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Tree survival, as affected by tree and stand variables, was studied using the Estonian 
database of permanent forest research plots. The tree survival was examined on the 
basis of remeasurements during the period 1995–2004, covering the most common 
forest types and all age groups. In this study, the infl uence of 35 tree and stand vari-
ables on tree survival probability was analyzed using the data of 31 097 trees from 
236 research plots. For estimating individual tree survival probability, a logistic model 
using the logit-transformation was applied. Tree relative height had the greatest effect 
on tree survival. However, different factors were included into the logistic model 
for different development stages: tree relative height, tree relative diameter, relative 
basal area of larger trees and relative sparsity of a stand for young stands; tree relative 
height, relative basal area of larger trees and stand density for middle-aged and matur-
ing stands; and tree relative height and stand density for mature and overmature stands. 
The models can be used as preliminary sub-components for elaboration of a new indi-
vidual tree based growth simulator.

Key words: forest growth, logistic regression, generalized linear mixed model, mortal-
ity, survival probability, tree and stand variables

Introduction

Tree mortality is a key factor infl uencing forest 
dynamics, and estimating tree survival therefore 
requires special attention (Yang et al. 2003). 
The accuracy of growth models depends largely 
on the accuracy of estimating tree survival. The 
main purpose of survival research is to under-
stand how and why tree mortality occurs. This 

information is essential for developing strategies 
of forest management (Hamilton & Edwards 
1976). Modelling tree survival is not a trivial 
task. In her overview Hawkes (2000) highlighted 
the main problems associated with such models:

Lack of long-term observations. Mortality may 
be caused by different biotic and abiotic 
factors which become relevant at different 
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points in time. As a result, the probability of 
tree survival is usually rather fl uctuating and 
irregular (Gadow 1987).

Improper use of models. Models of tree survival 
that have been developed on a specifi c data 
set and with specifi c assumptions, should not 
be used outside the range of their validity. 
Mortality patterns may differ substantially 
between different tree species (Dale et al. 
1985).

Infl uence of human activity. Human activity is 
an important factor to natural which com-
plements natural processes and complicates 
model prediction. It is hard to estimate the 
effects future management activity, because 
even in the case of well-defi ned cutting rules 
it is diffi cult to forecast the impact of the real 
cutting performance in terms of its weight 
and quality.

According to Vanclay (1994), the causes of 
tree mortality may be divided into three major 
groups:

Catastrophic: Large-scale mortality of trees, 
caused by storms, game damage, insect-
pests, fl ooding or other extraordinary events.

Anthropogenic: Tree mortality caused mostly by 
harvesting operations, but also by industrial 
pollution or changes in water tables.

Regular: Tree mortality caused by tree age and 
competition, but also by pests and diseases 
and unfavourable weather conditions (storm, 
drought or fl ooding).

Catastrophic and anthropogenic mortality are 
hard to predict and the modeling of such proc-
esses requires long-term measurement series on 
permanent sample plots. Such data are lacking 
and for this reason, the present study deals only 
with modeling regular mortality.

A number of models were used to estimate 
tree survival, including the linear (Moser 1972, 
Leak & Graber 1976, West 1981), Weibull 
(Somers et al. 1980, Kouba 1989), gamma-
distribution (Kobe & Coates 1997), exponential 
(Moser 1972), Richards (Buford & Hafl ey 1985), 
and Gompertz function (Kofman & Kuzmichev 
1981). The logistic function has been used 
mostly for estimating individual tree survival 

(see for example, Hamilton & Edwards 1976, 
Monserud 1976, Buchman 1979, Hamilton 1986, 
Vanclay 1991, Vanclay 1995, Dursky 1997, 
Murphy & Graney 1998, Albert 1999, Monse-
rud & Sterba 1999, Eid & Tuhus 2001, Yao et 
al. 2001, Hynynen et al. 2002, Soares & Tomé 
2003, Yang et al. 2003, Diéguez-Aranda et al. 
2005). The majority of the more recent survival 
models have been concentrating on the indi-
vidual tree level (Mabvurira & Miina 2002). One 
reason is that the single tree level seems to allow 
more specifi c estimates in uneven-aged, species 
rich forests. In tree survival studies (Hynynen et 
al. 2002, Alenius et al. 2003) multilevel logistic 
regression models for hierarchically structured 
data are becoming more common.

Until recently, the research covering tree sur-
vival in Estonia has not been very extensive. 
Noteworthy is the model for estimating mortal-
ity on the stand level by Jõgiste (1998) and the 
research by Nilson (2006) about the relation 
between number of trees and mean stand diam-
eter. Models for estimating individual tree sur-
vival are still lacking in Estonia. Only recently 
it has been possible to use the data from the 
network of permanent forest growth plots, which 
covers entire Estonia. Thus, the objective of the 
present study is to identify from that database 
variables which infl uence tree survival. We will 
present a fi rst attempt to model individual tree 
survival in Estonia.

