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The dynamics of wood productivity on drained peatland sites was analyzed from the
covariance structure generated by stand yield data of repeatedly measured permanent
sample plots in 81 Scots pirfifus sylvestris..) or Norway spruceRicea abiesKarst.

(L.)) stands with admixtures of bircliBétula pubescenghrh.). The site production
potential, considered a latent variable, was assumed to follow an autoregressive process
over time elapsed since drainage. As a measure of the latent variable, a relative growth
rate (RGR) index was determined for all stands at the time of drainage and at four
successive measurement time points following drainage (on average 16, 23, 30, and 41
years). The index was calculated as the site index of an upland conifer stand with the
ratio of periodic volume growth and standing volume and adjusted by changes in stand
stocking and thinning. The observed covariance structure was described by fitting a
structural equation model to the data of RGR indices. When only the post-drainage
measurement times were included, a quasi-simplex model with equal error variances
and equal structural parameters at different measurement times fit the data well indicat-
ing a permanent covariance structure among the different measurements. Including the
measurement at the time of drainage resulted in a non-permanent structure. The stand
parameters at the time of drainage were poorly correlated with post-drainage growth.

A considerable increase in the wood productivity of the sites was observed, being
greatest during twenty years after drainage and continuing up to 40 years since drainage.
This was concluded to be due to changes in site properties rather than stand structure
although the effects of the single factors could not be analytically separated from one
another. Our modelling approach appeared to improve long-term site productivity esti-
mates based merely on botanical site indices.
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1 Introduction post-drainage yield levels of different site types
in various climatic conditions. However, less at-
The wood production potential of forest sitegention has been paid on the long-term temporal
can be estimated in several ways. The principalynamics in site productivity although need for
methods can be grouped into two main categauch research to establish a firm basis for sus-
ries: site index methods, and botanical method&inable forestry on drained peatland sites was
Site index methods, based on stand characterigentified already by Seppala (1969) and Heiku-
tics such as dominant or median height versusinen and Seppala (1973).
stand age, apply best to stands with a clear dom-When considering the applicability of either
inance of one tree species and an even-aged staratlitional site index methods or botanical meth-
structure. When applying site index methods tods for predicting productivity of drained peatland
predict future growth one also assumes rathaites, the assumptions of stand structure and site
constant climatic and edaphic conditions ovestability are unlikely to be met. Stands on forest-
the prediction period. ed peatlands are usually composed of trees of dif-
Botanical methods, based on the compositioferent ages, and there is only a poor correlation
of vegetation as an indicator of soil fertility andbetween tree age and vitality after drainage (e.g.
moisture, have long been used for describing sit®eppald 1969). These two features together limit
productivity. They have proved appropriate esthe use of stand age as an indicator of a stand’s
pecially in semi-natural forests with varying treedevelopment stage. Trees within a given stand
species admixtures and management histories.rAspond to drainage differently depending on, e.g.,
well-known example of predicting site produc-tree species, tree age and size, spatial variation in
tivity through botanical site type evaluation isthe thickness of the aerated surface peat layer, and
the integration of botanical site types of minerainter-tree competition (e.g. Seppala 1969, Hanell
soil sites in southern Finland (Cajander 1909)984, Miina 1994, Penner et al. 1995, Hokka
and empirical stand-level yield data into a com1997, Hokka et al. 1997). This, together with nat-
prehensive system of yield tables for forest sitaral ingrowth, causes considerable changes in
types (llvessalo 1920). Subsequently, the Finrstand density and stand structure following drain-
ish forest site scheme was developed into a mixedje (Hokk& and Laine 1988, Hokka et al. 1991).
system by introducing growth and yield models As a consequence of the factors identified
based on height/age index curves and an empigbove, several studies have revealed significant
cally indicated correspondence between the sitariation in the post-drainage growth rates of
indices and botanical site types (Gustavsen 1988tands in similar climate, within the same peat-
Vuokila and Valiaho 1980). Like site index meth-land site type, and with equal stand volumes
ods, botanical methods also presuppose constdatg. Seppald 1969, Saramaki 1977, Laine and
climatic and edaphic conditions over the predicStarr 1979, Keltikangas et al. 1986). This varia-
tion period. In addition, they often assume dion may be partly explained by site-independent
relatively undisturbed site or stable state of thgrowth factors difficult to account for in growth
understorey vegetation. analyses, such as competition, geographical var-
Studies on site productivity on peatlands havation, or previous stand treatments. However, a
been carried out mainly in the Nordic countriesgonsiderable part of the variation may be due to
especially in Finland, where more than 5 millionedaphic growth factors whose impacts may not
ha of peatlands and paludified mineral soils haviee sufficiently accounted for by botanical site
been drained for forestry (e.g. Paavilainen antypes. For instance, the removal of nutrients in
Paivanen 1995). These studies, mostly based timber harvesting as well as leaching of certain
botanical methods of site evaluation (e.g. Lukkalautrients may deplete the mineral nutrient stores
and Kotilainen 1951, Huikari 1952, Heikurainenof thick-peated fen-origin drained sites, possibly
1973, Hanell 1984, Keltikangas et al. 1986), havenpairing the development of the second-rota-
provided appropriate guide-lines for selectingion stand (Starr 1982, Kaunisto and Paavilainen
sites to be drained and maintained for forestry. #1988, Kaunisto 1992, Laiho 1997). On the other
has also been possible to estimate the averalgand, increased microbial activity and improved
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oxidation of soil organic matter (e.g. Karsisto x =g +BXa—ti)+4¢, =2,3,..p) (2
1979), as well as increased N and P stores in the
surface peat due to compaction (Laiho and Lainehere the residualg are mutually uncorrelated
1994) following drainage, may increase tre¢Joreskog 1970).
growth in the long run. If the observed variables are assumed to con-
Since considerable changes in the edaphic cotain errors of measurement, as in our data, and
ditions of peatland sites may be expected followthe latent variables observe the Markov process,
ing drainage, both site index and botanical metithe model is considered to be a quasi-Markov
ods may fail when applied to predict long-termsimplex. Errors are assumed to be mutually un-
timber productivity. In this paper, our aim is tocorrelated, and uncorrelated with the true meas-
introduce a new approach to analyzing stand yielarement, and to have the expectation value 0.
data in order to account for the impacts of simufhe quasi-simplex model is based on confirma-
taneous long-term changes of site properties andry factor analysis (see Leskinen 1987, Bollen
stand structure on tree growth. The approach #989) where only one variable is observed by
tested with repeatedly measured data from welsuccessive measurements.
managed stands, with no known interference of To construct a simplex model to study the
severe pests or abnormal development, growirdynamics of wood productivity on drained peat-
on sites with fair or good potential productivity onland sites, we considergdfallible variablesy;,
the edaphic and climatic conditions in Finland. y,, ...,y,, where p refers to the number of succes-
sive measurements, the corresponding true vari-
ablesn; with the same unit of measurement, and
the measurement erroes In the context of a

