbia 1998). More-
over, these two methods are sometimes applied interchange-
ably, as is the case when only dominant trees are used with site
curves constructed from both dominant and codominant tree
data (Ker 1952, Carmean 1975).

Choosing the sample trees for determining stand height and
age is an important decision when developing and applying
site index equations (Lloyd and Hafley 1977, Pienaar and Shiv-
er 1984). Typically, site trees should be selected carefully and
should not have suffered from suppression, defoliation, or top
damage since they are expected to have been in the upper crown
canopy throughout their life (Monserud 1985, Nigh and Love
1999). Obtaining the average height of selected dominants and
codominants is generally a convenient and quick task and pre-
cise estimates of site index have been obtained using this method,
especially when the same trees are used at each measurement
(Sharma et al. 2002). This tree selection process is somewhat
subjective, however, and some inconsistency among samplers
may be encountered (Clutter et al. 1983, Nicholas et al.
1991). Conversely, dominants are less variable in height than
are dominants and codominants combined, and therefore
fewer dominant trees are needed to attain a specified level of
accuracy (Carmean 1975). When study trees are selected
among codominants and dominants, as is the case in Quebec
(Ministere des Ressources naturelles du Québec 1998), top height
can be predicted using a relationship that adjusts the height of
study trees with a function involving the diameter of both the
sample trees and of the four largest trees per plot (Pothier and
Savard 1998). This note reports on a comparison between four
different methods for calculating site index from selected
site trees and on the importance of site tree selection for site
index determination and yield prediction in black spruce
stands in Northeastern Québec. In particular, we wanted to test
the impact of using measured top height trees in a yield pre-
diction system based on average codominant and dominant trees.

Materials and Methods

Data from another project (J.-P. Carpentier, personal com-
munication) provided the necessary material for conducting
the present study. Between 1997 and 1999, inventory plots were
established in various black spruce (Picea mariana (Mill.) BSP)-
dominated stands in an area that belongs to the Balsam Fir-
White Birch bioclimatic domain (Robitaille and Saucier
1998). The stands, which were located in Northeastern
Québec, originated either from clear-cutting or from old
horse-logging and were between 29 and 125 years of age on
average (Table 1). The study was conducted at six different
locations and within each location, six independent 400 m? cir-
cular sample plots were established for a total of 36 plots. All
trees with a merchantable diameter outside bark at breast
height (D5, height = 130 cm, Brokaw and Thompson 2000)
greater than 9.0 cm within each sample plot were inventoried.
Total height and D5, were measured, and age was determined
by taking one or two increment cores at 1 m height for all mer-
chantable trees. A total of 2203 trees were thus cored for age
determination at 1 m in this study, an average of 61 trees per

0.04 ha plot. Each tree was also assigned a canopy class
(dominant, codominant, intermediate, suppressed). Saplings
(1.0 <Dy, 9.0 cm) were tallied in one 40 m? subplot, locat-
ed in the center of the plot. Veterans or highly suppressed trees
were inventoried but excluded from the site index calculations.
A tree was considered a veteran if its age was more than twice
the average plot age. Plot basal area was calculated using mer-
chantable and non-merchantable trees and plot volume was cal-
culated by using Perron (1983)’s tariff tables (Table 1).

For each plot, dominant height (H ), age (Age), site index (S1),
rotation age (RA) and volume at rotation age (V) were cal-
culated and used as variables of interest. Site index (height at
reference age 50 years, taken at 1 m) was calculated accord-
ing to four different methods using a black spruce site index
equation developed for the entire province of Québec (Poth-
ier and Savard 1998):

ST=0.9604 - Hd0.9412(1_e—0.03379 ~A)— 0.697 - H,0.1046 [1]

where H ;is dominant height (m) and A is age of site trees at
1 m height (standard height for age determination in Québec).
Four different methods of calculating plot site index were com-
pared in this study. For the first three methods, site index was
computed using information from average site trees
(i.e., codominants and dominants) and an equation to estimate
top height from stand level data (Bégin and Raulier 1995,
Pothier and Savard 1998) that is then used as an input to
Equation 1:

D,

D _
(17—13) +0.0349- (D, - D)

Hjeoq =13+ [2]

where H ; ., is the estimated dominant height (m), D, is the
average D5, of the four largest black spruce trees per plot, D
and H are the average D, and height of selected site trees,
respectively.