Our specifi c hypotheses were that (i) differ-
ent sets of driving variables infl uence tree sur-
vival at different stand development stages; (ii) 
at the tree level, variables of relative size (e.g. 
ratio of tree and stand diameter) describe tree 
survival better than variables of absolute size; 
(iii) at the stand level, variables of maximum 
density infl uence survival the most; and (iv) 
shade-tolerant tree species are more vital than 
light-demanding, and fast growing species have 
lower rates of survival.

Factors infl uencing tree survival

In modeling tree survival, a variety of variables 
have been considered. Hamilton (1986) clas-
sifi ed the factors that affect tree survival into 
four groups: tree size, tree competition status in 
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the stand, tree viability and stand density. In the 
present analysis, the main factors that infl uenced 
tree survival in other studies, are considered. For 
that purpose, more than 20 logistic models of 
tree survival and mortality were analyzed. The 
logistic models for estimating tree survival can 
be presented in the following general form:

 (1)

where P is the probability of tree survival, (1 – P) 
is the probability of tree mortality, and f(X) is the 
function (mostly linear) of diverse infl uencing 
factors (Vanclay 1994). Several authors have 
used Eq. 1 for different tree species, where every 
species has a specifi c set of coeffi cients (Ham-
ilton 1986, Vanclay 1991, Monserud & Sterba 
1999, Eid & Tuhus 2001, Hynynen et al. 2002). 
Factors, infl uencing mortality may be regarded at 
the single tree or stand level. The most frequently 
used variables are listed in Table 1.

Material and methods

Data set

The network of permanent forest growth research 
plots, established during the period 1995–2004 
and covering entire Estonia was used in the 
present study. The fi rst forest growth research 
plots of the network were established in the 
nemoral forests and mesotrophic forests of cen-
tral Estonia in 1995–1996 and in the heath for-
ests of northern Estonia in 1997–1998 (Kiviste 
& Hordo 2002). Since 1999, the network of 
forest research plots has been extended, repre-
senting the most common forest types and age 
groups in Estonia. For extension of the network 
of forest research plots, sample grid of Interna-
tional Co-operative Programme on Assessment 
and Monitoring of Air Pollution Effects on For-
ests (Karoles et al. 2000) was used for placement 
centres of plot groups. The plot locations in the 
fi eld were selected randomly on a map.

Generally, the permanent forest growth plots 
are circular with radii of 15, 20, 25 or 30 meters. 
The plot size depends on the forest age and den-
sity, such that, as a rule, on every plot there are at 
least 100 trees of the upper tree storey. Trees of 

the second storey and shrub layer were measured 
in a smaller concentric circle with a radius of 
eight (at plot radius 15 m) or 10 meters (at plot 
radius more than 15 m). On each plot, the polar-
coordinates (azimuth and distance from the plot 
centre), the diameter at breast height, and defects 
were assessed for each tree. The tree height and 
height to crown base were measured in every 
fi fth tree and also on dominant and rare tree 
species. The height to the fi rst dry branch of old 
coniferous trees was also assessed (see Kiviste & 
Hordo 2002 for more details).

In 2004, the network consisted of 730 of per-
manent forest growth plots. The tree coordinates 
and breast height diameters of 101 311 living 
trees were measured. The total tree height and 
the height to crown base was assessed on 33 045 
trees. During 2000–2004, altogether 380 sample 
plots were re-measured. It was then found, that 
of 49 814 trees measured during the previous 
survey, 4658 trees (9.4%) had been harvested 
and 2883 trees (5.8%) had died (broken or fallen 
down) during the period between the two meas-
urements.

During the period between the measure-
ments, trees were harvested on 134 plots; 130 of 
these were excluded from the analysis because 
the condition of the trees at the time of harvest 
was not known. Fourteen plots, where the period 
between the measurements was not exactly fi ve 
years, were also excluded from the analysis. 
Thus, the data set used in the present study 
contains 31 097 trees from 236 plots. Their loca-
tions are shown in Fig. 1.

Figure 2 presents distributions of permanent 
sample plots analyzed in this study by forest site 
types, dominant species and stand development 
stages. Most plots are located in the nemoral and 
mesotrophic forest types. The site type ’others’ 
includes alvar, transition bog, and fen forests. 
Pine stands are more represented than stands 
with other tree species. The alder forests include 
four black alder plots and fi ve grey alder plots. 
Almost all groups by site type and by main spe-
cies include stands of all development stages. 
Regarding stand age, it appears that the distribu-
tion of plots is quite balanced between the ages 
of 20 and 80 years (Fig. 3). Four plots stocked 
with pine forests have an age of 150 years or 
more.
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Variables investigated

The list of variables which are assumed to infl u-
ence tree survival and their statistical characteris-
tics are presented in Table 2. The majority of the 
variables are continuous (age, height, diameter, 
etc.), but there are also some nominal variables 
(storey, tree species, forest site type) and binary 

variables as a transformation of nominal variables 
(tree species indicator, sign of moose damage, 
etc.) in the data set. The investigated data set was 
hierarchical, some of the variables were appointed 
at tree level (storey, tree species, tree diameter, 
tree height, etc.) and others at plot level (dominant 
tree species, forest site type, age of the fi rst storey, 
mean diameter, mean height, etc.).

Table 1. Most frequently used tree and stand variables for estimating tree survival.