2 Methods and Material more general linear structural relationship (LIS-
REL) model, the equations defining the simplex
2.1 Approach model are, taking all variables as deviations from

their means (Joreskog and Sérbom 1989):
We considered the wood production potential of

a given site a latent variable that cannot be as-y,=n+g i=1,2,..,p and (3)
sessed directly but that measurable attributes of _
the stand and site could be used to approximate/l = BiNi-1 + i i=2,3,.,p 4

(with error) the latent variable. We assumed that

the dynamics of the latent wood production po- Where

tential of drained peatland sites would follow an ¥ = observed variable at measurement
autoregressive model known as the Markov proc- /i = true, latent variable at measuremient

ess. Based on a real stochastic proogss & = measurement error at measurenient
Joreskog (1970) has shown that the correlation {i = residual term in the structural equatipand
structure of a stationary Markov process is con- 5 = coefficient in the structural equation

sistent with the simplex structure defined by Gutt-

man (1954). A non-stationary process with arbiThe path diagram of the introduced basic sim-
trary means and variances is generated by tipdex model (p= 4) is given in Fig. 1. The model

following model: implies that var§) = ©, = diag@,, &, ..., &),
where © = cov() = covariance matrix of the
X(t) = i + GX(L), (1) measurement errors, and that ¢arE W =

diag(n, ¢, ..., ), whereW = cov(() = covari-
with u = E[x(t)] and ¢i2 = varx(t)]. X(t;) is a ance matrix of the residual terms.
random variable in proce3§t) with the expec-  The quasi-simplex model is statistically testable
tation value 0 and variance 1. Proces§gsand when at least four measurements are available. A
X(t) have the same correlation structure. The rasimplex model is also required to be identifiable.
dom variables; = x(t;) are generated by a first- This means that all unknown parameters of the
order autoregressive series: model can be solved using the covariance matrix
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of the observed variables. Because only a limited B2 B3 Ba

number of parameters can be solved from the ——~(  — ~_ ~—
matrix, some parameters must be fixed to ensu

the identifiability (Leskinen 1986, Joreskog an@ Ns 0
Sorbom 1989). Also songepriori information on

the research problem is needed to impose condi- (, (s (4

tions for identification. The free parameters canbe |1 1 1 1

estimated using the maximum likelihood methog
if the observed variables are assumed to obsei/e

a multivariate normal distribution (Jéreskog an

Sorbom 1989). For further properties of simplex ‘ ‘
models, see Joreskog (1970, 1981), Jéreskog and T T
Sorbom (1989), and Leskinen (1986). e €, €5 €4
Structural equation models can be applied to

study the simplex structure (Joreskog 1970, S%%. 1. Path diagram of the simplex-model with four

aIso_Ruha et al. 1997). The fundame_ntal hypo- measurements (p = 4). The parameters of the model
thesis for structural equation models is that the arew = var()), g = var@), 8 = varg) andp,,

covariance matrix of the observed variables is a Bs, .3, where
. LEEER ng 0]
function of a set of parameters and the popula-
tion covariance matrix can be produced exactly
if the model is correct (Bollen 1989). A sample
covariance matrix> generated by N observa-
tions sampled from a p-dimensional normal dis-
tribution can be shown to contain all information
on the covariance matrix S of the outcome space
(Leskinen 1987). The theoretical covariance maFhe relationship between tRematrices is based
trix of the observed random variables y is: on the functions formulated fars and the cov-
ariances of the latent variables, the covariances

yi = observed variable at measurement

ni = true, latent variable at measuremient
& = measurement error at measuremgnt

{ = residual term in the structural equation
[ = coefficient in the structural equatian

gt B of the residual errors, the variances of the meas-
21 O 0 urement errors, and the structural parameters. In
y=00 0O O O model estimation, the difference between the sam-
E O 0O 00 B ple covaria_nce_s _an_d the covariances predicted by
0o the model is minimized (see Joreskog 1981, Bol-
Mo O IppH

len 1989). The evaluation of the estimated mod-
whereg; = varfy) andag; = covfy;, y;). els is based on standard errors and correlations

In the LISREL model, all elements incan be of the estimates as well as on measures of the
expressed as functions ¢, 8, andB (Jéreskog overall fit of the model, like thg2test and the
and Sérbom 1989). The residual variance can tgoodness-of-fit index (GFl). The residuals be-
obtained as follows: vaf) = Y = By, + 4, tween the observed and the fitted covariance
(i =2,3,...p). Based on confirmatory factor anal-matrix are evaluated as well. A detailed defini-
ysis, the covariance matrix of the simplex modeiion of these measures and their interpretation
can be expressed as follows (Joreskog 198are given by Joreskog and Sorbom (1989 and
Joreskog and Sorbom 1989): 1993).

Y, +6;
5 = Eﬁzlﬂl Bowy+ W, +6,
BoBsty  BaBiYs +, B3, + Wy + 6,

O
O
O
]
BBy BaBalBUn Wy BuBis+is AU+, +6,0
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Iv (mPhaa™) development stage of drained peatland stands by

12

10+

Fig.

e.g. Heikurainen and Seppala (1973). We further
developed this ratio into a stand-level relative
growth rate (RGR) index by matching the ob-
served stand volume, stand growth, and stand
density to a reference set of growth models. The
site index (Hgo= stand dominant height at the
age of 100 years) of the reference model was
termed the RGR index.