The first method, hereafter referred to as TP, is based on site
trees measured in temporary plots and is the method currently
in use in the province of Quebec. With this method, H ; was
estimated using Equation 2 and the arithmetic mean of the height
and diameter of three site trees following the procedures for
temporary sample plots in Québec (Ministere des Ressources
naturelles du Québec 2001a). According to these procedures,
site trees must 1) be selected close to the plot center, ii) have
a D, close to the average D, 5, of codominant and dominant
trees, and iii) belong to the codominant or dominant canopy
class. Since trees in the sample plots were not stem-mapped,
x-y coordinates were generated a posteriori using a uniform
random number generator (Matlab™ release 11 (1999), Math-
works Inc.). The site trees were chosen following the criteria
described above if their D, was within + 15% of the D5, of
the median D, tree.

For the second method, hereafter referred to as PP, H  was
estimated using Equation 2 and the arithmetic mean of the height
and diameter of up to nine site trees following the procedures
for permanent sample plots in Québec (Ministere des Ressources
naturelles du Québec 2001b). According to these procedures,
nine trees are measured within each sample plot. Four site trees
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Table 1. Summary of black spruce plots

Density Total basal area Total volume Ageat1m Top height

Plot number (stems ha™!) (m2 ha™t) (m3 ha™t) height (years) (m)
Site 1 49° 10'N 68° 30'W

1 5425 27.1 85.3 65 12.2
2 2900 26.3 79.3 71 10.8
3 2900 25.1 104.8 90 14.6
4 8200 18.5 36.2 50 8.1
5 7750 9.4 14.9 32 6.2
6 14475 31.4 74.7 35 9.6
Site 2 49° I3'N 68°32'W

7 6475 30.5 123.9 86 14.3
8 10125 34.5 122.4 97 13.7
9 3350 35.0 150.1 84 14.7
10 13675 359 96.5 72 11.8
11 7300 22.0 69.2 64 11.3
12 7000 31.2 93.4 58 11.2
Site 3 49° 48N 68° 50'W

13 7775 50.5 224.5 70 15.2
14 6275 50.7 256.6 93 17.7
15 7450 37.7 155.5 81 14.2
16 6500 259 83.6 69 12.2
17 25950 435 92.7 29 10.3
18 17000 40.7 97.9 36 10.8
Site 4 49° 58'N 71°24'W

19 8225 36.9 158.1 125 15.8
20 7050 423 157.7 82 14.1
21 11425 394 128.9 69 12.3
22 10175 23.8 55.7 111 11.2
23 11750 43.0 123.4 61 12.2
24 9500 35.6 102.5 66 11.6
Site 5 49°41'N 68° 38'W

25 10825 36.2 139.2 52 11.9
26 9350 42.1 128.2 57 12.9
27 9150 40.3 123.4 60 13.3
28 15150 34.7 84.7 43 10.7
29 6100 30.8 100.7 46 11.7
30 9850 36.5 98.7 55 12.9
Site 6 49° 50'N 68° 50'W

31 4150 327 182.7 86 19.6
32 7350 39.5 174.7 97 16.8
33 7325 46.1 2355 106 20.8
34 10000 36.7 139.2 111 14.8
35 5025 24.5 90.6 83 13.7
36 5425 29.9 116.6 88 154

are chosen following the same method as the one used for tem-
porary sample plots, except that four trees instead of three are
selected. Five additional trees are systematically chosen
based on their rank, i.e., the total number of merchantable trees
is divided by five, and the quotient is multiplied by 1, 2, 3, 4
and 5 to give the tree tag number that will be measured. For
the purpose of this study, all nine site trees measured in this
case were used for site index determination. For the third method,
hereafter referred to as CD, H ; was estimated using Equation
2 and the arithmetic mean of the height and diameter of all trees
belonging to the dominant and codominant canopy classes.

The last method, hereafter referred to as DM, is based on
top height, i.e., the height of the largest diameter tree on a
0.01-ha plot, providing the tree is suitable for measurement
(Forest Productivity Council of British Columbia 1998). For
this method, H; is calculated as the arithmetic mean of the mea-
sured height of the four largest dominant black spruce trees
per 0.04-ha plot.