 Individual tree Forest stand
 

Tree status Source Stand variable Source

Tree diameter at breast Monserud (1976), Hamilton Stand basal area Hamilton & Edwards (1976),
height (D) & Edwards (1976), Hamilton  Hamilton (1986), Vanclay
 (1986), Vanclay (1991),  (1991), Eid & Tuhus (2001),
 Dursky (1997), Monserud &  Yao et al. (2001), Hynynen
 Sterba (1999), Eid & Tuhus  et al. (2002), Yang et al.
 (2001), Yao et al. (2001),  (2003), Diéguez-Aranda et
 Mabvurira & Miina (2002),  al. (2005)
 Hynynen et al. (2002),
 Soares & Tomé (2003), 
 Yang et al. (2003)

Tree relative diameter Hamilton (1986), Eid & Stand dominant Palahi & Grau (2003),
(the ratio of tree diameter Tuhus (2001), Mabvurira & height Diéguez-Aranda et al. (2005)
and stand mean diameter) Miina (2002)

The estimated tree Monserud (1976), Hamilton Stand age Hynynen et al. (2002),
diameter increment for (1986), Vanclay (1991), Yao  Diéguez-Aranda et al. (2005)
a specifi ed time et al. (2001), Yang et al.
 (2003)

Tree height Hamilton & Edwards (1976), Stand mean diameter Hamilton (1986), Eid &
 Dursky (1997), Palahi &  Tuhus (2001), Mabvurira &
 Grau (2003)  Miina (2002)

Tree age Hynynen et al. (2002) Relative proportion Yao et al. (2001), Eid &
  of tree species in stand Tuhus (2001)
  (measured interms of
  basal area, volume or
  number of trees)

Relative length of tree Hamilton & Edwards (1976), Stand site quality Dursky (1997), Eid & Tuhus
crown Monserud & Sterba (1999)  (2001), Yao et al. (2001),
   Mabvurira & Miina (2002)

The sum of basal area of Vanclay (1991), Monserud & Number of trees Eid & Tuhus (2001), Soares
larger trees (BAL index) Sterba (1999), Eid & Tuhus per ha & Tomé (2003), Diéguez-
 (2001), Hynynen et al.  Aranda et al. (2005)
 (2002), Palahi & Grau (2003)

The sum of basal area of Yang et al. (2003)
larger broadleaf trees

Tree defects caused by Hamilton & Edwards (1976)
game, insects or some
other damages
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Fig. 3. Distribution of plots 
by age classes.

Fig. 1. Location of re-
measured permanent 
sample plots in Estonia. 
Points in the map indicate 
locations of 3–6 perma-
nent sample plots. Black 
dots = plots used in this 
study, grey dots = other 
plots in the network.

Fig. 2. Distribution of plots 
by groups of (A) forest site 
types and (B) main tree 
species.

The tree storey (RIN) was defi ned during 
the fi eld assessment according to the rules of 
a forest survey. The majority of trees on plots 
were assigned to the I storey (81.9%). Altogether 
17.3% of the trees belong to the second storey 
(II storey), but substantially less trees were 
measured from the regeneration and shrub layer 

(respectively, 0.6% and 0.2%). In some plots, 
the second story (II storey) and the regeneration 
trees and the shrub layer were measured in the 
smaller concentric circle. In some sample plots, 
the small regeneration and shrub layer trees were 
not measured at all.

Almost one half of the trees (46.8%) were 
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pines, 23.3% were spruces, 18% birches, 3.9% 
were aspens and 5.1% were alders.

Tree height (H) was measured on 29.7% 
of trees and the height to crown base (HV) on 
25.1% of all trees. To estimate the height of all 
trees, Nilson’s diameter/height relations were 
used (Kiviste et al. 2003). These relations were 
applied separately to every combination of tree 
species and storey of each plot (tree cohort). 
A two-parameter diameter/height regression is 
being used, when more than fi ve trees per tree 
cohort were measured

  (2)

where D is the tree breast-height diameter; D
C
 is 

the mean square diameter of the respective tree 
cohort; b and H

C
 are parameters of the diameter-

height regression, calculated from sample trees; 
c is a parameter which depends on the tree spe-
cies (listed in Table 3). The variable H

C
 repre-

sents the mean height of the tree cohort.
When between 1 and 5 trees of each tree 

cohort were measured on a plot, the follow-
ing one-parametric diameter-height relation was 
used

 

  (3)

 

where D is the tree breast height diameter; D
C
 is 

the mean square diameter of the respective tree 
cohort; a and c are parameters which depend on 
the tree species (listed in Table 3); H

i
 and D

i
 are 

sample tree height and diameter respectively.
The diameter/height relation (Eq. 3) was also 

used in the case of a tree cohort where the 
heights were not measured. This was the case, 
for example, in rare tree species which occurred 
on a particular plot. The mean height H