The scale for the RGR indices was obtained
from the growth and yield models for conifer
plantations (Vuokila and Valiaho 1980) where

0 50 100 150 200 250 300 the development of, e.g., stand volume is ex-

V (m*ha?) pressed as a function of stand age for different
tree species, different thinning regimes and sub-
2. Examples for defining the RGR index for threesequent densities, and site index classes. We
stands in the data (A = triangle, B = circle, C =chose models where rotation periods were rela-
square). The curves represent the relationship beively long and removals in thinnings were 20
tween the current stand volume and the past anngg, 25 %, or 30 % of the initial stand volume.
al growth with a certain stand density prior toBecause age was not a feasible characteristic for
thinning (solid line) and after thinning (30 % re- our data, we modified the yield tables by apply-
moval of initial stocking, broken line) in pine ing the following procedure. First, we construct-
plantations with different site indices {fd= 15- ed nomograms where the stand-level average
27 m) according to Vuokila and Valiaho (1980).annual volume growth of the past 5 years was
With the growth and volume data of a given standexpressed as a function of current volume and
an index value can be obtained using the curvestand density (number of stems per hectare), in-
As an example, the index values for three standstead of stand age, for the different tree species
in four successive measurements were as followfn different site index classes (Fig. 2). Secondly,
Plot A: 23.0, 27.0, 28.0, and 26.5; plot B: 22.5the nomogram curves corresponding to different
24.0, 27.0, and 26.0; plot C: 17.5, 17.5, 17.5, andjte indices were further divided into pre-thin-
23.0. Closed symbols indicate indices defined using and post-thinning sections. Thereafter, with-
ing the pre-thinning curves, open symbols indiin the site index range of the nomograms, it was
cate indices defined using the post-thinning curvegossible to determine an RGR index value, at an
estimated accuracy of ca. 0.5 units, for any stand
with a known treatment history, current volume,
volume increment and stand density, related to a

2.2 Relative Growth Rate Index as the given measurement time (Fig. 2). If the stand

Measure of Site Productivity was thinned, the index value was defined with
the post-thinning sections of the nomograms de-

Considering the expected changes in site amired from models where the thinning removal
stand properties on peatlands following drainwas close to the actual removal. We assumed
age, the measure of the production potentidhat, at a given measurement time, the RGR in-
should account simultaneously for the degree afex {; in equation 4 and in Fig. 1) of the stand
site occupancy (or the proportion of the edaphiwould be the sum of the site’s true timber pro-
growth resources being used by the stand) amfliction potential; in equation 4 and in Fig. 1)
the current vitality of the stand. The measurand measurement errag; {n equation 4 and in
should be simple to derive from commonly measig. 1). Conseptually, the RGR index is thgH
ured stand-level characteristics. We relied on thef a plantation with the same average volume
ratio of a stand’s current volume increment t@nd past grownh, stratified by thinning and densi-
standing volume, earlier used to describe thty class.
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Table 1. Distribution of the plots into peatland site types and their estimated average relative
growth rate (RGR) indices at the time of drainage in southern (S) and northern (N) Finland.

Peatland site type Number RGR index
of plots S N

LhK  Eutrophic paludified hardwood-spruce forest 1 155
RhK  Herb-rich hardwood-spruce swamp 6 9.0 8.0
MK Vaccinium myrtillusspruce swamp 6 135
KgK PaludifiedVaccinium myrtillusspruce forest 1 15.0
PK  Vaccinium vitis-idaeapruce swamp 3 9.0
PsK  Carex globularisspruce swamp 3 10.0
VSK Tall-sedge hardwood-spruce fen 3 7.5
VLR Eutrophic pine fen 11 8.0
RhSR Herb-rich sedge birch-pine fen 4 8.0
VSR Tall-sedge pine fen 11 7.5
TSR Cottongrass-sedge pine fen 8 9.5
LKR Low-sedge pine fen 2 7.5
KR  Spruce-pine swamp 2 13.0
KgR Paludified pine forest 3 11.0
PsR Carex globularispine swamp 2 9.0
IR Dwarf-shrub pine bog 9 9.5
TR Cottongrass pine bog 4 6.0
VSN Tall-sedge fen 2 0.5
All 81
Mean 9.3

1) According to Laine and Vasander 1990

To enable extending the simplex model destructed from the 7th National Forest Inventory
fined in equations (3) and (4) to account for thelata for the relationship between site indeygH
time period from drainage to the first post-drainand stand growthi,jj in understocked stands on
age measurement occasion, we estimated algvneral soils (Gustavsen, H.G., the Finnish For-
the RGR indices representing the time of drainest Research Institute, unpublished):
age. The stand-wise pre-drainage volume growth
estimates were obtained by using the data of Pine stands: i, =-0.04 + 0.0095(kbo)? (5)
dbh-increment cores of the sample trees record-
ed at the time of establishment. On 13 plots no Spruce stands:iy = 1.03 + 0.007(ltho)? (6)
growth data were available from the period prior
to drainage. For those stands, the growth wakhe estimated average RGR indices at the time
estimated on the basis of site type and previoustf drainage for different peatland site types, to-
published information on the average growth ofiether with the distribution of plots to site types,
stands on undrained peatland site typeare shown in Table 1.

(Heikurainen 1971, Gustavsen and Paivanen

1982, Makinen 1990). Because the stand volume

data at the time of drainage were sometime3.3 Data

incomplete and both the volumes and growth

rates were low, only a minor part of the preTo fit the model, we needed a fairly large sample

drainage indices were defined using the nomaf stands with a well-recorded treatment history

grams presented in the above. In most cases tteaching as far back as possible and with at least
RGR indices were defined using equations corfeur successive measurements, preferably with
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Table 2. Average number of years elapsed since drairdiscarded. The RGR indices for pine-birch stands
age and mean standing volume and growth of thand spruce-birch stands were defined by using
stands by measurement times (standard deviatioqgne stand models and spruce stand models, re-

in parenthesis) in the data. spectively (cf. Vuokila and Véliaho 1980). When
determining the index values graphically, three
1 M;asureme”gfime . plots were further discarded as outliers since
their index values changed more than 15 times
Years from 15.8 228 20.7 408 the average standard error between two succes-
drainage (2.68) (2.80) (3.50) (5.22) Sive measurement occasions.
Stand volume  64.2 94.5 1140 166.4 The basic data set consisted of observations
(m*ha?) (42.16) (49.71) (54.10) (49.71) from 23 plots on spruce swamps or birch-spruce
Past growth 3.8 5.5 5.4 6.3  fens, 56 plots on pine mires, and 2 plots on tall-