For each plot, the rotation age was determined as the age
corresponding to the maximum mean annual increment (Clut-
ter et al. 1983) using a computerized version of Pothier and
Savard (1998)’s system of equations (Turbis et al. 2002). The
predicted merchantable volume at rotation age was calculat-
ed using Equation 3:

Vol =0.38188 - Hd0.99964G0.88767Bq0.06724 [3]

where H ;is dominant height (m), G is the plot merchantable
basal area (m? ha™') and D is the quadratic mean diameter (cm)
of merchantable trees (Pothier and Savard 1998).

Data were analysed using a univariate repeated measures
analysis of variance. The site index estimation method (treat-
ment) is the repeated effect since the four methods are all mea-
sured on the same plot. In order to model the correlation
between methods from the same plot, the MIXED proce-

dure of the SAS system was used and the covariance structure
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Table 2. Results of the univariate repeated measures analysis of variance performed on the data for five dependent variables to test the variation

due to the site index determination method using SAS PROC MIXED

Site index

Variable determination method Mean SE df F P
Dominant height (H ;, m) CD 13.32 0.541 135 6.3 0.001
PP 13.09 0.530
TP 13.12 0.555
DM 13.07 0.578
Age (years) CD 63.4 4.28 135 11.4 0.000
PP 60.6 4.15
TP 62.8 4.62
DM 71.5 4.81
Site Index (SI, m) CD 12.59 0.525 135 7.1 0.000
PP 12.55 0.531
TP 12.52 0.537
DM 12.02 0.529
Rotation Age (RA, years) CD 58.6 2.75 135 16.1 0.000
PP 57.8 2.63
TP 58.6 2.77
DM 61.7 2.83
Volume at rotation age
(Vgy» m* hal CD 96.2 7.30 135 8.5 0.000
PP 96.2 7.36
TP 95.0 7.40
DM 88.1 7.28

Notes: site index determination methods: CD, based on all codominant and dominant trees; PP, based on procedures for permanent sample plots; TP, based
on procedures for temporary sample plots; DM, based on the 100 largest trees per hectare.

between methods was specified using the REPEATED state-
ment. The unstructured covariance option was used because
there was no evidence of pattern of correlation between meth-
ods. Plots were defined as the subjects or experimental units
and sites were considered a random effect. Since the variance
parameter Treatment X Site was estimated to be zero or near
zero, it was included in the residual error term. The number
of degrees of freedom (df) for testing the treatment effect was
135 (36 plots x 4 treatments — 3 df for treatment effect — 5 df
for site effect — 1). The normality assumption was not violated
and the possible heterogeneity of variance between methods
was accounted by the unstructured covariance matrix. Mul-
tiple comparisons between treatment effects were adjusted using
Tukey-Kramer’s method (SAS Institute Inc. 2000).

Results

Results from the MIXED procedure for tests of fixed
effects for the site index estimation methods (treatments)
indicated that these were significantly different for all five depen-
dent variables (H ;, Age, SI, RA, and V,, Table 2). The meth-
ods that estimate dominant height with Equation 2 (methods
TP, PP and CD) overestimated S7 and V},, and underestimated
age and rotation age when compared to the method that used
the four largest trees (DM, Table 2). This resulted in the
measured age of site trees being 8 to 11 years younger for these
methods (TP, PP and CD) when compared to DM (Table 2).

Equation 2 was found to be effective in estimating domi-
nant height, CD and PP being the only two methods with sta-
tistically different H dest (A=0.23 m, P =0.002, Table 3). Since
dominant height (H ;) was found to be fairly similar across meth-
ods whereas age yielded variable comparisons (Table 3),
this resulted in S/ estimates significantly higher for methods
based on TP, PP and CD when compared to DM (A =

0.50-0.57 m, Table 3). For instance, the site index estimate based
on the method that is commonly used in Québec for estimat-
ing site productivity (7P, 12.5 m) was found to be significantly
higher (> 4.2%, P = 0.03) than the estimate based on domi-
nant trees only (DM, 12.0 m). A higher site index estimate being
synonymous with higher site productivity, the use of methods
TP, PP and CD resulted in significantly shorter rotation age
estimates (A RA = 3.1-3.9 years, Table 3) than for method DM.
As a consequence, estimates of volume at rotation age were
significantly higher for methods 7P, PP and CD (A V, =7.0-
8.2 m? ha~!, Table 3) when compared to DM. As a compari-
son, the volume at rotation age based on the method that is com-
monly used in Québec for estimating site productivity (TP,
95.0 m3 ha—!) was found to be significantly higher (> 7.8%,
P =0.02) than the estimate based on dominant trees only (DM,
88.1 m3 ha™!).