C
 of a tree 

cohort was calculated with the formula

  (4)

where D
C
 is the mean square diameter of the 

tree cohort, and k
1
, k

2
 and k

3
 are species-specifi c 

parameters (Table 3).
Relative tree diameter (DS), relative tree 

height (HS), basal area of larger trees (BAL), 
relative basal area of larger trees (BALS) and 
Hegyi competition indices (HEG5 and HEGH) 
were the investigated variables characterizing 
individual tree competitive status. Four of these 
(DS, HS, BAL and BALS) do not require known 
tree positions and it is relatively easy to calculate 
them. The relative tree diameter (DS) is calcu-
lated as

 DS = D/D
1
 (5)

where D is the tree diameter and D
1
 is the mean 

square diameter of the fi rst storey trees. The rela-
tive tree height is calculated as follows

 HS = H/H
1
 (6)

where H is the tree height and H
1
 is the mean 

height of the fi rst storey, weighted by the spe-
cies-specifi c basal areas. The BAL index is cal-
culated as basal area of trees having a diameter 
larger than the diameter of the reference tree. 
The relative basal area (BALS) is equal to the 
BAL index divided by the basal area of all trees 
in the plot.

Tree position coordinates and tree-size data 
are used to defi ne a competition index which 
requires that the tree positions are known. An 
example of such a position-dependent quantity 
is the Hegyi (1974) competition index (HEG5), 
which is calculated as follows:

  (7)

Table 3. The parameters of the diameter/height rela-
tionship for different tree species (Kiviste et al. 2003).

Species a c k1 k2 k3

Pine 0.369 1.31 92.4 0.0110 1.0437
Spruce 0.394 1.47 72.7 0.0171 1.112
Birch 0.359 1.38 45.0 0.0320 1.038
Aspen 0.359 1.38 44.6 0.0387 1.290
Other 0.359 1.38 31.0 0.0529 1.144
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where D is the diameter at breast height of the 
reference tree (cm); D

i
 is the diameter at breast 

height of the competitor tree (cm); L
i
 is the 

distance between the reference tree and the com-
petitor tree (L

i
 ≤ 5m).

When a tree is located near the external edge 
of the sample plot, Eq. 7 produces a systematic 
underestimate, because the infl uence of neigh-
bouring trees outside the sample plot (light grey 
area in the Fig. 4 left) are not considered. To 
compensate for this lack of information, the light 
grey area was mirrored inside the plot (dark grey 
area in Fig. 4).

The relative amount of the corrections of 
the Hegyi index of the trees that are near the 
plot edges are shown in Fig. 4 (right-hand-side 
panel). Near the sample plot edge, the value of 
the competition index is increasing considerably, 
due to the adjustment.

The value of the Hegyi index depends on 
stand density and the radius of the infl uence 
zone. Thus, a fi xed radius (e.g. HEG

5
 = 5 m) 

does not always make sense. For this reason, 
Hegyi’s competition index (HEGH) was also 
calculated, using an infl uence zone radius which 
was equal to 40% of the mean tree height in the 
fi rst storey.

At the sample plot level, the investigated 
measurement variables of the fi rst storey were 
stand age (A

1
), density (N

1
), basal area (G

1
), 

mean square diameter (D
1
), mean height (H

1
), 

stem volume (M
1
), and relative density (T

1
). 

To calculate the stem volume of each tree, the 
volume equation by Ozolins (2002) was used. 
Stand volume (M

1
) was calculated as the sum of 

the fi rst storey tree stem volumes per hectare.
The site index (H

100
, average height of domi-

nant species at reference-age 100 years) was cal-
culated according to the current age and height 
of the dominant tree species using the model 
developed by Nilson (1999) which is an approxi-
mation of Orlov’s tables (Krigul 1969).

In the Estonian forestry practice, relative 
density is widely used. For tree cohorts with a 
mean height over 5 m, relative density (T

C
) was 

calculated as follows

  (8)

where M
C
 is the volume of the cohort trees 

(m3 ha–1), and H
C
 is the mean height of the cohort 

trees (m). Parameters a
0
, a

1
, a

2
, a

3
 are listed in 

Table 4.
In the case of the mean height being less 

Fig. 4. Left-hand-side panel: adjustment of competition index by Hegyi. The section remaining outside the sample 
plot (grey) is compensated by considering the section of the same size inside the plot (black). Right-hand-side 
panel: correction of the edge effect of competition index by Hegyi.
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than 5 m, the relative density (T
C
) was calcu-

lated according to the National Forest Inventory 
Instruction (SMI 1999) based on tree cohort 
height (H

C
) and density (N

C
). In the case of pine 

cohorts with a height of less than 5 meters, the 
relative density was calculated with Eq. 9 and in 
the case of other tree species with Eq. 10.

  (9)

 (10)

The relative density for the fi rst storey is 
calculated as the sum of the relative densities of 
the fi rst storey tree cohorts. As indicator of high 
relative density, a binary variable PIIRT was 
used. PIIRT assumes a value of 1 if T

C
 is greater 

or equal to 1, otherwise it equals 0.
In addition to traditional stand variables, 

the stand sparsity (L
1
), recommended by Nilson 

(2006), was also used in the present study:

  (11)

where N
1
 is the number of trees of the fi rst storey 

per hectare. L
1
 is an estimate of the average 

distance between trees, assuming a rectangular 
distribution of tree positions. A. Nilson (pers. 
comm.) calculated the self-thinning standard 
(LTJ), based on Tyurin’s growth and yield tables 
of normal forest (Krigul 1969).