(mhayr?)  (22) (7)) (29 (27 geqge fens (Table 1). On the average, the data

covered a time period from 16 to 41 years fol-

lowing drainage (Table 2). The shortest and long-
equal time steps starting from the time of drainest periods between the first and the fourth meas-
age. Most of these requirements were met in @ement were 16 and 34 years, respectively. Dif-
set of permanent sample plots located on expeferent methods have been used to calculate the
mental peatland drainage areas in different partstand-level characteristics from the basic meas-
of Finland, established from the 1910's to theirement data at different times, as discussed in
1930’s by the Finnish Forest Research Institutdetail by Gustavsen et al. (1998). Although the
(see Gustavsen et al. 1998). The plots represepibt-wise volume estimates may not have been
different peatland site types and stands more fully comparable over time, they were used as
less typical of the sites. Following drainage, thasuch for calculating the periodic increases in
stands composed of Scots pifen(s sylvestris stand volumes because no valid transformation
L.), Norway spruce Ricea abiesKarst. (L.)), procedures were available, either. Removals re-
and pubescent birciBétula pubescenghrh.) sulting from thinning or self-thinning during a
with varying admixtures have been carefullymeasurement period were included in the peri-
managed with light thinnings, mainly from be-od’'s end value of stand volume. The annual
low, and ditch repairing measures when needetheans of periodic volume growth were calculat-
to obtain the maximum stem wood yield provid-ed by dividing the increase in stand volume by
ed by the site’s potential (Paarlahti 1988). Stanthe number of growing seasons passed between
development has been monitored after drainagke successive inventories. Detailed descriptions
by successive measurements on permanent sanfi-the composition of ground vegetation from
ple plots. the time prior to drainage were available from all

For this study, we selected 81 permanent sarpiots.

ple plots using the following criteria. At least The simplex models assume simultaneous
four successive post-drainage measurements (moeasurements of the observations, while the
including the desired measurement at the time ofieasurement interval may vary. In our data, at
drainage) at five- to fifteen-year intervals wereany given measurement time, the time elapsed
required. The first measurement was to be fromince drainage varied from plot to plot. To ana-
at least 10 but no more than 19 years and the ldgre the impact of this potential source of error,
measurement from at least 33 but no more thame constructed a modified data set by fixing
49 years after drainage. Plots representing theach measurement time to a certain time point in
poorest site types and not matching the preserdlation to drainage (15, 20, 25, 30, 35 and 40
drainage guidelines, as well as plots with stangears since drainage), instead of using the true
growth not reaching the level corresponding evemeasurement times. The RGR index for each of
to the lowest site index class of the referencthe fixed measurement times was linearly inter-
models were excluded. Coniferous stands wergplated from the two neighbouring measurements
preferred and clearly birch dominated stands weia extrapolated from the closest measurement.
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If the actual measurement time deviated frorfable 3. The correlations of the current relative growth
the fixed time point by no more than two years, rate indices (RGR), and their meaps#nd stand-

the new indices were defined by shifting the ard deviations (s.d.) by measurements (n = 81).
original index values to the new fixed measure
ment occasions. Otherwise, the new indices were | Measurement RGR

. . : . . 4. d.
estimated by linear interpolation or extrapolation, 8 °
using the trend of the most adjacent period. 1 1 oo 18.395 4.7022
2. 0.848 1.000 20.722 4.8932
3. 0.781 0.841 1.000 20.642 5.1236
4, 0.724 0.780 0.858 1.000 22.130 4.7248
3 Results
3.1 Construction of the Basic Simplex Table 4. Parameter estimates and their standard errors
Model (s.e., in parentheses), and the reliabilities of the

measuresR;?) and the coefficients of determina-
The average stand volume and annual growth g, (Rqi?) of the initial quasi-simplex model with

increased with increasing time since drainage four measurements (N = 81). The model has the

(Table 2). The means of the RGR indices in-  onstraints, = 6, and6; = 6,.

creased during the study period (Table 3). The

greatest increase occurred during the first 20 Measurement

years following drainage (Tables 1 and 3), and = 2 8. 4

the increase continued up to 40 years after drain-

age. Decreasing correlations when moving awaé 0(59077% 00'906745 00'805663

from the diagonal of the matrix (Table 3) indi- -©) 0.079)  (0.075)  (0.083)

. \ - 6 2.090 2.090 1.988 1.988

cated that a simplex structure existed in the datg.e) (0.921) (0.921) (0.973) (0.973)
LISREL7 software (Joreskog and Soérbomy 20.021 2.852 3.941 2.569

1989) was used to estimate the unknown pararts.e.) (3.615) (1.718)  (1.319) (1.646)

eters in the equations (3) and (4). First, a quasp';yiz* 0.905 0.913 0.924 0911

simplex model was applied to the data. To en- _,,

sure the identifiability of the model, the measr-h”i2 0.869 0.838 0,874

urement error variances at the ﬁI‘S.'[ and second Ryi2 = squared multiple correlations for y-variables =

measurements as well as at the third and fourth var() /vargi) (=1.2,..p)

measurements were considered equal,6.es ™ snija:ti(t)%tsl—cgm\i/(g?;t/?/; ?(e_t)efmzyﬁﬁzogf')f §th°th&'

6 and 6; = 6, Thex>test 3(2) = 0.00, p = T om=t” moA=as b

0.982) and the goodness-of-fit index (GFI) indi-

cated a good fit (Table 4). Because the variance

estimate®, ... 6,0f the measurement errors werewas still adequateg?(6) = 3.01, p = 0.807, GFI =

of the same magnitude they were set equal ovBr983. All parameters deviated from zero and all

the measurements (see Leskinen 1986). The sastandardized residuals were acceptable (Table

was done for the residual variancgs ... 4  5). The reliability of the measure was relatively

(Table 4). The new model fit the data wgh(4) high and of almost equal magnitude at all meas-

=1.02, p = 0.907, GFI = 0.994. Next, a perfecirements Ry? = 0.913 — 0.917). The simplex

simplex @ = 0) was tested. The overall fit meas-structure of the latent timber production poten-

ures decreased consideral¥¥5) = 10.05, p = tial could be considered permanent during the

0.074, GFI = 0.941. Also the?-sequential test study period 8 = 3; = 8, = 0.929). Calculation

indicated that the perfect simplex did not fit theof the squares of the correlation coefficients of

data (p < 0.01). the latent variables (Leskinen 1986) showed that
The quasi-simplex model was further generalthe RGR index in the first measurement explained

ized by setting all the structural parametfrs 72 % and 62 % of the variances of the RGR

equal. According to the measures, the modéhdices in the third and fourth measurements,
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Table 5. Parameter estimates (and their standard errofigble 6. Parameter estimates and their standard errors
in parentheses) and the reliabilities of the meas- (in parentheses) and the reliabilities of the meas-
ures R?) and the coefficients of determination  ures R,? and the coefficients of determination
(Ryi®) of the final quasi-simplex model with four (Ryi?) of the quasi-simplex model for five meas-
measurements. The model constraintsfare 3; urements.
= B4 andfy =6, = 63 = 6;.