Discussion

The results presented in this study indicate that the selec-
tion of site trees has an impact not only on the calculation of
dominant height but also on the estimation of the average age
of trees used for site index determination. As stated by
McQuilkin (1974), small differences in age (1015 years) between
trees used for assessing site index in the same stand may have
a significant effect on the index value. In this study, three site
index calculation methods (TP, PP and CD) used an equation
to estimate dominant height from average site trees. Howev-
er, since site trees used with these three methods were significantly
younger than top height trees (method DM), this resulted in
higher site index values compared to the method based on the
100 largest trees per ha. These results call into question
whether it is appropriate to calculate site index from measured
top height trees (method DM) in a yield prediction system based
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Table 3. Differences of least squares means between site index determination methods using SAS PROC MIXED, adjusted using Tukey-Kramer’s

method

Methods compared Difference SE Adjusted Lower Adjusted Upper Adjusted P
Dominant height (m)

CD-PP 0.23 0.064 0.07 0.40 0.002
CD-TP 0.20 0.116 -0.10 0.50 0.323
CD-DM 0.25 0.138 -0.11 0.61 0.278
PP-TP -0.03 0.090 -0.27 0.20 0.983
PP-DM 0.02 0.157 -0.39 0.42 1.000
TP-DM 0.05 0.175 -0.40 0.51 0.992
Age (years)

CD-PP 2.87 0.899 0.53 5.21 0.009
CD-TP 0.67 1.517 -3.27 4.62 0.971
CD-DM -8.11 1.507 -12.03 -4.19 <0.001
PP-TP -2.20 1.541 -6.21 1.81 0.486
PP-DM -10.98 1.979 -16.13 -5.83 <0.001
TP-DM -8.78 2.445 -15.14 -2.42 0.003
Site Index (m)

CD-PP 0.04 0.075 -0.16 0.23 0.956
CD-TP 0.07 0.119 -0.24 0.38 0.942
CD-DM 0.57 0.136 0.21 0.92 <0.001
PP-TP 0.03 0.106 -0.25 0.30 0.993
PP-DM 0.53 0.174 0.07 0.98 0.012
TP-DM 0.50 0.178 0.03 0.96 0.030
Rotation age (years)

CD-PP 0.75 0.395 -0.28 1.78 0.234
CD-TP -0.06 0.586 -1.58 1.47 1.000
CD-DM -3.14 0.456 —4.33 -1.95 <0.001
PP-TP -0.81 0.632 -2.45 0.84 0.581
PP-DM -3.89 0.679 -5.66 -2.12 <0.001
TP-DM -3.08 0.787 -5.13 -1.04 0.001
Volume at rotation age (m’ ha™!)

CD-PP 0.00 0.987 -2.57 2.57 1.000
CD-TP 1.19 1.530 -2.78 5.17 0.863
CD-DM 8.17 1.696 3.76 12.58 <0.001
PP-TP 1.19 1.353 -2.32 4.71 0.814
PP-DM 8.17 2.193 2.46 13.87 0.002
TP-DM 6.97 2.373 0.80 13.15 0.020

Note: SE = standard error of estimate; Site index determination methods: CD, based on all codominant and dominant trees; PP, based on procedures for
permanent sample plots; TP, based on procedures for temporary sample plots; DM, based on the 100 largest trees per hectare.

on an equation to estimate dominant height from three aver-
age site trees (codominants and dominants; method 7P).
On the one hand, selecting dominant trees is often preferred
over average codominants and dominants because it is assumed
that the height growth of dominant trees is affected less by dif-
ferences in stand density than that of trees in lower crown class-
es (Pienaar and Shiver 1984, MacFarlane et al. 2000). Also,
because dominants are less variable in height than are dom-
inants and codominants combined, fewer dominant trees are
needed to attain a specified level of accuracy (Ker 1952,
Carmean 1975). On the other hand, the average height of select-
ed codominants and dominants can be obtained with a min-
imum amount of time spent on selection of sample trees
(Clutter et al. 1983). Using such trees also has the advantage
of concomitantly providing additional and valuable data for
fitting height-diameter curves when such data are needed. Sur-
prisingly, no difference was found in site index estimates between
the three methods that used an equation to estimate dominant
height from average site trees. This seems to indicate that dif-
ferences in the number of average site trees chosen did not have

a significant impact on the calculation of site index, if mea-
surements are performed on at least three trees. Differences
in age and height values between the method based on permanent
sample plots (PP) and the method based on all codominants
and dominants trees (CD) were found, however, suggesting
that there is a risk of obtaining different estimates with aver-
age site trees, especially when dealing with stand structures
that are not entirely homogeneous.