  (12)

where D
1
 is the mean square diameter of the fi rst 

storey trees (cm); H
100

 is the site index; k
4
, k

5
, 

k
6
, k

7
 are species-specifi c parameters (listed in 

Table 4).
Analogically to the relative density calcu-

lated by the self-thinning model (Eq. 12), the 
relative sparsity of a stand (TTJ) may be calcu-
lated as follows

 TTJ = LTJ/L
1
 (13)

We assume that if the value of the relative 
sparsity (Eq. 13) is greater than 1, then the stand 
has exceeded the self-thinning line which will 
result in greatly increased mortality of trees. 
As an indicator of crossing of the self-thinning 
line, a binary variable PIIRTJ was used. PIIRTJ 
assumes a value of 1 if TTJ is greater or equal to 
1, otherwise it equals 0.

According to a conceptual model of forest 
stand development based on the study of the 
Estonian long-term permanent sample plot data 
(Kangur et al. 2005), stand dynamics can be 
divided into four stages: stand initiation, stem 
exclusion, demographic transition and old multi-
aged. These stages are characterised by different 
ecological processes. In this study, we have the 
data from after the stand initiation stage, thus we 
determined three different stand development 
stages (VG) according to dominant species and 
stand age (Table 5), which is common practice in 
Estonian forest management.

Methods

In the present study, the dependent variable is 
EJ, which defi nes the probability that a tree will 
survive during the next 5-year period. The value 
of EJ was set equal to 1, if the tree was still alive 
after fi ve years, and 0 if it was not. Thus, the 
probability of tree mortality is equal to

 VL = 1 – EJ (14)

Table 4. The species-specifi c parameters of the relative density model Tc = Mc/(a0 + a1Hc + a2Hc
2 + a3Hc

3) developed 
on the basis of Tretyakov’s standard tables (Krigul 1969) and of the self thinning model LTJ = k4 + k5D1 + k6D1H100 + 
k7H100 developed on the basis of Tjurin’s growth and yield tables (Krigul 1969).

Species a0 a1 a2 a3 k4 k5 k6 k7

Pine –30.595 16.631 0.0254 0 –0.00437 0.1834 –0.00216 0.008641
Spruce –7.988 9.279 0.3473 0 0.1807 0.1556 –0.00181 0.003598
Birch 15.344 0 0.7411 –0.0087 0.4083 0.1822 –0.00151 0.00671
Aspen –18.758 8.385 0.3233 0 0.02032 0.1991 –0.00277 0.01046
Other –11.713 8.474 0.2767 0 0.3867 0.1878 –0.00277 0.0000325
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where EJ is the survival probability and VL 
is the mortality probability. One advantage of 
modeling the survival probability EJ is that it 
can be treated as a Markovian process so that the 
survival probability over a period of N years is 
given by the Nth power of the annual probability 
of survival (Vanclay 1994: p. 178).

Simple linear functions are not suitable for 
modeling survival because they may give predic-
tions of the survival probability outside the fea-
sible range (0, 1). For modeling a variate which 
follows a binomial distribution, a logistic model 
may be used where the dependent variable is 
logit-transformed as follows:

 logit(EJ) = ln[EJ/(1 – EJ)] (15)

Through logit-transformation the dependent 
variable is transformed into a variate with a 
normal distribution, which can be analyzed using 
logistic regression:

 logit(EJ) = f(X) (16)

where f(X) is a linear function of the vector X of 
measurement variables.

The inverse of the logit-transformation (Eq. 
15) is the model that we are using to predict tree 
survival probability:

 EJ = ef(X)/[1 + ef(X)] (17)

where f(X) is the equation of a logistic regres-
sion.

In logistic regression analysis, the deviance 
(also called as log-likelihood statistic) is used 
to characterize goodness of fi t, calculated by 
logarithmic likelihood. The likelihood-ratio test 
helps to estimate the infl uence of new argu-

ments, added into the model. The likelihood 
ratio follows a χ2 distribution χ2(p); where p is 
the number of parameters, which allows esti-
mation of the statistical signifi cance of added 
arguments (Dobson 2002). To select the best 
subset of variables the score statistic was calcu-
lated for every single tree variable for ranking 
single tree infl uence on survival using PROC 
LOGISTIC (Freund & Littell 2000) in SAS. The 
score statistic is asymptotically equivalent to 
the likelihood-ratio test statistic but avoids the 
need to compute maximum-likelihood estimates 
(Schaid et al 2002).

In the case of the traditional linear regression 
analysis (with the assumption of a normal distri-
bution of residuals) to characterize the goodness 
of fi t of a model, the root mean square error or 
coeffi cient of determination (R2) are being used 
(Dobson 2002). By analogy with R2 for ordinary 
regression, the generalized R2 was used which 
represent the proportional improvement in the 
log-likelihood function due to the terms in the 
model of interest as compared with the minimal 
model (Dobson 2002, Shtatland et al. 2002).