Measuremeri

Measurement 0. 1 2. 3. 4.
1. 2. 3. 4.
B 0.560 0.939 0939 0.939
G 0.929 0.929 0.929 (se) (0.193) (0.035) (0.035) (0.035)
(s.e) (0.037) (0.037) (0.037) 6 2236 2236 2236 2236 2.236
) 1.974 1.974 1.974 1.974  (s.e) (0.613) (0.613) (0.613) (0.613) (0.613)

(se) (0.625) (0.625) (0.625)  (0.625) 8.779 17.682 2841 2841 2,841
W 20.636 3.250 3.250 3.250 (s.e) (1.846) (3.269) (0.921) (0.921) (0.921)

(se) (3576) (0.983) (0.983) (0983) pR2 (797 0901 0.903 0.905 0.906

R# 09013 0914 0916 0917 g 0.135 0.864 0.866 0.868
R;i2 0846 0848  0.851

) Average time (years) since drainage: 0. = 1.0, 1. = 15.8, 2. = 22.8,
= 0.8

1) Ave
3.=229.7,4. =

respectively. The model (Table 5) was acceptefééct simplex models to the modified data set

as the final model describing the dynamics oWvith four fixed measurements times (15, 25, 30,

timber production potential of the sites during amnd 40 years from drainage), none of the models

average period of 16 to 41 years since drainagét the data with all measurements included. When
substituting the second fixed measurement time
(corresponding to 25 years since drainage) by

3.2 Extensions of the Model another measurement time (20 years from drain-
age), a perfect simplex fit the data but the struc-

A model similar to that for four measurementdural parameters were not equal. After equaliz-

(Table 5) was applied to the extended data sitg the structural parameters and the residual

including the estimated pre-drainage RGR indiparameters at the two last fixed measurements,

ces. All 8 were fixed equal. The residual vari-and still excluding the 25-year-measurement, a

ances of the structural equations for the last thrgeerfect simplex resulted in a good f#4(7) =

measurements were set equal, as well as tfeb5, p = 0.374, GFI = 0.962.

structural parametef...3; (Table 6). Compared

to the final model with four measurements, the

fit measures decreased considerably but the model

was still acceptablex?(9) = 15.81, p = 0.071, 4 Discussion

GFI = 0.925. The reliability of the measure was

low at the first measurement but increased cort.1 Factors Affecting the Estimation of

siderably in the subsequent measuremerys ( RGR Indices and Site Productivity

> 0.901). The simplex structure was not perma-

nent during the study period. The pre-drainag®ur results showed that it is possible to model

RGR indices predicted poorly the productiorthe dynamics of wood productivity on drained

potential measured at the first post-drainage opeatlands in terms of a covariance structure gen-

casion Rn;2 = 0.135). Among the later measure-erated by stand-level growth and yield data from

ments, the coefficient of determination was stilfepeatedly measured permanent sample plots. The

much higher (0.864—-0.868). temporal structure of the latent production po-

When trying to apply quasi-simplex and pertentials of the sites and the RGR indices used as
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a measure of the latent variable, could be exgime and less by site fertility (Heikurainen 1971,
pressed by a simple autoregressive quasi-siMakitalo 1985, Gustavsen and Paivanen 1986).
plex model where the structural param¢gtdad Consequently, stand characteristics at the time
a constant value throughout the measurementsf. drainage predict post-drainage timber produc-
This means that the plots having, e.g., low indetion poorly, which was specifically indicated by
values at the beginning tended to obtain lowhe non-permanent structure of the quasi-sim-
values throughout the study period. Althougtplex model. To some degree, the problems with
the structural parameters had a constant valuthe reliability of the model at the pre-drainage
the process was non-stationary since the RGReasurement may have been due to the different
index means increased over time. This resuthethod in estimating the RGR index values. Un-
must be interpreted as an interactive effect of ®rtunately, no information of this potential im-
true increase in the wood production potential gbact could be gained from the analyses.
the sites and a possible artificial effect related to The RGR index means continued to increase
determining the RGR index values with the helpp to the end of the study period, even after the
of reference models. In the following, the signif-expected 15 to 20-year growth response to water
icance of these effects, as well as the reasons fewel draw-down. If not due to a true increase in
the increasing productivity are discussed basdte sites’ production potential, the observed trend
on our modelling approach as well as on resultsould be born out of potential bias in the deter-
from other studies. mination of the RGR indices, the possible sourc-
According to our approach, the true site proes of which are discussed in the following. First,
duction potential was considered a latent varidghe RGR index values could have been affected
ble and the other factors affecting growth, antty ingrowth to which the initially sparse and
not being accounted for by the RGR index, weraneven-sized peatland stands are usually sub-
considered as parts of the measurement errgected during several decades following drain-
Assuming that the dynamics of the latent proage (Hanell 1984, Hokka and Laine 1988). In
duction potential were correctly accounted foour data, however, the impacts of ingrowth were
by the final quasi-simplex model (Table 5), thergrobably rather small due to the intensive man-
remain two potential main sources of error relatagement of the stands with light thinnings main-
ed to the measured variable RGR: (i) the volumly from below and the subsequent decrease in
and growth determinations at the different meaghe average stem number per hectare since the
urements which can't be further examined fronsecond measurement (data not shown; see also
the data available, and (ii) the use of the refeiGustavsen et al. 1998). However, as far as any
ence models to guide the determinations of thiegrowth exists and as the stand structure simul-
RGR index values, on which the model extentaneously changes from an uneven structure to-
sions may shed some more light. wards a more even structure, increasing stand
Extending the model to fit the modified datayields are to be expected (Sterba and Monserud
set with four fixed measurement times resulted993). Secondly, the potential impacts of vary-
in a perfect simplex structure, i.e., by fixing theing stand densities on the measured RGR indices
measurement time points and estimating the cowere probably fairly well accounted for by using
responding RGR index values by linear interan appropriate set of growth and yield models,
polation, measurement error became insignifiwith numerous options of thinning schemes, as
cant. This implies that a significant part of thethe reference models. As far as thinning respons-
measurement error in the basic quasi-simplegs are concerned, there is reason to believe that
model was due to the variation in the measurdhe responses of peatland stands are weaker and
ment time points relative to time elapsed sincslower than those of upland stands (Hokka et al.
drainage. The reduced fit resulting from extend1997). Consequently, when applying the upland
ing the model to include the pre-drainage RGReference models to the newly thinned stands in
indices was more or less expected because, eguy data, one would have expected obtaining
volume growth of stands growing on undrainedower RGR index values than appropriate. Alto-
peatlands is mainly influenced by the water regether, the impacts related to ingrowth and stand
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treatments do not seem to provide relevant ekxangas et al. (1986) used merely the ratio of
planations for the observed increases in the RGRIume growth to current stand volume as an
indices. Most of the interest in this discussion isndicator of site productivity which may have
thus to be focused on the impacts of changinigd to underestimate the sites’ production poten-
site properties, leaving the possible impact dfials. In old managed stands the standing volume
changing stand structure somewhat open. and growth are affected by previous commercial
An instant tree-level growth response is knowrthinnings and, moreover, the ratio of current
from earlier studies to be attributable to the imgrowth to standing volume becomes quite differ-
proved conditions for tree growth during the firstent from what it is in younger stands with high
15-year period following drainage (e.g. Lukkaladensities and still increasing relative growth rates.
1937, Seppala 1969, Hanell 1984, Miina 1994).
This time period corresponded for the greatest
change in site productivity also in our results. Im.2 RGR Indices versus Botanical Site
some studies the growth rate of stands has been Evaluation
found to level out or even reverse some twenty
years elapsed since drainage (Heikurainen 1980/e calculated the correlation between the RGR
Hanell 1984, Hokka et al. 1997). Our resultsndices defined for the last measurement time
showed that, after a peak and consequent levelnd the botanically based site quality indices
ling out around 15 to 25 years since drainage, @efined by Heikurainen (1973) using the vegeta-
slight increase in stand-level productivity is stilltion composition data of the plots from the time
to be expected at least up to 40 years since drajorior to drainage. The RGR indices at the last
age which in many cases brings the stand to tmeeasurement correlated positively with the site
end of the first post-drainage rotation. The reaguality indices (r = 0.465, p = 0.001). Because
son for our results differing from those of theHeikurainen's site index is a function of tree
earlier studies may be a result of site selectiosspecies, the correlation was also calculated for
Our data come from research sites with interpine stands, only (n = 66). The correlation was
sively managed drainage systems. The data wkaker but still significant (r =0.262, p = 0.034).
Heikurainen (1980), Hanell (1984), and Hokk&n the north the range of the site quality indices
et al. (1997) are from drainage areas managedhs limited (Fig. 3) which may have weakened
for production forestry which means that thehe correlation with the RGR indices in these
drainage systems likely had little or no maintedata. The RGR indices, i.e., the measured wood
nance during the first 20 years following the
initial drainage. RGR
Our results showing increasing productivity 4,
with increasing time since drainage are in ac-