Although dominant tree heights are more stable and less vari-
able than the average height of codominants and dominants
(Ker 1952), top height trees are not systematically sampled in
the province of Québec, which relies on an equation to esti-
mate dominant height from average site trees. This raises the
question about whether top height trees should now be oper-
ationally sampled (method DM) in lieu of average codominants
and dominants with height adjustments (methods PP and
TP) for site index determination, even though the current
yield tables are based on estimated dominant heights (Poth-
ier and Savard 1998). Results from this study show that the
use of top height trees in the application of yield tables for black
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spruce provided the lowest site index estimates among the four
different methods tested. This method also yielded the high-
est rotation age and lowest volumes at rotation age estimates
among the four different methods tested. These results are in
disagreement with those of Ker (1952), who asserted that it
is not necessary to use the same method of site index deter-
mination as the one employed in the construction of yield tables.
Also, in cases where average site trees are younger than top
height trees, it is normally expected that site index be some-
what overestimated if only top height trees are used with site
index curves constructed from both codominants and domi-
nants (Carmean 1975).

The fact that the opposite result was found in this study sug-
gests the possibility of estimating not only dominant height
but also the age of dominants if top height trees are not mea-
sured and top height is to be estimated. It is likely that fitting
an equation to adjust the age of average site trees similar to
the one used for estimating dominant height might have
yielded site index values similar to the method with top
height tree data, but this was not tested. It can be hypothesized,
though, that adding another function to the process of site index
determination would increase the chance of obtaining more
variable estimates.

Even though the results from this study clearly demonstrate
that the selection method for site trees may have a significant
impact on site index determination, a few words of caution are
necessary for the interpretation of our results. For example,
in spite of the fact that more than 2200 trees were cored for
age determination, the distribution of the 36 inventory plots
was located in an area covering only 20 000 km? in northeastern
Quebec. Thus, the results are applicable only to a specific por-
tion of the distribution zone of black spruce in Quebec, and
cannot be generalized yet to the whole province. Also, a site
index equation (Equation 1) was used as the basis for all
comparisons instead of a true site index based on stem anal-
ysis. Because this site index equation does not exactly pass through
the appropriate height at reference age, a bias of approximately
+0.05 m for the site indices tested (between 12 and 13 m) was
introduced in the data analysis. This bias is ten times small-
er than the average differences between methods that were sig-
nificantly different (SE ~ 0.5 m, Table 3). Also, the biases are
virtually the same for all methods tested and cancel each
other out when differences between methods are calculated.
Finally, recent evidence suggests that site index curves based
on temporary plots and permanent sample plots have comparable
average bias and accuracy (Raulier ef al. 2003), and that the
dynamics of tree social status cast a serious doubt on the assump-
tion of dominance stability which is often made to justify the
use of stem analyses for site index curves construction.

Conclusions

We compared four different methods for assessing site
quality from selected site trees from black spruce stands
growing in northeastern Québec and quantified their influence
on stand top height, age, site index, rotation age and volume
at rotation age. A comparison between the method with the mean
height of the 100 largest trees per hectare (method DM) and
the method commonly in use based on temporary plots
(method TP) revealed significant differences of about -4%, +5%
and -8% for site index, rotation age and volume at rotation age,
respectively. On the basis of these results, we conclude that

it is not advisable to use the former method with a yield
table system developed with the latter, without incurring the
risk of obtaining systematically biased estimates.

We concur with many others that using the mean height of
the 100 largest trees per hectare is a more standard procedure
than simple averages of codominant and dominant tree heights
for site quality assessment and growth modelling. We recommend
that the next yield table system developed in the province should
be based on top height trees, instead of using average codom-
inants and dominants and an equation to estimate dominant
height. It should be remembered, however, that the exact
number of top height trees needed may also depend on plot size
(Rennolls 1978, Pardé and Bouchon 1988, Magnussen 1999)
and stand structure (Salas Gonzalez et al. 1993), and that it
deserves further study before it is routinely applied to black
spruce stands.
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