  (18)

where logL(M) is the maximized log-likelihood 
for the fi tted model with number of parameters 
p; logL(0) is the “null” model containing only 
the intercept term.

The SAS LOGISTIC procedure presents two 
different defi nitions of generalized coeffi cients 
of determination. One has been developed by 
Cox and Snell (1989: pp. 208–209), the other is 
an adjusted one by Nagelkerke (1991). In this 
study the coeffi cient of determination defi ned by 
Eq. 18 was used because Shtatland et al (2002) 
has shown that it has a number of important 

Table 5. Age criteria by dominant tree species for stand development stages (VG).

Species Young stands (NOOR) Middle-age and maturing Mature and over-mature
  stands (KESK) stands (VANA)

Pine < 50 50–99 ≥ 100
Spruce < 40 40–79 ≥ 80
Birch, black alder < 35 35–69 ≥ 70
Aspen < 25 25–49 ≥ 50
Grey alder < 15 15–29 ≥ 30
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advantages over the coeffi cients of determina-
tion of Cox and Snell (1989) and Nagelkerke 
(1991).

For the logistic ANOVA, the procedure 
GENMOD of the SAS software (Littell et al 
2002) was used for analysing the tree cohort 
infl uence. For multilevel analysis of tree and 
stand variable infl uences the generalized linear 
methods (SAS procedure GLIMMIX) (Schaben-
berger 2005) and the R function lmer (Crawley 
2007) were used. The SAS procedure GLIMMIX 
fi ts statistical models to data with correlations or 
non-constant variability and where the response 
is not necessarily normally distributed. Function 
lmer is used for fi tting mixed-effects models 
in R (package lme4). Both allow analysing a 
a response variable with a binomial distribu-
tion and logit transformation. However, the SAS 
procedure GLIMMIX implements a restricted 
pseudo-likelihood (RPL) method whereas a 
restricted maximum likelihood (RML) method is 
used in the R function lmer.

Results and discussion

Tree survival probability dependence on 
tree storey

In the present study, four storeys were separately 
identifi ed on the analyzed sample plots — the 
fi rst storey (1), the second storey (2), the regen-
eration (J) and shrub layer trees (A). The results 
show that the survival probability of the trees 
which belong to the fi rst storey is higher than 
that of trees in other storeys (see Table 6). The 
difference in survival probabilities is statistically 
signifi cant between the fi rst and the second sto-
reys and between the fi rst storey and the regen-
eration.

We assume that the difference of the survival 
probability in the storeys in the stand is largely 
caused by the differences in the relative diam-
eter. To evaluate that assumption, a model of 
logistic covariance analysis was applied using 
the procedure GENMOD of SAS

 logit(EJ
ij
) = μ + τ

i
 + (β + δ

i
)DS, (19)

where EJ
ij
 is the survival probability of a tree in Ta
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the ith storey and the jth relative diameter; logit() 
is the logit-transformation (15); μ is the model 
intercept; τ

i
 is the infl uence of the storey to the 

intercept; β is the slope of the regression line 
between the logit-transformation and the relative 
tree diameter DS; δ

i
 is the infl uence of ith storey 

on the slope of the regression line; DS is the ratio 
between the tree diameter and the fi rst storey 
mean squared diameter.

Table 6 presents survival probabilities, cal-
culated with Eq. 19 and their confi dence limits 
for different storeys. These results are interest-
ing because of the differences in the viability of 
the suppressed trees in the different layers. The 
value of the relative diameter DS was set to 0.5 
at each layer. In the case of the suppressed trees 
in the second storey and regeneration layer, the 
tree survival was found to be substantially higher 
than the viability of the trees in the fi rst storey 
(where DS was also equal 0.5). Much less viable 
were the shrub layer trees. The relatively high 
viability of the regeneration and second storey 
trees is probably due to the fact that spruce, a 
shade-tolerant tree species, is very prominent in 
these storeys, and is found here in greater pro-
portions than in the fi rst storey and in the shrub 
layer.

In many sample plots the smaller understo-
rey trees (trees of the second storey, and of the 
regeneration and shrub layer) were either not 
present at all, were measured within a smaller 
circle, or were not measured at all. Therefore, 
only the trees from the fi rst storey are considered 
in the following analysis.

Tree survival probability depending on a 
single variable

At fi rst, the infl uence of each variable on tree 
survival was investigated individually without 
considering the infl uence of other variables. The 
infl uences were assessed separately for the entire 
data set as well as for the data sets of the three 
stand development stages (young, middle-aged, 
mature).

Table 7 presents the score statistics on differ-
ent data sets, characterizing the infl uence of the 
measurement variable X in the logistic regres-
sion formula

 logit(EJ) = μ + βX, (20)

where EJ is the survival probability; logit() is 
the logit-transformation; X is the measurement 
observation; μ, β are parameters of the regres-
sion equation.

The results in Table 7 show that for the entire 
dataset and also on separate data sets of all stand 
development stages, the tree survival probability 
EJ depended most on the relative height of a tree 
HNLSS. As mentioned before, the tree heights 
which were not measured were calculated using 
a specifi c diameter/height relationship. For the 
total database, the second most important vari-
able was the tree relative diameter DS. But in 
middle-aged and older stands this variable was 
not in the fi rst triple. The third most important 
variable in the total data set was BALS (the ratio 
between the relative basal area of larger trees and 
the stand basal area).