cordance with those of Bush (1964) concerning
long term individual-tree growth and especially 30 T
with Seppalad’s (1969) comparisons of tree growth
on drained peatlands to trees of similar size grow- 1
ing on mineral soil sites. On the other hand,
Heikurainen and Seppéla (1973) and Keltikan-
gas et al. (1986) reported lower stand-level rela-10 7
tive growth rates in old drainage areas than ex-

pected on the basis of site quality indices
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(Heikurainen 1973) and some earlier results
(Heikurainen 1959). Partly these unexpectedly
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accounted impacts of the relatively high propor-
tions of thinned stands in the inventory data sets.
Both Heikurainen and Seppéla (1973) and Kelti-
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low growth rates may have been due to not fullyig. 3. Correlation of the site quality index (SQI) and

the RGR index at the last measurement. Plots
located in northern Finland are indicated by
squares.
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productivity, of sites with low site quality indi- Table 7. Average RGR indices by site typesX18) at
ces varied considerably, especially in southern the fourth measurement time (ca. 40 years after
Finland. Furthermore, a site of a given quality drainage) in southern (S) and northern (N) parts of
index seemed to obtain higher RGR indices in Finland.

the south than in the north (Fig. 3).

The average RGR index values at the last mea3te type” goGRindex n
urement were calculated for the site types with at
least three plots inpluded ?n the data set. On the 277 178 6
average, the RGR indices increased with increag 26.0 6
ing fertility of the sites (Table 7). However, e.g.PK 18.2 3
cottongrass-sedge pine fens (TSR) obtained ev&sK 27.5 3
higher indices than herb-rich sedge birch-pin&SK 26.8 3
fens (RhSR). Some unexpectedly high averag@ R 15.8 11
values, as well as the rather great variation in tHehSR 23.0 4
RGR index values related to site types of low/SR 26.9 1
botanical site quality indices, implied that thelSR 23.7 8
RGR indices were able to account for some sour %gg g
of variation in productivity within a given botan- + 19.4 4

ical site index class. This may be a result of tha
implicit inclusion of density, dominant speciesi) For the abbreviations, see Table 1.
and thinning treatment in the computation of
RGR index. It could also be associated with
changes in site properties since drainage. Somdeainage although some effects may only be-
authors have suggested that in specific circuntome evident as the stand growth (and nutrient
stances, nitrogen nutrition in older drainage aredemand) increases. As well, the edaphic condi-
as may change to more favourable for tree growtions may be affected by any interventions in-
than what would be expected based on the boluding remedial ditching and thinnings. A draw-
tanical site type (e.g. Hotanen and Tonteri 1991hack of the applied method was that it was not
Also, the compaction of the surface peat laygpossible to distinguish the effect of single fac-
due to water level draw-down may bring mordors (i.e., initial growth response to drainage,
nutrient rich peat within the reach of tree roots. lincrease in yield due to change in stand struc-
is also possible that atmospheric nitrogen depadre, and long term changes in site properties) on
sition contributes significantly to the nutrientthe RGR index means from one another. This
status of sites in southern Finland. would probably require more detailed tree-level
analysis with explicit inclusion of the different
effects in the model. Thus the RGR index meth-
4.3 Conclusions od as such cannot be considered a general solu-
tion to measure site productivity of drained peat-
Our approach on modelling the dynamics of sitéands but there remains a need to develop a di-
productivity with repeatedly measured stand-levalect measure (site index) that would more ex-
yield data from permanent sample plots appearegddicitly indicate site quality in terms of wood
to contribute significantly to the site productivi- productivity.
ty predictions based merely on botanical site As to practical forestry, our results of the con-
evaluation. It seemed evident that the wood prdinuously increasing RGR indices suggest that
ductivity of the examined drained peatland sitesnproving productivity of drained peatland sites
increased continuously over time elapsed sinamay be expected for several decades after drain-
drainage, partly due to changes in stand structuage, provided that the drainage is properly main-
and stocking but probably mostly due to changesined. The results on the productivity level ob-
in site properties. The rate of change in the edaptained in the experimental stands are not expect-
ic variables is most rapid immediately followinged to apply directly to all drained peatland sites
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in Finland but are more likely to represent thedanell, B. 1984. Skogsdikningsboniteten hos Sveri-
highest production potentials that can be achieved ges torvmarker. Summary: Post-drainage site in-
by best management practices on sites with fair- dex of peatlands in Sweden. In: Forest ecology

ly balanced nutrition.