Table 7. Variables, infl uencing tree survival probability the most. The numbers in the table represent score statistics 
of differences between intercept only and intercept with variable.

Variable All data Young stands Middle-aged and Mature and
   maturing stands overmature stands

HNLSS 1881 640 1166 109
DS 1300 435 810 73
BALS 1099 403 620 70
HEGH 907 247 920 85
D 859 188 800 88
HEG5 776 187 932 82
BAL 725 435 249 74
HNLS 606 88 610 60
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Considering the total data set, effective vari-
ables were also both Hegyi competition indices 
(HEGH and HEG5) and then the tree height H, 
the tree diameter D and the basal area of larger 
trees BAL. Stand variables (both versions of 
relative density and quality class) and tree spe-
cies were clearly less important than the meas-
ured variables which characterize the relative 
state of a tree. From the practical viewpoint, the 
tree diameter D and the tree relative diameter 
DS are explanatory variables which can be used 
in distance-independent forest-growth models. 
Therefore, these variables are often preferred to 
competition indices which require known tree 
positions.

The infl uence of the height to crown base and 
of the relative height of crown base on the tree 
survival probability was analyzed for sample 
tree data sets where the height to crown base 
was measured and the spruce trees were left out. 
The results show that in young and middle-aged 
stands, the infl uence of the height to crown base 
on the tree survival probability was less than the 
infl uence of the other variables listed in Table 7. 
Old stands were an exception; there, the infl u-
ence of relative and absolute height to crown 
base on mortality was clearly higher than the 
infl uence of other variables.

Tree survival probability dependence on 
several variables

Tree survival probability EJ was modeled with 
the two-level mixed model

  (21)

where EJ
ij
 is the tree survival probability; logit() 

is the logit transformation (Eq. 15), β
0j
 is the 

random intercept (β
0j
 = β

0
 + u

j
:u

j
 ~ N(0, σ

u
2), 

i is the tree number; j is the plot number; X
1ij

, 
X

2ij
 are tree level variables; X

mj
, X

m + 1j
 are stand 

level variables; β
0
, β

1
, β

2
, β

m
, β

m + 1
, ... are model 

parameters.
Taking a great number of arguments into the 

model may be justifi ed in the case of a random 
sample, such as a forest inventory, where all ele-
ments of a population have the same probability 
to be part of the sample. Unfortunately, the selec-

tion of stands in the Estonian forest research plot 
network was not entirely random, which is also 
revealed in the distribution histograms in Figs 
2 and 3. That is why the principle of developing 
a model which is as parsimonious as possible 
(Burkhart 2003) was followed in this study.

The selected variables (Table 2) were divided 
into three groups: vertical size variables (HNLS, 
HNLSS, H

1
, etc.), horizontal size variables (D, 

DS, D
1
, etc.) and competition variables (BALS, 

BAL, HEG5, HEGH, etc.). Variables of relative 
size (relative diameter, relative height) could be 
handled as size group variables as well as com-
petition group variables. However, in this study 
relative size variables were handled as size group 
variables, because we assume that they are indic-
ative of the amount of resources needed for tree 
survival. For selecting variables into the multiple 
model, an ordered list of score statistics was cal-
culated for all variable combinations using the 
LOGISTIC procedure. However, not all variable 
combinations on top of the list of score statistics 
were biologically interpretable and with statisti-
cally signifi cant parameter estimates. For multi-
level logistic modeling with a random intercept 
(Eq. 21) we selected one tree level variable from 
each group, a stand level competition variable, 
and the tree species as regressors (HNLSS, DS, 
BALS, TTJ, KUDS, PL). The results of this mul-
tilevel logistic modelling on different data sets 
are presented in Table 8.

Table 8 presents two sets of results of multi-
level logistic modelling, one obtained with the 
SAS procedure GLIMMIX and the other with 
the R function lmer. Both procedures use dif-
ferent methods for parameter estimation. Nev-
ertheless, both methods established the same 
set of signifi cant variables and produced similar 
parameter estimates which is somewhat reas-
suring. All terms in the model are biologically 
sound: tree survival (EJ) is increasing with 
increasing relative height (HNLSS) and decreas-
ing with increasing competition status (BALS, 
TTJ). Considering the effect of different tree 
species, spruce survival was signifi cantly higher 
and grey alder survival signifi cantly lower than 
other tree species for all development stages. 
This can be explained by the shade tolerance of 
spruce and the short life of grey alder. Signifi -
cance of variable KUDS for old stands indicates 
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a relatively lower survival of bigger spruces 
because of wind- and fungi damages (Laarmann 
2007).

Conclusions

Tree mortality is a key factor in the under-
standing of forest dynamics. The accuracy and 
relevance of a growth model depends on the 
accuracy of predicting tree survival. The present 
study has shown which tree and stand variables 

affect tree survival probability most in Estonian 
forests.