Acknowledgements

The data was collected by Mr. Heikki Takamaa
from the records of the Finnish Forest Research
Institute. Ms. Riitta Alaniva, Mr. Matti Siipola, —
and Ms. Inkeri Suopanki helped in the various
stages of data processing. Professor Esko Leski-
nen has given valuable support in problems con-
cerning the modelling process. Dr. Juha Lappi,
Dr. Raija Laiho, Dr. Jukka Laine, Prof. Juhani
Paivanen, and Dr. Margaret Penner as well as
two anonymous referees provided us with con-

structive criticism. We wish to thank all who
have contributed to our work.

References

and forest soils. Rep. 50. Department of Forest
Soils, Swedish University of Agricultural Scienc-
es, Uppsala. 121 p.

Heikurainen, L. 1959. Tutkimus metsaojitusalueiden

tilasta ja puustosta. Referat: Uber waldbaulich ent-
wasserte Flachen und ihre Waldbestande in
Finnland. Acta Forestalia Fennica 69(1): 1-244.
1971. Virgin peatland forests in Finland. Acta
Agralia Fennica 123: 11-26.

1973. Soiden  metsénkasvatuskelpoisuuden
laskentamenetelma. Summary: A method for cal-
culation of the suitability of peatlands for forest
drainage. Acta Forestalia Fennica 131: 1-35.
1980. Kuivatuksen tila ja puusto 20 vuotta van-
hoilla ojitusalueilla. Summary: Drainage condi-
tion and tree stand on peatlands drained 20 years
ago. Acta Forestalia Fennica 167: 1-39.

& Seppala, K. 1973. Qjitusalueiden puuston kas-
vun jatkumisesta ja alueellisuudesta. Summary:
Regionality and continuity of stand growth in old
forest drainage areas. Acta Forestalia Fennica 132:
1-36.

Bollen, K. A. 1989. Structural equations with latentHokk&a, H. 1997. Models for predicting growth and

variables. John Wiley & Sons, Inc. ISBN 0-471-
01171-1. 514 p.

Bush, K. 1964. Puuston kasvukyvyn jatkuvuudesta oji-
tetuilla turvemailla. Summary: Capacity of trees for
continued growth on drained swamps. Suo 15: 3-8—

Cajander, A.K. 1909. Uber Waldtypen. Fennia 28:

1-176. (1913. Acta Forestalia Fennica 1(1)).

Gustavsen, H.G. 1980. Talousmetsien kasvupaikka-
luokittelu valtapituuden avulla. Summary: Site in-—
dex curves for conifer stands in Finland. Folia

Forestalia 454: 1-31.

— & Paivanen, J. 1986. Luonnontilaisten soiden puus-
tot kasvullisella metsdmaalla 1950-luvun alussa.
Summary: Tree stands on virgin forested mires in
the early 1950’s in Finland. Folia Forestalia 673:

1-27.

— , Heinonen, R., Paavilainen, E. & Reinikainen, A—
1998. Growth and yield models for forest stands
on drained peatland sites in southern Finland. For-

est Ecology and Management 107: 1-17.

yield in drained peatland stands in Finland. Met-
santutkimuslaitoksen tiedonantoja — The Finnish
Forest Research Institute, Research Papers 651.
45 + 53 p.

& Laine, J. 1988. Suopuustojen rakenteen kehitys
ojituksen jalkeen. Summary: Post-drainage devel-
opment of structural characteristics in peatland
forest stands. Silva Fennica 22(1): 45-65.

, Piiroinen, M-L. & Penttila, T. 1991. Lapimitta-
jakauman ennustaminen Weibull-jakaumalla
Pohjois-Suomen ménty- ja koivuvaltaisissa ojitus-
aluemetsikdissa. Summary: The estimation of
basal area-dbh distribution using the Weibull-
function for drained pine and birch dominated and
mixed peatland stands in north Finland. Folia For-
estalia 781. 22 p.

, Alenius, V. & Penttila, T. 1997. Individual-tree
basal area growth models for Scots pine, pubes-
cent birch and Norway spruce on drained peat-
lands in Finland. Silva Fennica. 31(2): 161-178.

Guttman, L.A. 1954. A new approach to factor analyHotanen, J-P. & Tonteri, T. 1991. Soiden luokittelun

sis: The radex. In: Lazarsfield, P.F. (ed.), Mathe-
matical thinking in the social sciences. New York:

Columbia University Press. p. 258-348.

viimeaikainen kehitys Suomessa. Summary: Re-
cent development of peatland classification in Fin-
land. Luonnon Tutkija 94: 212—-222.

37



Silva Fennica 33(1)

research articles

Huikari, O. 1952. Suotyypin maaritys maa- ja metsd—

taloudellista kayttdarvoa silmallapitaen. Summa-
ry: On the determination of mire types, especially

& Laine, J. 1994. Nitrogen and phosphorus stores
in peatlands drained for forestry in Finland. Scan-
dinavian Journal of Forest Research 9: 251-260.

considering their drainage value for agricultureLaine, J. & Starr, M. 1979. An analysis of the post-

and forestry. Silva Fennica 75: 1-22.

llvessalo, Y. 1920. Kasvu- ja tuottotaulukot Suomen

etelapuoliskon manty-, kuusi- ja koivumetsille.
Referat: Ertragstafeln fiir die Kiefern-, Fichten-
und Birkenbesténde in der Studhalfte von Finnland.
Acta Forestalia Fennica 15(4): 1-96.

Joreskog, K. 1970. Estimation and testing of simplex

drainage stand increment in relation to the peat-
land site type classification in Finland. Proceed-
ings of International Symposium on Classifica-

tion of Peat and Peatlands. Hyytiala, Finland. In-
ternational Peat Society. 147-159.

& Vasander, H. 1990. Suotyypit. [Peatland site

types] (In Finnish). Kirjayhtymé&, Helsinki. 80 p.

models. The British Journal of Mathematical and_eskinen, E. 1986. Simplex-malleista ja niiden kaytosta

Statistical Psychology. 23: 121-145.