Tree survival was analyzed using a data set 
which includes 31 097 trees from 236 research 
plots, measured twice during 1995–2004. During 
the 5-year period between measurements, alto-
gether 2319 trees (or 7.5%) had died (dead 
standing, broken or fallen).

The survival probabilities, presented in Table 
6 are interesting because of the differences in the 
viability of the suppressed trees in the different 
layers. In the case of the suppressed trees in the 

Table 8. Results of generalized linear mixed modeling with PROC GLIMMIX (SAS) and function lmer (R) for Eq. 21.

Regressor All data Young stands Middle-aged and  Mature and 
   maturing stands overmature stands

Coeffi cients of model with GLIMMIX
  Estimate SE Estimate SE Estimate SE Estimate SE
Intercept  2.1624 0.4232 4.8111 0.9713 –1.2635 0.4227 10.2931 2.2789
HNLSS  4.3433 0.2559 4.5473 0.6140 4.6567 0.5607 3.4531 1.1361
DS    –1.7344 0.7159 1.7057 0.3859  
BALS  –1.8928 0.2319 –4.1013 0.7873   –2.3698 0.8679
TTJ  –2.1976 0.2510 –1.7800 0.3975 –1.8281 0.3929 –9.9323 1.8795
KUDS        –3.8111 1.7460
PL Aspen –1.3529 0.1125 –1.3610 0.1885 –1.4853 0.1609 –1.1760 0.5093
 Birch 0.0796 0.0871 0.0317 0.1583 0.0179 0.1261 –0.1850 0.4064
 Spruce 0.2272 0.1032 0.2561 0.1470 0.3762 0.1732 1.7442 1.7761
 B. alder –0.1938 0.2058 –0.6747 0.2605 1.0037 0.5192 –1.6863 0.9211
 G. alder –1.9203 0.1083 –1.5491 0.2054 –2.2703 0.1403 –2.6151 0.4481
Type III Tests of Fixed Effects
  F Den df F Den df F Den df F Den df
HNLSS  288.06 24906 54.85 8718 68.99 14203 9.24 1969
DS    5.87 8718 19.53 14203  
BALS  66.63 24906 27.14 8718   7.46 1969
TTJ  76.66 234 20.05 78 120 21.65 27.93 32
KUDS        4.76 1969
PL  94.40 374 25.95 138 173 71.49 7.42 53
Coeffi cients of model with lmer
  Estimate SE Estimate SE Estimate SE Estimate SE
Intercept  1.9623 0.6442 4.7740 1.2959 –0.7766 0.7268 8.9933 2.3692
HNLSS  5.3326 0.3016 4.8669 0.8782 4.8496 0.6391 3.5957 1.0692
DS    –1.0344 0.9549 1.8207 0.4109  
BALS  –1.6489 0.2420 –3.8207 0.8970   –2.2355 0.8047
TTJ  –2.8763 0.6070 –2.8202 1.0808 –2.4132 0.7999 –8.4635 2.1181
KUDS        –3.5764 1.6793
PL Aspen –0.8172 0.1998 –0.6762 0.3882 –0.9910 0.2642 –1.1893 0.5332
 Birch 0.1714 0.1479 0.4230 0.2951 0.1042 0.1910 –0.3125 0.4440
 Spruce 0.4109 0.1701 0.7031 0.2699 0.3845 0.2434 1.6453 1.7147
 B. alder –0.2659 0.2540 –0.6531 0.3643 1.0362 0.5261 –2.0163 0.8827
 G. alder –2.0647 0.1924 –1.5209 0.3300 –2.6542 0.2577 –2.5840 0.5444
Fit statistics
logLik  –4856  –1692  –2752  –363.1
Deviance  9712  3384  5505  726
R 2  0.168  0.189  0.168  0.084
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second storey and regeneration layer, the tree 
survival was found to be substantially higher 
than the viability of the trees in the fi rst storey 
(for a given value of DS = 0.5).

The logistic form was used for modeling tree 
survival probability. The infl uence of 35 tree 
and stand measurement variables (Table 2) to 
tree survival probability was estimated using the 
score statistics of a logistic regression.

The research of separate single variables 
revealed that the mortality of trees is mostly 
infl uenced by tree measurement variables (pre-
sented in decreasing order of score statistic, 
Table 7): tree calculated relative height HNLSS, 
tree relative diameter DS, relative basal area 
of larger trees BALS, Hegyi competition index 
HEGH in a circle with radius 0.4H

1
, tree diam-

eter D, Hegyi competition index HEG5 in a 
circle with a 5-m radius, basal area of larger trees 
BAL and tree height H. The study revealed that 
it is useful to divide the total data set into three 
development stages defi ned by dominant tree 
species and age: young, middle-aged and matur-
ing, mature and very old stands. In each of these 
categories, different infl uencing factors turned 
out to be dominant.

The obtained results improve our knowledge 
of Estonian forest stand dynamics. It is possible 
to apply the proposed models in forest simula-
tion studies as a preliminary approximation of a 
tree mortality component. The development of 
fl exible simulators, which complement existing 
yield-tables, will signifi cantly improve decision-
making in practical forest management.
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