1981. Analysis of covariance structures. Scandi-
navian Journal of Statistics 8: 65-92.

& Sorbom, D. 1989. LISREL 7. User’s reference
guide. First edition. Scientific Software Inc., —
Mooresville, IN 46158 USA. ISBN: 0-89498-023-

8. 316 p.

1993. LISRELS8: Structural equation modeling with
the SIMPLIS command language. Scientific Soft-

seuranta-aineistojen analysoinnissa. [Simplex-
models and their applications in the analysis of lon-
gitudinal data] (In Finnish). Jyvaskylan yliopisto.
Tilastotieteen laitos. Julkaisuja 10/1986. 41 p.
1987. Faktorianalyysi. Konfirmatoristen faktori-
mallien teoria ja rakentaminen. [Factor analysis.
Theory and construction of confirmatory factor
models] (In Finnish) Jyvaskylan yliopiston tilasto-
tieteen laitoksen julkaisuja 1/1987. 235 p.

ware International, Inc. Chicago, IL 60615 USA.Lukkala, O.J. 1937. Nalkavuosien suonkuivatusten tu-

ISBN: 0-89498-033-5. 202 p.

Karsisto, M. 1979. Maanparannustoimenpiteiden

vaikutuksista orgaanista ainetta hajottavien mikro-
bien aktiivisuuteen suometsisséa. Osa |. Pohjaveden
etdisyyden ja NPK-lannoituksen vaikutus Vilppu-
lan ja Kivalon rameelld ja korvessa. Summary:

loksia. Referat: Ergebnisse der in den Hungerjahren
angelegten Moorentwésserungen. Communica-
tiones Instituti Forestalis Fenniae 39(6) 140-160.

& Kotilainen, M. 1951. Soiden ojituskelpoisuus.
[The applicability of peatlands to forest drainage]
(In Finnish) 56 p. Keskusmetséseura Tapio.

Effect of forest improvement measures on activityMakinen, E. 1990. Ojituksen vaikutus puustoon ja

of organic matter decomposing micro-organisms
in forested peatlands. Part I. Effect of drainage
and NPK fertilization in the spruce and pine
swamps at Kivalo and Vilppula. Suo 30: 49-58.

Kaunisto, S. 1992. Effect of potassium fertilization on

growth and nutrition of Scots pine. Suo 43: 45-62.

drainage areas and growth of stands. Seloste:
Turpeen ravinnevarat vanhoilla ojitusalueilla ja
puuston kasvu. Communicationes Instituti Fore-
stalis Fenniae 145. 39 p.

pintakasvillisuuteen Nurmes-tutkimuksen kahdel-
la valuma-alueela. Pro gradu -ty6. [The effect of
drainage on ground vegetation and tree stand in
two watersheds in the Nurmes project area. A
mimeograph] (In Finnish). Joensuun Yliopisto,
Biologian laitos.

— & Paavilainen, E. 1988. Nutrient stores in oldMakitalo, A. 1985. Tree growth in relation to site

characteristis on selected peatland sites in central
Alberta. M.Sc.-thesis. Dept. of Forest Science,
University of Alberta. 80 p.

Miina, J. 1994. A spatial growth model for Scots pine
Keltikangas, M., Laine, J., Puttonen, P. & Seppéla, K.

on drained peatland. Silva Fennica 28(1): 15-27.

1986. Vuosina 1930-1978 ojitetut suot: ojitusaluPaarlahti, K. 1988. Suometsien tuotos vanhoilla ojitus-

eiden inventoinnin tuloksia. Summary: Peatlands
drained for forestry during 1930-1978: results from
field surveys of drained areas. Acta Forestalia
Fennica 193: 1-94.

Laiho, R. 1997. Plant biomass dynamics in drained

alueilla. [Yield of peatland stands growing on old
forest drainage areas] (In Finnish). In: Ahti, E.
(ed.), Soiden kaytté metsénkasvatukseen. Suon-
tutkimusosasto 60 vuotta. Metséntutkimuslaitok-
sen tiedonantoja 308: 180-186.

pine mires in southern Finland. Implications forPaavilainen, E. & Paivanen, J. 1995. Peatland forest-

carbon and nutrient balance. The Finnish Forest
Research Institute, Research Papers 631. 54+52 p.

ry. Ecology and principles. Springer-Verlag, Ber-
lin-Heidelberg-New York. 248p.



Hokka and Penttild Madelling the Dynamics of Wood Productivity on Drained Peatland Sites in Finland

Paivanen, J. 1982. Hakkuun ja lannoituksen vaikutus
vanhan metsaojitusalueen vesitalouteen. Summa-
ry: The effect of cutting and fertilization on the
hydrology of an old forest drainage area. Folia
Forestalia 516: 1-19.

Penner, M., Penttila, T. & Hokka, H. 1995. A method
for using random parameters in analyzing perma-
nent sample plots. Silva Fennica 29(4): 287-296.

Ruha, M., Hokk&, H., Varmola, M. & Salminen, H.
1997. Stability of height positions in young natu-
rally regenerated stands of Scots pine. Forest Ecol-
ogy and Management 97: 155-163.

Saramaki, J. 1977. Qijitettujen turvemaiden hieskoi-
vikoiden kehitys Kainuussa ja Pohjanmaalla. Sum-
mary: Development of white birch (Betula pubes-
cens Ehrh.) stands on drained peatlands in north-
ern Central Finland. Communicationes Instituti
Forestalis Fenniae. 91(2): 1-59.

Seppéla, K. 1969. Kuusen ja mannyn kasvun kehitys
ojitetuilla turvemailla. Summary: Post-drainage
growth rate of Norway spruce and Scots pine on
peat. Acta Forestalia Fennica 93: 1-88 p.

Sterba, H. & Monserud, R. 1993. The maximum den-
sity concept applied to uneven-aged mixed-spe-
cies stands. Forest Science 39(3): 432-452.

Starr, M.R. 1982. The development of drained peat-
land forest sites in Finland. A thesis for the degree
of Doctor of Philosophy. Department of Geogra-
phy. Faculty of Pure Science, University of Shef-
field. October, 1982. 311 p.

Vuokila, Y. & Valiaho, H. 1980. Viljeltyjen havumet-
sikdiden kasvatusmallit. Summary: Growth and
yield models for conifer cultures in Finland. Com-
municationes Instituti Forestalis Fenniae 99(2):
1-271.

Total of 49 references

39



